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EDITORIAL: TO W ARD A PERF ORMANCE EV ALUA TION METHODOLOGY F OR THE

PI-CALCULUS F AMIL Y OF F ORMAL MODELING LANGUA GES

Pro cess calculi are to ols capable of mo deling large distributed systems of concurren t pro cesses and among

them Pi-calculus, in tro duced b y Milner et al. in 1992 (Milner 1992), is one of the most p opular ones. Pi-calculus

can b e used to mo del mo dern concurren t systems ranging from the lo w est lev el in soft w are design, pro cedural

programming, to the highest lev el, comp onen t comp osition and abstraction (Milner 1999 and Sangiorgi 2001).

The Pi-calculus has aroused in tensiv e in terests in researc hers to study its applicabilit y , extensibilit y , and other

prop erties. F or example, it has b een sho wn that Pi-calculus is p o w erful enough to mo del v arious data structures,

ob ject-orien ted programs, and comm unication systems. It is also the basis of sev eral exp erimen tal programming

languages suc h as Pict (Pierce 2000), Join (F ournet 1997), and T yCO (V asconcelos 1998), etc. The Pi-calculus is

a calculus where b oth comm unication and con�guration are primitiv es (Milner 1992) and has b een successfully

used to mo del features of ob ject-orien ted programming languages (W alk er 1995).

My exp erience supp orts the fact that the Pi-calculus is a promising formal foundation for mo deling con-

curren t ob jects (Rahimi 2003 and Sha w 1996) and for the de�nition of higher-lev el, reusable sync hronization

abstractions (Sc hneider 1997). Other researc h initiativ es ha v e pro v en that the Pi-calculus can b e used to e�ec-

tiv ely and precisely sp ecify the con�guration and b eha vior of concurren t programs and to deduce their b eha vioral

prop erties (Radesto c k 1994). With all the adv an tages that Pi-calculus o�ers, it do es not pro vide an y formal

metho d to b e used for p erformance ev aluation of systems it describ es. In this editorial, I presen t a direction

for the design and implemen tation of a p erformance ev aluation mo dule b y using the Mark o v Chain and Mark o v

Rew ard Mo del (Bolc h 1998).

T o b e able to construct a Mark o v Chain for a formally describ ed system, w e plan to expand the Pi-calculus

b y adding some p erformance primitiv es and asso ciating p erformance parameters with eac h action that tak es

place in ternally in a system. These include actions suc h as sending and receiving messages from one comp onen t

to another comp onen t. By using suc h parameters, designers can b enc hmark their comp onen t-orien ted units and

compare the p erformance of di�eren t arc hitectures against one another.

Mark o v Chain (MC) w as in tro duced b y A. A. Mark o v in 1907 and has b een in use for p erformance analysis

since 1950. A Mark o v c hain consists of a set of states and a set of lab eled transitions b et w een these states and

is a sequence of random v alues whose probabilities at a time in terv al dep end up on the v alues at the previous

states. There exist t w o t yp es of Mark o v Chains: Con tin uous-Time Mark o v Chains (CTMCs) and Discrete-Time

Mark o v Chains (DTMCs). CTMCs are distinct from DTMCs in the sense that state transitions ma y o ccur at

an ytime and not merely at �xed, discrete time p oin ts, as is the case with DTMCs. More information ab out

Mark o v Chains can b e found in (Bolc h 1998).

By pro ving that a system mo deled b y Pi-calculus (or an extension of it) is CTMC, the p erformance ev al-

uation metho dology could b e built using Mark o v Chains theory . The steps needed to b e tak en for MC-based

p erformance ev aluation of a formal mo del describ ed in Pi-calculus or its extensions are pro jected to b e as

follo w:

1. F orming the state diagram of the system (based on MC theory): T o do so, w e consider the original

system expression in Pi-calculus to represen t the initial state of the system. Ev ery reduction applied

to the initial system expression w ould pro duce a p ossible next state.

2. Utilizing the state transition rate functions to calculate the rate for eac h transition: The transition rate

function is de�ned as the total n um b er of the transitions in the unit time. F rom (Bolc h 1998), w e kno w

that the state so journ times of a homogeneous CTMC m ust ha v e the memory less prop ert y (do es not

remem b er the previous states). Since the exp onen tial distribution is the only con tin uous distribution

with this prop ert y , the random v ariables denoting the so journ times ( t i ), also called holding times, m ust

b e exp onen tially distributed. If r i denotes the i th
transition rate, it ob viously follo ws that r i = 1 =ti .

Therefore, for the purp ose of this dev elopmen t, t i is based on the exp onen tial distribution with the

parameter ( � ) equal to r i .

3. By asso ciating eac h rate with its appropriate transition in the state diagram, the Mark o v Chain diagram

w ould b e formed.

4. If it is an ergo dic Mark o v Chain, de�ned in (Bolc h 1998), the steady probabilit y of eac h state ( � ) could

b e found b y solving the equation: � � Q = 0 , where Q is the in�nitesimal generator matrix, de�ned in

i
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(Bolc h 1998). The �nal p erformance v alue of the system w ould b e equal to:

P n
i =1 r i � � i , where r i and

� I are the rew ard and the steady probabilit y for the state Si .

5. If it is not an ergo dic Mark o v Chain, whic h means the system will ev en tually stop at some certain states,

then the rew ard will b e assigned for eac h transition separately . In this case, w e can only calculate the

p erformance of the system executing from one state to another.

By utilizing Mark o v state-based and transition-based rew ard mo dels, p erformance ev aluation can b e ex-

ecuted for systems describ ed in Pi-calculus or its extensions. The p erformance ev aluation mo dule could b e

in tegrated in to a visualization to ol, suc h as A CVisualizer (Rahimi 2006), so the user, after visualizing comp o-

nen t comp osition, can v erify the mo del and ev aluate its p erformance against other arc hitectures b efore �nalizing

the design for implemen tation.

Here is a basic example to illustrate the ab o v e steps. In this example, a system is comp osed from t w o main

comp onen ts: a Memory and a Pro cessor. The memory unit w aits on the c hannel to receiv e an address and then

uses another c hannel to send the data out. The pro cessor sends an address to the memory , w aits for the data

to b e receiv ed and then con tin ues executing the instruction ( � ):

Mem � req(addr):anshdatai :Mem

Pr ocessor� reqhaddri :ans(data):�: Pr ocessor

A ccording to the �rst step, describ ed ab o v e, w e �rst ha v e to reduce the mo del step b y step using Pi-calculus

reduction rules. Eac h reduction step in tro duces a state whic h can b e used to form the state diagram in �gure 1a.

In this �gure:

S1 � req(addr):anshdatai :Mem j reqhaddri :ans(data):�: Pr ocessor

S2 � anshdatai :Mem j ans(data):�: Pr ocessor

S3 � Mem j �: Pr ocessor

(a)

(b)

Fig. 1 . a) the State Diagr am b) an er go dic Markov Chain

The sp eed of sending and receiving data b et w een the pro cessor and the memory dep ends on the bandwidth

of the bus (noted as bwbus ). So w e use 1=bwbus to denote the comm unication cost b et w een the pro cessor and

the memory (based on step 2). The cost of executing the action � is denoted as 1=f e where f e is the clo c k

frequency of the c hipset. Based on this information, the state diagram can b e transferred to the ergo dic Mark o v

Chain in �gure 1b (step 3).

F rom step 4, supp ose the steady probabilit y v ector is � = ( � 1; � 2; � 2) . F rom �gure 1b, w e kno w the

in�nitesimal generator matrix is:

Q =

0

@
� bwbus bwbus 0

0 � bwbus bwbus

f e 0 � f e

1

A

Since � � Q = 0 and � 1 + � 2 + � 3 = 1 , w e can calculate � :

� =
�
f e=(bwbus + 2 f e); f e=(bwbus + 2 f e); bwbus =(bwbus + 2 f e)

�
:
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Supp ose w e w an t to ev aluate the throughput of the system, then the rew ards for states S1 , S2 , and S3 are 0,

0, 1. The �nal p erformance equation, based on step 4 is:

0 � f e=(bwbus + 2 f e + 0 � f e=(bwbus + 2 f e) + 1 � bwbus =(bwbus + 2 f e) = bwbus =(bwbus + 2 f e);

whic h, if giv en the n umerical v alues for bwbus and f e , can pro vide the calculated throughput of the system.

In summary , with all the adv an tages that utilization of a formal mo deling to ol ma y o�er to the design and

implemen tation of a sound and solid distributed system, the lac k of a formal infrastructure for p erformance

ev aluation compromise its practical utilization. Although the Pi-calculus family of formal languages is v astly

utilized, it do es not pro vide an y nativ e theoretical mec hanisms for p erformance ev aluation of di�eren t design

approac hes for a particular system. This de�ciency mak es Pi-calculus incapable in assisting the user with

design-for-p erformance whic h is a crucial comp onen t of practical application dev elopmen t. This editorial plots

a path to address this need in Pi-calculus.

Shahram Rahimi,

Dep artment of Computer Scienc e

Southern Il linois University.
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GUEST EDITOR'S INTR ODUCTION: SOFTW ARE A GENT TECHNOLOGY

Soft w are agen t tec hnology is an exciting paradigm whic h can b e e�cien tly applied to man y distributed

computing problems, particularly those that require dynamic b eha vior to reac h a solution. Soft w are agen t

tec hnology has emerged as an enhancemen t of, if not an alternativ e to, the traditional clien t/serv er mo del

in suc h an en vironmen t. Mobile agen ts can migrate to a desired remote p eer and tak e adv an tage of lo cal

pro cessing rather then relying on remote pro cedure calls (RPC) across the net w ork, as in the case of clien t/serv er

systems. Also, agen ts are en tities whic h function con tin uously and autonomously in a particular en vironmen t,

and are able to carry out activities in a �exible and in telligen t manner that is resp onsiv e to the dynamically

c hanging en vironmen t. Ideally , an agen t that functions con tin uously w ould b e able to learn from exp erience and

ha v e capabilities to adapt to ad-ho c ev en ts and apply suitable functionalit y dep ending on the circumstances.

Emplo ymen t of the agen t tec hnology in the traditional clien t-serv er en vironmen ts could result in more robust,

�exible and b etter p erforming solutions for man y applications.

In this sp ecial issue, w e ha v e collected �v e cutting edge researc h pap ers whic h are the extended v ersions of

a selected group of the pap ers already published in �In telligen t Agen t Systems 2005 (IAS 05) sp ecial trac k� at

the 18th
In ternational FLAIRS Conference. The �rst pap er, �Agen ts Go T ra v eling�, b y D. O'Kane, D. Marsh,

S. Shen, R. T ynan and G. M. P . O'Hare, is concerned with the infrastructure supp ort for nomadic agen ts. The

authors ha v e in tro duced the Agen t T ra v el Metaphor (A TM) whic h o�ers a metaphor fostering in tegration of

con trol and securit y . The second pap er is en titled �Exploiting Shared On tologies with Default Information for

W eb Agen ts�, b y Y. Ma, B. Jin, and M. Zhou. This pap er uses distributed description logic (DDL) to mo del

the mappings b et w een on tologies used b y di�eren t agen ts and further mak es an extension to the DDL mo del.

�A WS-Agreemen t Based Resource Negotiation F ramew ork for Mobile Agen ts� is the title of the third pap er b y

D. G. A. Mobac h, B. J. Ov ereinder, and F. M. T. Brazier. This pap er presen ts a negotiation infrastructure with

whic h agen ts acquire time-limited resource con tracts through negotiation with one or more mediators instead of

individual hosting systems. The fourth pap er, �Agen t Comp osition via Role-Based Infrastructures�, b y G. Cabri,

prop oses to build infrastructures based on roles, whic h are abstractions that enable the comp osition of di�eren t

agen ts in an op en scenario. Finally the last pap er, unlik e the �rst four pap ers, presen ts an application of

soft w are agen ts for supp ort of studen t mobilit y . This pap er is authored b y M. Ganzha, W. Kurano wski and

M. P aprzyc ki.

W e ha v e tried our b est to presen t qualit y w orks in this sp ecial issue and certainly hop e that w e ha v e ac hiev ed

this goal.

Shahram Rahimi,

Raheel Ahmad

Dep artment of Computer Scienc e

Southern Il linois University

Mailc o de 4511, Carb ondale

Il linois 62901-4511
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A GENTS GO TRA VELING

DONAL O'KANE , G. M. P . O'HARE

�
, D A VID MARSH , SONG SHEN , AND RICHARD TYNAN

Abstract.

This pap er is concerned with infrastructural supp ort for nomadic agen ts. Agen t migration pro vides a wide range of adv an tages

and b ene�ts to system designers, ho w ev er issues relating to securit y and in tegrit y mobile agen ts has mitigated against the harv esting

of their true p oten tial. Within this pap er w e in tro duce the Agen t T ra v el Metaphor (A TM) whic h o�ers a comprehensiv e metaphor

fostering in tegrating of con trol and securit y for mobile agen ts. W e describ e the metaphor together with its incorp oration within

the Agen t F actory m ulti-agen t system.

1. In tro duction. In recen t y ears m uc h atten tion has b een fo cused on the area of m ulti-agen t systems and

mobile agen ts. The term agen t has n umerous connotations and can represen t v arious soft w are en tities.

In this pap er the term agen t implies an en tit y comprising of but not limited to the follo wing prop erties:

autonom y , so cial abilit y , resp onsiv eness, pro-activ eness, adaptabilit y , mobilit y , v eracit y , rationalit y , and h uman

cognition mo deling tec hniques suc h as b elief desire and in ten tion. These de�ne a strong notion of agency , [18 ].

A mobile agen t refers to the capacit y of an agen t to electronically na vigate a net w ork in whic h it exists, [17 ].

Man y argumen ts ha v e b een pro�ered as to the b ene�ts and disadv an tages of mobile agen ts, [5], and on the

use of agen t-orien ted programming as a design paradigm, [11 ].

Numerous pitfalls ha v e b een iden ti�ed, suc h as p oten tial securit y issues in v olv ed in agen t migration, [10 , 5 ,

14 , 4 ], in terop erabilit y and language translation, [13 , 8, 2] and dynamic creation and managemen t of an agen t's

itinerary , [15 ].

V arious solutions to these dra wbac ks ha v e b een o�ered b y whic h to address the di�culties asso ciated with

agen t migration. If solutions could b e found to these imp edimen ts, then the p oten tial b ene�ts to b e harv ested

from secure agen t mobilit y are immense. As y et, no system or approac h has garnered univ ersal supp ort. The

itineran t agen t framew ork, [4] is an example of a framew ork and design that, allo ws agen t platforms to o�er

a selection of services targeted at roaming agen ts, with no sp eci�c origin or home. [16 ] in tro duce the concept

of airp orts for in ternet agen ts. These airp orts pro vide a framew ork for ad-ho c and unstable in ternet agen ts to

access resources and main tain comm unicate c hannels. Ho w ev er these are targeted at sp ecify t yp es of mobile

agen ts, not at the general p opulation.

T o address this lac k of unit y this pap er in tro duces the Agen t T ra v el Metaphor, (A TM), whic h describ es and

pro vides a natural metho d to deplo y and implemen t a v ast range of to ols and services designed to o�er mobile

agen ts v arious services.

The metaphor dra ws from the exp erience of h uman tra v el and utilizes tec hniques from the natural w orld

to pro vide services suc h as securit y , adaptation, core co de protection, co op eration and in terop eration.

This pap er also prop oses that the use of the A TM ma y pro vide a service bac kb one for mobile agen ts to

exist, op erate and lengthen their lifespan, b y pro viding a range of services and adaptation mec hanisms.

2. Mobile Agen ts�The W a y F orw ard.

2.1. Related Researc h. The abilit y of an agen t to migrate is de�ned as electronic transfer of an agen t

from one p oin t in a computer net w ork to another, [17 ]. Man y m ulti-agen t systems supp ort agen t mobilit y and

pro vide services to enable their agen ts to migrate e�cien tly .

A div ersit y of enabling tec hnologies ha v e b een adopted in order to underpin agen t mobilit y . These include

mobilit y securit y measures, agen t language translation, middle agen ts, load balancing mec hanisms, ad-ho c

net w ork to ols and agen t co de protection.

Mobilit y Securit y: A v ariet y of securit y issues arise when enabling agen ts with mobilit y . The main issues

are protection of platforms from malicious agen ts, protection of agen ts from malicious platforms, protection of

agen ts from malicious agen ts and protection of agen ts and platforms against other en tities [10 ]. Man y systems

ha v e b een dev elop ed to tac kle these four problems, including design tec hniques that limit an agen ts abilit y

to a�ect the agen t platform and scanning systems that ensure migrating agen t are not carrying harmful co de

suc h as viruses and systems that utilize passp ort and visa do cumen ts and digital certi�cates, [9, 4], to enable

�
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iden ti�cation and the origin of migrating agen ts, and th us pro vide agen t platforms with a metho d to measure

ho w trust w orth y a migrating agen t is.

Agen t language translation: If an agen t is migrating b et w een heterogeneous m ulti-agen t systems then it

is p ossible for an agen t to migrate to an agen t platform that utilizes a di�eren t agen t comm unication language,

(A CL), than the migrating agen t. Agen t language translation allo ws the migrating agen t to comm unicate and

co op erate with foreign agen t platforms as w ell as foreign agen ts. Services and agen ts that facilitate in terop-

eration b et w een heterogenous m ulti-agen t systems exist and use meta languages, [2 ], direct translation, [4], or

on tologies,[8 ], to pro vide agen ts with a means of language translation.

Middle agen ts: These are agen ts that pro vide a v ariet y of static services to mobile agen ts. They are

generally accepted to b e system lev el agen ts or trusted agen ts that pro vide services suc h as naming and access

to shard resources, [7, 4]. Systems suc h as the the itineran t agen ts framew ork, [4], and the SOMA system, [1],

use a v ariet y of middlew are soft w are to ensure securit y , in terop erabilit y and comm unication services to mobile

agen ts.

Load balancing mec hanisms: T o ols and services that pro vide load balancing for their net w ork ha v e b een

dev elop ed, [3].

A d-ho c net w ork to ols: The ad-ho c nature of ev er c hanging net w orks presen ts another massiv e set of

problems for a mobile agen t en vironmen t. F or example, no de disapp earance and sudden unannounced reap-

p earance causes a serious failure and reco v ery disco v ery problem. No des that fail are no longer reac hable,

agen ts executing on suc h no des are also no longer reac hable. An y dep endan t agen ts or services m ust either ha v e

the abilit y to handle this failure or b e noti�ed of its o ccurrence. Up on reco v ery or re-establishmen t of a no de

connection, the other no des or en tities m ust b e made a w are of the reco v ery , this is a non-trivial problem, [16 ].

Agen t co de protection: Protection for the core of an agen ts men tal state against viral co de and unautho-

rized access has b een dev elop ed, [12 ]. Agen t platform administrators can assume b enev olence of kno wn agen ts

once their critical co de is protected.

2.2. The Agen t T ra v el Metaphor. The Agen t T ra v el Metaphor, (A TM) adopted and in tro duced within

this pap er, b orro ws hea vily from h uman tra v el. It consolidates and expands previous w ork b y other re-

searc hers that ha v e adopted comp onen ts and segmen ts of the o v erall tra v el scenario. Three classes of h uman

tra v el can b e iden ti�ed as useful for mobile agen ts, International tra v el, National tra v el and Metr op olitan

tra v el. In the h uman en vironmen t these classes of tra v el all p ossess div erse pro cedures that determine issues

suc h as ho w tra v el is initiated, ho w secure the tra v el is and a plethora of further services pro vided for the

tra v elers.

Metrop olitan: An example of metrop olitan tra v el w ould b e tra v eling on a bus through a cit y . F or a

tra v eler that liv es in that cit y this form of tra v el will result in destinations that are b oth similar to the origin

lo cation and familiar to the tra v eler. The origin and destination lo cations are almost iden tical, tra v el can b e

initiated at an y time with little or no preparation, securit y measures at at a minim um, the tra v eler has no

requiremen t to pro v e their iden tit y and m ust only purc hase a tic k et for a bus at the time of tra v el, and tra v elers

already p ossess most of what they need to carry out their tasks at the destination, (language translation,

b eha vior learning etc).

National: An example of national tra v el w ould b e tra v eling on a train from one cit y to another, within

the same coun try . This metho d of tra v eling is m uc h stricter than metrop olitan tra v el, there are more stringen t

securit y measures, the tra v elers m ust usually purc hase a tic k et in adv ance and m ust presen t this tic k et up on

request. The sc hedule is also m uc h more regulated, train time tables are usually m uc h more strictly adhered to

than a metrop olitan bus timetable, also a tra v eler ma y b e required to pac k items necessary for their tasks as

they ma y not b e a v ailable at the destination.

In ternational: An example of in ternational tra v el w ould b e tra v eling on an airplane from one coun try

to another. This metho d of tra v el has the highest lev el of securit y requiremen ts, passp ort, visa, tic k et and

baggage c hec ks at b oth origin and destination, a extremely limited timetable, only a few �igh ts p er da y to

particular destinations, and a limited c hoice of direct destinations, requiring sev eral stops to get to a partic-

ular destination. Along with these is the p ossibilit y for a tra v eler to arriv e at a destination with a di�eren t

language and di�eren t b eha vior as standard, the tra v eler m ust b e taugh t or disco v er ho w to conform to these

new requiremen ts. P ac king baggage is most imp ortan t for in ternational tra v elers as it b ecomes more di�-

cult for them to pro cure the necessary items at foreign destination that will enable them to p erform their

tasks.
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An example of the steps tak en b y a tra v eler undertaking an in ternational class of tra v el in v olv es the follo wing

steps:

� Decide on destination(s).

� Con tact a tra v el agen t and negotiate a tic k et price.

� T ra v el agen t issues a tic k et.

� T ra v eler con tacts destination for visa requiremen ts.

� Con tact v accination clinic.

� Query and obtain necessary v accinations for destination(s).

� P ac k necessary baggage.

� Up on arriv al at the origin p ort con tact p ort authorities.

� Tic k et and passp ort are v eri�ed and baggage is scanned/c hec k ed in.

� P ort initiates migration.

� Up on arriv al at destination con tact destination p ort authorities.

� Tic k et and visa are v eri�ed and baggage is scanned and collected or left in secure b o x.

� Once through securit y measures con tact language translator and/or b eha vior teac her as needed.

� Normal op eration resumes.

Fig. 2.1 . The agent tr avel algorithm.

In the metaphor, agen ts pla y the role of tra v elers, an ev olution from the h uman tra v el analogy , as agen ts are

t ypi�ed b y their use of h uman cognition tec hniques in their decision making pro cess.

A ccordingly , agen t platforms pla y the role of cities, also a natural ev olution from the tra v el analogy as an

agen t platform is the lo cation in whic h an agen t exists and in teracts with its surrounding en vironmen t. The

p oten tial for agen t platforms to create federations with groups of agen t platforms and the analogous relationships

b et w een neigh b oring cities and coun tries, e.g. coun tries that ha v e tra v el agreemen ts and do not require visitors

to apply for a visa to en ter. This reinforces the previous argumen t in fa v or of the metaphor.

The v ariet y of pro cesses that w e go through when w e undertak e a journey is unique for ev ery journey and

y et distinct patterns can b e extracted, for example generalizing the securit y requiremen ts, do cumen ts needed

for tra v el and inquiring at the destination if language translation or b eha vior teac hing is required leads to a

generalized tra v el pro cess as seen in Figure 2.1. The A TM is designed to facilitate con�guration and p olicing

of mobile agen ts p olicies and services in a heterogenous en vironmen t. The algorithm describ ed in Figure 2.1

prop oses a foundation for a framew ork, pro viding agen t platforms, and their agen ts, with mo dular, secure,

agile and adaptiv e agen t mobilit y services. The pro vision of these services, allo ws for a �exible and easily

con�gured en vironmen t, giving platforms the capabilit y to create and con trol a�liations with other platforms

and m ulti-agen t net w orks.

2.3. Imp ortan t A ctors and Data Structures within the Agen t T ra v el Metaphor. In order to

implemen t an initial realization of the agen t tra v el metaphor and its accompan ying framew ork for incorp oration
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within Agen t F actory , it is �rst necessary to de�ne some of the principle actors and data structures necessary

to supp ort the metaphor.

Fig. 2.2 . The Visa and Passp ort Data Structur es.

Fig. 2.3 . The Ticket, T r avelStamp, A gentID, PlatformA ddr ess and TimeStamp Data Structur es.

P assp ort P assp orts are an o�cial certi�cate issued b y a trusted source pro viding the iden tit y of an agen t and

pro viding information on, an agen t's origin, the creator of the passp ort and a history of an agen t's

tra v els.

P assp ort Issuer A passp ort issuer is a middle Agen t con tracted to create passp ort data structures for agen ts.

P assp ort Issuers retain a cop y of all created passp orts and pro vide a v eri�cation service for an y agen t

wishing to ensure a particular passp ort is gen uine.

Tic k et Tic k ets are certi�cates that pro v e that a tic k et holder has pro cured p ermission for a sc heduled migration

ev en t.

