A ROUTING STRATEGY FOR

OBJECT-ORIENTED APPLICATIONS

IN MASSIVELY PARALLEL ARCHITECTURES

Û Maurelio Boari *, Û Antonio Corradi *, Letizia Leonardi **, Cesare Stefanelli *

* Dipartimento di Elettronica, Informatica e Sistemistica

Università di Bologna

2, Viale Risorgimento - 40136 Bologna - ITALY

Ph.: +39-51-6443001 - Fax: +39-51-6443073

** Dipartimento di Scienze dell’Ingegneria

Università di Modena

213, Via Campi - 41100 Modena - ITALY

Ph.: +39-59-367890 - Fax: +39-59-370040

E-mail: {mboari, acorradi, lleonardi, cstefanelli}@deis.unibo.it

Keywords : massively parallel systems, parallel objects, dynamicity, routing.

ABSTRACT

This paper describes an adaptive routing algorithm, called VirtualPath,

designed to provide efficient communications for object-oriented applications

running on massivelyparallelarchitectures. The main propertyofthe

algorithm is to route messages without anyknowledge ofthe allocation of

communicating entities (the objects) to the processors. Allocation

transparencybecomes a basic requirement when dealing with dynamic

object-oriented applications where the decision ofwhether to create/destroy

objects is taken at run-time and, in addition, objects can migrate fromone

node to another to achieve load balance. The presented routing algorithm is

topologyindependent and can be employed with anytopologyof

interconnection.

The VirtualPath routing algorithmalternates two different phases. In the

first phase, the algorithm is completelyadaptive and chooses one path to

connect the nodes where the communicating objects reside. In the second

phase, the algorithmuses the found path to route all messages exchanged by

the same couple ofobjects. To obtain adaptivity, the routing systemupdates

a virtualpath whenever the situation changes significantly: for instance, in

case of object migration.

This work has been partially supported by the"Progetto Finalizzato Sistemi Informatici eCalcolo

Parallelo" of theItalian National Research Council (grant No. 89.00012.69) and by the"MURST

40%" project.

Û IEEE Member.

1. INTRODUCTION

Interprocessor communication is potentiallythe component that most influences the

performance ofmultiprocessors systems, especiallyin massivelyparallelsystems typically

not completelyconnected [1]. Interprocessor communication in direct networks where

several links must be traversed to connect two different nodes involves several issues,

such as data transmission mechanisms and routing requirements [2]. Most common

interconnection topologies provide multiple physicalpaths for routing messages between

two nodes: messages can either follow a path deterministicallychosen or be routed

adaptively[3]. Adaptive routing, in general, leads to improved performances, especially

in the case of non uniform traffic conditions.

The goalofthe routing algorithmpresented in the paper, called VirtualPath (VP), is to

provide efficient communications for applications composed oflong lasting entities

characterised bystable and repeated communication patterns: this means that there are

entities that communicate preferablywith a limited number ofpartners. Examples of

applications where the use ofthe VP algorithm is advantageous are parallelobject

programming environments [4]. Parallelobjects are allocated to the nodes ofa parallel

architecture and the routing system is in charge ofthe deliveryofmessages. Objects are

long-lasting entities that require services byinvoking each other’s methods. In object-

oriented applications, the cooperation between groups ofobjects lasts their whole life

and the same couples of objects exchange messages in sequence.

Moreover, the allocation ofcommunicating objects maychange frequently. Objects may

be either created or terminated dynamicallyand this decision is taken onlyat run-time; in

addition, for the sake ofload balancing, migration must be provided [5]. To face the

dynamic behaviour ofa parallelobject environment, the chosen routing strategyhas not

to require the knowledge ofthe allocation ofcommunicating entities to nodes (allocation

transparency).

As a second requirement, the routing policyhas not to be based on a predefined

architecture but must be capable ofworking whichever network topologyis used

(transparencyofnetwork topology). This requirement excludes routing decisions based

on topologicalassumptions, such as for instance, the ones used in hypercubes or in k-ary

n-cube [1].

