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Abstract. The paper presents a modular design of a distribution mid-
dleware that supports the wide variety of entities that exist in high level
languages. Such entities are classified into mutables, immutables and
transients. The design is factorized in order to allow multiple consistency
protocols for the same entity type, and multiple coordination strategies
for implementing the protocols that differ in their failure behavior. The
design is implemented and evaluated. It shows a very competitive per-
formance.

1 Introduction

We present the design and implementation of a middleware library, the DSS
(Distribution SubSystem). The DSS is designed to simplify the implementation
of distributed programming systems. Using the DSS we can add distributed pro-
gramming facilities to programming systems/languages which are normally not
distributed. We claim that the effort needed to create a distributed programming
system(DPS) using the DSS to handle distribution involves much less program-
ming effort than to explicitly program the necessary distribution support in the
system itself.

Our system aims at completeness; by this we mean that different paradigms of
distributed computing can easily be implemented using the DSS. By complete-
ness we include both functional (e.g. extending objects to distributed objects
with preserved semantics) as well as non-functional aspects (e.g. providing the
most efficient distribution support for all patterns of use of distributed objects).

1.1 Background

Middleware support for programming language distribution — be it partial or
total — can conceptually be divided into two categories: programming language
dependent middleware and programming language independent middleware. In-
dependent middleware commonly targets language interoperability and offers
only limited distribution support, e.g. CORBA [1]. Language dependent mid-
dleware can potentially offer complete distribution support. However the design



and implementation is time-consuming. In practice, the amount of actual distri-
bution support in a distributed programming system (DPS) reflects the trade-off
between desired completeness and the amount of work required to realize it.

The trade-off is, we believe, reflected in the fact that most DPSs are incom-
plete even as regards functional aspects, in that distribution does not preserve
desirable properties of the language semantics [2, 3, 4, 5, 6]. Few systems are
functionally complete [7, 8, 9], but none, to our knowledge, is complete as regards
efficiency aspects.

1.2 Motivation

This work is motivated by the need of a language independent middleware that
provides full distribution support for arbitrary high-level programming system
(PS). By full support we mean that all language entities should potentially be
sharable in a distributed computing environment, with preserved semantics. Dis-
tribution on the level of language entities means that threads residing in different
processes can share entities as if they were residing in the same process®.

Examples of language entities are first class data structures such as objects,
primitive data types or channel abstractions. Note that we exclude unsafe data
types such as C pointers. On the other hand, code can be shared (e.g. proce-
dure values in Oz and classes in Java). Furthermore some data types will be
shared with limited distribution behavior; files, for instance, could be shared as
stationary objects which only allow remote access.

Sequential consistency is generally a requirement[10] to preserve the seman-
tics of many language entities. A prototypical example is the semantics of objects
in OO languages. However, this does not preclude the use of a weaker consis-
tency model to improve the performance of a distributed application [11], but
from our point-of-view this should be reflected in a different type of language
entity (e.g. different type of object).

1.3 Contributions

The major contributions of this paper can be summarized as follows. Firstly, for
the developer of a DPS, we provide a model of distribution support for language
entities, based on the type of distribution support a given entity requires. The
model is general enough to support all to us known language entities, found in al-
most all high-level programming languages/systems (e.g. Java, C# and 0z[12]).

Secondly, for the application developer, we provide a model of distribution
that guarantees functional properties (i.e. preserving consistency) for a given dis-
tributed entity. This model also allows for fine-grained control of non-functional
aspects. Assignment of entity consistency protocols can be done in runtime,
based on expected pattern of use per entity instance, and not on the entity type.

Thirdly, we describe a novel component-based design of entity consistency
protocols. The model simplifies implementation of new protocols, increases code

3 This means location transparency modulo failure and latency



reuse, and enables fine-grained customization of entity consistency protocols
from the DPS level.

Finally, we present the implementation and evaluation of our language in-
dependent middleware library, called the Distribution SubSystem* (DSS). The
DSS efficiently implements the above-described contributions, as shown by our
evaluation.