T ra v el Organizer A tra v el organizer middle agen t that is con tacted b y a tra v eling agen t wishing to obtain

p ermission to tra v el to a particular destination. The tra v el organizer con tacts destinations and pro cures

visas and creates a tic k et for the tra v eling agen t. T ra v el organizers also pro vide a v eri�cation service

for an y agen t wishing to ensure a particular tic k et is gen uine.

Visa Visas are temp orary , once o�, certi�cates that are pro vided b y destination platforms, pro viding an agen t

with en try p ermission to a destination platform.

P ort a conceptual lo cation at whic h all migration to and from an agen t platform is co ordinated.

P ort Authorities P ort Authorities are trusted agen ts c harged with the task of op erating the p ort for eac h

agen t platform. Eac h agen t platform con tains b oth a p ort and a p ort authorit y agen t. The resp on-

sibilities of this agen t include co ordinating agen t migration, upholding the lo cal securit y p olicies and

v alidating tic k ets, visas and passp orts.

Air Side a restricted area of an agen t platform. Once An agen t commences migration it is restricted from

normal op eration un til it arriv es landside at its destination.
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Land Side the term used for the normal space for agen t op eration.

Baggage a collection of co de or data, external to an agen t's men tal state, that the agen t mak es use of in order

to ful�l its goals.

Secure Bo x a secure and priv ate storage lo cation attac hed to a p ort. An agen t carrying baggage ma y deem

p ortions unnecessary for the curren t lo cation. These unnecessary p ortions can b e stored ready to b e

retriev ed once the agen t requires them or lea v es the curren t lo cation.

V accinations a securit y and protection measure that allo ws agen ts to defend themselv es from infections b efore

migrating to a p oten tially dangerous/malicious lo cation as w ell as allo wing agen t platforms to guard

themselv es from unkno wn migrating agen ts.

Language T ranslator an agen t that can b e con tracted b y a mobile agen t to b esto w the abilit y to con v erse

with other agen ts that use di�eren t comm unication languages.

Beha vior T eac her an agen t that can b e con tracted to giv e an agen t the abilit y to adapt to lo cal op erating

b eha viors. Some platforms within the net w ork ma y require agen ts to register with its white/y ello w

pages services for example, while other lo cations ma y not.

3. Agen t F actory and the Agen t T ra v el Metaphor.

3.1. Agen t F actory Mobilit y Supp ort. Agen t F actory , [6], is a m ulti-agen t systems dev elop ed using the

strong notion of agency . Agen t F actory pro vides supp ort and infrastructures that allo w for rapid protot yping

of agen ts. It im bues its agen ts with mobilit y via HTTP so c k et connections, transferring agen t men tal state

and serialized ja v a co de. F ederations of agen t managemen t services, (AMS), and directory facilitators, (DF),

pro vide white and y ello w pages services that supply agen t and service naming.

3.2. Enabling Agen t F actory with the A TM. In order to ev aluate the usefulness of the agen t tra v el

metaphor, w e iden ti�ed and extracted a subset of this arc hitecture to b e initially implemen ted. This subset

consists of the op erations (a) , (g) , (h) and (i) de�ned in Figure 2.1. These op erations giv e rise to the creation

of three middle agen ts and three k ey data structures.

Fig. 3.1 . UML inter action diagr am show the 5 implemente d agents fr om the agent tr avel metaphor and the se quenc e of

messages that o c cur when an agent migr ates using the p assp ort, visa and ticket system of authentic ation.

The middle agen ts, T ra v elOrganiser, P assp ortAuthorit y and P ortAuthorit y are resp onsible for issuing the

three k ey data structures, Tic k ets, P assp orts and Visas, Figure 2.3 and Figure 2.2. These agen ts also ha v e the

resp onsibilit y for issuing appropriate tra v el do cumen ts to tra v eling agen ts up on request and prop er authorization
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as in Figure 3.1 sections (1) and (2) . The T ra v elOrganiser, P assp ortAuthorit y and P ortAuthorit y also m ust

pro vide a v eri�cation service allo wing other middle agen ts that are insp ecting tra v el do cumen ts to request that

the creator of tra v el certi�cates v erify that said certi�cates are v alid, Figure 3.1 section (3) . In conjunction

with pro viding a v eri�cation service for Visa do cumen ts, P ortAuthorit y agen ts are resp onsible for initiating

authen tication of incoming and outgoing agen ts' tra v el do cumen ts, Figure 3.1 section (4) .

3.3. Mo dular Deplo ymen t of the Agen t T ra v el Metaphor. The use of middle agen ts to im bue an

agen t platform with the A TM tak es adv an tage of the �exibilit y inheren t in in telligen t agen ts, giving rise to the

mo dular nature of the metaphor.

The middle agen ts, for example the P ortAuthorit y agen t, can use lo cally written soft w are to p erform their

tasks. This means that the exact proto cols that the agen ts use to enforce their securit y p olicies can b e de�ned

b y a lo cal dev elop er or administrator.

Fig. 3.2 . A n agent platform c on�gur e d with se curity, scr e ening, dynamic itiner ary, and b aggage tr asp ort/stor age servic es.

Fig. 3.3 . A n agent platform r e-c on�gur e d with sever al extr a servic es, b ehavior le arning and language tr anslation.

Platform administrators can use the mo dular structure of the A TM to setup p olicies for services suc h as

securit y , language translation etc, Figure 3.2. A dministrators can also dynamically mo dify the services that

exist on a particular platform as w ell as edit and augmen t existing services on a platform, Figure 3.3.
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Consider the follo wing scenario: An administrator con trols a particular set of �v e agen t platforms. The

administrator kno ws that agen t language and b eha vior are iden tical across all of the platforms and that only

one of the platforms has access to critical assets that need to b e protected.

The administrator instructs the critical platform's P ortAuthorit y agen t to demand that incoming migrating

agen ts presen t Tic k et, P assp ort and Visa do cumen ts. F urthermore it m ust scrutinize presen ted tra v el do cumen ts

aggressiv ely , v erifying them with their issuers along with p erforming a query to federated P ortAuthorit y agen ts

to ensure that the migrating agen t or its origin has not b een blac klisted or quaran tined for misb eha vior.

An agen t, P assp ortT ra v eller, decides that it wishes to migrate to the critical platform in order to access

the secure data there. The agen t is informed of the requiremen ts set b y the administrator, a passp ort, visa

and tic k et, b y the T ra v elOrganiser agen t. The agen t then either con tacts the appropriate agen ts in order to

satisfy these requiremen ts if it has kno wledge of the b eha vior that is necessary to do so or, if the agen t do es not

curren tly ha v e the necessary kno wledge to satisfy the migration requiremen ts the agen t can con tact a b eha vior

teac her to learn ho w to satisfy the requiremen ts so that it ma y migrate.

Fig. 3.4 . A scr e en shot showing an agent, Passp ortT r avel ler, migr ating to destination http://193.1.132.98:4445

Figure 3.4 sho ws an agen t, P assp ortT ra v eller, that is migrating to the critical platform. The agen t, as

required, m ust satisfy three requiremen ts, presen ting a passp ort, visa and tic k et in order to successful migrate.

Figure 3.4 sho ws the agen t has successfully obtained the �rst t w o tra v el do cumen ts as the red passp ort and blue

visa icons are no longer grey , and is w aiting up on the tic k et do cumen t so that it can pro ceed with its migration.

Fig. 3.5 . A scr e en shot showing an agent, Passp ortT r avel ler, migr ating to destination http://193.1.119.93:4545

The administrator can set m uc h lo oser securit y p olicies on the other platforms, as securit y threats are not

as p oten tially catastrophic and damaging to these platforms. The administrator instructs these P ortAuthorities
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to require a P assp ort and Tic k et from incoming migrating agen ts and to assume agen t b enev olence, i. e. to

accept all presen ted do cumen ts as v alid without v erifying the do cumen ts with their issuer.

Figure 3.5 sho ws the agen t P assp ortT ra v eller migrating to another platform with few er securit y p olicies

in place. Here the agen t is only required to satisfy t w o requiremen ts, presen ting a passp ort, visa in order to

successfully migrate. A tic k et is unnecessary as the cost of the migration and the frequency and sc heduling

of migration b et w een these agen t platforms is of minimal imp ortance. This agen t has previously satis�ed the

passp ort requiremen ts and is a w aiting deliv ery of a visa do cumen t b efore it can pro ceed with its migration.

The ab o v e scenario describ es the manner in whic h agen t platforms can b e con�gured in di�eren t manners

using the A TM and the concepts of National , International tra v el and Metr op olitan tra v el outlined in the Agen t

T ra v el Metaphor section ab o v e.

4. Ev aluation and Results. In order to ev aluate the consequences of enabling Agen t F actory with the

A TM framew ork w e m ust consider sev eral issues.

Securit y: The A TM framew ork puts in to place a con�gurable set of securit y measures that allo w admin-

istrators to set securit y p olicies in the manner that they see �t. Figure 4.1 and Figure 4.2 sho w a P assp ortAu-

thorit y agen t and a P ortAuthorit y agen t resp ectiv ely , these agen ts ha v e b een con�gured to pro vide a high lev el

of securit y . In this example the P ortAuthorit y agen t is requiring that the tra v eling agen t presen ts three tra v el

do cumen ts, a passp ort, a visa and a tic k et. Along with requiring tra v eling agen ts to presen t these do cumen ts

the P ortAuthorit y agen t also v eri�es all of the do cumen ts' authen ticit y . These agen ts can easily b e recon�gured

to pro vide a slac k ened securit y p olicy for example if the P ortAuthorit y only required tra v eling agen ts to presen t

a single tra v el do cumen t, a passp ort, and if the P ortAuthorit y agen t did not v erify the do cumen ts authen ticit y .

Fig. 4.1 . A PortA uthority agent r e c eiving a migr ation r e quest fr om a migr ating agent, T r avel lingA gent, the PortA uthority

agent hand les this r e quest by �rstly verifying the do cuments le gitimacy with the issuers.

Dynamic itinerary: The T ra v elOrganiser agen t pro vides mobile agen ts with a metho d to c ho ose their

migration destination without an y previous kno wledge the lo cation of this platform. This allo ws agen ts to create

a random migration pattern incorp orating new additions to the agen t platform net w ork.

Sc heduled migration: When an agen t purc hases a Tic k et, the destination agen t platform is informed that

an agen t wishes to migrate b y the Tic k et issuer. The origin and destination P ortAuthorit y agen ts can prepare

for the migration ev en t and utilize the time b eforehand to mo difying the migration sc hedules on the net w ork.

Migration time: The actual time tak en to electronically migrate an agen t increases from 5% to 7%, as

a result of the agen t k eeping a record of its tra v el do cumen ts. T otal time tak en, from the initial decision to

initiate a migration un til the resumption of op eration at the destination is substan tially increased b y 50% to

p oten tially greater than 300%. The p ercen tage increase can b e app ortioned to the p oten tial for a large increase

in the n um b er of agen ts that are in v olv ed in an y migration ev en t. In the examples describ ed ab o v e and seen

in Figure 3.1, �v e agen ts are in v olv ed in the migration pro cess, the tra v eling agen t, the P assp ortAuthorit y

agen t, the T ra v elOrgainiser agen t and the t w o P ortAuthorit y agen ts, (based at the origin and destination).

The n um b er of messages that are passed b et w een these �v e agen ts increases from 6 without an y of the securit y

measures from the A TM to 19 in the outlined example for the agen t to acquire a passp ort, visa and tic k et and

to presen t these do cumen ts to the p ort authorities, and for the p ort authorities to v erify the do cumen ts with
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Fig. 4.2 . A PortA uthority agent r e c eiving a migr ation r e quest fr om a migr ating agent, T r avel lingA gent, the PortA uthority

agent hand les this r e quest by �rstly verifying the do cuments le gitimacy with the issuers.

Fig. 4.3 . A T r avelOr ganiser agent r e c eiving a validation r e quest on a Ticket that was issue d by this T r avelOr ganiser. The

agent c omp ar es the r e queste d ticket against its r e c or ds.

the do cumen t creators, Figure 3.1. Eac h extra securit y measure that is in tro duced in this manner, for example

a digital certi�cate, in tro duces an extra time dela y due to the request/presen t/v erify pro cesses.

It is the opinion of the authors that the b ene�ts obtained from im buing an Agen t F actory agen t platform with

the A TM out w eigh the drop in p erformance and sp eed. The additional services, suc h as securit y , heterogeneit y

o v er agen t language, b eha vior, come at a cost. The total time tak en for migration to o ccur and total size

of an agen t when it is migrated is increased. The mo dular nature of the A TM ho w ev er allo ws for �exibilit y ,

for example if sp eed of migration is a priorit y , then migration securit y p olices can b e set to the lo w est lev els,

increasing p erformance. If agen t platform securit y is the priorit y then the resulting increase in the time tak en

caused b y stricter securit y is an acceptable compromise.

5. Conclusion. This pap er has in tro duced a comprehensiv e agen t migration proto col whic h it deliv ers

through a set of collab orativ e in telligen t agen ts. The metaphor has b een realized and incorp orated within

Agen t F actory . It represen ts a consolidation and in tegration of some previous researc h that has adopted in part

the tra v el metaphor.

The A TM has b een realized in suc h a w a y as to supp ort the addition of further mo dular comp onen ts and

the adoption of con�gurable lo cal p olices, for example baggage allo w ance, visa issue, securit y clearance and

in terop erabilit y b et w een a v ariet y of regimes. This allo ws agen t platform administrators a greater lev el of

managemen t and dynamic con trol o v er services pro vided b y the agen t platform.

As with the ongoing need for constan t vigilance b y administrators of computer net w orks to ev er c hanging

threats suc h as w orms, viruses and other malicious attac ks, the securit y threats p osed b y mobile agen ts are
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ev er c hanging. As agen ts adapt and c hange so m ust the agen t platforms securit y coun termeasures, the mo dular

service deplo ymen t prop osed a demonstrated b y this pap er presen ts agen t platform administrators with the

to ols necessary to com bat and adapt to threats from mobile agen ts.

Mobile agen ts also greatly b ene�t from the use of the A TM. With the in tro duction of a stable and trusted

source from whic h the agen ts can learn new b eha vior, mobile agen ts can no w adapt themselv es to p erform

tasks that w ould not normally b e part of their ordinary op eration, as seen when the agen t P assp ortT ra v eller

adapted its b eha vior in order to ful�l the migration requiremen ts giv en to it b y the P ortAuthorit y agen t at its

destination, namely presen ting a passp ort, visa and tic k et ob ject. Also with the pro vision of securit y measures

on agen t platforms it is p ossible for mobile agen t to access information ab out agen t platforms to v erify that

a particular platform do es not ha v e a history of attac ks agen ts mobile agen ts, th us allo wing agen ts to protect

themselv es against malicious hosts.
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Abstract. When di�eren t agen ts comm unicate with eac h other, there needs to b e some w a y to ensure that the meaning of what

one agen t em b o dies is accurately con v ey ed to another agen t. It has b een argued that on tologies pla y a k ey role in comm unication

among di�eren t agen ts. Ho w ev er, in some situations, b ecause there exist terminological heterogeneities and incompleteness of

pieces of information among on tologies used b y di�eren t agen ts, comm unication among agen ts will b e v ery complex and di�cult to

tac kle. In this pap er, w e prop osed a solution to the problem for these situations. W e used distributed description logic to mo del the

mappings b et w een on tologies used b y di�eren t agen ts and further mak e a default extension to the DDL for default reasoning. Then,

base on the default extension of the DDL mo del, a complete information query can b e reduced to c hec king default satis�abilit y of

the complex concept corresp onding to the query .

Key w ords. On tology , Description Logic, Multi-agen t System, Satis�abilit y , Default reasoning.

1. In tro duction. Agen ts often utilize the services of other agen ts to p erform some giv en tasks within

m ulti-agen t systems [1 ]. When di�eren t agen ts comm unicate with eac h other, there needs to b e some w a ys to

ensure that the meaning of what one agen t em b o dies is accurately con v ey ed to the other agen t. On tologies pla y

a k ey role in comm unication among di�eren t agen ts b ecause they pro vide and de�ne a shared v o cabulary ab out a

de�nition of the w orld and terms used in agen t comm unication. In real-life scenarios, agen ts suc h as W eb agen ts

[2] need to in teract in a m uc h wider w orld. The future generation W eb, called Seman tic W eb [3] originates

from the form of decen tralized v o cabularies - on tologies, whic h are cen tral to the vision of Seman tic W eb's

m ulti-la y er arc hitecture [4]. In the bac kground of the future Seman tic W eb in telligence, there are terminological

kno wledge bases (on tologies), reasoning engines, and also standards that mak e p ossible reasoning with the

mark ed concepts on the W eb. It no w seems clear that Seman tic W eb will not b e realized b y agreeing on a single

global on tology , but rather b y w ea ving together a large collection of partial on tologies that are distributed

across the W eb [5]. In this situation, the assumption that di�eren t agen ts completely shared a v o cabulary is

unfeasible and ev en imp ossible. In facts, agen ts will often use priv ate on tologies that de�ne terms in di�eren t

w a ys making it imp ossible for the other agen t to understand the con ten ts of a message [6 ]. Usc hold iden ti�es

some barriers for agen t comm unication, whic h can b e classi�ed in to language heterogeneit y and terminological

heterogeneit y [7]. In this pap er, w e will fo cus on terminology heterogeneit y and not consider the problem of

language heterogeneit y .

T o o v ercome these heterogeneit y problems, there is a need to align on tologies used b y di�eren t agen ts, the

most often discussed are merging and mapping of on tologies [8, 9]. Ho w ev er, it seems that the e�orts are not

enough. F or comm unication among agen ts with heterogeneous on tologies, there are still some problems that

require to b e solv ed. In some situations, only incomplete information can b e got. These happ en sometime as

una v ailabilit y of pieces of information, sometime as seman tic heterogeneities (here, terminological heterogeneities

are fo cused on) among on tologies from di�eren t sources. Another problem is that there alw a ys exist some

exceptional facts, whic h con�ict with commonsense information. F or example, commonly bird can �y , p enguin

b elongs to bird, but p enguin couldn't �y . In these situations, comm unication among agen ts will b e more complex

and di�cult to tac kle. W e m ust consider not only the alignmen t of on tologies used b y di�eren t agen ts, but

also the implicit default information hidden among these on tologies. Then, information reasoning for query

should b e based on b oth these explicitly represen ted on tologies and implicit default information. This form of

reasoning is called default reasoning, whic h is non-monotonic. Little atten tion, ho w ev er, has b een paid to the

problem of endo wing these logics ab o v e with default reasoning capabilities.

F or a long time, represen tation and reasoning in description logic (DL) [10 ] ha v e b een used in a wide

range of applications, whic h are usually giv en a formal, logic-based seman tics. Another distinguished feature

is the emphasis on reasoning as a cen tral service. Description logic is v ery useful for de�ning, in tegrating, and

�
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main taining on tologies, whic h pro vide the Seman tic W eb with a common understanding of the basic seman tic

concepts used to annotate W eb pages. They should b e ideal candidates for on tology languages [11 ]. D AML+OIL

[12 , 15 ] and O WL [13 ] are clear examples of Description Logics. Recen tly , Borgida and Sera�ni prop osed an

extension of the formal framew ork of description Logic to distributed kno wledge mo dels [14 ], whic h are called

distributed description logic (DDL). A DDL consists of a set of terminological kno wledge bases (on tologies) and

a set of so-called bridge rules b et w een concept de�nitions from di�eren t on tologies. T w o kinds of bridge rules

are considered in DDL. Another imp ortan t feature of DDL is the abilit y to transform a distributed kno wledge

base in to a global one. In other w ords, the existing description logic reasoners can b e applied for deriving new

kno wledge.

W e adopt the view of [6 ] that the mappings b et w een on tologies will mostly b e established b y individual

agen ts that use di�eren t a v ailable on tologies in order to pro cess a giv en task. In our opinion, it is a solution

to mo del the mappings b et w een on tologies used b y di�eren t agen ts using a DDL and further mak e a default

extension to the DDL for default reasoning. Then, base on the default extension of the DDL mo del, a complete

information query can b e reduced to c hec k default satis�abilit y of the complex concept corresp onding to the

query .

This pap er is organized as follo ws. Section 2 presen ts our motiv ation in making default extension to DDL for

comm unication among m ultiple agen ts. Section 3 in tro duces represen tation and reasoning related to on tology .

Distributed description logic are in tro duced particularly . In Section 4, w e pro vide a formal framew ork for default

extension to description logic. Default reasoning based on an EDDT is discussed in Section 5. Mean while, an

algorithm is prop osed for c hec king the default satis�abilit y of a giv en concept or a terminological subsumption

assertion. Section 6 and Section 7 are related w ork and conclusion, resp ectiv ely .

2. Motiv ation. In order to pro cess a giv en task in m ulti-agen t systems, it is imp ortan t and essen tial to

comm unicate with eac h other among di�eren t agen ts. Ho w ev er, there often exist some terminological hetero-

geneities and incompleteness of pieces of information among on tologies used b y di�eren t agen ts, whic h mak e an

agen t not completely understand terms used b y another agen t. In the situations, it is di�cult and ev en imp os-

sible to realize the comm unication among agen ts. W e prop ose a solution to this problem for the situation. W e

mo del the kno wledge represen tation of m ulti-agen ts using distributed description logic. The in ternal mappings

b et w een on tologies used b y di�eren t agen ts are de�ned using the so-called bridge rules of distributed description

logic. Then, b y default extension to the DDL mo del, w e can express explicitly some default information hidden

among these on tologies. Based on the extension to DDL mo del, a query can b e reduced to c hec king the default

satis�abilit y of a concept or an assertion corresp onding to the query . More precisely , an adapted algorithm is

prop osed for c hec king default satis�abilit y .

Fig. 2.1 . The situation of c ommunic ation pr oblem b etwe en two agents

In order to express the problem to b e resolv ed clearer, w e mak e some assumption for simplicit y . W e only

consider comm unication b et w een t w o agen ts, whose on tologies are enco ded on the same language. Then, w e

assume that on tologies used b y the t w o agen ts ha v e su�cien t o v erlap suc h that in ternal mappings b et w een them

can b e found. The follo wing example sho wn in Figure 2.1 illustrates the situation describ ed in the pap er for

our application.
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In m ulti-agen t systems, on tologies are used as the explicit represen tation of domain of in terest. T o pro cess a

giv en task, an agen t p erhaps uses m ultiple on tologies, whic h usually supplemen t eac h other and form a complete

mo del. Ho w ev er, in the mo del, the default information among these on tologies is not considered. F or example,

w e p erhaps establish the in ternal mapping sp ecifying that BIRD is a sub class of NON_SPEAKING_ANIMAL.

Through the agen t using on tology 1, w e tak e the follo wing query BIRD ^ NON_SPEAKING_ANIMAL. The

found question is that the agen t using on tology 1 do esn't kno w the meaning of the term

NON_SPEAKING_ANIMAL

whic h only can b e understo o d b y the agen t using on tology 2. T o get complete and correct results of query , the

t w o agen ts m ust co ordinate eac h other. Another question is that the query results of the agen t will include

SP ARR O W and P ARR OT. W e will �nd the results are partially correct b ecause the class of P ARR OT can

sp eak lik e man. The reason getting partially correct results is that w e ha v e not considered the default fact:

in most cases, birds cannot sp eak; parrots b elong to the class of birds but they can sp eak. In our opinion,

default information should b e considered and added in to the mo del with m ultiple on tologies, whic h will form a

su�cien tly completely mo del. Then, a v ailable reasoning supp ort for on tology languages is based on the mo del

with default information.

3. Represen tation and Reasoning Related to On tologies. A formal and w ell-founded on tology lan-

guage is the basis for kno wledge represen tation and reasoning ab out the on tologies in v olv ed. Description Logic

is a formalism for kno wledge represen tation and reasoning. Description logic is v ery useful for de�ning, in tegrat-

ing, and main taining on tologies, whic h pro vide the Seman tic W eb with a common understanding of the basic

seman tic concepts used to annotate W eb pages. It should b e ideal candidates for on tology languages. One of

the imp ortan t prop osals that ha v e b een made for w ell-founded on tology languages for the W eb is D AML+OIL.

Recen tly , description logic has hea vily in�uenced the dev elopmen t of the seman tic W eb language. F or exam-

ple, D AML+OIL on tology language is just an alternativ e syn tax for v ery expressiv e description logic [12 ]. So

in the follo wing sections, w e use syn tax and seman tic represen tations of description logic in v olv ed instead of

D AML+OIL. Description Logics is equipp ed with a formal, logic-based seman tics. Its another distinguished

feature is the emphasis on reasoning as a cen tral service.

3.1. Description Logic. The basic notations in DL are the notation of concepts em bracing some individ-

uals on a domain of individuals, and roles represen ting binary relations on the domain of individuals. A sp eci�c

DL pro vides a sp eci�c set of constructors for building more complex concepts and roles. F or examples:

� the sym b ol > is a concept description whic h denotes the top concept, while the sym b ol ? stands for the

inconsisten t concept whic h is called b ottom concept.

� the sym b ol u denotes concept conjunction, e. g., the description P erson u Male denotes the class of man.

� the sym b ol 8R.C denotes the univ ersal roles quan ti�cation (also called v alue restriction), e. g., the

description 8hasChild.Male denotes the set of individual whose c hildren are all male.