The above requirements ofallocation and network topologytransparencies are quite

expensive to be obtained. The absence ofglobalknowledge produces less informed and

costlypolicies, that are nevertheless justified, or even imposed, in case ofdynamic

applications. The proposed solution is to use the VP routing that alternates two different

phases. The first time a client object wants to communicate with a server object, the algorithmenters a first phase ofrouting and finds a path that connects the two objects.

This path is obtained bysending a probe that is routed byusing a completelyadaptive

strategy. In the second phase, the algorithmuses the found virtualpath to route all

messages exchanged bythe same couple ofobjects. The routing system in its whole

behaviour is stilladaptive because the virtualpath followed bymessages is updated

whenever the situation significantlychanges: in particular, this occurs in the case of

object migration.

The paper is organised as follows. Section 2 brieflydescribes the features ofobject-

oriented environments, focusing on the requirements that a solution to the routing

problemshould satisfy. Section 3 presents the VP strategy. The performances ofthis

routing algorithmcompared with those ofother adaptive strategies are reported in

Section 4: the results refer to an implementation ofthe VP algorithmon a Transputer-

based machine, a Meiko Computing Surface [6].

2. PARALLEL OBJECT E NVIRONMENTS

Severaldifferent models and implementations stemfromthe same abstract object

paradigm. In particular, we consider parallelobject environments in distributed and

parallelarchitectures. Parallelobjects are coarse-grained entities whose lifetime can be

compared with the application one. Parallelobjects can also be created (or destroyed) at

run-time to satisfy the dynamic needs of applications.

In object-oriented systems, computation stems from inter-object communications. Any

parallelobject, when in need ofan externalservice, must request it to the object that

offers the corresponding operation. This establishes a client/server relationship between

the objects. Different modes can be used for object communication. The synchronous

mode engages the client object untilthe server object has yielded the reply. The

asynchronous mode does not force the client object to wait: it simplysends the request

to the server object and then it continues its execution. The future communication mode

makes the client object to wait for a reply only when in need of it [7].

Independentlyofthe mode ofcommunication used, inter-object communication

determines a dynamic scenario, where the client/server relationship is established at run-

time and can involve anypossible couple ofobjects. Parallelobject applications, in

general, follow stable and repeated patterns ofcommunication: the same client/server

couple ofobjects can be engaged in a stage ofcommunication composed ofa significant

number of messages.

Anyparallelobject produces a load in the systemwith its memoryand communication: a

generalprinciple ofresource usage balance should be considered when implementing a

parallel object support.

To balance the processing load, the mapping phase ofan application on the target

architecture requires the support to allocate onlyan average number ofinitialobjects on

each node. The intrinsic dynamicityofobject applications introduces also the need ofa

run-time balance ofresources: load balancing strategies decide the allocation ofnewly

created objects and the reallocation ofexisting ones. The reallocation ofobjects is

achieved by using migration mechanisms [8].

The need ofbalancing the communication resources requires routing to be adaptive in

the sense ofuniformlydistributing the traffic ofmessages on the entire network. In

addition, routing solutions based on the knowledge ofobject allocation can be too

expensive in the case of a dynamic scenario.

Object migration interferes with the outstanding client/server connections. Two solutions

are possible in the case ofserver object migration: the static one leaves a forward

information in the node fromwhich the object moves, the dynamic solution requires a

requalification of all object references.

Fromthe routing point ofview, to leave a forward in a previous residence node implies

that messages reaching that node are forwarded to the current location ofthe server

object. In the dynamic solution, instead, the requalification can be made when the first

message is exchanged after the migration.

In general, parallelobject environments provide primitives for object creation,

communication and migration, implemented bythe run-time support where adaptive

routing algorithms can be integrated. The VP routing has been alreadyemployed in the

support layer ofone ofsuch parallelobject environment, the P arallel O bjects

programming E nvironment ( POE ) [9].

3. THE VIRTUAL PATH ROUTING SYSTEM

Object-oriented applications - composed oflong lasting entities that cooperate and

exchange data - maytake advantage fromthe definition of virtual paths : a virtualpath is

one that can be followed byall messages travelling fromthe same source (client object) to

the same destination (server object). However, there is no static decision involved: the

virtualpath is established when the first communication takes place and it is followed by

all messages between the same couple ofobjects. The cost ofdefining the virtualpath is

shared among allthe exchanged messages: the higher this number, the greater the

advantage.