1.4 Paper Organization

The rest of the paper is organized as follows. In Sect. 2 the language independent
entity model is described. Sect. 3 describes our novel structure of entity consis-
tency protocols. The structure and actual implementation of our middleware is
briefly discussed in Sect. 4. More attention is given to the performance of our
implementation as shown in Sect. 5. The design is compared to similar systems
in Sect. 6 and a conclusion is given in Sect. 7. Note that this paper focuses on
the design of key concepts and evaluation of our middleware library, and not on
the philosophy behind the design and practical issues such as how a PS can be
coupled to the library. Those issues are explained in detail in [13].

2 An Abstract Model of Language Entities

The set of language entities found in most high-level programming languages is
large. These entities are from a programming point of view semantically different,
even though they might have the same name. However, from the distribution
point of view, those differences can, to a large degree, be abstracted out and we
are left with surprisingly few abstract entity types. The proposed model provides
distribution on the level of abstract entities.

2.1 The Abstract Entity

Our shared entity model uses the notion of a local entity instance, acting as
the local representative for a shared entity. A local entity instance is present at
every process holding a reference to the shared entity. All instances are inherently
equal, none is more privileged, i.e. there is no a priori centralized control. Each
instance is connected to an abstract entity instance, coordinating operations
performed by threads on the local instances.

When a local entity instance becomes shared, it may not be accessed di-
rectly anymore; operations must be directed to its abstract entity instance. All
interaction with an abstract entity instance is done using abstract operations®,
expressing manipulations of the shared entity. An entity operation is translated
into an abstract operation, expressing a corresponding semantic type of ma-
nipulation. The result of an abstract operation tells the calling thread how to

4 Available for download at http://dss.sics.se
5 Analogous to the distinction between abstract and concrete language entities there
are potentially many concrete operations per abstract operation.



proceed: perform the operation on the local instance, continue with the next
instruction or wait for a later decision.

At any point in time a local entity instance is either complete, i.e. it has a
representation that allows for local execution of operations, or skeleton, i.e. it
merely acts as a proxy. The status is explicitly controlled by the abstract entity
instance.

Entity types that are to be distributed must be matched with a suitable
abstract entity type. The matching is based on the centralized semantics of the
entity type. Different abstract entity types capture different functional needs and
guarantee consistency according to a consistency model (e.g. sequential consis-
tency). An abstract entity instance actually provides a single interface to a set
of entity consistency protocols with the same functional properties. In order to
support distribution, at least one entity consistency protocol is needed per ab-
stract entity type. However, to efficiently capture non-functional requirements,
multiple entity consistency protocols are required. A non-functional requirement
might be maximum number of hops, bandwidth utilization, or resilience to fail-
ures.

2.2 Different Types of Abstract Entities

We have currently identified three meaningful abstract entity types, all guaran-
teeing sequential consistency.

Mutable. This type has two abstract operations. Update indicates that the
state is to be altered while access means to read. The mutable is preferably
used by language entities that allows for destructive updates, e.g. objects.
Suitable protocols for this type are: remote-execution, mobile state[14], and
read/write invalidation.

Immutable. The immutable state of an entity is at some point replicated to
a processes referring it. It can then be accessed through access. This means
that all entity instances eventually become complete and no synchronization
is then needed. Protocols for the immutable are eager-, lazy- and immediate
replication.

Transient. This type has two abstract operations: access and bind. Bind ter-
minates the coordination of the entity, thus removing all abstract entity
instances. Access suspends the caller until a bind operation has been per-
formed. The transient is preferably used for languages entities such as logical
variables in Oz[15], and futures in Multi lisp[16].

Not all language entities guarantee sequential consistency in the centralized
case. Oz ports and Erlang channels are examples of such entities. Also, asyn-
chronous remote method invocation[17] is a popular optimization in distributed
object systems. To efficiently support distribution of this class of entities, we
provide two abstract entity types that guarantee at most PRAM (or FIFO) [18]
consistency, called Relazed Mutable and Relaxed Transient.



2.3 Interacting with an Abstract Entity

A language entity interacts with its abstract entity using abstract operations. In
order to resolve operations an abstract entity needs to interact with its entity
instance, using four entity-instance callbacks:

retrieveState The callback returns a state description of the entity instance,
i.e. a description that can change any entity instance’s status from skeleton
to complete. Clearly this is only legitimate if the entity instance from which
the description is retrieved is complete.

installState Install a state description to the entity instance, making it com-
plete.

executeOperation The callback is given a description of a concrete entity
operation to execute on the local entity instance.

resumeThread A thread previously suspended on an abstract operation is
resumed. The thread is told to either redo the operation or continue with
the next instruction.