� the n um b er restriction constructor ( � nR.C) and ( � nR.C), e. g., the description ( � 1 hasChild.Do ctor)

denotes the class of paren ts who ha v e at least one c hildren and all the c hildren are do ctors.

The v arious description logics di�er from one to another based on the set of constructors they allo w. Here,

w e sho w the syn tax and seman tics of ALCN [16 ], whic h are listed as Figure 3.1.

Then w e can mak e sev eral kinds of assertions using these descriptions. There exist t w o kinds of assertions:

subsumption assertions of the form C v D and assertions ab out individuals of the form C(a) or p(a; b) , where

C and D denote Concepts, p denotes role, and a and b are individual, resp ectiv ely . F or examples, the assertion

P arent v P erson denotes the fact the class of paren ts is subsumed b y the class of p erson. The description

P erson(a) denotes that the individual a is a p erson while the description hasChild (a; b) denotes a has a

c hild who is b. The collection of subsumption assertions is called Tb o x, whic h sp eci�es the terminology used

to describ e some application domains. A Tb o x can b e regarded as a terminological kno wledge base of the

description logic.

An in terpretation for DL I = (� I ; � I ) , where � I
is a domain of ob jects and � I

the in terpretation function.

The in terpretation function maps roles in to subsets of � I � � I
, concepts in to subsets of � I

and individuals

in to elemen ts of � I
. Satisfactions and en tailmen ts in DL Tb o x will b e describ ed using follo wing notations:

� I j = C v D i� C I v D I

� I j = T , i� for all C v D in T , I j = C v D
� C v D , i� for all p ossible in terpretations I , I j = C v D
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DL Syn tax DL Seman tic

: C L nC I

C u D C I \ D I

C t D C I [ D I

9P:C f xj9y:(x; y) 2 P I ^ y 2 C I g
8R:C f xj8y:(x; y) 2 P I ! y 2 C I g

C v D C I � D I

P v R P I � RI

C v : D C I \ D I = ;
� nP:C { x 2 L j k { y 2 L j (x; y) 2 P I ^ y 2 C I

} k � n }

� nP:C { x 2 L j k { y 2 L j (x; y) 2 P I ^ y 2 C I
} k � n }

C(a) a 2 C I

P(a; b) (a; b) 2 P I

Fig. 3.1 . Syntax and semantics of ontolo gy r epr esentation

� T j= C v D , i� for all in terpretations I , I j = C v D suc h that I j = T

3.2. Distributed Description Logic. A DDL is comp osed of a collection of �distributed" DLs, eac h of

whic h represen ts a subsystem of the whole system. All of DLs in DDL are not completely indep enden t from

one another as the same piece of kno wledge migh t b e presen ted from di�eren t p oin ts of view in di�eren t DLs.

Eac h DL autonomously represen ts and reasons ab out a certain subset of the whole kno wledge. Distributed

description logic (DDL) can b etter presen t heterogeneous distributed systems b y mo deling relations b et w een

ob jects and relations b et w een concepts con tained in di�eren t heterogeneous on tologies.

A DDL consists of a collection of DLs, whic h is written { DL i gi 2 I , ev ery lo cal DL in DDL is distinguished

b y di�eren t subscripts. The constrain t relations b et w een di�eren t DLs are describ ed b y using so-called �bridge

rules" in an implicit manner, while the constrain ts b et w een the corresp onding domains of di�eren t DLs are

describ ed b y in tro ducing the so-called �seman tics binary relations". In order to supp ort directionalit y , the

bridge rules from DL i to DL j will b e view ed as describing ��o w of information" from DL i to DL j from the

p oin t of view of DL j . In DDL, i : C denotes the concept C in DL i , i : C v D denotes subsumption assertion

C v D in DL i . A bridge rule from i to j is describ ed according to follo wing t w o forms: i : C
v
�! j : D and

i : C
w
�! j : D . The former is called in to-bridge rule, and the latter called on to-bridge rule. A DDL em braces

a set of subsumption assertions, whic h are called DTB. A distributed Tb o x (DTB) is de�ned based on Tb o xes

in all of lo cal DLs and bridge rules b et w een these Tb o xes. A DTB DT = ( f Ti gi 2 I ; B ) , where Ti is Tb o x in

DL i , and for ev ery i 6= j 2 I , B = f B ij g, where B ij is a set of bridge rules from DL i to DL j . A DTB can b e

regarded as a distributed terminological kno wledge base for the distributed description logics.

The seman tics for distributed description logics are pro vided b y using lo cal in terpretation for individual DL

and connecting their domains using seman tics binary relations r ij . A distributed in terpretation J = (fI i gi 2 I ; r )
of DT consists of in terpretations I i for DL i o v er domain � I i

, and a function r asso ciating to eac h i; j 2 I a

binary relation r ij � � I i � � I j
. r ij (d) = f d0 2 � I j j(d; d0) 2 r ij g, and for an y D 2 � I j

, r ij (D ) = [ d2 D r ij (d) .

Note that seman tic relation r m ust b e b old ev erywhere.

A distributed in terpretation J d-satis�es (written j= d ) the elemen ts of DTB DT = ( f Ti gi 2 I ; B ) according

to follo wing clauses: F or ev ery i; j 2 I

� J j= d i : C
v
�! j : D if r ij (C I i ) � D I j

� J j= d i : C
w
�! j : D if r ij (C I i ) � D I j

� J j= d i : C v D if I i j= C v D
� J j= d Ti , if for all C v D in Ti suc h that I i j= C v D
� J j= d DT , if for ev ery i; j 2 I , I i j= d Ti and I i j= d b, for ev ery b 2 [ B ij

� DT j= d i : C v D , if for ev ery distributed in terpretation J , J j= d DT implies

J j= d i : C v D

4. Default Extension to DDL. DDL is used to b etter mo del kno wledge represen tation in a m ulti-agen t

systems, where on tologies are used as the explicit represen tation of domain of in terest. The in ternal mappings
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DT ={{ T1 ={P ARR OT v BIRD,SP ARR O W v BIRD},

T2 ={P ARR OT v FL YING_ANIMAL,

GO A T v : SPEAKING_ANIMAL}

B ={1:P ARR OT v 2:P ARR OT}}

DF ={BIRD( x ):P ARR OT( x )/ : SPEAKING_ANIMAL( x )}

Fig. 4.1 . DT and D of the DDT

� I 1
={parrot1,parrot2,spar ro w,sw a n}, P ARR OT

I 1
={parrot1,parrot2}

SW AN

I 1
={sw an}, SP ARR O W

I 1
={sparro w}

BIRD

I 1
={parrot1,parrot2,sparr o w,sw a n}

� I 2
={parrot,goat,butter�y}, P ARR OT

I 2
={parrot}

GO A T

I 2
={goat}, FL YING_ANIMAL

I 2
={parrot,butter�y}

: SPEAKING_ANIMAL

I 2
={goat},

r12 ={(parrot1, parrot), (parrot2, parrot)}

Fig. 4.2 . The distribute d interpr etation of the DDT

b et w een on tologies used b y di�eren t agen ts are de�ned using the so-called bridge rules of distributed description

logic. As men tioned in Section 2, ho w ev er, DDL mo del is not su�cien t for mo deling comm unication among

m ultiple agen ts with heterogeneous on tologies b ecause the default information among these on tologies is not

considered. In this situation, query based on m ulti-agen t systems will b e p ossible to get partially correct results.

T o construct a su�cien tly completely mo del, default information should b e considered and added in to the DDL

mo del with m ultiple on tologies. In the follo wing, w e discuss the problem of default extension to DDL.

Our default extension approac h is op erated on a distributed terminological kno wledge base. A distributed

terminological kno wledge base originally em braces only some strict information (i. e., the information ha ving

b een expressed explicitly in distributed terminological kno wledge base). Default information is used for getting

complete and correct information from m ultiple distributed on tologies. W e should consider a w a y to explicitly

include and express the default information in a distributed terminological kno wledge base for reasoning based

on these distributed on tologies. T o b e able to include default information in distributed kno wledge base, w e

�rstly in tro duce the notation description of a default rule.

Definition 4.1. A default rule is of the form P(x) : J1(x); J2(x); � � � ; Jn (x)=C(x) , wher e P; C and J i ar e

c onc ept names ( 1 � i � n ), and x is a variable. P(x) is c al le d the pr er e quisite of the default, al l of J i (x) ar e

c al le d the justi�c ations of the default, and C(x) is c al le d the c onse quent of the default. The me aning of default

rule P(x) : J1(x); J2(x); � � � ; Jn (x)=C(x) c an b e expr esse d as fol lows:

If ther e exists an interpr etation I such that I satis�es P(x) and do esn 't satisfy every J i (x) ( 1 � i � n ),

then I satis�es C(x) . Otherwise, if I satis�es every J i (x) ( 1 � i � n ), then I satis�es C(x) .

F or example, to state that a p erson can sp eak except if s/he is a dumm y , w e can use the default rule

P erson(x):Dumm y(x)/CanSp eak(x).

If there is an individual named John in a domain of individuals, then the closed default rule is

P erson(John):Dumm y(John)/CanSp eak(John).

T o deal with strict taxonomies information as w ell as default information in distributed kno wledge base,

the de�nition of distributed kno wledge base should b e extended for including a set of default rules. W e call the

distributed terminological kno wledge base with explicit default information default distributed terminological

kno wledge base, whic h is denoted as DDT.

Definition 4.2. A default distribute d terminolo gic al know le dge b ase DDT=(DT,D), wher e DT is the DTB

of distribute d description lo gic, and D is a set of default rules.

An example of a DDT is sho wn in �gure 4.1. The DT of the DDT is based on t w o lo cal terminological

kno wledge bases, named T1 and T2 resp ectiv ely . The DT and D of the DDT are sho wn in Figure 4.1. Figure

4.2 pro vides a distributed in terpretation of the DDK.
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The satisfaction problem of DDT should b e discussed for queries based on it. The satisfaction sym b ol is

denoted as j= dd . The kind of satis�abilit y of these elemen ts in DDT means that they should satisfy not only

DT, but also the set D of default rules. So w e call satis�abilit y of elemen ts in DDT default satis�abilit y . Default

satis�abilit y serv es as a complemen t of satis�abilit y de�nition in a distributed terminological kno wledge base

with default rules. In queries based on DDT, the de�nition will b e used to detect satis�abilit y of a concept or

assertion.

Definition 4.3. A distribute d interpr etation J dd-satis�es (written j= dd ) the elements of DDT = ( DT; D ) ,

ac c or ding to fol lowing clauses: F or every default rule � in D, � = P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x) , for every

i; j 2 I
� J j= dd DDT , if J j= d DT and J j= d �
� J j= dd DT , if J j= d DT and J j= d �
� J j= d � , if J j= d P v C implies J 2d Jk v : C for all k ( 1 � k � n )

� J j= d P v C , if i 6= j , suc h that J j= d i : P v C or J j= d i : P
v
�! j : C or

J j= d j : C
w
�! i : P

� DDT j= dd DT , if for all distributed in terpretation J , J j= dd DDT implies

J j= dd DT
In a distributed kno wledge base, default information ma y ha v e b een used during reasoning, but a DDT is

not really helpful for reasoning with default information in distributed kno wledge. Some additional information

with resp ect to default rules should b e included explicitly in to DT. A closed default rule of the form P(x) :
J1(x); J2(x); � � � ; Jn (x)=C(x) can b e divided in to t w o parts: P(x) ! C(x) and J i (x) ! C(x) , ( 1 � i � n ). W e

call the �rst part ful�lled rule, and the second exceptional rules. A rule of the form A(x) ! B (x) means for

ev ery (distributed) in terpretation I , x 2 A I
, then x 2 B I

, i. e. A v B , where A and B are concept names, and

x denotes an individual.

Definition 4.4. A n extende d distribute d know le dge b ase EDDT is c onstructe d b ase d on a DDT=(DT,D),

ac c or ding to the fol lowing clauses: F or every default rule � in D, � = P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x) ,

1) Dividing in to t w o parts whic h em brace ful�lled rules and exceptional rules, resp ectiv ely . The ful�lled

rule denotes that it holds in most cases un til the exception facts app ear, while the exceptional rules denote

some exceptional facts.

2) A dding P v C and J i v C in to DT ( 1 � i � n ), whic h are the assertions corresp onding to ful�lled rule

and exceptional rules, resp ectiv ely

3) Setting the priorities of di�eren t rules for selecting appropriate rules during reasoning. The assertions

corresp onding to exceptional rules ha v e the highest priorit y , while original strict information has normal priorit y .

The assertions corresp onding to ful�lled rules are giv en the lo w est priorit y .

In the course of constructing an EDDT, default information has b een added in to distributed kno wledge base

for default reasoning, b ecause these default information ma y ha v e b een used during reasoning. Exceptional

information has b een assigned the highest priorit y to a v oid con�icting with some strict information, while

ful�lled rules w ould b e used only in the situation that no other strict information can b e used, its priorit y is

least. A simpli�ed view of the EDDT based on the DDT and its in terpretation (sho wn in �gure 4.1 and 4.2)

can b e found in �gure 4.3. The default rule BIRD (x) : P ARROT (x)=SP EAKING _ ANIMAL (x) is divided

in to one ful�lled rule and one exceptional rule, the ful�lled rule BIRD v : SP EAKING _ ANIMAL and the

exceptional rule P ARROT v SP EAKING _ ANIMAL has b een added in to EDDT. In fact, an EDDT can

b e recognized as a collection of in tegrated on tologies with default information expressed explicitly . Default

reasoning can b e p erformed based on an EDDT. In the follo wing section, w e will fo cus on ho w the default

reasoning based on EDDT will b e realized. Mean while, an adapted algorithm will b e discussed for c hec king

default satis�abilit y of complex concepts and subsumption assertions.

5. Reasoning with Default Information. Reasoning with default information pro vides agen ts using

di�eren t on tologies with stronger query capabilit y . In our opinion, a query based on DDT can b oil do wn

to c hec king default satis�abilit y of complex concept in accord with the query . Based on description logics,

satis�abilit y of a complex concept is decided in p olynomial time according to T ableau algorithm for ALCN
[10 , 16 ]. An imp ortan t result of DDL is the abilit y to transform a distributed kno wledge base in to a global one.

So the existing description logic reasoners can b e applied for deriving new kno wledge. This w ould allo w us to

transfer theoretical results and reasoning tec hniques from the extensiv e curren t DL literatures. In our reasoning

approac h with default information, the result will b e used. The reasoning problem of distributed terminological
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Fig. 4.3 . A n example of EDDT

kno wledge base of a DDL will b e transformed to the reasoning problem of terminological kno wledge base of a

global DL corresp onding to the DDL. So in our opinion, detecting default satis�abilit y of a DDL is just detecting

the default satis�abilit y of the global DL in accord with the DDL. A default extension to T ableau algorithm for

ALCN DL can b e used for detecting default satis�abilit y of ALCN concepts based on an EDDT.

Definition 5.1. A c onstr aint set S c onsists of c onstr aints of the form C(x), p(x,y), wher e C and p ar e

c onc ept name and r ole name, r esp e ctively. Both x and y ar e variables.

An I -assignmen t maps a v ariable x in to a elemen t of � I
. If x I 2 C I

, the I -assignmen t satis�es C(x) . If

(x I ; yI ) 2 pI
, the I -assignmen t satis�es p(x; y) . If the I -assignmen t satis�es ev ery elemen t in constrain t set S ,

it sati s�es S . If there exist an in terpretation I and an I -assignmen t suc h that the I -assignmen t satis�es the

constrain t set S , S is satis�able. S is satis�able i� all the constrain ts in S are satis�able.

It will b e con v enien t to assume that all concept descriptions in EDDT are in ne gation normal form (NNF).

Using de-Morgan's rules and the usual rules for quan ti�ers, an y ALCN concept description can b e transformed

in to an equiv alen t description in NNF in linear time. F or example, the assertion description SP ARROW v
BIRD can b e transformed the form : SP ARROW t BIRD . T o c hec k satis�abilit y of concept C , our extended

algorithm starts with constrain t set S = f C(x)g, and applies transformation rules in an extended distributed

kno wledge base. The concept C is satis�able i� the constrain t set S is unsatis�able. In applying transformation

rules, if there exist all ob vious con�icts (clashes) in S , S is unsatis�able, whic h means the concept C is satis�able.

Otherwise, S is unsatis�able. The transformation rules are deriv ed from concepts and assertions in EDDT. If

the constrain t set S b efore the action is satis�able, S after the action is also satis�able. The transformation

rules of default extension to satis�abilit y algorithm are sho wn as Figure 5.1.

When the adapted algorithm is used for detecting default satis�abilit y of ALCN concepts, ev ery action m ust

preserv e satis�abilit y . Because if an action don't preserv e satis�abilit y , w e cannot ensure the condition that if

the constrain t set b efore the action is satis�able then the set after the action is satis�able. In the extension

algorithm, w e m ust pro v e the actions preserv e satis�abilit y .

Theorem 5.2. The action of the applie d tr ansformation rules pr eserves satis�ability.

Pr o of . Because a DDL can b e regarded as a global DL, for simpli�cation, w e use in terpretation I of the

global DL for distributed in terpretation J of the DDL.

In the extension algorithm, ev ery step ma y in v olv e the actions of some transformation rules that are applied.

so w e m ust pro v e all of these actions in these steps preserv e satis�abilit y . Because the actions in the second

step are originally deriv ed from the classical T ableau algorithm, w e ha v e kno wn they preserv e satis�abilit y [10 ].

The remainder of the pro of will only consider the actions in the �rst step and the third step.

1) In the �rst step, the action condition is that for an y default rule of the form

P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x)

in set of default rules, there exists J i ( x ) is con tained in S. If the constrain t set S b efore the action is satis�able,

then there exists an in terpretation I suc h that I satis�es all of elemen ts of S. Because {J i ( x )} � S, then I satis�es

J i ( x ) (1 6 i 6 n). F urthermore, according to the De�nition 4.1, w e kno w I satis�es : C( x ) after the action. F rom

the ab o v e, w e kno w that I satis�es b oth : C( x ) and S, i. e., I satis�es S [ { : C( x )} after the action.
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Exceptional rules :(Used for Step 1)

Condition :

F or an y default rule of the form P( x ):J 1 ( x ), J 2 ( x ),. . . ,J n ( x )/C( x ), there exists J i (x ) (1 6 i 6 n) is con tained in S,but S do esn't

con tain : C( x ).

A ction :

S=S [ { : C( x )}

Strict rules :(Used for Step 2)

u� rule:

Condition :

{(C u D)( x )} � S, but S do esn't con tain b oth C( x ) and D( x ).

A ction :

S=S [ {C( x ), D( x )}

t� rule:

Condition :

{(C t D)( x )} � S but {C( x ),D( x )} \ S= ; .

A ction :

S=S [ {C( x )} or S=S [ {D( x )}

9� rule:

Condition :

{( 9 R.C)( x )} � S, but there is no individual name y suc h that S con tains C( x ) and R( x , y ).

A ction :

S=S [ {C( y ), R( x , y )}

8� rule:

Condition :

{( 8 R.C)( x ), R( x , y )} � S, but S do esn't con tain C( y ).

A ction :

S=S [ {C( y )}

� n-rule:

Condition :

( � nR)(x) S, there do esn't exist individual names y 1 , y 2 , � � � ,y n suc h that R(x,y i ) and y i 6= y j are in S, (1 � i � j � n).

A ction :

S=S [ R(x,y i ) [ y i 6= y j , (1 � i � j � n), where y 1 , � � � , y n are distinct individual names not o ccurring in S.

� n-rule:

Condition :

distinct individual names y 1 , � � � ,y n +1 are con tained in S suc h that ( � nR)(x) and R(x,y 1 ), � � � , R(x,y n +1 ) are in S, and y i 6= y j is

not in S for some i,j,

1 � i � j � n+1.

A ction :

for eac h pair y i and y j , suc h that 1 � i � j � n+1 and yi 6= yj is not in S, the S i;j :=[y i /y j ]S is obtained from S b y replacing eac h

o ccurrence of y i b y y j .

F ul�lled rule : (Used for Step 3)

Condition :

no other transformation rules is applicable, and for an y default rule of the form P( x ):J 1 ( x ), J 2 ( x ), . . . , J n ( x )/C( x ), {P( x )} � S, but

all of the J i ( x ) (1 6 i 6 n) and C( x ) are not con tained in S.

A ction :

S=S [ {C( x )}

Fig. 5.1 . The adapte d T able au rules use d for dete cting default satis�ability of ALCN c onc epts

2) In the third step, the action condition is that {P( x )} � S, S do esn't con tain all of the J i ( x ) (1 6 i 6 n)

and no other transformation rules can b e applied. If the constrain t set S b efore the action is satis�able, then

there exists an in terpretation I suc h that I satis�es all of elemen ts of S. Because {P( x )} � S, then I satis�es

P( x ). F urthermore, w e kno w that I do esn't satisfy an y J i ( x ) (1 6 i 6 n), otherwise, there w ould exist other

exceptional rules whic h can b e applied. Because I satis�es P( x ) b efore the action. So from De�nition 4.1, w e

get I satis�es C( x ). Because I satis�es b oth S and C( x ), w e get I satis�es S [ {C( x )}.

F rom ab o v e pro ofs, w e can conclude that ev ery action in the applied transform rules, in the extension

algorithm, preserv es satis�abilit y .

As men tioned in De�nition 4.4, an EDDT em braces three t yp es of transformation rules: strict information,

ful�lled information and exceptional information. These di�eren t t yp es of information are giv en di�eren t lev els

of priorit y . Here, w e use the sym b ol SR to denote the set of strict facts in an EDDT, FR to denote the set of

ful�lled information and ER to denote the set of exceptional information. Then, based on the EDDT sho wn in

Figure 4.3, w e will get the descriptions of its sets of di�eren t t yp es of information in NNF, where
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Algorithm: c hec king default satis�abilit y of C based on the EDDT

Require : An EDDT whic h em braces SR, FR and ER.

Ensure : the descriptions of SR, FR and ER in NNF.

1. S 0 =C(x), i=1;

2. apply strict rules and transform S 0 in to S i ;

3. for eac h r 2 ER do // Step 1

4. if S i meets the condition of r

5. apply r to S i and result of action: S i +1  S i ;

6. i=i+1;

7. if there exist clashes in S i
8. return �C is satis�able";

9. end if

10. end if

11. end for

12. for eac h r 2 SR do // Step 2

13. if S i meets the condition of r and S i isn't lab eled �Clash"

14. apply r to S i and result of action: S i +1  S i ;

15. i=i+1;

16. if there exist clashes in S i
17. S i is lab eled �Clash";

18. end if

19. end if

20. end for

21. for eac h r 2 FR do // Step 3

22. if S i meets the condition of r and S i isn't lab eled �Clash"

23. apply r to S i and result of action: S i +1  S i ;

24. i=i+1;

25. if there exist clashes in S i
26. S i is lab eled �Clash";

27. end if

28. end if

29. end for

30. if the leaf no des of all p ossible branc hes in the constructed tree-lik e mo del are lab eled �Clash"

31. return �C is satis�able";

32. else return �C is unsatis�able";

33. end if

SR = f: P ARROT t BIRD; : SP ARROW t BIRD;

: P ARROT t F LY ING _ ANIMAL; : GOAT t : SP EAKING _ ANIMAL g

F R = f: BIRD t : SP EAKING _ ANIMAL g

ER = f: P ARROT t SP EAKING _ ANIMAL g:

The subsumption assertions to b e c hec k ed should b e transformed in to their negation description in NNF

according to the theorem [10 ]: A v B is satis�able i� A u : B is unsatis�able, where A and B are concept

descriptions, resp ectiv ely . F or example, the subsumption assertion SP ARROW v : SP EAKING _ ANIMAL
will b e transformed in to the concept description with negation SP ARROW u SEAKING _ ANIMAL . In

the follo wing, w e will describ e particularly the extension algorithm for c hec king default satis�abilit y of a giv en

concept. The default extension algorithm can b e divided in to three steps. In the �rst step, w e apply exceptional

rules to constrain t set b ecause they ha v e the highest priorit y . If exceptional rules can b e used for the detected

concept, strict rules will not b e used. Otherwise, if no exceptional rules can b e used, the strict rules can b e

applied to constrain t set (step 2). The reason wh y w e do lik e this is to a v oid con�icting with some strict

information. Another reason is to sa v e reasoning time. In step three, only in the situation that no other strict

information can b e used, could ful�lled rules b e used. The default extension algorithm either stops b ecause all

actions fail with ob vious con�icts, or it stops without further used rules.

The follo wing example sho wn in Figure 5.2 demonstrates the algorithm with a tree-lik e diagram. W e w an t to

kno w whether the subsumption assertion SP ARROW v : SP EAKING _ ANIMAL is satis�able in the EDDT

sho wn in Figure 4.3. That is to sa y , w e should detect that the concept SP ARROW u SP EAKING _ ANIMAL
is unsatis�able. The concept is �rstly transformed in to constrain set S 0 . Considering the default rule BIRD (x) :
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P ARROT (x)=SP EAKING _ ANIMAL (x) , w e kno w that P ARROT (x) isn't con tained in S 0 , Then, in the

�rst step, the exceptional rule : P ARROT (x) t SP EAKING _ ANIMAL (x) can not b e applied to S 0 . In

the follo wing steps, w e apply strict rules, the reasoning con tin ues un til it stops with ob vious con�icts. Finally ,

the leaf no de of ev ery branc h in this tree-lik e diagram is notated using �Clash" tag. So w e kno w the con-

strain t SP ARROW u SP EAKING _ ANIMAL are not satis�able. That is to sa y , the subsumption assertion

SP ARROW v : SP EAKING _ ANIMAL is satis�able.