The VirtualPath routing algorithmconflicts neither with the independence fromobject

allocation and fromnetwork topologynor with the adaptivityofthe algorithm. In fact,

virtualpaths are created dynamicallywithout anyglobalknowledge ofallocation or

topology, and can be updated during execution to adapt to systemstate changes such as

object migrations, link faults and varied traffic conditions. To react to one ofthese

situations the router decides to find a new virtualpath, thus initiating a different stage of

communication between two objects (figure 1 ). A new stage begins with a first phase of

routing, that ascertains the current systemsituation and defines a new path byusing a new

probe. The newlydefined path become the virtualpath and it is followed byall messages

in the second phase of routing.

Stage 1

Probe message

User messages

{

Stage 2

Probe message

User messages

{ Client

object

Server

object

Figure 1 . Stages in thecommunication between two objects. Each stagebegins with theinjection

of a new probe.

3.1. Constructing the Virtual Path

The routing systemdefines a virtualpath ofinterconnection between two objects by

sending a probe message fromthe source to the destination node when the objects start

to communicate. The probe records the traversed path fromthe sender to the receiver

nodes. The probe is routed byusing the Hot-Spot Avoiding (HSA) algorithmthat

answers to the needs oftransparencyofallocation and topology[10]. HSA has been

inspired bythe hot-potato routing, an algorithmthat aims to keep balanced the length of

the localoutput message queues [11]. While hot-potato is isolated because takes its

routing decisions byconsidering onlythe situation localto each node, the HSA policy

enlarges the scope ofinterest to the node neighbourhood. In the HSA routing, anynode

decides its routing strategyon the basis ofknowledge ofthe load ofits neighbour nodes.

In this way, it succeeds in obviating overloaded situations. Even ifthe HSA routing can

be considered livelock free, there is no guarantee that the path followed bythe probe

does not contain loops: when the receiving site gets the probe, the router eliminates

loops fromthe recorded path (figure 2 ) to produce the virtualpath used in the following phase. Let us note that the resulting path established between the communicating objects

is not necessarily the minimal one.

Client object

Server object

Probe path

Virtual path

Figure 2 . The definition of a virtual path in a 6x6 mesh.

The probe with the found virtualpath is transmitted back to the sender router following

the resulting path backwards (figure 3 .a).

After sending the probe, the router at the sender site waits for a response fromthe

receiving site within a time-out limit: ifthe probe does not come back within a predefined

interval, a new probe is injected into the network. Once the virtualpath is defined,

successive probes returning to the sender node willbe discarded. Multiple probe can be

sent to reduce the probabilityofa time-out occurrence. The receiver router sets up one

virtualpath for each received probe, and transmits themback to the sender router. It is

responsibilityofthe sender router to choose among the received paths. A multiple probe

solution has the advantage of furnishing a set ofpaths fromwhich to choose the virtual

one, but presents the disadvantage of increasing the routing system overhead.

Client object

SENDER NODE

ROUTER message (1)

Server object

ROUTER

RECEIVER NODE

Virtual path construction

(2) Probe (HSA routed) sent

(3) Returning Probe (with the virtual path)

a.

First

Client object

SENDER NODE

ROUTER

Server object

ROUTER

RECEIVER NODE

Virtual path

Using the virtual path b.

messages sent

Figure 3 . The two phases of the VP algorithm.

3.2. Using the Virtual Path

After the virtualpath construction phase, messages between the same couple of

application objects follow the established virtualpath (figure 3 .b): loops are no longer

possible and livelock is ruled out.

In this phase, the sender router inserts in everymessage the indication ofthe path to

follow: the routing algorithm is static and has no computation overhead. In fact, there is

no routing policyto compute: in anyintermediate node, the router onlyidentifies the

output link of the virtual path carried by the message (figure 4 ).