The described interaction framework® is complete in the sense that either a
state- or an operation-transporting protocol can be used transparently. A state
transporting protocol allows for local access for the entity instances by moving a
state description to the executing process. In contrast, an operation transporting
protocol moves an operation description to a process(es) hosting a complete
instance to execute it there.

A shared object uses the mutable abstract entity. Depending on the chosen
type of protocol, different events can be observed for the same abstract operation.
Bellow are two examples where an object is distributed using either a state or
an operation transporting protocol. The sequence diagrams show the respective
events for the same method invocation on the shared entity. Note that in both
cases the initiating entity instance has skeleton status.

process A process B

Thread Entity instance Abstract entity Abstract entity Entity instance

1 - entity operation _ | 5 _ apstract operation

4 — suspend thread

5 - retrieveState

7 - installState

8 — resume thread

9 — entity operation

Fig. 1. Sequence diagram of the state transporting protocol, e.g. mobile state protocol.

5 Due to space limitations the interfaces are described on a conceptual level. Concrete
API descriptions and code examples can be found in [13].



Example: State Transporting Protocol Fig. 1 depicts the sequence of events
that occurs when a thread at process A performs a method invocation (1) on
a shared object, whose state is located at process B. The method invocation is
translated into an abstract operation and passed on (2) to the abstract entity. A
request for a state description is sent” (3) to the abstract entity located at process
B. Simultaneously the thread is told to suspend itself (4). The abstract entity at
process B receives the state request (5) and uses the callback retrieveState to
get a state description. The description is passed back (6) to the abstract entity
at process A, where it is installed (7) using the installState callback. Finally
the suspended thread is resumed (8), using resumeThread, and told to redo
the operation (9).

process A process B

Thread Entity instance Abstract entity Abstract entity Entity instance Dedicated thread
1 - entity operation

2 - abstract operation

4 - suspend thread

5 — executeOperation

7 — operation resolved |~ entity operation

9 — resume thread

awn

Fig. 2. Sequence diagram of the operation transporting protocol, e.g. remote execution
protocol.

Example: Operation Transporting Protocol Fig. 2 depicts the sequence of
events that occurs when a thread at process A performs a method invocation (1)
on a shared object, whose state is located at process B. The method invocation is
translated into an abstract operation and passed on (2) to the abstract entity. A
description of the operation is sent (3) to process B. Simultaneously the thread
is told to suspend itself (4). The abstract entity at process B receives (5) the
operation description and uses the callback executeOperation to perform the
operation locally. The operation is executed by a dedicated thread® (6) and the
result is returned to the abstract entity (7). The result is passed back to the
abstract entity at process B (8), that passes the result to the suspended thread
and resumes it (9).

2.4 Classifying Language Entities into Abstract Entities

Assigning abstract entities to language entities can preserve the structuring im-
posed by the language, but is not required to. Multiple language entities can

7 Via the coordination network, to be described later.
8 A thread created solely for the purpose of remote execution.



be distributed together as one abstract entity, and one language entity can be
decomposed into multiple abstract entities. Note that regardless of the chosen
structuring, an abstract entity must capture the semantics for the structure in
the centralized case, e.g. an entity that allows for destructive updates should not
use the immutable type.

For example, an array can be treated as one (composed) mutable entity or it
can be decomposed into an immutable structure referring mutable cells. When
distributed, the array structure will be replicated and the array structure in turn
will refer mutable cell instances. Thus when updating an array element only one
cell will be affected.

3 Coordinating Entity Instances

A coordination proxry is present at each process hosting a local entity instance.
The coordination proxy is connected to its abstract entity (as depicted at the
left of Fig. 3).

An entity consistency protocol executes over the dynamic sub-network, called
the coordination network?®, formed by participating coordination proxies. A co-
ordination network has a hub, called the coordinator. A property of the network
is that proxies can always contact the coordinator, while the vice verca is not
necessarily true. For the remote execution protocol, a proxy would send the op-
erations to the coordinator, that in turn passes them to the proxy where the
state is located.