S0 = f (SPARROW u SPEAKING _ ANIMAL)( x) g

u

S1 = S0 [ f SPARROW( x); : SPEAKING _ ANIMAL( x)g

: SPARROW t BIRD( x)

S2 = S1 [ f: SPARROW( x)g S2 = S1 [ f BIRD( x)g

//Clash : BIRD( x) t : SPEAKING _ ANIMAL( x)

S3 = S2 [ f BIRD( x)g S3 = S2 [ f: SPEAKING _ ANIMAL( x)g

//Clash //Clash

Fig. 5.2 . Dete cting default satis�ability of c omplex c onc ept

Please note that the extension algorithm can tac kle b oth general subsumption assertions and assertions

ab out exceptional facts. In another example sho wn in Figure 5.3, w e w an t to c hec k whether the subsumption

assertion P ARROT v SP EAKING _ ANIMAL is satis�able, that is to sa y , w e c hec k the default satis�abilit y

of the concept P ARROT (x) u : SP EAKING _ ANIMAL (x) , whic h transformed in to a constrain set. In the

�rst step, when the exceptional rule : P ARROT (x) t SP EAKING _ ANIMAL (x) is applied to constrain t set,

the complete con�icts o ccur. So w e kno w the concept P ARROT (x) u : SP EAKING _ ANIMAL (x) is not

satis�able, whic h means that the subsumption assertion P ARROT v SP EAKING _ ANIMAL is satis�able.

Then reasoning pro cess stops without applying other transformation rules. This can b e serv ed as an example

of reasoning for an exceptional fact.

S0 = f (PARROT u : SPEAKING _ ANIMAL)( x) g

u

S1 = S0 [ f PARROT( x); : SPEAKING _ ANIMAL( x)g

: PARROT t SPEAKING _ ANIMAL( x)

S2 = S1 [ f: PARROT( x)g S2 = S1 [ f SPEAKING _ ANIMAL( x)g

//Clash

Clash

Fig. 5.3 . A n example of dete cting exc eptional fact

In the follo wing, w e giv e a brief of discussion of complexit y issues ab out the default satis�abilit y algorithm.

Theorem 5.3. Default satis�ability of ALCN -c onc ept descriptions is PSP A CE-c omplete.
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Pr o of . F rom [16 ], w e kno w that satis�abilit y of ALCN -concept descriptions is PSP A CE-complete. As

men tioned ab o v e, our default satis�abilit y algorithm for ALCN -concept descriptions can b e divided in to three

steps. In fact, ev ery step is just the satis�abilit y algorithm for ALCN . Then the sequence of the three steps

is also essen tially the satis�abilit y algorithm for ALCN . So w e get the conclusion that default satis�abilit y of

ALCN -concept descriptions is PSP A CE-complete.

6. Related w ork and Discussions. In the description logics comm unit y , a n um b er of approac hes to

extend description logics with default reasoning ha v e b een prop osed. Baader and Hollunder [17 ] in v estigated

the problems ab out op en default in detail and de�ned a preference relation. The approac h is not restricted to

simple normal default. T w o kinds of default rules w ere in tro duced b y Straccia [18 ]. The �rst kind is similar

to the fu�lled rules in our approac h. The second kind of rules allo ws for expressing default information of

�llers of roles. Lam brix [19 ] presen ted a default extension to description logics for use in an in telligen t searc h

engine, Dw ebic. Besides the standard inferences, Lam brix added a new kind of inference to description logic

framew ork to describ e whether an individual b elongs to a concept from a kno wledge base. Calv anese [20 ]

prop osed a formal framew ork to sp ecify the mapping b et w een the global and the lo cal on tologies. Maedc he [21 ]

also prop osed a framew ork for managing and in tegrating m ultiple distributed on tologies. Stuc k ensc hmidt [6]

exploited partial shared on tologies in m ulti-agen t comm unication using an appro ximation approac h of rewriting

concepts. Ho w ev er, default information w as not considered in these di�eren t framew orks and systems. An

imp ortan t feature of our formal framew ork distinguished from other w ork is that our default extension approac h

is based on DDL. T o our b est kno wledge, little w ork has b een done to pa y atten tion to default extension to

DDL for comm unication among agen ts.

There is an alternativ e prop osal for dealing with the problem of the example sho wn in Figure 2.1. F or

example, if the term SP ARR O W instead of BIRD in on tology 1 is mapp ed in to the term

NON_SPEAKING_ANIMAL

in on tology 2, and the term P ARR OT in on tology 1 is not mapp ed in to the term NON_SPEAKING_ANIMAL,

then there is no default information to b e considered. It seems that w e ha v e a v oided the problem of default

information b et w een the t w o on tologies using the in ter-on tology mapping. Ho w ev er, in fact, this approac h is

exhausted and unscalable. If there are a lot of terms b elonging to the sub classes of BIRD to b e added in to

on tology 1, w e ha v e to map ev ery one of these added terms in to NON_SPEAKING_ANIMAL in on tology 2.

In the situation, w e will �nd the alternativ e approac h is m uc h exhausted and unscalable. In con trast to the

alternativ e approac h, our default extension approac h to DDL considers the in ter-on tology mapping e�orts and

the scalabilit y of on tologies used b y di�eren t agen ts as k ey features.

Regarding to the complexit y issue of the prop osed default satis�abilit y algorithm, w e will �nd that the

algorithm increase no more complexit y than satis�abilit y algorithm for ALCN . It means that w e can p erform

reasoning with strict information as w ell as default information in the same time and space complexit y . The

future w ork includes a �exible mec hanism for parsing exc hanged messages among agen ts. A CLs are used to

construct and parse exc hanged messages required b y b oth participan ts. Then, concepts de�ned in D AML+OIL

on tology language can b e readily com bined with the mec hanism, th us increasing the �exibilit y of messages, and

hence accessibilit y and in terop erabilit y of services within op en en vironmen ts.

7. Conclusion. In this pap er, an approac h is prop osed to enables agen ts using di�eren t on tologies on the

W eb to exc hange seman tic information solely relying on in ternally pro vided mapping b et w een the on tologies.

Because of the seman tic heterogeneit y among these on tolgies, it is di�cult for an agen t to understand the

terminology of another agen t. T o get complete and correct seman tic information from m ultiple on tologies used

b y di�eren t agen ts, default information among these on tologies should b e considered. Our approac h is based

on default extension to DDL. The distributed terminological kno wledge base is originally used to presen t strict

information. T o p erform default reasoning based on DDL, strict as w ell as default information is tak en in to

accoun t. Then, all of default information ab o v e is added in to an extended default distributed terminological

kno wledge base (EDDT), whic h is constructed from a default distributed terminological kno wledge base (DDT).

The default T ableau algorithm is used on EDDT where di�eren t rules ha v e di�eren t priorit y: exceptional rules

ha v e the highest priorit y , and ful�lled rules the least. Reasoning with default information pro vides agen ts using

di�eren t on tologies with stronger query capabilit y . In our opinion, a query based on DDT can b oil do wn to

c hec king default satis�abilit y of complex concept in accord with the query .
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Our approac h enables agen ts using di�eren t on tologies on the W eb to exc hange seman tic information solely

relying on in ternally pro vided mapping b et w een the on tologies. But so far, our approac h is considered as a basic

mec hanism for facilitating agen t comm unication. T o apply it in practice, there is still a lot of w ork to b e done

[23 ]. F or example, more sophisticated agen t comm unication proto cols, similar to K QML [22 ] and FIP A [24 ],

ha v e to b e dev elop ed for getting complete and correct information through agen ts. Using the comm unication

proto cols, concepts de�ned in D AML+OIL on tology language can b e readily com bined with the mec hanism,

th us increasing the �exibilit y of messages, and hence accessibilit y and in terop erabilit y of services within op en

en vironmen ts.
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A GENTS
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�

Abstract. Mobile agen ts require access to computing resources on heterogeneous systems across the In ternet. They need

to b e able to negotiate their requiremen ts with the systems on whic h they wish to b e hosted. This pap er presen ts a negotiation

infrastructure with whic h agen ts acquire time-limited resource con tracts through negotiation with one or more mediators instead

of individual hosting systems. Mediators represen t groups of autonomous hosts. The negotiation proto col and language are based

on the WS-Agreemen t Sp eci�cation, and ha v e b een implemen ted and tested within the Agen tScap e framew ork.

Key w ords. mobile agen ts, resource managemen t, agen t-based negotiation, WS-Agreemen ts

1. In tro duction. One of the assumptions b ehind the mobile agen t paradigm in op en, heterogeneous

en vironmen ts is that agen ts will ha v e access to computing resources. Little though t has b een giv en to the w a y

in whic h this can b e implemen ted. Not only do they need access, they need to b e able to plan co ordinated

resource usage across m ultiple domains. Recen tly , negotiation of the conditions and qualit y of service of resource

access has b een considered to b e an imp ortan t capabilit y for distributed, service-orien ted arc hitectures. This

pap er fo cuses on the negotiation of resource access for mobile agen t applications deplo y ed on In ternet-scale, op en

distributed systems. The resources required b y agen ts can v ary from CPU t yp e, bandwidth, to the pro vision

of sp eci�c services (e. g., databases, w eb serv ers, etc.), and lev el of securit y required, dep ending on the task at

hand. W ell-de�ned, op en proto cols and mec hanisms are necessary for agen ts to negotiate their resource access

requiremen ts with heterogeneous hosts.

This pap er presen ts a negotiation infrastructure within whic h individual agen ts acquire time-limited con-

tracts for the resources they need, through negotiation with one or more system domain co ordinators: mediators

represen ting m ultiple autonomous hosts. The proto cols with whic h agen t applications, domain co ordinators, and

hosts in teract, are based on the WS-Agreemen t Sp eci�cation [1 ] with application dep enden t domain on tologies

for sp eci�c resources.

The next sections presen t the negotiation infrastructure, including the mo del and the arc hitecture. Section 4

describ es a sp eci�c implemen tation of this arc hitecture whic h is in tegrated within the Agen tScap e framew ork.

The application dep enden t domain on tology for sp eci�c computer resources is presen ted together with examples

of the WS-Agreemen t based proto col. In Section 5, t w o di�eren t p olicies for request distribution b y the domain

co ordinators are compared empirically and ev aluated. The pap er concludes with related w ork and discussion.

2. Negotiation infrastructure. The o v erall goal and use of the negotiation infrastructure is to allo w for

the negotiation of terms of conditions and qualit y of service of resource access b y agen ts. The negotiation mo del

includes the exc hange of agreemen t o�ers and acceptance of the o�ers b et w een di�eren t parties.

2.1. Design Goals. The negotiation infrastructure has to deal with (i) large n um b ers of heterogeneous

agen ts, and (ii) dynamic groups of heterogeneous hosts eac h with their o wn sp eci�c sets of requiremen ts.

F rom the agen t's p ersp ectiv e, the negotiation infrastructure de�nes a uniform and straigh tforw ard negoti-

ation proto col and w ell-de�ned in terface. Agen ts are not in terested in kno wing ho w the pro cess of allo cating

sp eci�c resources to sp eci�c hosts is ac hiev ed: their in terest is to acquire the resources they need. The negoti-

ation infrastructure needs to hide the details from the agen t applications.

On the other side, hosts need to k eep full con trol o v er their o wn system, o v er the use of their resources b y

agen t applications. Negotiation p olicies spanning m ultiple hosts, allo wing sp eci�cation of resource access and

usage p olicies o v er a set of hosts (e.g., for load balancing purp oses, or virtual organization-wide p olicies, etc.)

m ust also b e facilitated.

2.2. Negotiation Mo del. In our negotiation mo del, hosts (H) are autonomous en tities that pro vide

r esour c es (R) to agents (A) under sp eci�c usage and access p olicies. Hosts are aggregated in to virtual domains .

The domain c o or dinator (DC), represen ts the hosts (H) within a virtual domain in the negotiation pro cess,

negotiating with b oth agen ts and hosts. Figure 2.1 sho ws an o v erview of the mo del.

�
I IDS Group, Departmen t of Computer Science, V rije Univ ersiteit Amsterdam, de Bo elelaan 1081a, 1081 HV Amsterdam, The

Netherlands
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Fig. 2.1 . Ne gotiation mo del overview.

The use of a mediating domain co ordinator mak es a t w o-la y ered negotiation pro cess within the mo del p os-

sible. Agen ts negotiate resource access with domain co ordinators, and domain co ordinators, in turn, negotiate

with groups of host managers in virtual domains to obtain the actual resources agen ts require. The results

of negotiation are time-limited con tracts sp ecifying whic h resources ma y b e accessed during the time span of

the con tract, and under whic h conditions the resources ma y b e used. Agen ts can negotiate their options with

domain co ordinators of m ultiple domains, and select the DC that pro vides the b est o�er.

In the mo del presen ted in this pap er, a domain co ordinator represen ts a virtual organization of resource

pro viders. Agen ts are una w are of the individual resources b ehind a domain co ordinator: a domain co ordinator

is view ed b y agen ts to b e a single virtual resource pro vider. The task of selecting one appropriate o�er (based on

the a v ailable resources at a sp eci�c p oin t in time) has b een delegated to the domain co ordinator. Alternativ ely , a

domain co ordinator could return a set of p ossible o�ers, letting a requesting agen t c ho ose the most appropriate.

The mo del presen ted in this pap er supp orts b oth options, but only the �rst is discussed. Section 6 addresses

the second option in more detail.

The negotiation proto col and language used in our negotiation mo del are based up on the WS-A gr e ement

Sp e ci�c ation [1]. This sp eci�cation de�nes the format used to sp ecify agreemen t descriptions and agreemen t

in teractions.

1

The sp eci�cation de�nes an XML-based language for agreemen ts b et w een resource pro viders

(hosts) and consumers (agen ts), and a proto col for establishing these agreemen ts (these agreemen ts are time-

limited con tracts in our mo del). Agreemen t terms are used to describ e the (lev els of ) service in v olv ed. T w o t yp es

of terms are distinguished for agreemen t sp eci�cations: (i) servic e description terms , describing the services to

b e deliv ered under the agreemen t, and (ii) guar ante e terms , expressing the assurances on service qualit y (e.g.,

minim um b ounds) for the services describ ed in the service description terms. An agreemen t sp eci�cation also

con tains a c ontext section, con taining meta information ab out the agreemen t (see Figure 2.2). This section of

the agreemen t can b e used to sp ecify the parties of the agreemen t, the duration of the agreemen t, etc. The

sp eci�cation of domain-sp eci�c term languages is explicitly left op en.

The WS-Agreemen t in teraction mo del (see Figure 2.3) de�nes that consumers ( C ) can request agreemen ts

from resource pro viders ( P ) b y issuing an agreemen t r e quest based on a v ailable agreemen ts templates , whic h, if

accepted, result in new agr e ements .

In the prop osed negotiation mo del, hosts pro vide an agreemen t in terface to the domain co ordinator. The

domain co ordinator aggregates the templates o�ered b y the hosts in to comp osed templates. The domain

co ordinator mak es these com bined templates a v ailable to agen ts. Agreemen t requests made b y agen ts are

receiv ed b y the domain co ordinator. The domain co ordinator negotiates an agreemen t with the hosts with

requested resources.

The in teraction proto col as sp eci�ed in the WS-Agreemen t Sp eci�cation only allo ws for a single �request,

accept� in teraction, in whic h the requesting part y receiv es either an ac c ept of r eje ct message from the pro viding

part y as a resp onse to an agreemen t request. This is a v ery limited in teraction mo del. In the mo del prop osed

in this pap er, an additional ac c ept/r eje ct in teraction sequence is in tro duced, allo wing the requesting part y to

1
This sp eci�cation is curren tly under dev elopmen t b y the Global Grid F orum's Grid Resource Allo cation and Agreemen t Proto col

W orking Group.
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Fig. 2.2 . WS-A gr e ement c ontents.
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Fig. 2.3 . WS-A gr e ement pr oto c ol.

explicitly accept or reject an o�er created b y the pro viding part y . F or example, in the con text of mobile agen t

applications, this allo ws agen ts to negotiate with m ultiple domain co ordinators sim ultaneously , and accept the

b est o�er from the set of o�ers receiv ed. A dditionally , an explicit r e quest for templates in teraction is sp eci�ed.

This step in the proto col allo ws for the initial exc hange of information b et w een agen ts and a domain co ordinator,

for example for authen tication purp oses. Figure 2.4 sho ws the extended in teraction mo del.

DC

DC

DC

DC

DC

agreement request

A

template
A

A

agreement offer
A

accept/reject
A

for templates
request

Fig. 2.4 . Extende d WS-A gr e ement pr oto c ol.

3. Negotiation Arc hitecture. The negotiation arc hitecture de�nes the subsystems and in terfaces of the

negotiation infrastructure. The t w o imp ortan t subsystems host manager and domain co ordinator and their

in terfaces are presen ted in detail.
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3.1. Host Manager. A host manager is resp onsible for pro viding and managing resources on its host

(see Fig. 2.1). This includes functionalit y for negotiation, creation, and enforcemen t of agreemen ts. It is the

resp onsibilit y of the host manager to translate resource usage and access p olicies in to templates on demand.

These templates sp ecify whic h resources can b e made a v ailable at a sp eci�c p oin t in time. The o�er a host

mak es on request of a domain co ordinator is based on these templates. After the negotiation phase, the host

manager monitors and con trols the resource usage to ensure that agreemen ts are honored.

Figure 3.1 sho ws the arc hitecture and negotiation in terface of a host manager. The agreemen ts in the

mo del are time-limited con tracts: agreemen ts that expire after some predetermined time. In the presen tation

of the arc hitecture, the term le ase is used instead of time-limited con tract. Eac h host manager is equipp ed with

three mo dules: a le asing mo dule , implemen ting the main negotiation functionalit y; a p olicy manager con taining

r esour c e p olicies , whic h are applied b y the leasing mo dule; a r esour c e manager with r esour c e hand lers , allo wing

monitoring and con trol of resource access. The comp onen ts of the host manager sho wn in Fig. 3.1 are further

describ ed b elo w.

Template
ManagementManagement

Lease

Other
Host

Manager
Modules

R R

Resources

Resource

Policy

Resource

Policy

Host Manager

acceptLease(...)

requestLeaseStatus(...) requestLease(..)

requestTemplates()

Request
Processor

Resource Manager

Handler

Resource

Handler

Resource

Policy Manager

Leasing Module

Fig. 3.1 . Comp onents within the Host Manager.

3.1.1. Leasing Mo dule. The leasing mo dule in the host manager implemen ts the negotiation and agree-

men t proto col. The functionalit y of the leasing mo dule is a v ailable via the in terface of the host manager.

L e asing Interfac e. The leasing in terface o�ered b y host managers to their lo cation manager con tains the

follo wing calls:

� requestTemplates () : template-list

Request the a v ailable lease templates.

� requestLease(Lea se Req ue st ): lease

Request a lease based on the supplied lease request.

� acceptLease(Leas eI D)

A ccept a lease. Returns the accepted lease do cumen t.

� requestLeaseStat us (Le as eI D): lease

Request the curren t status of a lease. Returns a lease do cumen t, including the curren t status of eac h

term.

R e quest Pr o c essor.

� Resp onding to template requests from the domain co ordinator according to lo cal p olicies.
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� Creating lease o�ers. This in v olv es determining the a v ailabilit y of the requested resources, and creating

o�ers based on the incoming request, resource usage and access p olicies, and the curren t status of the

resources.

T emplate Management.

� Creating templates based on a v ailable resources, resource usage, and access p olicies, and activ ely main-

taining this information. Note that p olicies can b e dynamic, that is, c hange o v er time (e.g., half of

a v ailable capacit y can b e reserv ed during o�ce hours, complete capacit y is a v ailable outside o�ce

hours).

L e ase Management.

� Enforcing the accepted leases. This in v olv es ensuring that the resource manager mo dule p erforms the

required resource negotiation tasks.

� Handling expiration of leases. This in v olv es freeing the resources sp eci�ed in the expired lease, and

p ossibly sending noti�cations of lease expiration to the domain co ordinator.

� Main taining lease o�ers: remo ving the o�ers after a certain set time, or implemen ting the o�er after

noti�cation of acceptance has b een receiv ed.

� Handling requests for status information on the running leases.

� Handling violation of leases. In cases where resource usage cannot b e strictly enforced, and only

monitoring can b e p erformed, lease violations should b e handled. When an application violates the

conditions set in a lease, appropriate actions should b e p erformed, suc h as susp ending or killing the

violating agen t.

3.1.2. P olicy Manager. The p olicy manager mo dule con tains resource p olicy descriptions whic h can b e

used b y the leasing mo dule during the pro cessing of requests. P olicies can b e de�ned for sp eci�c resources, or

p olicies can b e de�ned co v ering other asp ects of incoming requests (iden tit y of the requesting application, or

�global� host p olicies suc h as the total n um b er of requests, etc.). A resource p olicy can con tain static information,

suc h as the maxim um n um b er of allo w ed requests for a resource, but can also refer to the monitoring capabilities

of resource handlers to incorp orate up-to-date monitoring data concerning the resources to whic h the p olicy

applies.

3.1.3. Resource Manager Mo dule. The resource manager mo dule con tains a set of resource handlers,

enabling the leasing mo dule to manage resources a v ailable on the host. Eac h resource at a host is represen ted b y

a resource handler. The handler implemen ts a resource indep enden t in terface for the leasing mo dule to monitor

and con trol the resources. Eac h resource handler supp orts: (i) creation of resource reserv ations based on lease

o�ers; (ii) implemen tation of the reserv ation, whic h activ ates the resource handler to start monitoring resource

consumption with resp ect to accepted leases; (iii) release of a reserv ation, freeing the resource (amoun t) related

to expired or violated leases. Eac h resource handler also supp orts a monitoring in terface, allo wing for retriev al

of resource sp eci�c monitoring information, to b e used in, for example, resource p olicies.

� reserve(LeaseRequ es t) : ReferenceID

Can b e used to reserv e a resource (amoun t) for a sp eci�c lease request. The resource handler insp ects

the request, and creates a reserv ation. A reference iden ti�er is returned to enable further managemen t

of the reserv ation.

� implement(Referen ce ID ): void

Used to request implemen tation of a reserv ation (indicated b y ReferenceID ).

� release(Reference ID ): void

Release an implemen ted resource reserv ation (indicated b y ReferenceID ).

� getStatus([Refere nc eI D]) : status

Used to request the status of a reserv ation. Returned v alue can b e one of: initialize d , r eserve d , active ,

violate d .

� getMonitorValue(S en so rID ): domain_specific_ va lu e

Used to request resource sp eci�c monitoring information concerning a resource.

3.2. Domain co ordinator. The domain co ordinator abstracts from the individual hosts (resource pro-

viders) and presen ts the aggregated resources as one virtual resource pro vider. The domain co ordinator is

resp onsible for resource access negotiation with applications and its enforcemen t. T o this purp ose it pro vides

applications with templates of resources a v ailable within its domain at the time requested. The domain co ordi-
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nator, in turn, requests and receiv es information on a v ailabilit y of resources from its hosts, and com bines this

information if, and when appropriate, to construct application directed templates.

Once a template-based request is receiv ed from an application, the domain co ordinator pursues delegation of

resources to hosts. Up on receiving the host bids, the domain co ordinator c ho oses based on a v ailable templates,

host and domain p olicies, and returns a prop osed lease if p ossible. If a prop osed lease is accepted, the domain

co ordinator is resp onsible its e�ectuation and enforcemen t.

Figure 3.2 sho ws an o v erview of the leasing mo dule within the domain co ordinator.

Template
ManagementManagement

Lease
Other

Location
Manager
Modules

Request
Processor

acceptLease(...)

requestLeaseStatus(...) requestLease(..)

requestTemplates()

Host Managers 

Leasing Module

Fig. 3.2 . L e asing c omp onents within the domain c o or dinator.

R e quest Pr o c essor. This comp onen t is resp onsible for the follo wing tasks:

� Pro cessing requests for templates b y applications. This implies c hec king p olicies to determine to whic h

template information the application is en titled.

� Pro cessing requests for leases b y applications. This in v olv es determining whether the request is based

on a v alid template, and whether the request exceeds the b ounds set b y that template.

� Handling lease o�ers returned b y hosts in resp onse to requests. If more than one host w as sen t the

same request, a c hoice has to b e made b et w een their o�ers. In addition, if the o�ers are part of a

request based up on a com bined template, the o�ers are com bined in to a single o�er for the application.

F urther, when a lease prop osal is accepted b y an application, the hosts o�ering the lease are informed

of acceptance.

� Determining from whic h hosts o�ers are requested. This in v olv es determining whic h host(s) are o�ering

relev an t templates, and p ossibly splitting the request in to m ultiple requests for di�eren t hosts, if a

com bined lease template w as used b y the application.