The message sent bythe client object leaves the sender node with the entire virtualpath

and a message hop counter. The sender (and anyother intermediate) router forwards the

message to the router found in the virtual path with the current message hop.

In the case ofsynchronous and future communication modes, the replysent bythe receiver

(server) object follows the same virtual path of the message but in the reverse order.

MSG

Node Ni

Node Nk Node Nj

Virtual path for the message MSG: ...,Ni,Nj,Nk,...

Link L2

Link L1

Figure 4 . The N j router directly puts the message MSG into the L2 output queue.

The VP algorithm is adaptive and it is able to react to systemevolution: in fact, it takes

into account exceptional conditions, such as:

- Fault . It is related to either a hardware failure (a node failure or a faultylink) or a

software failure (for instance, a request to an object no longer present in the system).

- Migration . In dynamic load-balanced systems, a receiver object can be no longer found

because it has moved to another node during execution.

- Path congestion . There are cases when areas ofthe systembecome congested and

messages can experience delay in delivery time.

To react to one ofthe above situations, the router establishes a new virtualpath, thus

initiating a different stage ofcommunication between two objects. The communication

mode between objects determines when to start new stages.

In the case ofsynchronous communications an event-driven approach can be followed. A

new stage is started in response to the events that can be detected bya time-out. The timeout triggers the change ofthe virtualpath: a new probe is sent and allnew messages

follow the new virtualpath. The identification ofthe correct time-out is derived bythe

probe timing. A good estimate is proportional to the delivery time of the related probe.

When objects use the asynchronous communication mode, the event-driven approach is

not possible. In this case onlya time-driven approach is feasible. On the basis ofthe

application dynamicity, the router initiates a different stage ofcommunication byfinding

new virtual paths at predefined fixed intervals.

The case ofobject migration is a particular event that can be faced bydifferent

approaches. In client migration , the client object has to modifyallthe virtualpaths it uses

byresending new probes. The case of server migration is more complex because the

server does not know the objects in need ofits services and there is no wayofnotifying its

migration. Section 2 brieflyreports two possible solutions to this problem, a static and a

dynamic one. The static solution leaves a forward in the node fromwhich the server object

moves. Messages reaching that node are directlyforwarded to the current location ofthe

server object (figure 5 .a). In the dynamic case, the router at the client site looks for a new

virtualpath when the client object tries to communicate with the migrated server (figure

5 .b): that avoids an excess of forwarding entities ofthe static solution. That approach is

followed in the next section.

Let us note that this discussion has been simplified byassuming that an object is onlya

client (or a server). This, ofcourse, is not the realcase: an object can be a client ofsome

objects and a server for others.

Client object

SENDER NODE

ROUTER

FORWARD

ROUTER

OLD RECEIVER NODE

message

Virtual path

a.

Migrated Server

ROUTER

NEW RECEIVER NODE

(2)

(1) to server

Static approach object

sent

Client object

SENDER NODE

ROUTER ROUTER

OLD RECEIVER NODE

Virtual path

b.

Migrated Server

ROUTER

NEW RECEIVER NODE

(2)

(1) (2) message sent to server

Dynamic approach

Old Server object

New virtual path location object

Figure 5 . Migration approaches.

3.3. The Routing System Support

This paragraph describes the framework properties ofthe routing algorithm. In order to

occupythe systemresources in the path toward the destination, the implemented routing

systemadopts a packet-switching communication mode, that establishes no direct

connection between anysource/destination couple [12]. The allocation ofbuffering areas

to messages in the nodes is controlled with a store-and-forward flow controltechnique:

the entire message is buffered at each intermediate node and forwarded to the next node

in its path when the desired outgoing link becomes available. The buffering area for a

message is dynamicallyallocated fromthe node heap onlybyneed. No memoryis

staticallyreserved for buffering. The store-and-forward is the natural mechanismadopted

when working on a transputer architecture, because of its link implementation.