Process  DSS DSS! Process
Coordination Prox —— :
Abstract y Coordinator _| Coordination
Entity L7 - " \ Prox:
- | Entity Consistency ||\ Yy
. Protocol N 4 ~
. A \ DSS:| Process
‘ / Coordination Strategy \ ‘
Coordination
‘ Consistency Strategy | Memory Management / DSSi Process Proxy
Strategy Coordination

Proxy

Fig. 3. The coordination network and the per-process coordination proxy. The abstract
entity is coupled to a coordinating proxy connecting it to the coordination network.
Bellow to the left is the expanded framework of the entity consistency protocol. Note
that in this example the coordinator is located at one of the processes hosting a coor-
dination proxy

9 To minimize this subnet, at-most-one coordination proxy is allowed per process.



3.1 Three Dimensions of Entity Consistency

The entity consistency protocol is realized as a framework, as shown in the ex-
pansion of the Coordination Proxy in Fig. 3. This divides the strategy over entity
consistency into three separate sub-strategies. Firstly, the memory management
strategy detects when a shared entity is no longer needed, i.e. the number of
proxies reaches one. Secondly, addressing within the coordination network is
realized by a coordination strategy, also providing a messaging service for the
other two modules. Finally the consistency strategy upholds the entity semantics,
controlling entity instances connected to the coordination network and threads
performing operations. The three strategies are implemented as three protocols
running in parallel over the coordination network.

Each strategy is implemented as a module with a well-specified interface,
one interface per sub-strategy type. An optimal entity consistency protocol for a
particular entity and usage pattern is just a matter of composition. This poten-
tially increases code reuse (in the form of reused sub-strategies) and simplifies
development of entity consistency protocols.

Coordination Strategy The coordination strategy defines how the messaging
infrastructure and services are realized. These messaging services are then used
by the consistency- and the memory management strategy. This includes defining
the location and behavior of the coordinator and providing routines for inter
coordination-network communication. Examples of coordination strategies are:
a stationary coordinator, a mobile coordinator and replicated coordinators.

Consistency Strategy The protocol resolves abstract operations for the ab-
stract entity. A consistency strategy is divided into two parts: one end-point unit,
present at each coordination proxy, and one arbitrator, located at the coordina-
tor(s).

Interaction with local entity instances together with communication and ad-
dressing services, provided by the coordination strategy, simplifies implementa-
tion of a wide range of protocols:

Remote-execution Every end-point sends all operations to the arbitrator that
sends them on to one selected end-point unit, hosting the complete local
entity instance. A synchronous version of the protocol is available to the
mutable abstract entity, where the write operation is acknowledged (possi-
bly with a result). An asynchronous version exists for the relaxed mutable
abstract entity.

Mobile state The entity’s state is moved between local entity instances. Re-
gardless of the type of operation, an end-point requests the state from the
arbitrator and waits until it arrives. Several consecutive writes and reads can
then be performed locally.

Read/write-invalidation A protocol that allows for exclusive update or con-
current access to a local state. Two versions of the protocol exist. The eager



protocol records the readers and automatically updates them when the state
has changed. The lazy protocol requires all readers to actively request read
permission after an invalidation.

Pilgrim A mobile state protocol inspired by the work in [19]. This protocol is
optimized for the case when a small set of proxies reads and writes frequently.

Replication This class of protocols is used by immutables. For lazy replication,
the state is retrieved when an entity instance first tries to access the state.
For eager replication it is requested immediately after the creation of the
coordination proxy. Immediate replication transports the state with every
reference to an entity, but duplicates are avoided due to the at-most-once
property of coordination proxies.

Once only A class of protocols used to realize transient behavior, inspired in
their design by [15].

Memory Management Strategy Properly packaged distributed garbage col-
lection algorithms [18] detect when the number of coordination proxies reaches
one. When this occurs the last entity instance can be localized, hence dismantling
the coordinator and freeing resources. Of course by the time when localization
is achieved there may be no references left, which usually will be handed by the
memory management outside the DSS.

Similar to the consistency strategy, the memory management strategy is di-
vided into end-point units and one detector (located at the coordinator). The
existence of an end-point at a coordination proxy guarantees that the proxy
is accounted for by the detector. Using this framework the DSS implements:
fractional weighted reference counting[20] , reference listing[21], time lease and
persistent entities.