T emplate Management. This comp onen t requests, creates and main tains information ab out the templates

on whic h leases are based. This comp onen t p erforms the follo wing tasks:

� Obtaining and main taining template information of the hosts curren tly in the domain.

� Creating template com binations of resources from m ultiple hosts in a single template. This in v olv es

applying lo cal template p olicies sp ecifying whic h host templates can or cannot b e com bined.

L e ase Management. The lease managemen t comp onen t main tains information ab out leases, lease requests

made b y applications, and lease prop osals from hosts, and p erforms the follo wing tasks:

� Main taining status information of curren t v alid leases. This in v olv es activ ely or passiv ely retrieving

lease status information from the hosts resp onsible for enforcing the leases acting appropriately up on

lease expiration.

� Main taining information of curren tly outstanding lease prop osals.

4. Agen tScap e Negotiation Arc hitecture. The negotiation arc hitecture describ ed ab o v e has b een im-

plemen ted in the Agen tScap e framew ork, a framew ork for heterogeneous, mobile agen ts. This section describ es

ho w the subsystems ha v e b een instan tiated, and pro vides examples of ho w the agreemen t-based negotiation is

used to create leases for agen t applications using the Agen tScap e middlew are.
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4.1. Agen tScap e. The Agen tScap e middlew are [8 ] consists of t w o la y ers. A t the base of the middle-

w are is the kernel , o�ering lo w-lev el secure comm unication b et w een middlew are pro cesses, and facilities for

secure agen t mobilit y . On top of the Agen tScap e k ernel, middlew are pro cesses pro vide higher-lev el middlew are

functionalit y to agen ts. F or example, agent servers pro vide a run-time en vironmen t for agen ts, and a W eb

servic e gateway pro vides agen ts the abilit y to comm unicate with w eb services using the SO AP/XML proto col.

In Agen tScap e, virtual domains are called lo c ations . An Agen tScap e lo cation consists of one or more hosts

running the Agen tScap e middlew are, t ypically within a single administrativ e domain.

In addition to the middlew are pro cesses describ ed ab o v e, eac h host has a host manager middlew are pro cess.

This pro cess is resp onsible for managing the middlew are comp onen ts running on the host, and implemen ting

the required negotiation functionalit y as describ ed in the arc hitecture. F urthermore, eac h Agen tScap e lo cation

runs a lo c ation manager pro cess on one of the hosts, whic h implemen ts managemen t functionalit y required for

managing Agen tScap e hosts, and whic h implemen ts the functionalit y of the domain co ordinator, enabling agen t

application to en ter in to resource negotiations with lo cations. Figure 4.1 sho ws an o v erview of an Agen tScap e

lo cation.

Agent
Server

Agent
Server

Server
Agent

Server
Agent

Web
Service

GWHM HM

LM

HM

Host B

Host A

Host C

Location

Fig. 4.1 . Overview of an A gentSc ap e lo c ation.

4.2. Agen tScap e Negotiation Arc hitecture. Within Agen tScap e, agen ts can start negotiations with

a n um b er of lo cations, and giv en the o�ers the lo cations pro vide, select the lo cation o�ering the b est options.

The agen t then migrates to the lo cation with whic h agreemen t has b een reac hed.

4.2.1. Agen tScap e resources. The Agen tScap e negotiation arc hitecture de�nes a set of resources that

can b e allo cated and used b y agen ts in the Agen tScap e sp eci�c on tology . This on tology is used during negotia-

tion. Curren tly , the follo wing resources are included in this on tology:

� CPU time: The time (in milliseconds) that an agen t sp ends on an agen t serv er.

� Comm unication bandwidth: The n um b er of b ytes/second that an agen t ma y send to other agen ts.

� Memory: The amoun t of RAM an agen t ma y consume while running on an agen t serv er.

� W eb service access: The w eb services that an agen t is allo w ed to access using the Agen tScap e W eb

Service Gatew a y .

� W eb service call rate: The n um b er of calls that an agen t is allo w ed to do on a w eb service using the

gatew a y .

� Disk space: The amoun t of disk space an agen t is allo w ed to use while running on an agen t serv er.

A dditional resources can b e de�ned in the future, as the functionalit y o�ered b y Agen tScap e is extended.

The resources are sp eci�ed in the XML Sc hema language, enabling the use of these de�nitions within the

agreemen t-based negotiation sequence. As an example, consider the three resources sp eci�ed in Example 4.1.

In this example, the time-on-cpu resource and the communication-ba ndw id th resource are de�ned as simple

in teger v alues represen ting the n um b er of milliseconds and the n um b er of Kilob ytes/second resp ectiv ely . The
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web-service-acce ss resource is de�ned as a list of service names (strings) represen ting the list of services

whic h ma y b e accessed.

<xsd:simpleType name="time-on-cpu"

type="xsd:positiveInteg er" />

<xsd:simpleType name="communication-ban dwi dth"

type="xsd:positiveInteg er" />

<xsd:complexType name="web-service-access" >

<xsd:all>

<xsd:element name="service-name" type="xsd:string"

minOccurs="1" maxOccurs="unbounded"/>

</xsd:all>

</xsd:complexType>

Example 4.1

A gentSc ap e r esour c e de�nitions.

The Agen tScap e sp eci�c language is used within the lease mo del to express resource requiremen ts and usage

conditions. In Example 4.2, an example of agen t resource requiremen ts is sho wn. In this example, an agen t

requests 50 seconds of CPU time, and 50 Kb/s of comm unication bandwidth.

<!-- requirement: 50 seconds CPU time -->

<agentscape:time-on-cpu>

50000

</agentscape:time-on-cpu >

<!-- requirement: 50Kb/s bandwidth -->

<agentscape:communicatio n-ba ndw idth >

51200

</agentscape:communicati on-b and with >

Example 4.2

A gent r esour c e r e quir ements.

4.3. Agen tScap e Host Manager. The Agen tScap e host manager is resp onsible for o�ering resources to

the lo cation manager. Based on its o wn information on the status of its resources, and its o wn p olicies regarding

these resources, the host manager creates a set of templates. Example 4.3 sho ws an example of a template,

using the syn tax as de�ned in the WS-Agreemen t Sp eci�cation. The template sp eci�es that this host can no w

o�er t w o resources, eac h with sp eci�c access conditions. F or the �rst resource: the time-on-cpu resource, a

maxim um v alue of 100 seconds is sp eci�ed. The second resource, communication-b an dwi dt h , is not restricted

b y the template.

4.4. Lo cation Manager. The lo cation manager en ters in to negotiation with host managers within its

lo cation on b ehalf of agen ts. The lo cation manager main tains information on the templates o�ers b y eac h of the

hosts within the lo cation, and uses this information to pro vide templates to agen ts. Agen ts base their requests

for leases to the lo cation manager on these templates. As an example, consider the follo wing request, in whic h

an agen t requests a lo cation for 50 seconds of CPU time, and 50 Kb/s of comm unication bandwidth.

T o meet lease requests b y agen ts, the lo cation manager en ters in to negotiation with the relev an t hosts in

its lo cation (those that can pro vide the resources requested). F or eac h request receiv ed from an agen t, one or

more suitable hosts are selected (based on their templates). Eac h of the hosts then creates an o�er based on

the curren t resource conditions. The lo cation manager selects one of the o�ers, and discards the others, or

com bines a n um b er of o�ers in to a comp osed o�er. The selected o�er is returned to the agen t. As men tioned

in Section 2.2, m ultiple o�ers can b e returned to the agen t, but do es not comply with the Agen tScap e mo del.

In the follo wing example, a lo cation manager has receiv ed a request from an agen t, and has selected t w o

hosts within its lo cation to whic h it forw ards the request. The hosts determine if and to whic h exten t the

request can b e ful�lled, and return their o�ers (prop osed leases) to the lo cation manager. In Example 4.5,

Host 1 returns a prop osal in whic h the requested CPU-time is unc hanged with resp ect to the request from
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<wsag:Template>

<wsag:Name>Template1</ws ag:N ame>

<wsag:Context/>

<wsag:Terms/>

<wsag:CreationConstraint s>

<wsag:Item>

<wsag:Location>//wsag:Se rvic eDe scri ptio nTe rm//

agentscape:time-on-cpu

</wsag:Location>

<xs:maxInclusive xs:value="100000">

</wsag:Item>

</wsag:Item>

<wsag:Location>//wsag:Se rvic eDe scri ptio nTe rm//

agentscape:communication- band widt h

</wsag:Location>

</wsag:Item>

</wsag:CreationConstrain ts>

</wsag:Template>

Example 4.3

A gentSc ap e r esour c e template.

<wsag:AgreementOffer>

<wsag:Name>Offer1</wsag: name >

<wsag:Context>

<wsag:AgreementInitiat or>

agentX

</wsag:AgreementInitia tor>

<wsag:TemplateName>

Template1

</wsag:TemplateName>

</wsag:Context>

<wsag:Terms>

<wsag:All>

<wsag:ServiceDescripti onTe rm

wsag:Name="TimeOnCPU"

wsag:ServiceName="Locati onY ">

<agentscape:time-on-cpu>

50000

</agentscape:time-on-cpu >

</wsag:ServiceDescript ionT erm>

<wsag:ServiceDescripti onTe rm

wsag:Name="Communication "

wsag:ServiceName="Locati onY ">

<agentscape:communicatio n-ba ndw idth >

51200

</agentscape:communicati on-b and widt h>

</wsag:ServiceDescript ionT erm>

</wsag:All>

</wsag:Terms>

</wsag:AgreementOffer>

Example 4.4

L e ase r e quest made by agent.

the agen t, and comm unication-bandwidth is decreased to 10 Kb/s. Host 2 also returns a prop osal in whic h

the requested time-on-cpu is reduced to 40 seconds, and communication-b and wi dt h is decreased to 30 Kb/s.

Also, an ExpirationTime elemen t is added to the con text section of the prop osal, indicating when the lease

will expire, if accepted b y the agen t. Host 1 de�nes an expiration time of 23:04:44 up on whic h it no longer

guaran tees the requested resources, and Host 2 de�nes an expiration time of 23:10:00.

The prop osals are receiv ed and compared b y the lo cation manager. Host 1 o�ers fully the requested

time-on-cpu , but o�ers a communication-ba nd wid th whic h is substan tially lo w er than the requested band-

width. The o�er made b y Host 2 o�ers a lo w er time-on-cpu v alue, but do es o�er a bandwidth v alue whic h is
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<wsag:Agreement>

<wsag:Context>

<wsag:AgreementInitiator>

AgentX

</wsag:AgreementInitiator>

<wsag:AgreementProvider>

Host1

</wsag:AgreementProvider>

<wsag:ExpirationTime>

2005-07-23T23:04:00

</wsag:ExpirationTime>

</wsag:Context>

<wsag:Terms>

<wsag:All>

<wsag:ServiceDescriptionTerm

wsag:Name="TimeOnCPU"

wsag:ServiceName="LocationY">

<agentscape:time-on-cpu>

50000

</agentscape:time-on-cpu>

</wsag:ServiceDescriptionTerm>

<wsag:ServiceDescriptionTerm

wsag:Name="Communication"

wsag:ServiceName="LocationY">

<agentscape:communication-bandwidth>

10240

</agentscape:communication-bandwidth>

</wsag:ServiceDescriptionTerm>

</wsag:All>

</wsag:Terms>

</wsag:Agreement>

<wsag:Agreement>

<wsag:Context>

<wsag:AgreementInitiator>

AgentX

</wsag:AgreementInitiator>

<wsag:AgreementProvider>

Host2

</wsag:AgreementProvider>

<wsag:ExpirationTime>

2005-07-23T23:10:00

</wsag:ExpirationTime>

</wsag:Context>

<wsag:Terms>

<wsag:All>

<wsag:ServiceDescriptionTerm

wsag:Name="TimeOnCPU"

wsag:ServiceName="LocationY">

<agentscape:time-on-cpu>

40000

</agentscape:time-on-cpu>

</wsag:ServiceDescriptionTerm>

<wsag:ServiceDescriptionTerm

wsag:Name="Communication"

wsag:ServiceName="LocationY">

<agentscape:communication-bandwidth>

30720

</agentscape:communication-bandwidth>

</wsag:ServiceDescriptionTerm>

</wsag:All>

</wsag:Terms>

</wsag:Agreement>

Example 4.5

Host le ase pr op osals.

closer to the requested v alue than the o�er of Host 1. The lo cation manager mak es a selection b et w een these

o�ers based on curren t selection p olicies, and comm unicates this o�er to the agen t. In our example, the lo cation

manager c ho oses the prop osal made b y Host 2. The agen t c ho oses to accept the o�er. After acceptance, the

agen t has a limited time in whic h it m ust migrate to the target lo cation, or the lease o�er will expire. After the

arriv al of the agen t at the target lo cation, the agen t is allo w ed to consume the agreed up on resources un til the

lease expires.

requestWSDLAccess(...)
sendSOAPRequest(...)

requestTemplates(LocationID)
requestLease(LocationID, leaseRequest)
requestLeaseStatus(LocationID, leaseID)
acceptLease(LocationID, leaseID)

...

sendMessage(agentID, messageContent)
receiveMessage()
move(LocationID)
kill()
suspend(timeOut)

Fig. 4.2 . L e ase r elate d c al ls on the A gentSc ap e agent interfac e.

4.5. Agen tScap e Agen t In terface. The in terface presen ted to agen ts b y the Agen tScap e middlew are

con tains sev eral lease related calls, as sho wn in Figure 4.2. These calls enable agen ts to en ter in to resource lease

negotiations with Agen tScap e lo cations.

5. Exp erimen ts. T o ev aluate the implemen tation and assess the op eration of the negotiation arc hitecture

describ ed ab o v e, sev eral exp erimen ts ha v e b een p erformed. The �rst set of exp erimen ts cen tered on the abilit y
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of the negotiation arc hitecture to accommo date domain-wide resource p olicies. The second set of exp erimen ts

fo cused on the use of the negotiation arc hitecture to apply �qualit y of service� p olicies using individualized host

p olicies.

5.1. Exp erimen tal setup. A distributed Agen tScap e lo cation is set up consisting of nine hosts. Eigh t

hosts are con�gured to run a host manager and an agen t serv er, and one host is con�gured to run a lo cation

manager. The lo cation manager implemen ts the domain co ordinator negotiation functionalit y . In eac h of

the exp erimen ts, agen ts migrate to the lo cation after a lease has b een acquired through negotiation with the

lo cation manager. The hosts used for the Agen tScap e lo cation are part of the D AS-2 cluster at the V rije

Univ ersiteit Amsterdam, consisting of Dual P en tium-I I I no des connected b y F ast Ethernet (Myrinet-2000 is

a v ailable b et w een mac hines at eac h cluster, but w as not used in these exp erimen ts). The agen ts are inserted

from a host outside the D AS-2 cluster, also connected b y F ast Ethernet.

In the exp erimen ts, CPU-time is the main sub ject of the negotiation pro cess. In eac h exp erimen t, one

thousand agen ts are inserted in to the lo cation. F or eac h agen t, a �desired� CPU-time amoun t is generated

according to the W eibull distribution (scale = 3.0, shap e = 2.0, mean = 26.587 seconds). This v alue from the

distribution is then used to create a lease request whic h is then sen t to the lo cation. The in terv als b et w een

lease requests of individual agen ts are distributed according to the P oisson distribution (mean = 2 seconds).

Eac h lease request receiv ed b y the lo cation manager is translated in to lease requests to the 8 host managers

within the lo cation. Eac h host manager then resp onds with a lease o�er if the requested v alue is in line with

the lo cal CPU-time p olicy , or resp onds with an empt y o�er if the requested v alue is not in line with the p olicy .

In the exp erimen ts, the load on a host is represen ted as the n um b er of agen ts running on a host, measured at

one second in terv als.

5.2. Domain-wide negotiation p olicy exp erimen ts. In the area of distributed systems it is useful

to apply domain p olicies facilitating the distribution of computational load across a v ailable hosts in the en-

vironmen t. T w o straigh tforw ard t yp es of p olicies are based on the principles of: (1) time-division, in whic h

computational load is sc heduled for execution at di�eren t times, and (2) space-division, in whic h computational

load is sc heduled on di�eren t hosts. In these exp erimen ts, a round-robin (space-division) negotiation p olicy is

applied, i. e., a lo cation manager collects o�ers made b y the hosts, and applies a round-robin load balancing

p olicy to select one of the o�ers made b y the hosts. This o�er is then sen t bac k as an answ er to the original

lease request. After acceptance of the lease, an agen t is inserted at the host that has b een selected during

negotiation. The agen t will then start to consume CPU-time b y p erforming prede�ned calculations. When

the CPU-time delegated to the agen t in the lease is consumed, the agen t is stopp ed and remo v ed from the

host. In this exp erimen t, hosts are con�gured with a negotiation p olicy dictating that all lease requests should

b e accepted, regardless of the requested CPU-time v alue. The lo cation manager selects host manager o�ers

according to a round-robin p olicy , with the aim of to distribute all agen ts ev enly throughout the lo cation.

As a measure for the balance of the load within the Agen tScap e lo cation, the �Load Balance Metric� is used,

as describ ed b y Bun t and Eager [4]. This metric is de�ned b y taking the w eigh ted a v erage of p eak-to-mean

serv er load ratios. This ensures that a larger im balance during high-load situations has a greater e�ect on the

LBM measure than a smaller im balance during lo w er-load conditions. The v alue of the LBM measure ranges

from the n um b er of serv ers (8 hosts in the exp erimen ts) to 1, where a lo w er v alue represen ts a higher balance

(LBM v alue 1 means p erfect load balance). In Fig. 5.1, the LBM v alues are graphed, calculated o v er 10 second

in terv als. The �gure sho ws that a consisten t balance is ac hiev ed within the lo cation using the round-robin

p olicy , during the insertion of agen ts as describ ed in the exp erimen tal setup. A t the end of the exp erimen t,

load balance can no longer b e enforced, as all agen ts ha v e b een inserted and load im balance is induced b y the

completion of agen ts at a host, while a fraction of the hosts is still executing long running agen ts. This is sho wn

in the graph b y the sharp increase of the LBM v alue.

5.3. Di�eren tiated host p olicy exp erimen ts. In the second set of exp erimen ts, negotiation p olicies

w ere applied to implemen t a qualit y of service p olicy aimed at impro ving resp onsiv eness for agen ts with a

relativ ely short running time (b elo w the mean v alue as describ ed ab o v e). In the exp erimen ts, t w o di�eren t host

p olicies are used: a p olicy allo wing only requests b elo w the mean CPU-time v alue, and a p olicy allo wing only

requests ab o v e the mean CPU-time v alue. (The CPU-time v alues are tak en from the same W eibull distribution

as describ ed in Section 5.1.) In eac h exp erimen t, the n um b er of hosts accepting b elo w-mean and ab o v e-mean

is v aried. The round-robin p olicy of the lo cation manager is still applied, but within the t w o host groups
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Fig. 5.1 . LBM over 10 se c ond intervals using r ound-r obin ne gotiation p olicy.

separately , as attaining a balanced load within groups is still desirable, but is not feasible across the di�eren t

groups.

In T able 5.1, the results of these exp erimen ts are sho wn. In the �rst column, the n um b er of hosts accepting

only agen ts with a CPU-time v alue b elo w the mean is giv en. The second and third column presen t a qualit y

of service p ercen tage for agen ts with a b elo w-mean and ab o v e-mean CPU-time v alue resp ectiv ely . The qualit y

of service p ercen tage metric is de�ned as the actual CPU-time agen ts ha v e consumed divided b y the �w all

clo c k� time agen ts ha v e sp en t on a host. The results in the table are the mean o v er three exp erimen ts. A high

qualit y of service p ercen tage of 100 % indicates a p erfect qualit y of service where the resource is completely

a v ailable to the agen t (the agen ts in the exp erimen ts are CPU b ound, and, e.g., not w aiting for I/O or net w ork

comm unication). A lo w qualit y of service p ercen tage means that the agen t has to comp ete with other agen ts

(or generally tasks) to access the resources.

The v alues in the b ottom ro w are obtained from the load balancing exp erimen ts presen ted in the previous

section, in whic h no di�eren tiation w as made based on CPU-time v alues, and agen ts could b e placed on all hosts.

This can b e seen as a �reference� v alue, indicating the resp onsiv eness in the undi�eren tiated case. F rom the

results it can b e argued that a con�guration with 8 hosts, where 3 hosts accepting only agen ts with b elo w-mean

CPU-time v alues (and consequen tly 5 hosts accepting only ab o v e-mean CPU-time), giv es agen ts with a shorter

running time a b etter resp onsiv eness, at a not to o great exp ense for the longer running agen ts. F or 4 hosts

reserv ed for short running agen ts, the resp onsiv eness dramatically impro v es with ab out a factor of 5 compared

to the reference results, while the long running agen ts exp erience an increased turnaround time of a factor of 1.7.

The exp erimen ts ha v e sho wn that di�eren t p olicies can b e relativ ely easily enforced, b oth on aggregate

lo cation lev el, enforcing a round-robin load balancing p olicy , as w ell as on individual host lev el, accepting

either short or long running agen ts. It should b e stressed that the exp erimen ts are not in tended to sho w the

p erformance of sp eci�c p olicies, but rather sho w ho w di�eren t p olicies de�ned on lo cation and host lev el can b e

de�ned and enforced b y the resource negotiation infrastructure presen ted in this pap er.

6. Related W ork and Discussion. The negotiation arc hitecture describ ed ab o v e hides the complexit y

of managing access and usage of heterogeneous and distributed resources from agen ts, b y pro viding a uniform

negotiation infrastructure aggregating the resources within a virtual domain. The arc hitecture uses the WS-

Agreemen t emerging Grid standard as a basis for its negotiation proto col and language.

The WS-Agreemen t framew ork o�ers an extensible basis for resource managemen t in v olving distributed

heterogeneous resources and distributed applications. In its curren t state ho w ev er, the WS-Agreemen t frame-
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# b elo w mean a vg. for b elo w a vg. for ab o v e

hosts mean agen ts % mean agen ts %

2 8.3 38.6

3 24.9 13.2

4 76.3 9.7

5 87.7 5.8

6 90.9 4.5

reference 14.5 16.2

T able 5.1

Quality of servic e p er c entage r esults of the CPU-time di�er entiate d host p olicy exp eriments.

w ork has a n um b er of shortcomings. First, the sp eci�cation only pro vides for a basic negotiation proto col and

related information structures. This could b e su�cien t for use in service-orien ted en vironmen ts for whic h the

mo del is in tended, ho w ev er, in a self-managing application domain, as describ ed in this pap er, more elab orate

negotiation facilities could pro vide these applications with more con trol o v er allo cation and use of resources.

Second, the framew ork do es not pro vide a mo del describing ho w enforcemen t of agreemen ts is to b e in tegrated

in the system pro viding the resources. Although it can b e argued that m uc h of this is v ery domain-sp eci�c

and cannot b e captured in a useful mo del, the framew ork could presen t an abstract mo del of the required

information structures and design of an agreemen t-based infrastructure supp orting the WS-Agreemen t frame-

w ork.

In this pap er, an extension of the WS-Agreemen t negotiation proto col is prop osed. The addition of an

explicit accept/reject in teraction sequence allo ws agen ts to en ter in to negotiations with m ultiple pro viders and

compare receiv ed o�ers. The prop osed framew ork is implemen ted in the Agen tScap e middlew are. In a recen t

pap er, P aurobally and Jennings [9] also recognize the need for more complex negotiation patterns other than

p ossible within the WS-Agreemen t Sp eci�cation. In their pap er, ric her message t yp es (i. e., inform and bid )

and in teraction proto cols are prop osed in the form of an additional la y er, allo wing for the sp eci�cation of agen t

in teraction proto cols on top of the WS-Agreemen t messaging la y er. The Grid Resource Allo cation Agreemen t

Proto col (GRAAP) w orking group also extended their w ork on WS-Agreemen t with the WS-Agreemen t Nego-

tiation Sp eci�cation [2 ]. Here, a negotiation la y er is de�ned to b e incorp orated on top of the WS-Agreemen t

Sp eci�cation. The negotiation la y er allo ws to express negotiation o�ers in terms expressed in the meta-language

already de�ned in WS-Agreemen t.

Indep enden t from the WS-Agreemen t Sp eci�cation activities, Hung et al. [6] prop osed a W eb service nego-

tiation mo del called WS-Negotiation. Also, a service lev el agreemen t (SLA) template mo del is presen ted, with

di�eren t domain sp eci�c v o cabularies for supp orting di�eren t t yp es of negotiation. The negotiation proto col

in their mo del is geared to w ard in tegrativ e negotiation, where b oth parties lo cate and adopt the option that

pro vide greater join t utilit y to the parties tak en collectiv ely . The message t yp es re�ect this negotiation mo del

and is more extended than the mo dels presen ted b y P aurobally and Jennings [9] and the GRAAP w orking

group [2 ].