The VP routing support adopts a method ofdeadlock prevention that satisfies the

transparencyassumptions our routing policyis based on. In store-and-forward routing,

the criticalresources for deadlock are the buffers used to store messages in intermediate

nodes. When a node exhausts its buffers, it enters a saturation phase. A deadlock

situation occurs when two or more saturated nodes are awaiting each other circularly

incapable to deliver messages. In order to prevent this situation, we have adopted a

strategysimilar to the one reported in [13], to permit deliveryofmessages in the case of

saturation.

The deadlock prevention strategyrequires each node to reserve a limited buffering

capacity: these specialbuffers offer the possibilityofexchanging messages between any

two saturated neighbor nodes. In this way, nodes in saturation stillexchange messages

that ultimatelyreach their destinations. In saturation, message throughput lowers but can

increase as soon as the situation becomes less congested.

The most important feature ofthis deadlock prevention method is low intrusion: the

prevention technique has no cost during normalexecution and impacts onlyin saturation,

thus introducing a negligible overhead. In other words, the above prevention technique

executes only when the system can no longer guarantee any acceptable response time.

Another important propertyfor routing is absence oflivelock. In our case, the allocation

transparencyforces the routing systemto misroute frequentlythe probe when looking for

the receiver: in the first phase ofVP, misrouting can be performed at each hop. Since the

sender router waits for the probe to come back with the virtualpath, ifa probe has

incurred in a livelock situation it does not cause anyproblem, apart fromthe

performance penaltyofresending a new probe. In the second phase ofrouting, messages

follow the virtual path and no livelock can occur.

4. EXPERIMENTAL RES ULTS

In this section, we discuss the performance ofthe VP router integrated in the parallel

object environment POE implemented on a Meiko Computing Surface, a MIMD parallel

architecture based on the transputer technology[14]. The target Meiko Computing

Surface is composed bya set ofinterconnected transputers: our current configuration is

composed of16 transputers and one SUN-Sparc Node. The Meiko programming

environment (CStools) gives two different communication tools: transports with

embedded static routing strategyand channels with a semantic similar to that ofoccam

channels (and then without embedded routing policy). Since the transport routing policy

is static, it does not fit the dynamic requirements ofparallelobjects applications. To

overcome this limitation, we have designed and implemented the VP routing strategyby

using the channel mechanism.

Alltests are reported for mesh topologies, the typicaltransputer interconnection: in any

case, our router does not use any network topology information.

The testbed application used to evaluate the VP router is composed ofseveralobjects

that exchange messages of lengths in the range 100-500 bytes:

- one Client object synchronously sends test messages on the network to one Server

object ;

- Traffic generators inject in the network messages representing the communication

load of applications.

Alltests reported in the following allocate the Client object and the Server object in

nodes at the maximaldistance in the network (this is the worst possible case, in a general

nxn mesh it is 2*(n-1)), and one Traffic generator in any other node (figure 6 ).

Client

object

Server

object

Tg = Traffic generator

Tg Tg Tg

Tg Tg Tg

Tg Tg Tg Tg

Tg Tg Tg Tg

Figure 6 . The testbed application in a 4x4 transputer mesh.

Each time the Client and the Server objects enter a new stage ofcommunication, the VP

router determines the virtualpath connecting them: it defines the virtualpath bysending

severalprobes and choosing the path with the minimalnumber ofhops among the obtained ones. Allothers messages exchanged during the current stage ofcommunication between

the Client and the Server objects follow that virtualpath. The choice ofthe number ofsent

probes is a trade-offbetween the cost ofthe multiple probe solution and the number of

messages exchanged during each stage: the higher the number ofmessages using the same

virtualpath, the higher the number ofprobes one can advantageouslysend. Let us note

that there is no need to wait for a response to allsent probes: one can choose the virtual

path onlywithin a subset ofthem. Figure 7 shows the average communication latencyfor

different number ofmessages exchanged during a stage ofcommunication, with different

number ofsent and waited for probes in the testbed application. The reported average

communication latencyconsiders the cost ofestablishing the virtualpath (bysending a

number ofprobes) and the cost ofallcommunications performed in the stage. In fact, the

former cost is shared among all messages exchanged.