4 Middleware Design and Implementation

To simplify the coupling of a PS to the DSS, the DSS is internally divided in
two subcomponents: the Advanced Asynchronous Protocol Machine(AAPM),
and the Communication Service Component (CSC). As depicted in Fig. 4 the
AAPM implements the abstract entities, protocols of the coordination network
and a high level messaging service. The messaging service is based on a notion of
remote processes, DSites, providing reliable, in order, asynchronous messaging.
The CSC is an interface for communication routines and networking tasks such
as connection establishment, data transportation and failure detection for the
messaging service. The purpose of the CSC is to abstract away the OS from the
AAPM, as depicted in Fig. 4. The CSC is easily replaced to enable custom imple-
mentations based on application knowledge, e.g. specialized addressing schemes
or failure detectors.

Our implementation of the DSS is a linkable C++ library and our CSC imple-
mentation is a fairly straight forward C++ implementation based upon TCP /IP.
The DSS uses interface classes, mediators, for all complex data structures shared
with the PS: entity references, entity states, operations and threads. Mediators
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Fig. 4. The relation between a generic AAPM, a transporting CSC and the underlying
communication system, e.g. the OS. The CSC is free to use whatever means desired to
transport data.

are represented as C++ classes to simplify coupling. Marshaling of mediators is
a cooperative activity involving both the DSS and the PS. Our model allows for
late marshaling, i.e. messages are serialized when actually put onto the wire and
not when inserted into the messaging service. The DSS knows how to serialize
its internal data. When messages contain mediators, the programming system is
asked to create a serialized representation.

5 Evaluation

In order to evaluate the performance of the DSS we have conducted three ma-
jor tests. Firstly, a test that measures pure messaging speed. Secondly, a test
evaluating the performance of the different consistency strategies, executed in a
controlled environment. Finally, an impact evaluation of using different consis-
tency strategies, in a real world application.

To evaluate the DSS we used four different applications/systems:

Socket-application. A small C++ socket application which measures the raw
I/0O cost for messaging on our cluster.

C++DSS. A thin C++ library on top of the DSS that allows for sharing of
mutable and transient data structures. This is included to measure the raw
cost of abstract operations.

Mozart. Development version 1.3.0 of the distributed programming system that
implements the multi-paradigm language Oz. Included to measure the differ-
ence between the tightly integrated distribution layer in Mozart compared
to a pure Oz virtual machine coupled to the DSS.

0z-DSS. Development version 1.3.0 of the Mozart system with its internal dis-
tribution support replaced by the DSS. The Oz-DSS system is far more ex-
pressive when it comes to distribution than the original Mozart system and it
clearly separates the local-execution engine from the distribution subsystem.

All applications were compiled with gece 2.95.2 using standard optimizations.
The tests were conducted on a cluster of AMD ATHLON XP 1900 workstations,
equipped with 512 MB of memory, interconnected by a 100Mbit LAN. The
workstations run standard Red Hat Linux version 7.3 without X windows.



5.1 Messaging Performance

4500

sockets

0z-DSS
Mozart -
C++-DSS

4000

3500

3000

2500 o 1 2

2000

total time(ms)

1500

1000

500 - 1 ost i

0 2 4 6 8 10 12 14 16 0 L
participating clients Sockets C++-DSS Mozart 0z-DSS

Fig. 5. The time to perform 10000 sequential remote requests for the four systems.
The left graph shows the result when the number of nodes ranges from 1 to 15. The
right graph show the result for one node, normalized against the socket application.

The test measured the time to perform 10000 sequential remote requests with
one server and varying number (1-15) of simultaneously running client processes.
The test was conducted with all four applications. The right diagram of Fig. 5
shows the result for the different applications running with one single client. The
times are normalized to the socket application.

The C++-DSS application has only a 50% overhead compared to the raw
socket program. This is a surprisingly small difference considering the differences
in functionality. The socket program is extremely optimized for the test while
the C++DSS is a generic distribution platform.

The tightly integrated distribution of Mozart gives 12% better performance
over the Oz-DSS system. However, in the light of increased functionality and
superior extendibility, this small difference is certainly acceptable.