IBM's Cremona [7 ] (Creation and Monitoring of Agreemen ts) is an e�ort to create an arc hitecture and set

of libraries that implemen t the WS-Agreemen t in terfaces and agreemen t (template) managemen t, and pro vide

agreemen t functionalit y suitable for implemen tations in domain-sp eci�c en vironmen ts. The Cremona arc hitec-

ture sp eci�es domain-indep enden t and domain-sp eci�c comp onen ts required for agreemen t-based managemen t,

and the Cremona libraries pro vide implemen tations of the agreemen t in terfaces, domain-indep enden t comp o-

nen ts, and w ell-de�ned in terfaces for the domain-sp eci�c comp onen ts. Cremona is curren tly b eing o�ered as a

part of IBM's Emerging T ec hnologies T o olkit.

The design goals and the realization of the WS-Agreemen t-based negotiation infrastructure presen ted in

this pap er and the Cremona arc hitecture are quite similar. Ho w ev er, the WS-Agreemen t-based negotiation

infrastructure extends the Cremona arc hitecture with the option to com bine templates and agreemen ts from

m ultiple resources. The com bination of templates and agreemen ts is necessary to accomplish resource aggrega-

tion, for example, to implemen t virtual organizations where m ultiple resource co op erate to pro vide a (n um b er

of ) services.
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The concept of leasing has b een used in the area of distributed application framew orks, for example in

Jini [10 ], where leases are used for distributed garbage collection. In the Jini framew ork, clien ts lease resource

access, suc h as for example service registration within a lo okup service. The acquired lease allo ws a clien t

to mak e of use of that resource for a limited time-p erio d. When a lease expires, and no explicit renew al is

requested b y the clien t (for example b ecause of net w ork failure), the asso ciated resource is made a v ailable

for other clien ts, prev en ting unnecessary resource allo cation. This c haracteristic has b een included in the

negotiation mo del presen ted in this pap er. The Jini sp eci�cation, ho w ev er, do es not co v er a negotiation mo del

or proto col sp eci�cation. In the SHARP [5] arc hitecture, tic k ets (soft resource claims) can b e redeemed b y

resource consumers for leases (hard resource claims), whic h guaran tee access to a resource. Tic k et holders can

delegate resources to other principals b y issuing new tic k ets. The goals of the SHARP arc hitecture and the

Agen tScap e negotiation arc hitecture are similar in nature, with the Agen tScap e negotiation arc hitecture b eing

more orien ted to w ards agen t applications.

The fo cus of our curren t and future w ork includes extending the arc hitecture and mo del with agen t lev el

comp onen ts, allo wing application dev elop ers to more easily in tegrate and implemen t resource negotiation in ter-

actions in to their applications. As an example, for the Agen tScap e middlew are, a WS-Agreemen t based Agen t

Comm unication Language w ould enable agen ts to more easily comm unicate with the resource negotiation in-

frastructure. F urthermore, the addition of more expressiv e and �exible negotiation proto cols w ould allo w b oth

applications and resources more �ne-grained con trol of the negotiation pro cess.

As stated in Section 2.2, the curren t implemen tation of the domain co ordinator in the negotiation infras-

tructure returns one o�er in reply to an agen t request. This is an implemen tation decision and not a limitation

of the negotiation mo del or proto col. If the domain co ordinator returns m ultiple o�ers, the requesting agen t

can decide whic h o�er is most appropriate to complete its curren t task, e. g., considering exp ected computing

time, execution costs, securit y lev el, or other uses of resources. P art of the extended negotiation proto col can

b e the sp eci�cation b y the agen t whether it opts for a ligh t-w eigh t negotiation proto col with single o�ers, or a

more complex negotiation proto col with m ultiple o�ers.

The negotiation arc hitecture mak es it also p ossible for a virtual pro vider to c hec k an agen t's creden tials

b efore ev en starting to negotiate with an agen t. As iden tit y managemen t is an imp ortan t asp ect in the design

of large-scale op en agen t systems [3], this asp ect is curren tly b eing further explored, in particular in relation to

legal implications of the use of mobile agen ts.
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Abstract. Soft w are agen ts represen t an in teresting paradigm to approac h complex and distributed systems. Their so cialit y

enables to build m ultiagen t systems, where di�eren t agen ts in teract to pursue their goals. Multiagen t systems can in v olv e b oth

co op erativ e and comp etitiv e agen ts. In b oth cases, the comp osition of di�eren t agen ts is an issue that m ust b e faced b y dev elop ers.

In this pap er, w e prop ose to build infrastructures based on roles, whic h are abstractions that enable the comp osition of di�eren t

agen ts in an op en scenario. Some concrete examples are pro vided to supp ort our prop osal.

Key w ords. agen ts, roles, m ultiagen t systems, in teraction

1. In tro duction. With no doubt soft w are agen ts ha v e b een prop osing as an inno v ativ e paradigm for some

y ears, and w e en vision a digital w orld p opulated b y them to supp ort users b elonging to the h uman w orld. In

fact, they are able to p erform tasks on b ehalf of users, due to their main features� autonomy, pr o activeness,

r e activity and so ciality [19 ]. In addition, complex applications can b e divided in to smaller and simpler tasks, eac h

one delegated to one agen t [18 ]. This leads to systems comp osed of sev eral agen ts, called multiagent systems ,

where agen ts in teract and co ordinate to carry out a common goal. Going further, in a wide op en scenario

the so cial b eha viour of the agen ts implies in teractions not only b et w een agen ts co op erating in one application,

but also b et w een agen ts of di�eren t applications, whic h ma y ha v e a comp etitiv e b eha viour, to gain the use

of resources [12 ]. The feature of mobility [20 ], enhancing the autonom y of agen ts, implies further adv an tages.

Generally , mobile agen ts can sa v e bandwidth b y mo ving lo cally to the en vironmen ts where the resources are

lo cated, and do not rely on con tin uous net w ork connections. Users are not required to b e connected to the

net w ork con tin uously: they can send their agen ts, disconnect, and then reconnect when the agen ts ha v e carried

out their tasks to retriev e them.

Ho w ev er, building m ultiagen t systems is not so easy , b ecause they require a careful and e�ectiv e comp osition

of di�eren t agen ts, to carry out their tasks; the presence of mobile agen ts ma y mak e the scenario ev en more

complex, since agen ts can en ter and exit an application con text dynamically . Comp osition means not only

sp ecifying whic h agen ts tak e part in a giv en application con text, but also taking in to accoun t the rules for the

in teractions b et w een agen ts and b et w een agen ts and en vironmen ts. Dev elop ers m ust face these issues during

the en tire dev elopmen t pro cess. This pap er prop oses to comp ose agen ts b y means of infr astructur es based on

the concept of r ole . A role can b e de�ned as a stereot yp e of b eha viour, and is exploited in particular in a group

or organization of en tities, eac h one exhibiting a sp eci�c b eha viour inside the group. Real life prop oses lots of

examples where p eople pla y roles and the concept of role has b een exploited in the Ob ject-Orien ted �eld to

design complex applications, in the agen t area, and in other prop osals related to computer science in general.

W e sho w that roles can b e exploited to build infrastructures that are useful abstractions to comp ose di�eren t

agen ts in a m ultiagen t system. Suc h abstractions can then b e implemen ted exploiting a role-based system.

The pap er is organized as follo ws. Section 2 in tro duces the concept of role for the agen ts. Section 3 presen ts

the de�nition of infrastructures based on roles. Section 4 in tro duce the RoleX system, whic h can b e exploited

for a p ossible implemen tation. Section 5 sho ws some examples, giving more details ab out the implemen tation.

Section 6 rep orts some related w ork. Finally , Section 7 concludes the pap er and sk etc hes some future w ork.

2. Roles. One of the most imp ortan t features of the agen ts is so ciality , thanks whic h complex applications

can b e built on the base of the in teractions b et w een autonomous comp onen ts (the agen ts themselv es). In this

con text, it is imp ortan t that application dev elop ers face the engineering of the in teractions b et w een agen ts

with appropriate mo dels and to ols. T o this purp ose, a concept that seems to b e suitable is r ole . The Oxford

Dictionary rep orts: � R ole: noun 1. an actor's p art in a play, �lm, etc. 2. a p erson 's or thing's function

in a p articular situation. � [23 ]. In describing patterns, F o wler sa ys that roles are �some common b eha viour of

en tities� that �do not ha v e the same b eha viour� [17 ], and p oin ts out that the isolation of suc h common b eha viour

can simplify the design of applications. Roles ha v e b een already exploited in Ob ject Orien ted approac hes, where

a role is applied to an ob ject in order to c hange its capabilities and b eha viour. Other approac hes promote roles

�
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as views of a particular ob ject or en tit y [2], stressing the similarit y b et w een roles in computer programs and

those in the real life.

Roles ha v e b een applied to agen ts promoting the reuse of solutions and making the de�nition of in teraction

scenarios easier. Roles allo w not only the agen t dev elop ers/designers to mo del the execution en vironmen t, but

also allo w agen ts to activ ely �feel� the en vironmen t itself. In other w ords, roles allo w the dev elop er and its agen ts

to p ercept in the same w a y the execution en vironmen t. Roles can also b e exploited to mo del and manage agen t

in teractions [9], em b edding all the capabilities (e.g., proto cols, ev en ts) needed to handle a sp eci�c in teraction.

This is probably the most imp ortan t meaning of roles: they allo w and enable sp eci�c in teractions, as w ell as

so cial roles enable p eople, in the real w orld, to act in a certain w a y dep ending on the role they are pla ying in

the so ciet y . There are some c haracteristics of roles that distinguish them from the concept of agen t. The role

is temp or ary , since an agen t ma y pla y it in a w ell-de�ned p erio d of time or in a w ell-de�ned con text. Roles

are generic , in the sense that they are not tigh tly b ound to a sp eci�c application, but they express general

prop erties that can b e used in di�eren t applications. Finally , roles are r elate d to c ontexts , whic h means that

eac h en vironmen t can imp ose its o wn rules and can gran t some lo cal capabilities.

T o b etter explain these concepts, w e exploit an example in the soft w are auction �eld, whic h will b e tak en up

again later. Let us consider a soft w are agen t that is in terested in acquiring a go o d or a service in a distributed

en vironmen t. A t run time, after �nding the go o d/service, it could disco v er that the go o d/service is put on sale b y

a sp eci�c auction house. T o carry out its task, it can dynamically assume the role of bidder to attend the auction.

In this case, the bidder is a b eha viour that can b e exhibited b y di�eren t agen ts, of di�eren t applications and

with di�eren t in terests. But the features (or mec hanisms) for bidding in a giv en auction house are indep enden t

of agen ts and can b e em b edded in the role of bidder. Moreo v er, di�eren t auction houses can pro vide di�eren t

mec hanisms and p olicies to rule the in teractions. The imp ortance of the use of roles is supp orted b y the fact

that they are adopted in di�eren t areas of the computing systems, in particular to obtain uncoupling at di�eren t

lev els. Some examples of areas are se curity , in whic h w e can recall the Role Based A ccess Con trol (RBA C) [24 ]

that allo ws uncoupling b et w een users and p ermissions, and the Computer Supp orte d Co op er ative W ork (CSCW)

[29 ], where roles gran t adaptation and separation of duties. Also in the area of soft w are dev elopmen t w e can

�nd approac hes based on roles, esp ecially in the obje ct-oriente d pr o gr amming [13 , 22 ], in design p atterns [17 ],

and in computer-to-h uman in terfaces [27 ], whic h remark the adv an tages of role-based approac hes.

Finally , it is imp ortan t to note that roles can b e exploited in a static or dynamic w a y . The static w a y

imp oses that roles are joined to an agen t b efore its execution, while the dynamic w a y allo ws roles to b e joined

during at run-time, during the application execution.

3. Comp osing Agen ts via Role-based Infrastructures. In the in tro duction, w e state that m ultia-

gen t systems are useful but m ust b e dev elop ed carefully; in particular, agen ts of m ultiagen t systems m ust b e

comp osed and their in teractions m ust b e designed. T o supp ort this job, w e prop ose to build infr astructur es

as abstractions to comp ose di�eren t agen ts. These infrastructures are based on roles, and the k ey idea is that

a set of roles determines an infrastructure that sp eci�es whic h agen ts (or, b etter, whic h roles) tak e part in

an application con text and rules the corresp onding in teractions with other agen ts and with the en vironmen t.

Suc h an infrastructure can b e considered also as in termediate b et w een applications and en vironmen ts; in the

follo wing w e consider the resources as part of the infrastructures, but actually this mo del can b e adopted ev en

in case of legacy soft w are that remains outside the infrastructure. It is useful to iden tify some issues inside

the infrastructures to simplify the design and to help the implemen tation and the deplo ymen t. W e prop ose to

mo del role-based infrastructures distinguishing three lev els (see Figure 3.1):

� the r ole level con tains the roles that agen ts can assume in the en vironmen t; eac h en vironmen t has its

o wn set of admitted roles;

� the p olicy & me chanism level aims at de�ning the p olicies lo cal to the en vironmen t and the mec hanisms

that implemen ts the in teraction among roles;

� �nally , the r esour c e level con tains the lo cal resources, suc h as information and services.

Ab o v e the role lev el w e can �nd application agen ts that pla y roles. In this pap er w e disregard the in ternal

constitution of agen ts, fo cusing on their external b eha viours�captured b y roles. W e assume that agen ts are

network-awar e , whic h means that they p erceiv e the net w ork not as a whole �at en vironmen t, but instead as a

set of en vironmen ts, eac h one with giv en resources and services [8].

The role lev el can b e considered as the in terface of an en vironmen t for agen ts. T o de�ne the infrastructure,

an administrator has to p erform the follo wing steps:
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Fig. 3.1 . A r ole-b ase d infr astructur e

1. to c ho ose the r oles her/his en vironmen t is going to supp ort; often, this c hoice is implicit in the en vi-

ronmen t, as sho wn in the �rst example of the next section;

2. to de�ne the p olicies b y whic h the c hosen roles can in teract with eac h other or with the lo cal resources.

This mo del of infrastructures leads to adv an tages at sev eral phases of the application life cycle. A t the design

stage , roles p ermit separation of concerns, whic h allo ws the designer to concen trate on the single (in teraction)

issue, and the reuse of solutions. A t the development stage , the reuse of roles p ermits to a v oid the implemen tation

of common (already implemen ted b y someone else) functionalities. A t the runtime , more �exibilit y is ac hiev ed,

since eac h en vironmen t can de�ne its o wn lo cal p olicies to rule in teractions.

3.1. The Role lev el. In our prop osal, the upp er lev el of an infrastructure is comp osed b y a set of roles

related to the same application con text. Suc h de�nition implies t w o imp ortan t features of an infrastructure:

� it is not b ound to sp eci�c agen ts, whic h can b elong to whatev er applications, can ha v e their o wn tasks

and can b e designed and implemen ted separately from the en vironmen t;

� it can host agen ts, pro viding a �wrapp er� that not only accepts them, but also assigns them capabilities

and a sp eci�c b eha viour.

In Figure 3.1 the set of roles is represen ted b y a �table� where eac h role is represen ted b y a �hole�, in whic h

an agen t can place itself in order to pla y suc h role. There could b e sev eral �holes� of the same role, if an

en vironmen t can host more than one agen t pla ying the same role.

This idea of infrastructure enforces the lo calit y concept previously in tro duced. In fact, eac h en vironmen t

can decide ho w to organize the lo cal hosting of agen ts and, b y de�ning also mec hanisms and p olicies, ho w lo cal

in teractions are ruled.

3.2. The P olicy & Mec hanism Lev el. This lev el deplo ys the p olicies that rule the lo cal en vironmen t,

and pro vides the mec hanisms for the in teractions b oth b et w een agen ts and b et w een agen ts and the resources

of the en vironmen t. While the previous lev el can b e considered as the in terface of an en vironmen t to w ard the

external w orld, this lev el enacts the en vironmen t's la ws. The simplest example of p olicy is to allo w or den y

an in teraction b et w een t w o giv en roles. Thanks to their autonom y and reactivit y , agen ts can handle situations

where something is forbidden b y lo cal rules without giving up and ab orting their job.

Ev en if di�eren t from p olicies, w e include mec hanisms at this lev el b ecause, as p olicies, they enable the

in teractions b et w een roles and with lo cal resources. T o b e more precise, this lev el should b e split in to t w o

sub-lev els: a p olicy one and a mec hanism one, since p olicies rely on mec hanism; but from our p oin t of view this

distinction is not relev an t.

3.3. The Resource Lev el. A t the lo w est lev el w e can �nd the resources lo cal to an en vironmen t. They

can b e legacy resources that are hard to c hange or a�ect. So, it is imp ortan t that the p olicy & mec hanism

lev el mak es them a v ailable in a useful format for agen ts. As men tioned, this lev el is considered as part of the

infrastructure, but mo delling resources as outside the infrastructures do es not mine the prop osed mo del.

Also in this case, the use of roles helps in abstracting from the single agen t or application, b ecause mec ha-

nisms has to b e enacted for a generic role, co v ering the wide range of actual agen ts that pla y suc h role.
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Our prop osal p ermits to disregard ho w lo cal resources are managed, pro viding that appropriate access

mec hanisms are supplied.

4. Implemen ting Role-based Infrastructures. The infrastructure abstraction m ust ha v e its concrete

coun terpart, i. e., an appropriate implemen tation. W e are curren tly exploring the implemen tation of the pro-

p osed role-based infrastructures exploiting RoleX [3 ], whic h is a role-based in teraction system implemen ted in

the con text of the BRAIN framew ork [10 ]. RoleX considers roles as �rst-class en tities and enables agen ts to

dynamically assume, use and release roles; the idea b ehind its implemen tation comes from the Asp ect Orien ted

Programming [11 ], ev en if it has b een re-adapted to the agen t scenario. Moreo v er, RoleX is inspired b y real life,

th us pro vides a high degree of freedom to agen ts that w an t to assume and pla y roles. The real life inspiration of

RoleX is emphasized b y the role external visibility that it pro vides: the role an agen t is pla ying can b e iden ti�ed

directly from an external p oin t of view (e.g., another agen t) without requiring to ask the in terested agen t for

it. RoleX is a pure Ja v a middlew are and is not another agen t platform. RoleX can b e easily asso ciated with

an y Ja v a agen t platform. RoleX adopts the BRAIN XML notation to describ e roles. The adoption of XML

pro vides sev eral adv an tages, as describ ed later.

W e ha v e c hosen RoleX for three main reasons.

First, b eing part of the BRAIN framew ork, it supp orts the di�eren t phases of the soft w are dev elopmen t,

from design to implemen tation [4], and w e think this is a v alid help to dev elop ers, whic h can ha v e coheren t

dev elopmen t phases and not fragmen ted solutions. Moreo v er, RoleX supp orts also dynamic assumption of roles

at run time, gran ting a high degree of �exibilit y .

Second, w e aim at exploiting the XML notation to pro duce de�nitions of roles that are in terop erable,

�exible, and expressiv e. Eac h role can b e de�ned b y means of an XML do cumen t complian t to a giv en XML

Sc hema, whic h is indep enden t of the language of its implemen tation; then XML allo ws dev elop ers to express

information in a tagged and structured w a y , b oth h uman- and mac hine-readable; �nally , XML do cumen ts can

b e translated in to other formats (e. g., HTML) in order to b e catalogued or view ed in a more suitable w a y .

Third, RoleX pro vides some mec hanisms to de�ne in teraction rules, and this turns out useful to de�ne

the p olicies of the infrastructures. Among suc h mec hanisms, w e can men tion some �exible securit y mec ha-

nisms [5 ], whic h are based on the Ja v a Authen tication and Authorization System (JAAS) arc hitecture [28 ],

and enable a �ne-grain con trol o v er the allo w ed op erations of roles. Then, a simple y et useful mec hanism p er-

mits to de�ne whic h roles can in teract with whic h other roles; this is useful, for instance, to a v oid collusion

in an auction con text. Finally , p erhaps trivial, an agen t can assume a role only if it has the righ t p ermis-

sions.

RoleX has b een exploited also to implemen t c omputational institutions [6 ], where it has pro v ed to b e a

p o w erful and �exible means to implemen t abstractions.

4.1. Role Description and Implemen tation. T o gran t a high lev el of abstraction in deciding whic h

role to pla y , and to cop e with dynamic situations, it is imp ortan t to uncouple roles from their implemen tation;

this allo ws agen ts to fo cus on the seman tics of the roles, rather than their co de. T o this purp ose RoleX uses r ole

descriptors , whic h are en tities that describ e a role, for example b y means of information suc h as k eyw ords, a

con test, an aim, a v ersion, a creation date and an y further needed piece of information. Descriptors are de�ned

b y XML do cumen ts written exploiting notation of BRAIN. Besides relieving programmers of the kno wledge

of role implemen tation, the descriptors are useful also to hide to the agen t the ph ysical lo cation of the role

implemen tation, to enable role comp osition, to c hange role implemen tation in a transparen t w a y , and to allo w

the agent programmers to disregard ab out the w ork of r ole programmers and vicev ersa.

Since the agen ts are dev elop ed using Ja v a, our implemen tation enables automatically the translation from

the XML do cumen ts represen ting descriptors to a set of Ja v a classes. In this w a y , an agen t can directly access

the descriptors without needing an XML-parser. The Ja v a implemen tation of a role is comp osed of t w o parts: a

Ja v a in terface ( r ole interfac e ) and a Ja v a class ( r ole implementation ); the in terface pro vides external visibilit y

(sim ulating m ultiple inheritance) while the class pro vides the e�ectiv e role b eha vior.

A role assumption means that the RoleX system p erforms run-time b yteco de manipulation, and in particular

(i) adds eac h role class mem b er (b oth metho ds and �elds) to the agen t class, in order to add the set of capabilities

of the role and, at the same time, (ii) forces the agen t class to implemen t the role in terface, in order to mo dify

its app earance and to allo w other agen ts to recognize it as pla ying that role.

Since the ab o v e mec hanism m ust result in the de�nition of a new class, our approac h exploits a sp ecial

class loader, called RoleLoader , that can c hange the agen t b eha vior and the external app earance. It is a
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sub class of SecureClassLoader, whic h allo ws us to w ork in compliance with the Ja v a Securit y Manager. After

the RoleLoader has successfully carried out the role assumption pro cess (i. e., the addition of the mem b ers

and the in terface), it can reload the agen t restarting it. The assumption pro cess can b e brie�y describ ed b y

Figure 4.1, where the agen t searc hes a role rep ository for an appropriate role descriptor, for example b y using

k eyw ords, and then asks the RoleLoader to reload itself with the c hosen role among the retriev ed ones. The

RoleLoader retriev es the implemen tation corresp onding to the role descriptor and adds it to the agen t. If

ev erything go es righ t, the RoleLoader sends the new agen t an ev en t (called reload ev en t) to indicate that the

agen t has b een reloaded. After the reload ev en t, the agen t can resume its execution. Releasing a role is similar

to the ab o v e pro cess, but this time the RoleLoader remo v es eac h role mem b er and the role in terface, reloading

the agen t without them.

 

Fig. 4.1 . R ole assumption pr o c ess

The exploitation of RoleX in the de�nition of role-based infrastructures will b e explained in the next section,

b y means of a concrete example.

5. Application Examples. This section presen ts a couple of examples of applications where a role-based

infrastructure is de�ned with the corresp onding p olicies and mec hanisms.

5.1. Auctions. The �rst example relates to auctions. Auctions represen t an in teresting negotiation means

in the agen t area, and w e ha v e already exploited them in this pap er to supp ort some concepts. In an auction there

are en tities (called sel lers ) that mak e go o ds/resources a v ailable and en tities (called bidders ) that are in terested

in using/acquiring suc h go o ds/resources. Moreo v er, there are in termediate en tities (called auctione ers ) in c harge

of actually p erforming the negotiation. The price of the resources sold b y sellers via an auction is not �xed, but

it is dynamically determined b y the in terest of the bidders [1].

W e can �gure out that agen ts negotiate resources or go o ds via auctions, at giv en sites represen ting auction

houses [25 ]. Of course, the w a y the sellers, the bidders and the auctioneers in teract is not b ound to a giv en

application or to a giv en en vironmen t, and so they can b e considered roles that whatev er agen t can assume.

In this case, the c hoice of the roles is tigh tly driv en b y the kind of application: the bidder , the sel ler and the

auctione er (see Figure 5.1). So the former step of Section 3 is accomplished.

Figure 5.2 and 5.3 rep ort p ossible XML descriptions of the bidder and the seller role resp ectiv ely . The site

is in c harge of pro viding role implemen tations, whic h are lik ely to dep end on the lo cal p olicies or mec hanisms.

F rom the agen t p oin t of view, these descriptions can b e exploited to searc h for an appropriate role in a site

and, once found, it can assume the role, placing itself in the �hole� of the site. F rom the site p oin t of view, the

roles made a v ailable represen t the in terface b y whic h the en vironmen t can host agen ts; moreo v er, roles can b e

implemen ted and managed meeting lo cal requiremen ts and in compliance with lo cal p olices. In fact, the latter

step relates to the c hoice of the lo cal p olicies of in teraction b et w een roles and b et w een roles and the en vironmen t

resources.
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Fig. 5.1 . A r ole-b ase d infr astructur e for an auction house

<?xml version="1.0" encoding="UTF-8"?>

<role xmlns:xsi="http://www.w3.org/ 2001/ XMLS chema -ins tance "

xsi:noNamespaceSchemaLocation=" XRol e.xsd ">

<name>bidder</name>

<context>auction</context>

<description>

This role is the bidder of an auction.