Number of messages i n a communication stage

Average communication latency (msec)

4

6

8

10

12

0 20 40 60 80 100

1 probe solution

3 of 5 probe solution

7 of 10 probe solution

10 of 10 probe solution

Figure 7 . The performances of different multiple pr0obe solutions in a 4x4 mesh.

The average communication latencyofmessages sent to the Server object in figure 7

greatlyvaries with systemdynamicity. In particular, the two main variables are the

communication frequency between objects and the occurrences of exceptional situations.

The influence ofthe communication frequencybetween objects is reported in figure 8 ,

with the average communication latencyobtained byvarying the frequencyofmessages

synchronouslysent bythe Client object to the Server object . In this test, traffic generators

inject different number ofmessages per second, to generate different traffic volumes in the

network. Figure 8 shows that, for each traffic volume, a value ofthe Client/Server

communication frequencyexists that represents a performance threshold: above it the

virtual path becomes congested.

Communicati on frequency (msg/second)

Average communication latency (msec)

0

50

100

150

200

250

300

0 50 100 150 200 250 300

100 traff ic msg/sec

200 traff ic msg/sec

400 traff ic msg/sec

Figure 8 . The performanceof theVP algorithmwith theincreaseof thecommunication

frequency. The curves are obtained for different traffic volumes in a 8x8 mesh.

Up to now, test objects communicate byusing the same path; the possibilitythat

exceptionalsituations such as fault, migration or path congestion could force the objects

to enter a new stage ofcommunication is not considered. Since the testbed application

uses synchronous communications, allexceptionalsituations can be revealed bya time-out

event, that can trigger a new probe phase to find a new virtualpath, thus initiating a new

stage in the communication between objects.

This happens, for instance, in the case ofobject migration, the most interesting case to be

considered in parallelobjects environments where load balancing policies are employed.

Figure 9 considers the case ofthe migration ofthe Server object . The test represents the

average communication latencyfor messages sent bythe Client object when the Server

object migrates after the receipt ofa certain number ofmessages. Two algorithms are

compared, the hot-potato routing and the VP one. With the fullyadaptive hot-potato

routing, the average communication latencydoes not varybecause ofthe Server object

migration: each message searches the destination node independentlyofthe

allocation/reallocation ofthe Server object . In the VP case, when the Client object gets to

know ofa Server migration, it initiates a new stage ofcommunication byfinding a new

virtualpath. In other words, the first message arriving at the destination node after

migration does not find the Server and reports the migration to the Client router that is

forced to construct a new virtualpath for the couple Client-Server . In the figure, the cost

ofthe virtualpath, i.e., the initialcost for establishing it and the cost to redefine it, is

divided among allthe messages. The VP approach outperforms the hot-potato as soon as

each stage of communication contains even a limited number of messages.

Number of messages received before server migration

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30 35 40 45 50

VP

Hot-potato

Average

communication

latency (msec)

Figure 9 . Comparison of hot-potato and VP algorithms for communication stages of different

lengths in a 4x4 mesh.

The last set oftests dealwith the system’s computational load. To compare fullyadaptive

algorithms, such as hot-potato, and VP in the case ofbalanced and unbalanced

computational load, severalcompute-bound objects are allocated to nodes. Figure 10

reports balanced conditions, figure 11 unbalanced situations. In both cases, the VP routing

shows better performances than those ofthe hot-potato one. This can be explained with

the pure localityofhot-potato routing that considers onlythe current node localsituation.

The situation in a neighbourhood ofnodes is instead taken into account bythe VP

algorithmto define the virtualpath. The resulting policyis more informed and can achieve

efficiency and performance.

Traffi c in the network (msg/sec)

Average communication latency (msec)

0

10

20

30

40

50

60

70

80

90

100 200 300 400 500 600 700 800

VP

Hot-potato

Figure 10 . Comparison of hot-potato and VP routing, with balanced load conditions in a 4x4

mesh.

Traffi c in the network (msg/sec)

Average communication latency (msec)

0

50

100

150

200

250

300

100 200 300 400 500

VP

Hot-potato

Figure 11 . Comparison of hot-potato and VP algorithms, with unbalanced load conditions in a

4x4 mesh.