The left diagram of Fig. 5 shows the total time to conduct the test when
the number of clients increases. It is interesting to note that all DPSs increases
the time proportionally to the socket application. This indicates, at least within
the interval of 1 to 15 nodes, that the I/O capacity of the underlying operating
system is the dominant factor when communicating with multiple nodes.

5.2 Protocol Evaluation

In this section, five entity consistency protocols for the mutable abstract entity
are compared using the Oz-DSS. Factors like the number of participating pro-
cesses, number of threads per process and the ratio between reads and writes
were altered in order to show how the protocols performed under different usage
patterns.



18000 T 25000

‘s:anor‘arySn%all ‘statlon‘ary\_allge !
16000 1 pilgrimSmall --------- B pilgrimLarge --------
: migratorySmall - ¢ migratoryLarge -

14000 [} 1 20000 1}

12000

| 15000
10000 f

total time(ms)
total time(ms)

8000 ||
i 10000 |

5000 f‘\.\'a -

R

6000 |- |

4000

2000

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
number of threads per process number of threads per process

Fig. 6. The total time for 12 Oz-DSS processes to conduct 10000 accesses to a mutable

state, using three different protocols, under different degree of concurrency. In the left

graph the mutable state is a single integer value and in the right a list of 1000 integer
values.

The Impact of Concurrency Each process performed 10000 accesses to a
shared state under varying degree of concurrency; i.e. one thread doing 10000
iterations, two threads doing 5000 iterations, and up to 100 threads doing 100
iterations each. The test was conducted with 12 clients, using the mobile state,
pilgrim and stationary protocols. The left diagram of Fig. 6 shows the plot of the
total time for all clients to conduct all iterations against the number of threads
per process. Note that increased concurrency has two effects. Firstly, latency will
be masked which is notable in all tests. Secondly, concurrency will also batch
pending operations when threads wait for the mobile state. This is observable;
the state moving protocols advance from being outperformed to outperforming
the stationary protocol. When the size of the state increases, from one single
integer value to a list of 1000 integer values, the cost for I/O increases, depicted
in the right diagram of Fig. 6. Since the state moving protocols communicate
less when the degree of concurrency is increased, they perform better than the
stationary protocol.

When considering the work load of the server, measured as the sum of user
and system time used by the server process, a slightly different picture emerges,
(see the left diagram of Fig. 7). To start with, the pilgrim protocol does not
use the server at all. This is due to the long sequences of accesses of the state.
Furthermore, the stationary protocol requires almost the same amount of re-
sources as the mobile state protocol when the number of threads is small and
is quickly outperformed when concurrency is increased. This shows the strength
of the state moving protocols in batching work and low utilization of the server
process. It also shows their weakness: higher access time when the number of
competing processes for the state grows large.

Utilizing the Read/Write Ratio The two cache invalidation protocols, with
lazy and eager updates, allows the state of a shared entity to be read in parallel,
but updated at only one process at a time. This caters for substantial reduction
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in message traffic when the ratio of reads vs. writes is high. To validate this we
conducted a test to see at which point our invalidation protocols are better than
the simple stationary protocol. The test was conducted with 15 client processes,
each performing 10000 sequential accesses to a shared state. The proportion
of operations that were reads ranged from 0 to 99%, the resulting graph is
shown in the right diagram of Fig. 7. The test shows that invalidation, with lazy
updates, is overall superior to eager updating. The invalidation protocols impose
a notable overhead when the access pattern has a low read to write ratio, but
both protocols also improve in performance notably when the ratio gets high
(above 85% for lazy and 95% for eager).

5.3 Distributing a Real Application

As a proof of concept, we took an already existing application developed for the
Mozart platform, added the possibility to annotate the distribution behavior
of single entities and tested it on our Oz-DSS system. The application, a dis-
tributed version of the snake game with self-learning actors, is interesting from
a distribution point of view. Each actor, one per node(process), reads a section
of a shared matrix and decides how to do a move, i.e. update an element in the
matrix. The matrix is distributed on the level of single matrix elements.

The tests were conducted with the matrix elements distributed using different
protocols(for mutables). The number of nodes was altered in order to show the
scalability for different consistency strategies(i.e. protocol choice).