</description>

<keyword>auction</keyword>

<keyword>bidder</keyword>

...

<action>

<name>bid</name>

<description>Makes a bid.</description>

<content>

<description>Bid.</description >

<type>Price</type>

</content>

</action>

...

</role>

Fig. 5.2 . A bidder r ole de�ne d in XML

There can b e sev eral reasons to ha v e di�eren t p olicies or mec hanisms. F or example, in one en vironmen t the

bidders could b e allo w ed to talk eac h other, while in another en vironmen t they cannot, to a v oid collusions; this

p ermits to imp ose lo cal rules or so cial con v en tions [32 ]. F or instance, Figure 5.4 rep orts the p ossible allo w ed

in teractions expressed b y a grid whose de�nition is enabled b y RoleX. As in Figure 5.1, bidders and sellers are

not allo w ed to in teract directly .

Another reason could b e the di�eren t implemen tation of the auction mec hanisms: Figure 5.1 sho ws a

message-passing orien ted implemen tation, where, for instance, the bidder agen t can bid b y sending a message to

the auctioneer agen t. But if the implemen tation of the bidding mec hanism is based on another mo del, the lo cal

p olicies m ust b e di�eren t. F or instance, if the auction relies on a data-orien ted mo del suc h as tuple spaces [7],

the bidding action is implemen ted as writing information in the lo cal in teraction space, as sho wn in Figure 5.5.

This example sho ws that the same set of roles can b e adapted to di�eren t implemen tations.

5.2. Restauran ts. This example is tak en from the h uman life, and ma y not b e related to a real application

based on agen ts; ho w ev er, it is meaningful to understand ho w roles can b e de�ned and ho w the in teractions

among them can b e established.

In this example, a no de represen ts a single restauran t. W e de�ne three roles: the customer , the waiter ,



Agen t Comp osition via Role-based Infrastructures 43

<?xml version="1.0" encoding="UTF-8"?>

<role xmlns:xsi="http://www.w3.org/200 1/XML Sche ma-in stanc e"

xsi:noNamespaceSchemaLocation ="XRo le.x sd">

<name>seller</name>

<context>auction</context>

<description>

This role is the seller of an auction.

</description>

<keyword>auction</keyword>

<keyword>seller</keyword>

...

<action>

<name>put_on_sale</name>

<description>Put a good on sale.</description>

<content>

<description>Good.</descript ion>

<type>String</type>

</content>

</action>

...

</role>

Fig. 5.3 . A sel ler r ole de�ne d in XML

Bidder Seller Auctioneer

Bidder No No Y es

Seller No No Y es

Auctioneer Y es Y es Y es

Fig. 5.4 . A l lowe d inter actions
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Fig. 5.5 . The same infr astructur e r elying on a data-oriente d mo del

and the chef (see Figure 5.6). These roles can b e though t as instances of the more general roles de�ned in a

clien t-serv er mo del with an in termediate en tit y (the w aiter) b et w een the clien t (the customer) and the serv er

(the c hef ), suc h as sev eral 3-tier solutions.

The role of the customer can ha v e the follo wing capabilities: ask for the menu , or der the me al , ac c ept the

me al , and p ay the bil l . Note that � e at the me al � is not a capabilit y of the role of customer, while it should b e

of the agen t. The w aiter role has di�eren t capabilities: take or der , or der the me al (to the c hef ), ac c ept the me al

(from the c hef ), give the me al (to the customer), and ac c ept the p ayment .

Finally , the c hef can: ac c ept an or der and give the me al . Again, the co oking of the meal is not an external

capabilit y of the c hef r ole , but an in trinsic capacit y of the c hef agent .
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Fig. 5.6 . A r ole-b ase d infr astructur e for a r estaur ant

The p olicy & mec hanism lev el ensure that suc h in teractions o ccur, for example it gran ts that the customer

orders the meal to the w aiter and the c hef giv es the co ok ed meal to the w aiter. Some in teractions ma y b e

disabled, suc h as the direct in teraction b et w een the customer and the c hef (see Figure 5.6).

No w, let us supp ose that the scenario c hanges. T o sa v e money , little restauran ts do not ha v e the w aiter,

but the c hef itself is in c harge of accepting and satisfying the customers' requests (see Figure 5.7).
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Fig. 5.7 . A r estaur ant without waiters

In this case, the infrastructure can exploit the same roles - disregarding of course the w aiter role. On the

one hand, the agen ts can assume the same roles as in the previous scenario, and they can p erform the same

actions in the restauran t. On the other hand, the p olicy and mec hanism lev el m ust b e c hanged in order to allo w

the new in teractions, letting the customer giv e the meal order to the c hef, and the c hef giv e the meal to the

customer.

This example sho ws that the same roles can adopt di�eren t in teraction patterns without a�ecting the role

de�nitions and, as a consequence, the agen ts' w a y to ac hiev e their goals.

The implemen tation of this example is similar to the previous one.

6. Related W ork. In this section w e rep ort some role-based approac hes for agen ts.

Elizab eth Kendall has done a lot of w ork ab out roles and agen ts [21 ], and her prop osal is p erhaps the

most complete. Her e�ort aims at co v ering di�eren t phases of the agen t-based application dev elopmen t, from

the analysis to the implemen tation. T o ac hiev e this, her prop osal exploits b oth Ob ject Orien ted and Asp ect

Orien ted Programming (A OP) [11 ] in order to mak e �exible, reusable and dynamic the use of roles. With

regard to role-based infrastructures, an in teresting prop osal is represen ted b y r ole mo del c atalo gues , whic h are

collections of role mo dels used in agen t applications. Ev en if not though t for infrastructures, they can b e

exploited to group roles b elonging to the same application con text.
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AALAADIN [15 ] is a role approac h that exploits a meta-mo del to de�ne mo dels of organizations. Suc h

meta-mo del is based on three main concepts: agent , gr oup and r ole . The concept of group can b e exploited

to mo del the infrastructures prop osed in this pap er. A dra wbac k of this approac h is that it co v ers only the

analysis and design phase, while no supp ort for the implemen tation phase is pro vided, whic h can turn useful to

ha v e coherence in the en tire dev elopmen t pro cess.

Y u and Sc hmid [31 ] exploit roles assigned to agen ts to manage w ork�o w pro cesses. They traditionally

mo del a role as a collection of righ ts (activities an agen t is p ermitted on a set of resources) and duties (activities

an agen t m ust p erform). An in teresting issue of this approac h is that it aims to co v er di�eren t phases of the

application dev elopmen t, prop osing a r ole-b ase d analysis phase, an agent-oriente d design phase, and an agent-

oriente d implementation phase, that is partially supp orted. Joining this approac h with some means to de�ne

infrastructures can lead to a complete and in teresting prop osal.

The T ractable Role-based Agen t protot yp e for concurren t Na vigation Systems (TRANS) is a m ulti-agen t

system with supp ort for role and group b eha viours [16]; this approac h explicitly tak es in to consideration that

agen ts can b e mobile. Moreo v er, TRANS allo ws the de�nition of rules on the role assumption b y agen ts, suc h

as priorit y , exclusivit y , compatibilit y and the distinction b et w een p ermanen t and temp orary roles. Ev en if

designed for a sp eci�c application scenario, TRANS pro vides an in teresting role mo del and, in particular, a

supp ort for group of roles. A p ossible dra wbac k is that the implemen tation lac ks of dynamism, and th us it is

not appropriate for agen t applications for dynamic and unpredictable scenarios.

Another in teresting role approac h is GAIA [30 ]. The GAIA main aim is mo delling agen t systems as or gani-

zations of agen ts, where di�eren t roles in teract. In GAIA, roles are considered only in the analysis phase, and

a role de�nition includes concepts lik e resp onsibilities, p ermissions, activities and in teraction proto cols. GAIA

fo cuses on role in teractions and supp orts a mo del to describ e dep endencies and relationships b et w een di�eren t

roles. The ab o v e mo del is supp orted at the design phase and is made of a set of pr oto c ol de�nitions , eac h of

them related to the kind of in teraction among roles. Similarly to the ab o v e approac hes, ev en GAIA lac ks on

the implemen tation supp ort and pro vides a quite strict de�nition of role related concepts, lea ving freedom to

dev elop ers.

Maria F asli made a prop osal that joins sev eral concepts, suc h as commitmen ts and obligations, with the

p o w erful of roles, promoting the use of a formal notation and analysis of the applications [14 ]. The base idea

of this prop osal is that m ulti-agen t systems are comp osed of so cial agents , whic h are so cial since they do not

act isolated. The term so cial agent refers either to a single agen t or to a group of correlated agen ts. In fact,

so cial agen ts' decisions and acts can a�ect those of other agen ts, ev en if not in ten tionally , and th us this prop osal

presen ts a formal de�nition of the agen t structure using roles and relationships among them. The assumed role

de�nes the �so cial p osition� of the joining agen t in the so cial agen t, so that eac h agen t in the so cial agen t kno ws

its p osition and pla ys accordingly to it. Ev en if this prop osal o�ers a comprehensiv e view of so cial and collectiv e

activities, describing them as so cial and collectiv e concepts, there is no concrete supp ort at the implemen tation

lev el.

The Role/In teraction/Comm unicativ e A ction (RICA) theory [26 ] w as b orn with the main aim of impro ving

the FIP A standard with supp ort for so cial concepts. The RICA theory fuses comm unication concepts with so cial

ones, and in particular merges FIP A-A CL and organizational mo dels, k eeping all concepts as �rst class en tities.

The RICA theory recognizes c ommunic ative entities , whic h are those that can b e aggregated and organized in

a so cial w a y; in other w ords comm unicativ e en tities are agen ts acting in a so ciet y . Eac h agen t (t yp e) is de�ned

through the role (t yp es) it will pla y; eac h role can p erform one or more action, implemen ting a so cial b eha viour.

A ction can b e sp ecialized in so cial and comm unicativ e ones, whic h emphasizes the ab o v e statemen t. Finally ,

eac h role can b e sp ecialized as a so cial role, whic h represen ts the b eha viour of agen ts in teracting in a so cial

con text. The RICA metamo del can b e used as a formal language, pro viding supp ort for the analysis and design

phase of an agen t application. Thanks to the RICA-J (RICA Jade) implemen tation, this prop osal is complete

and can b e used during all phases of application dev elopmen t. Probably the most imp ortan t dra wbac k of this

prop osal is that it re-de�nes the concept of agen t, leading to a p ossible incoherence with other agen t theories

and approac hes.

In [33 ] Haibin Zh u describ es a role mo del that is tied to b oth the computer and h uman parts in v olv ed in

collab orations, and in particular tries to pro vide help to h uman in computer-supp orted collab orations. This

mo del de�nes a role as a set of r esp onsibilities and c ap abilities a h uman holds. The k ey of this prop osal is

the concept of r ole agent , whic h is an agen t with a role attac hed. An agen t that w an ts to participate in a

collab oration m ust o wn at least one role. Role agen ts should help the h uman during the collab oration, for
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example helping her to send messages to other agen ts or en tities in the collab orativ e system (e.g., all agen ts

in the same group). Role agen ts can c hange their role at run-time, leading to a dynamic en vironmen t and

promoting the use of sp eci�c roles for sp eci�c tasks. Eac h h uman m ust log in the system with a particular role,

so she is b ound to a role agen t, whic h pro duces ob jects as result of the collab oration and/or h uman wills. This

prop osal exploits a formal notation, whic h emphasizes that a role is de�ned not as an ob ject but as a set of

messages (b oth outgoing and incoming) that the role agen t can send/receiv e during the collab oration. Most

of the concepts of this prop osal, suc h as groups and messages, are not new, and the de�nition of roles as set

of messages is not really �exible. Nev ertheless this prop osal w ell re�ect a real situation, and b eing based on a

formal notation, can help designers and dev elop ers planning the system.

7. Conclusions and F uture W ork. Multiagen t systems m ust b e carefully designed and dev elop ed. This

pap er has prop osed an approac h to agen t comp osition based on roles, whic h are exploited to build infrastructures

for agen ts. This p ermits to face the dev elopmen t at di�eren t lev els, ruling b oth capabilities and restrictions,

and enabling the implemen tation of p olicies and mec hanisms dep ending on the lo cal con text.

The adoption of the RoleX system has had a t w ofold adv an tage. On the one hand, it has enabled the

concrete implemen tation of the approac h; the prop osed example has sho wn ho w the di�eren t lev els of the role-

based infrastructures can b e implemen ted or supp orted. On the other hand, RoleX has exhibited a great degree

of �exibilit y , allo wing the uncoupling b et w een role descriptions and role implemen tations.

With regard to future w ork, w e are exploiting the RoleX system to implemen t role-based infrastructures for

agen ts, as already men tioned. RoleX enables the dynamic assumption of roles b y agen ts, letting en vironmen ts

de�ne role rep ositories with their o wn implemen tation of roles. W e are going to study on the one hand the

applicabilit y of the prop osed role-based infrastructures, and on the other hand the �exibilit y of the RoleX

system.

Then, e�ectiv e to ols in the �eld of soft w are engineering are to b e dev elop ed to supp ort the building of

infrastructures. They can help b oth the en vironmen t dev elop ers and also the en vironmen t administrators,

whic h can decide to c hange the lo cal p olicies or mec hanisms.

A c kno wledgmen ts. This w ork w as supp orted b y the Europ ean Comm unit y within the pro ject CAS-

CAD AS.

The author thanks the anon ymous authors for their precious commen ts.
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Abstract. Autonomous soft w are agen ts are often claimed to b ecome a new generation of to ols facilitating e�cien t managemen t

of information. While a n um b er of p ossible agen t application areas can b e found in the literature, supp ort for �academic mobilit y� is

not one of them. A t the same time studen t mobilit y is one of the imp ortan t ob jectiv es within the Europ ean Union and, as w e argue

in this pap er, soft w are agen ts could b e used to streamline administrativ e pro cesses in v olv ed in setting up studen t participation and

help studen ts that are in terested in it as w ell as administrativ e units that ha v e to supp ort it. In this pap er w e in tro duce an agen t

system designed to facilitate studen t mobilit y , presen t UML diagrams of agen ts of that system and discuss an initial implemen tation

of a system-sk eleton.

Key w ords. Multi-Agen t System, Agen t mobilit y , JADE agen t en vironmen t

1. In tro duction. One of the more imp ortan t curren t goals that the Europ ean Union is striving at ac hiev-

ing (with only limited success) is so cial mobilit y . In this con text, one of promising w a ys of ac hieving future

so cial mobilit y is through v arious forms of �academic mobilit y� in v olving studen ts and facult y mem b ers of EU-

lo cated institutions of higher learning visiting other suc h institutions. Mobilit y of �academicians� is supp orted

�nancially through a n um b er of Marie Curie Mobilit y Programs. There, programs lik e So crates and Mundus

are designed, among others, to allo w studen ts to visit univ ersities in other EU coun tries and sp end there one or

t w o semesters, while obtaining a living stip end from the EU. Suc h a visit is p ossible when: (a) t w o univ ersities

ha v e a bilateral agreemen t and (b) studen t applies to the program and is accepted (if there are more in terested

studen ts than the agreed n um b er of exc hanges, wins a comp etition). Note that facult y mem b ers can b e also

a part of So crates/Mundus agreemen ts and therefore results presen ted here can b e extended in to supp ort of

facult y mobilit y , but they are outside of scop e of our curren t in terest.

Ob viously , arranging a studen t visit in v olv es a large n um b er of administrativ e steps and further steps are

also required p ost completion of a visit. F ul�llmen t of all necessary requiremen ts is a tedious task and tak es a

lot of energy on the part of the studen t and resources on the part of the Univ ersit y .

As it w as suggested in [8, 12 , 16 ] autonomous soft w are agen ts are one of b est p ossible approac hes to

manage and deliv er p ersonalized information in large complex en vironmen t. Recen tly a few researc h pro jects

ha v e attempted at pursuing this suggestion. One of imp ortan t pro jects in this area is the EU-funded�P ellucid

[10 , 18 , 13 , 14 , 15 ]. P ellucid attempted at tac kling managemen t of exp erience in public organizations, particularly

those asp ects of exp erience managemen t related to organizational mobilit y (e.g. mo v emen t or circulation of

sta� from one unit to another�within an organization). The basic metaphor for exp erience managemen t is

that of an in telligen t assistan t that lo oks o v er oneâ€™s shoulder and answ ers questions one migh t ha v e at a

particular p oin t of w ork. Suc h an assistan t detects that an emplo y ee is w orking in a particular con text, o�ers

kno wledge resources that facilitate her w ork. T o this end, the P ellucid platform in tegrates tec hnologies suc h

as autonomous co op erating agen ts, organizational memory , w ork�o w and pro cess mo deling, and metadata for

accessing do cumen t rep ositories [11 ]. In the con text of our w ork, ubiquitous in telligen t access to do cumen t

rep ositories and do cumen t �o w mo deling are of particular in terest. Results obtained within the P ellucid pro ject

w ere somewhat similar to researc h on utilizing soft w are agen ts in do cumen t �o w rep orted in [1, 2]. Finally , in [9]

a sc hema of an arc hitecture of the X-DoC WFMS pro ject, whic h in v olv es conceptualization and implemen tation

of a w ork�o w managemen t system in Graduate A dmission Pro cess, w as presen ted.

F ollo wing these suggestions w e ha v e decided to dev elop an agen t system that w ould facilitate and supp ort a

di�eren t asp ect of �studen t managemen t�� SOCRA TES-t yp e mobilit y program(s). Results presen ted here are

an extension of w ork rep orted in [3 , 4].

W e pro ceed as follo ws. In the next section w e summarize steps that ha v e to b e undertak en b y a studen t

who w ould lik e to participate in a mobilit y program. W e follo w with the description of the design of an agen t

system and details of its implemen tation and, in Section 4, discuss the p erformance of the system. W e complete

pap er with a brief description of our future researc h directions.

�
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2. Studen t mobilit y�what has to happ en? Let us consider t w o EU-based institutions of higher learn-

ing that are to b e in v olv ed in a So crates-t yp e studen t exc hange program. While there exists a n um b er of p ossible

names for suc h institutions (e.g. college, academia, univ ersit y etc.), hereafter w e will use a name university to

simplify the description. The �rst thing that is happ en is that t w o, or more, univ ersities ha v e to sign a bilateral

agreemen t and rep ort it to the �cen tral-So crates-agency� (in Brussels). It is only after this agreemen t is o�cially

registered with suc h an EU-agency when studen ts can b e accepted in to the program. Since the agreemen ts are

t ypically signed b y In ternational O�ces of eac h univ ersit y , they are in some w a ys outside of b ound of our system

(for more details see b elo w).

A dministrativ e steps that lead to studen t participation in the program in v olv e a n um b er of administra-

tiv e units within b oth univ ersities. No w ada ys, ev en in coun tries lik e P oland or Romania, w e can observ e fast

increasing role of electronically stored and pro cessed data within univ ersities (e.g. studen t records). F urther-

more some univ ersities already pro vide an in terface that allo ws studen ts to c hec k items lik e: course-sc hedule,

up coming exams, earned credits etc. Finally , almost all studen ts and most facult y mem b ers and administrators

comm unicate using e-mail (to a lesser or greater exten t). Th us there exist basis for dev eloping system lik e the

one outlined here. Let us no w conceptualize situation when a studen t from an EU-lo cated univ ersit y wishes

to participate in a So crates-t yp e studen t exc hange program. W e assume here that her home univ ersit y has

already a n um b er of bilateral So crates-agreemen ts signed and registered with the cen tral agency . In this case

the follo wing steps ha v e to b e completed (see also Figure 2.1):

� b efore departure

1. Selecting foreign univ ersit y

2. Applying to the program

3. Being accepted to a particular exc hange

4. Deliv ering all necessary data appropriate administrativ e units b oth at the lo cal and the foreign

univ ersit y

5. Organizing a place to liv e at the foreign site

� after arriv al at foreign univ ersit y:

6. Con tacting appropriate departmen t at the host univ ersit y

7. Arranging the sc hedule of courses to b e tak en

8. Managing courses and credits required to meet the requiremen ts of the exc hange program

� after returning to the home-univ ersit y:

9. Completing a surv ey or deliv ering a rep ort to the home-site co ordinator.

In curren t practice, the �rst four steps in v olv e mostly in teractions b et w een the studen t and the Dean's O�ce

at her lo cal univ ersit y , as w ell as an information exc hange with the lo cal exc hange program co ordinator. Let us

note here, that the situation when m ultiple studen ts are in terested in a limited n um b er of op enings within an

exc hange program is handled in (3) �b eing accepted to a particular exc hange�. There a �comp etition� tak es place

and an appropriate n um b er of studen ts are selected. What is particularly in teresting from our p ersp ectiv e is

answ er to the question, what happ ens to these studen ts who did not qualify to a giv en exc hange. As it b ecomes

clear b elo w, our prop osed system allo ws suc h studen ts, in a v ery natural w a y , b ecoming in v olv ed in subsequen t

�comp etitions� (if an y a v ailable exc hanges remain un�lled). Step (5) is often completed �automatically� b y

an o�ce at the host institution that receiv es information ab out incoming exc hange studen ts as a part of the

do cumen t circulation in v olv ed in steps (1)�(4). Otherwise, studen t has to searc h a �at or to comm unicate with

a separate organization whic h sup ervises dormitories/apartmen t ren tal. After arriving at the c hosen univ ersit y

studen t has to con tact the host departmen t to arrange the course sc hedule in suc h a w a y to ful�ll the requiremen ts

of the program (e. g. to accum ulate a required n um b er of credits, to study sub ject areas that w ere co v ered b y

the bilateral agreemen t etc.).

In all univ ersities, appropriately prepared to handle exc hange studen ts, steps (1)�(4), (6)�(8) or (9) don't

presen t problems when considered indep enden tly (ev en if they are not supp orted b y electronic means of comm u-

nication and th us unnecessarily tedious). Problems materialize when all steps ha v e to b e completed �together�

and th us, when v arious do cumen ts ha v e to circulate b et w een di�eren t units within univ ersit y; b et w een di�eren t

units in di�eren t (foreign) univ ersities and, �nally , b et w een these units (b oth lo cal and foreign) and the stu-

den t. Moreo v er, since not ev ery univ ersit y supp orts electronic data managemen t to the same exten t (and some

univ ersities in coun tries lik e Bulgaria, ha v e only a v ery minimal IT supp ort in administration), it is often the

case that an extremely large n um b er of do cumen ts ha v e to b e transferred �man ually�. This in v olv es sending

letters, faxes, receipts (in case of organizing a �at) and/or n umerous telephone calls. In it particularly in this
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Fig. 2.1 . System Summary; inter actions b etwe en agents

regard that the prop osed system, describ ed in the next section, is exp ected to b e particularly helpful.

3. Studen t mobilit y � prop osed agen t system. The main idea of our pro ject is to dev elop a solution

whic h w ould mak e formalities of taking part in a studen t exc hange program simpler, and also reduce n um b er

of issues that presen tly ha v e to b e dealt with �face-to-face.� W e prop ose a system that w ould facilitate semi-

automatic (and p ossibly ev en automatic) decision making and enable fully automatic �o w of information required

to establish participation in an exc hange program. F urthermore, as the system dev elops, it could completely

remo v e h umans from the pro cess (other than the studen t expressing a desire to participate in it). Let us start

from summarizing (in Figure 2.1) the prop osed �o w of activities. Here, w e ha v e divided the functionalities in to

the follo wing agen ts:

Student A gent ( SA ) is an in terface b et w een the studen t and the system and is also studen ts' �represen tativ e.�

F ollo wing the line of reasoning presen ted in [3, 4 , 10 ] it is assumed that in the univ ersit y of the future the SA will

b e able to organize or pro vide view of studen ts' sc hedule, c hec k the total n um b er of credits acquired th us far,

mak e an app oin tmen t with a professor and/or advisor etc. In this w a y the SA is a limited case of w ell-kno wn

(in agen t literature) paradigmatic concept of a �p ersonal agen t� [12 ]. In our curren t system, the SA , pla ys an

ev en more limited role and represen ts the studen t only in organizing his participation in the studen t-exc hange

program. After the studen t is accepted and arriv es at the foreign univ ersit y , the SA comm unicates with the

Dep artment A gent at the host univ ersit y and supplies the exc hange studen t with all required information.