As a last comment, the VP routing compares wellwith other routing systems

implemented on transputer-based architectures. The performances ofthose systems, in

terms ofmean internode latency[15], are in the range 450-1200 m s depending on the

traffic volume for the Multiple Rings routing [16] and about 500 m s for Tiny[17]. VP

routing system presents mean internode latency within the same range (450-900 m s).

CONCLUSION

The paper proposes an adaptive routing strategysuitable for applications composed of

long lasting entities that present stable and repeated communication patterns: in these

cases, in fact, the cost ofdetermining the virtualpath the first time is counterbalanced by

its use in tight communications between the same entities.

The VirtualPath algorithmdoes not use anyinformation about entities allocation and

network topology, and has shown its best performances in dynamic parallelobject-

oriented applications. The VirtualPath is a succession ofstages ofcommunication

between two communicating parties: the stage is the adaptivitystep and it is terminated

when the current resources situation degrades the message routing in a intolerable way.

In this case, a new stage can be initiate, to consider the modified resources conditions.

The VP routing solution is a good trade-offbetween adaptivityand efficiencyand can be

usefullyemployed where the systemdynamicityforces to consider not static solutions to

the routing problem.

REFERENCES

1. W. J. Dally"Performance Analysis ofk-aryn-cube Interconnection Networks",

IEEE Transactions on Computers , Vol. 39, No. 6, June 1990.

2. A. Varna, C. S. Raghavendra (editors), Interconnection Networks for

Multiprocessors and Multicomputers Theory and Practice , IEEE Computer Society

Press, 1994.

3. P. Gaughan, S. Yalamanchili, "Adaptive Routing Protocols for Hypercube

Interconnection Networks", IEEE Computer , Vol. 26, No. 5, May 1993.

4. P. Wegner, "Concepts and Paradigms ofObject Oriented Programming", ACM

OOPS Messenger , Vol. 1, No. 1, August 1990.

5. A. Hac, "A Distributed Algorithmfor Performance Improvement through file

replication, file migration, and Process migration", IEEE Transactions on Software

Engineering , Vol. 15, No. 11, Nov. 1989.

6. Meiko, Computing Surface Reference Manual, Meiko Ltd. 1989.

7. A. Yonezawa, et al., "Modelling and Programming in an Object-Oriented

Concurrent Language ABCL/1", in Object-Oriented Concurrent Programming ,

eds. A. Yonezawa and M. Tokoro, MIT Press, 1987.

8. G. T. Almes et alii, "The EDEN System: a TechnicalReview", IEEE Transactions

on Software Engineering , v.SE-11, No. 1, January 1985.

9. A. Corradi, L. Leonardi: "Parallelism in Object-Oriented Programming Languages",

IEEE Int. Conference on Computer Languages, New Orleans, March 1990.

10. M. Boari, et alii, "Hot-Spot-Avoiding: an Adaptive Strategyfor Transputer

Routing", Transputers’94, Besancon, Sept. 1994.

11. P. Baran, "On Distributed Communications Networks", IEEE Transactions on

Communications Systems , Vol. 12, No. 1, March 1964.

12. A. S. Tanenbaum, Computer Networks , Prentice-Hall, 1988.

13. J. Blazewicz, J. Brzezinski, G. Gambosi, "Time-Stamp Approach to Store-and-

Forward Deadlock Prevention", IEEE Transactions on Communications , Vol. 35,

No. 5, May 1987.

14. INMOS, Transputer Reference Manual, Prentice Hall, 1988.

15. D. Talia, "Message-Routing Systems for Transputer-Based Multicomputer", IEEE

Micro, Vol. 13, No. 3, June 1993.

16. M. Cannataro, G. Spezzano, D. Talia, E. Gallizzi, "Design, Implementation and

Evaluation ofa Deadlock-Free Routing Algorithmfor Concurrent Computers",

Concurrency: Practice and Experience , Vol. 4, No. 2, April 1992.

17. L. Clarke, G. Wilson, "Tiny: an efficient routing harness for the Inmos transputer",

Concurrency: Practice and Experience , Vol. 3, No. 3, June 1991.