The ratio between reads to writes is high in the application. As shown in the
left diagram of Fig. 8, the two invalidation protocols do very well, while both
the migratory and stationary protocols simply do not scale.

By varying the size of the matrix, the interaction between the processes is
implicitly varied. For a smaller matrix, the chance that two processes will read
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the same element increases, and for a larger matrix it decreases. The conse-
quences are depicted in the right diagram of Fig. §; the eager invalidation proto-
col performs better than the lazy protocol on a small matrix and vice versa. It is
beneficial to distribute information on element update immediately and not wait
until it is asked for, if the chance that another processes will read the element
is high.

6 Related Work

We relate our work to a wide range of middleware systems, both of the language
dependent and the language independent type.

CORBA [1] is an example of programming language independent middleware
focusing on interoperability. CORBA requires data to be structured into objects
and interaction between objects is solely achieved through method shipping.
The DSS differs from CORBA in that no structuring is enforced, instead the
natural structuring of the programming language can be mapped to appropriate
distribution support. The DSS supports objects(mutables) in addition to many
other abstract entity types with a multiplicity of entity consistency protocols,
method shipping being only one choice for mutables.

InterWeave [22] is limited to distributing data on the level of abstract mem-
ory pages. Once again this is only one particular mapping to mutables and is
achievable with the DSS as well. Unlike CORBA but similar to the DSS Inter-
Weave has an open architecture for consistency protocols, called the coherence
module with eligible protocols. While we have a dynamic architecture for co-
ordination, i.e. the coordination strategy, they have chosen a static model with
dedicated servers, much like the stationary coordination strategy in the DSS.
Furthermore InterWeave has no support for automatic memory management.

.Net [5] offers a single entity consistency protocol for one single type of en-
tity, objects. It is however possible to change the protocol, using the (not well-
documented) interception mechanism at considerable performance cost.



JavaParty [23] and cJVM [24] are, though dedicated to just Java, two in-
teresting systems with respect to their functionality. Using preprocessing and
new library routines, JavaParty offers true transparency for Java with a proper
thread distribution model and provides mobile state protocols. Similar to our
model JavaParty allows for definition of entity consistency protocols in runtime
for single objects. cJVM provides similar features as JavaParty but with the
approach of extending the runtime system. The architecture is open for protocol
addition, every object can choose from a set of consistency protocols. However,
the patterns are monolithic and cannot be constructed from sub components as
in our model(by composing coordination, consistency, and memory management
strategies). Both systems are geared toward Java objects, and tightly integrated
with the Java system.

The concept of distribution support based on a clear distinction between
mutables and immutables was introduced with the Emerald[25] system. However,
Emerald did not follow up on the potential strengths of this concept, allowing
for a wide range of entity consistency protocols. None of the mentioned systems
explore the domain of abstract entity types as we do, nor do they attempt to
support all high level programming languages. Furthermore, we have found no
trace in the literature exploring what we refer to as mobility for coordinators in
open dynamic distributed systems.

7 Conclusion

We have presented a novel architecture for a language-independent middleware
library. This library, the DSS, can be coupled to virtually all high-level program-
ming languages thus creating powerful distributed programming systems. These
distributed programming systems can then offer the programmer an extremely
simple and powerful distributed programming model.

The messaging capacity of the DSS has been evaluated and compared with
other systems. The evaluation shows that the implementation is both efficient
and with low overhead, especially if all the functionality provided by the mid-
dleware is taken into consideration. Furthermore, we have shown that an appro-
priate choice of protocol is the most dominant factor when tuning a distributed
application for performance.

A novel design of entity consistency protocols is presented. By separating
functionality into three different parts(strategies), development of new protocols
is greatly simplified. The powerful messaging framework simplifies protocol de-
velopment even further. This is indicated by the few lines of C++ code required
to realize the complex consistency strategies mobile-state (281 lines) and eager
invalidation (219 lines).

The comparison between Mozart and Oz-DSS indicates that the benefit of
tightly integrated distribution support is so small that it is not worth the effort.

We think that the abstract entity model, together with the large protocol
base, should make a library based on our model, e.g. the DSS, a first choice for
any programming system/language that needs distribution support.
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