Among others, it helps studen t to arrange his course sc hedule. While in Figure 2.1 w e can see the top lev el

view of all in teractions with other agen ts that the SA is in v olv ed in, in Figure 3.1 w e presen t the complete UML

state diagram of this agen t. The MCDM stands for Multicriterial Decision Making (the same demarcation

is used also in the case of the Lo cal O�ce Agen t) and denotes the fact that in a full-blo wn, mature system

implemen tation this step of agen t op eration in v olv es an optimization pro cedure that leads to a decision. In the

case of the SA the decision where to study could in v olv e a v ery large n um b er of criteria suc h as, geographical

lo cation (e. g. studen t w an ts to go where climate is w arm), particular coun try (e.g. studen t do es not w an t to

go to F rance), program of study (e. g. studen t is in terested in e-commerce and not in theoretical foundations

of computer science) etc. Note that the blue (grey) b o x Studying in v olv es a large n um b er of steps (the same

notation is used across the pap er). Inside of the Studying b o x, one more MCDM is enclosed. This one in v olv es

selection of class sc hedule. Here, among others, decisions balancing in terest in sub ject with willingness to w ak e

up at 7 AM could b e made.
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Fig. 3.1 . Student A gent State diagr am

In our system, the L o c al O�c e A gent ( LO A ) acts as a co ordinator of the So crates program (and ev en its

diagram sho ws this b y indicating that in most part the LO A �services� receiv ed messages). LO A stores informa-

tion ab out univ ersities that curren tly ha v e bilateral agreemen ts with its univ ersit y . This list is constructed on

the basis of messages obtained from the Noti�cation Agency agen t. Here w e ha v e to recall that signing bilateral

agreemen ts is the domain of In ternational O�ces. The w a y our system w orks, these o�ces ha v e to notify the

Noti�cation Agency agen t �rst and that agen t has to notify the LO A that it is ready to accept studen ts within

the purview of a giv en exc hange (suc h a noti�cation con tains also all necessary information, including appro-

priate deadlines). Otherwise it w ould b e p ossible that the LO A w ould accept studen ts to the program that the

Noti�cation Agency w ould not y et b e ready to service. The LO A exc hanges appropriate messages required to

set up departure of a studen t to another univ ersit y and handles studen t returning bac k home form an exc hange.

In Figure 3.2 w e presen t the complete UML state diagram of this agen t. Note the Considering Applications,

b o x (app earing within that Figure). In the prop osed system Studen t applications are accepted un til a certain

deadline. When the deadline passes, they are pre-pro cessed �rst to eliminate studen ts who do not satisfy initial

selection criteria (e.g. at a giv en Univ ersit y studen ts who ha v e not completed successfully previous semesters

ma y not b e allo w ed to participate in the exc hange program). The remaining applications are considered using

an MCDM, the details of whic h are lik ely to b e institution dep enden t (e. g. at a giv en Univ ersit y , the Grade

P oin t A v erage (GP A) in the core courses ma y b e more imp ortan t than the o v erall GP A).

Noti�c ation A gency ( NA ) represen ts o�ces (�in Brussels�) that sup ervise the studen t exc hange program

(including the �nancial matters). In our system, the NA has t w o functions: (1) the ab o v e describ ed bilat-

eral agreemen t managemen t; eac h suc h agreemen t has to b e registered with the NA that in turn noti�es the

LO A and the � LO A that it is ready to service it, and (2) studen t participation managemen t. Sp eci�cally ,

the NA has to b e noti�ed that a giv en studen t is to participate in an exc hange program. In resp onse the

NA v alidates the prop osal to assure that it adheres to the rules of the program (also to c hec k if the limits of

participation in a giv en program ha v e not b een someho w breac hed). When a giv en prop osal has b een p osi-

tiv ely v alidated (1) one of the sp ots a v ailable in the negotiated bilateral agreemen t is tak en and (2) a giv en

studen t will b e funded b y the So crates sc holarship. In Figure 3.3 w e presen t a complete UML diagram of the

NA agen t.

Dep artment A gents ( D A ) ma y b e conceptualized as a virtual com bination of a departmen t head and secre-

tary . One suc h agen t is created for eac h individual departmen ts of eac h univ ersit y . These agen ts are en visioned to

b e resp onsible for courses o�ered during a giv en semester, course sc hedules, and calculation of ECTS, etc. Since

most of functionalit y of this agen t is related to the functioning of the univ ersit y rather than to our system and

falls mostly b ey ond the scop e of our w ork, w e ha v e decided to omit its detailed UML-based conceptualization.

Finally , the � L o c al O�c e A gent ( � LO A ) is the LO A coun terpart at the foreign host institution. In other

w ords, the � LO A is the LO A of the foreign univ ersit y .
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Fig. 3.2 . L o c al O�c e A gent State diagr am

Fig. 3.3 . Noti�c ation A gency state diagr am

3.1. Agen t In teractions. Let us no w list in teractions b et w een agen ts that tak e place when the SA

attempts at arranging the exc hange program for the studen t (see Figure 2.1). W e assume that the system has

b een initialized, that the NA has send the list of con�rmed bilateral agreemen ts to the LO A �s residing in the

system etc. In other w ords, the system is ready to service studen ts. In this stage, studen t has comm unicated

with her SA and established the selection criteria (e.g. coun try , sub ject area, etc.). Then, the system p erforms

the follo wing actions (w orking autonomously � as w e assume that when studen t sp eci�es requiremen ts, agen ts

mak e all decisions). Note that comm unication b et w een agen ts is ac hiev ed through exc hange of standard A CL

messages.

1. SA sends searc h request to the LO A to get addresses of all foreign univ ersities that her LO A has bilateral

agreemen ts signed with (in the sp eci�ed �eld of study)
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2. up on reception of the address list, the SA sends messages to all of them, requesting information ab out

lo cal requiremen ts/arrangemen ts/p ossibilities

3. foreign D As ( � D As ) reply pro viding requested details

4. SA p erforms m ulticriterial optimization (MCDM) and selects one or more of a v ailable univ ersities as

the place where the studen t should go for the exc hange

5. SA informs the studen t ab out p ossibilities and suggests whic h one to c ho ose (to b e able to run the system

automatically w e ha v e remo v ed this step and replaced it with a fully automatic selection pro cess)

6. SA sends to the LO A an application to the selected univ ersit y and up on receiving con�rmation that

the application has b een receiv ed susp ends itself un til a decision is reac hed (the LO A is assumed to

pro cess applications in batc hes after certain deadlines)

7. LO A informs the SA if studen t quali�ed for the exc hange�if studen t did not qualify , the SA go es bac k

to 5-ab o v e and the pro cess rep eats

8. LO A informs the NA that a giv en studen t w as selected to participate in a giv en studen t exc hange and

w aits for con�rmation

9. when the NA v alidates the request it con�rms it b y sending message bac k to the LO A

10. LO A sends all of the necessary do cumen ts for the studen t to b ecome a part of the exc hange program

to the (host) � LO A and obtains con�rmation

11. � LO A registers an incoming exc hange studen t (her/his SA is also registered with the lo cal system)

12. SA mo v es to the foreign host

13. SA con tacts appropriate � D A

14. � D A informs the SA ab out courses a v ailable

15. SA p erforms m ulticriterial optimization and on the basis of kno wledge of studen t preferences and selects

courses that matc h them

16. SA informs the � D A that studen t completed sc heduled courses (curren tly , to test the system, w e ha v e

implemen ted a simple automatic selection, but a realistic system should in v olv e studen t in the decision-

making pro cess; b oth p ossibilities are co v ered b y the Studying b o x in Figure 3.1)

17. � D A informs the SA and the � LO A ho w man y ECTS studen t accum ulated

18. � LO A �allo ws� the SA to go home

19. SA mo v es to its home con tainer

20. � LO A informs LO A ab out results of studen t exc hange program participation (grades, ETCS, etc.)

Ob viously , at this stage of the pro ject the m ulticriteria decision making pro cesses, men tioned ab o v e in

p oin ts (4) and (14), ha v e b een replaced with a set of v ery simplistic selection pro cedures. Ho w ev er, delving in to

decision making w as not of our curren t in terest and is de�nitely outside of the scop e of this pap er. What w e

w ere in terested w as to dev elop the system sk eleton and illustrate exp erimen tally that it w orks. T o sho w that

agen ts comm unicate accordingly to the sp eci�cation and that agen t mobilit y is appropriately utilized to w ork

in unison with prop osed studen t mobilit y . As illustrated in the next section, w e ha v e fully ac hiev ed this goal.

4. System implemen tation and op eration. The prop osed system has b een implemented in JADE 3.3

[7]. In a JADE based agen t system, all agen ts exist within a platform that can b e spread among m ultiple

computers. Within a platform, agen ts reside in and mo v e b et w een c ontainers . In our exp erimen tal setup, ev ery

con tainer represen ts one univ ersit y . W e ha v e inserted LO A s and D A s in to eac h con tainer (recall that a LO A

can pla y a role of a � LO A dep ending on the direction of the prop osed studen t exc hange). A dditionally an NA

is created in the Main-con tainer (the Main-con tainer is the name used b y JADE for the �system� con tainer that

is created when JADE platform is started for the �rst time). After the system is initialized in this w a y w e can

create as man y SA s as w e need.

A �single� system run in v olv es an SA p erforming all necessary steps to organize the exc hange program for

its studen t-master. As noted, in our curren t implemen tation w e use v ery simple selection criteria, i. e. the place

where the exc hange program w as to tak e place w as selected on the basis of only t w o studen t preferences: �eld of

study and n um b er of ECTS credits she gathered th us far. An example of a system run is represen ted in Figures

4.1-4.3 (here the, JADE pro vided, Sni�er Agen t whic h �records� all messages incoming to and originating from

agen ts, it w as told to �sni�,� w as used to indicate the op eration of the system).

In the exp erimen t w e observ e a sample scenario in v olving �v e univ ersities (lo cated at �v e separate comput-

ers): UNIV1, UNIV2, UNIV3, UNIV4, UNIV5. A t the UNIV1, D A s represen ting IT and Biology departmen ts

ha v e b een created. Similarly , at the UNIV2 w e see departmen ts of IT and Chemistry , at the UNIV3 depart-
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Fig. 4.1 . Sni�er A gent r ep ort for the Initial Part of Exp eriment 1

men ts of Philosoph y and Mathematics, at the UNIV4 departmen ts of IT and Mathematics, while at the UNIV5

departmen ts Medicine and Biology . In Figure 4.1 w e see the Initial P art of the exp erimen t, where the LO A

agen ts register with the NA. F urthermore, an SA w as created within con tainer represen ting the UNIV1 univ er-

sit y . This agen t registers with its LO A and later requests addresses of a v ailable exc hange programs that are of

p ossible in terest to its studen t-master. This pro cess is depicted in Figure 4.2

Finally , in Figure 4.3 w e observ e the momen t when the SA arriv es at the UNIV4 univ ersit y . The main

p oin t of this scenario is for an IT studen t at the UNIV1 to arrange (and complete) an exc hange with the IT

departmen t at the UNIV4 and this mission is accomplished.

In a separate exp erimen t, using the psexec scripting program [17 ] w e ha v e created 22 con tainers represen ting

22 univ ersities (lo cated in 22 coun tries), on 20 separate, net w ork ed computers. W e ha v e then placed �random�

departmen ts on eac h one of them and successfully run exp erimen ts with �studen ts� ( SA s) seeking exc hange

programs among all of these univ ersit y departmen ts (computers). A sample screen represen ting this exp erimen t

is presen ted in Figure 4.4. Finally w e ha v e exp erimen ted with a �mixed en vironmen t.� F or instance w e ha v e

run the Main-con tainer on a Lin ux-based laptop, while the remaining computers ha v e b een running Windo ws.

W e ha v e observ ed no problems in an y of trial runs. More details of these exp erimen ts (in v olving an earlier,

somewhat less sophisticated v ersion of the system) can b e found in [3, 4].

5. Concluding remarks. Our pro ject, in its curren t stage, illustrates the most imp ortan t (from the p oin t

of view of agen t system design and implemen tation) features of system that w ould enable studen t mobilit y

automation. Those are: mobilit y , comm unication, registration, searc hing etc. F urthermore, the system sk eleton

has b een implemen ted and sho wn exp erimen tally to w ork (ev en though, w e ha v e to admit, utilizing an extremely

simpli�ed sets of rules for decision making, selection etc.). W e w ere able to run exp erimen ts on a single

net w ork, utilizing up to 20 computers, including mixed Lin ux-Windo ws setup and found no problems. One of

the imp ortan t issues that ha v e to b e considered when constructing agen t systems is that eac h suc h a system has

to re�ect the real w orld. Our example sho ws p oten tial of soft w are agen ts to automate an existing real-w orld

scenario. In the next steps of the dev elopmen t of this system, w e will attempt at making it to resem ble the

realit y ev en more, b y fo cusing on dev eloping and implemen ting the follo wing features:
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Fig. 4.2 . Sni�er A gent r ep ort of SA cr e ation (Exp eriment 1)

Fig. 4.3 . Sni�er A gent r ep ort SA arrives at the UNIV4 university (Exp eriment 1)

1. Studen t Agen t p ersonalization (agen t that actually kno ws what its studen t-master really �w an ts� and is

able to truly represen t her in terests). In this con text, w e will ha v e to �nd a w a y to represen t user pro�le

and this represen tation will ha v e to b e tied to the on tologies of �w orld of academia� that will ha v e to

b e dev elop ed (see 4. b elo w). A prop osal ho w to tie on tologies and user pro�les has b een recen tly put

forw ard in [5 , 6 ].

2. A dding functions to the Departmen t Agen t that w ould extend the comm unication b et w een the D A and

the SA and facilitate p ossibilit y of dev eloping the MCDM mo dule that is to select the studen t-optimal

course sc hedule.
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Fig. 4.4 . System run r epr esenting 22 c ountries (1 university p er c ountry); p artial r ep ort form the sni�er agent

3. A dding more in telligen t decision making comp onen ts (MCDM mo dules), so that selections are based

on a realistically selected set of criteria. W e do not assume that our goal has to b e to dev elop fully-

functional mo dules, but rather establish whic h tec hnology should b e used to seamlessly in tegrate it in to

the system under dev elopmen t.

4. Making comm unication b et w een agen ts more realistic b y dev eloping and/or utilizing existing on tologies

and negotiation proto cols concerning v arious asp ects of �academic life�.

5. Moreo v er, p erforming in ternational tests (computers lo cated in di�eren t coun tries) is compulsory as

what w e w an t to ac hiev e is globally w orking system.

W e will b e rep orting on our progress in the near future.
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Abstract. The y ourSkyG custom astronomical image mosaic king soft w are has a w eb p ortal in terface that allo ws custom access

via ordinary desktop computers with lo w bandwidth net w ork connections to high p erformance mosaic king soft w are deplo y ed on a

computational grid, suc h as NASA's Information P o w er Grid (IPG). In this con text, custom access refers to on-the-�y mosaic king

to meet user-sp eci�ed criteria for region of the sky to b e mosaic k ed, data sets to b e used, resolution, co ordinate system, pro jection,

data t yp e and image format. The p ortal uses pip elines and data cac hes to construct m ultiple mosaics on the grid with high

throughput.

Key w ords. Astronom y , virtual observ atory , image, mosaic, w eb, grid, p ortal

1. In tro duction. In recen t y ears the Astronom y comm unit y has witnessed rapid gro wth in the size and

complexit y of astronomical data sets due to rapid adv ances in remote sensing tec hnology . The massiv e data sets

that no w exist collectiv ely con tain tens of terab ytes of imagery and catalogs in w a v elengths spanning the en tire

electromagnetic sp ectrum. Although this ric h data store represen ts a signi�can t opp ortunit y for new scien ti�c

disco v eries, it also represen ts a serious c hallenge to the comm unit y: Ho w do es one e�ectiv ely and e�cien tly

extract information from suc h a large and complex collection of data? The National Virtual Observ atory

(NV O) [1, 2, 3 ] is addressing this question in the United States and similar e�orts exist elsewhere in the w orld

[4, 5 , 6 , 7 ]. Man y of the these virtual observ atory pro jects are co op erating to ensure that they remain in tegrated

and in terop erable via the In ternational Virtual Observ atory Alliance (IV O A) [8 ].

As a comm unit y e�ort, the virtual observ atory necessarily exhibits a lo osely coupled, distributed arc hitec-

ture, with an emphasis on in terop erabilit y b et w een comp onen ts dev elop ed and deplo y ed b y domain exp erts in

v arious areas. Since man y of these comp onen ts require an enormous amoun t of computation and data mo v emen t,

the NV O needs to b e deplo y ed in a distributed, high p erformance, scalable computing en vironmen t. Ho w ev er,

a signi�can t fraction of astronomical researc h is conducted b y scien tists and studen ts with limited resources,

ordinary desktop computers and lo w bandwidth net w ork connections. Therefore, to b e e�ectiv e the NV O also

needs to pro vide p ortals to its high p erformance infrastructure that will mak e it usable b y researc hers an ywhere.

1.1. Grid Computing in Astronom y . The emergence of the virtual observ atory concept coincides with

the maturation of computational grids as a viable arc hitecture for high-p erformance or data-in tensiv e, dis-

tributed computations. The fundamen tal computational grid infrastructure includes b oth hardw are-distributed,

p ossibly heterogeneous pro cessors in terconnected b y net w orks�and soft w are to launc h remote computations and

to transp ort data to the pro cesses that require them. The fundamen tal soft w are infrastructure, pro vided b y

the Globus T o olkit, is what mak es a collection of distributed computational resources in to a functional com-

putational grid, pro viding users with a single p oin t of authen tication for sim ultaneous access to all of the grid

resources. In the grid dev elopmen t comm unit y , researc h is ongoing to bring in to pro duction more sophisticated

grid soft w are, la y ered on top of Globus, to pro vide additional functionalit y suc h as job monitoring, c hec kp oin ting,

stop and restart, error reco v ery , planning, and sc heduling.

The researc h describ ed in this pap er w as conducted in 2002-2003, at whic h time the NV O w as in its early

stages and application of grid tec hnology to astronomical researc h w as v ery limited. A t this time, a n um b er

of imp ortan t w eb-based systems w ere instan tiated, whic h serv e as a mo del for the grid-based and w eb-based

arc hitectures prev alen t to da y .

A n um b er of pro jects used grid computing to allo w science users around the w orld to access computational

soft w are o v er the In ternet. The main adv an tage is that deplo ying these algorithms as grid and w eb services

mak es them accessible to science users with limited resources and only ligh t w eigh t computers and net w ork

connections. One example of this is the Hera arc hitecture [9], whic h mak es it p ossible to run the High Energy

Astroph ysics Science Arc hiv e Researc h Cen ter (HEASAR C) data analysis soft w are at NASA's Go ddard Space

Fligh t Cen ter (GSF C) on a remote serv er via a simple graphical in terface. Astro comp [10 ] is a w eb p ortal

�
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for access to soft w are for N-b o dy sim ulations. Similarly , the y ourSky w eb p ortal [11 ], describ ed in this pap er,

pro vides remote access to JPL's parallel astronomical image mosaic king soft w are via a simple w eb form in terface.

The eST AR Pro ject [12 ] is an in telligen t rob otic telescop e net w ork that connects in telligen t agen ts to

telescop es and databases through grid and w eb services. This is an example of ho w grid computing is applied

to science activities lik e Gamma-Ra y Burst follo wup observ ations and the h un t for planets outside our solar

system.

The Sloan Digital Sky Surv ey (SDSS) w as an early adopter of w eb services tec hnologies to facilitate access

to large astronomical datasets. SDSS used man y of the same tec hnologies that are prev alen t to da y in w eb-based

commerce, including SO AP (Simple Ob ject A ccess Proto col), XML (Extensible Markup Language), and WSDL

(W eb Service Description Language), to build services for resource disco v ery , data mining, visualization, and

statistical analysis. The SkyQuery [13 , 14 ] p ortal w as implemen ted for SDSS using this w eb services arc hitecture.

A n um b er of pro jects related to virtual observ atories are fo cused on using grid and w eb services tec hnology

to access m ultiple datasets (images and catalogs) from di�eren t arc hiv e cen ters and merge them to pro vide ric her

information con ten t than is a v ailable from an y of the datasets alone. This t yp e of in terop erabilit y concept is

demonstrated in the Aladin/GLU system [15 ], the Europ ean Space Agency (ESA) science arc hiv es [16 ], the

Smithsonian Astroph ysical Observ atory (SA O) sp ectral arc hiv es [17 ], the Astroph ysical Virtual Observ atory

(A V O) in terop erabilit y protot yp e [18 ], the On-Line Arc hiv e Science Information Services (O ASIS) [19 ], and

Grist (Grid Services for Astronom y) pro jects [20]. The Uni�ed Con ten t Descriptor (UCD) [21 ] prescrib es a

naming sc heme for astronomical catalogs in order to facilitate this t yp e of in terop erabilit y .

NASA's Information P o w er Grid (IPG) pro vided the grid infrastructure used in this w ork.

1

The IPG con-

nected SGI Origin serv ers and Lin ux clusters distributed at NASA cen ters nation wide. The National Science

F oundation (NSF) also sp onsors a computational grid called the T eraGrid, whic h, at the time the researc h

rep orted in this pap er w as conducted, link ed together large Lin ux clusters at �v e sites, California Institute of

T ec hnology , San Diego Sup ercomputer Cen ter, Argonne National Lab oratory , National Cen ter for Sup ercom-

puting Applications, and Pittsburgh Sup ercomputing Cen ter. By Septem b er 2004, additional T eraGrid cen ters

w ere added, including Indiana Univ ersit y , Oak Ridge National Lab oratory , Purdue Univ ersit y , and T exas A d-

v anced Computing Cen ter, for an aggregate pro cessing p o w er of 40 tera�ops, with 2 p etab ytes of disk storage,

all in terconnected with a 10-30 gigabits p er second dedicated national net w ork [22 ].

1.2. Image Mosaic king in Astronom y . The mosaic king describ ed in this pap er in v olv es repro jecting

input image plates to a common co ordinate system, pro jection, equino x, and ep o c h, and com bining the resulting

plates to pro duce a single output image. There are strong science driv ers for mosaic king. The most ob vious is

that large image mosaics enable analysis of celestial ob jects that either do not �t on a single image plate in the

nativ e image partitioning sc heme used b y a surv ey , or fall at the b oundary b et w een t w o or more neigh b oring

plates. Also, mosaics enable analysis of the large-scale structure of the univ erse. In addition, mosaic king

data sets in di�eren t w a v elengths or from di�eren t surv eys to the same co ordinate grid enables m ulti-sp ectral

analysis, whic h could b e essen tial for iden tifying new, previously unkno wn, t yp es of ob jects, or for iden tifying

new ob jects that are so fain t in a single w a v elength that they are o v erlo ok ed un til com bined with the signals

from other w a v elengths.

A n um b er of soft w are pac k ages exist that can b e used to construct astronomical image mosaics. This pap er

describ es the y ourSky soft w are and its usage on the IPG. The y ourSky soft w are is the baseline for Mon tage

[23 , 24 ], a general science-grade astronomical image mosaic king to olkit that preserv es b oth astrometry (ob ject

p ositions) and photometry (brigh tnesses) in the images. The Mon tage soft w are w as deplo y ed as a service on

the T eraGrid using a sc heduler called P egasus [25 , 26 ] and Condor D A GMAN [27 ] to launc h the computations

on the grid in a manner that preserv es all of the dep endencies. Other notable astronomical mosaic king pro jects

include SW arp [28 ] from the F renc h TERAPIX cen ter and MOPEX [29] from the Spitzer Science Cen ter at

Caltec h.

1.3. F rom y ourSky to y ourSkyG. In this pap er, w e describ e y ourSky and y ourSkyG, p ortals for high-

p erformance, on-demand, astronomical image mosaic king. Both y ourSky and y ourSkyG can p erform their high

p erformance computations and data mo v emen t on con v en tional sup ercomputers, but y ourSky requires use of

a lo cal m ultipro cessor system, while y ourSkyG is capable of launc hing its computations on remote computers

organized in a computational grid suc h as the IPG. A k ey c haracteristic of the p ortal arc hitecture is that the

1
NASA decommissioned the IPG in 2004.
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data mo v emen ts required to construct a requested mosaic and the actual lo cation where the computations are

carried out are transparen t to the user who simply orders his mosaic b y sp ecifying the parameters that describ e

the mosaic. Regardless of where the computations are p erformed, these p ortals are accessible via ligh t w eigh t

clien t soft w are�the ubiquitous w eb bro wser. The arc hitecture of y ourSkyG is motiv ated b y the lo osely-coupled,

distributed nature of b oth the NV O and IPG infrastructures.

The y ourSkyG p ortal is optimized for e�cien t pro cessing of mosaic ensembles , m ultiple mosaic requests

to b e pro cessed together. This mo de of pro cessing can dramatically impro v e throughput b y (i ) reducing the

amoun t of data comm unication in cases where m ultiple mosaics require the same input image plates, and (ii )
p erforming computation and comm unication for di�eren t mosaics in parallel where p ossible. F urthermore, w e

in tro duce the concept of data r eservoirs , carefully managed data cac hes main tained at eac h stage of the data

�o w pip eline that ha v e the e�ect of smo othing out v ariations in throughput as the a v ailabilit y of and load on

shared grid resources c hange o v er time.

The arc hitecture of y ourSky is summarized in Section 2. Enhancemen ts required to pro duce y ourSkyG,

running on the IPG, are describ ed in Section 3. Optimizations for pro cessing m ultiple mosaic requests are

describ ed in Section 4. P erformance results are pro vided in Section 5. Finally , a summary is pro vided in

Section 6.

2. The y ourSky P ortal. The only clien t soft w are required to use the y ourSky custom astronomical image

mosaic serv er is the ubiquitous w eb bro wser. By �lling out and submitting the request form, users ha v e custom

access on their desktop to all of the publicly released data from the mem b er surv eys. In this con text, �custom

access� refers to new tec hnology that enables on-the-�y astronomical image mosaic king to meet user-sp eci�ed

criteria for region of the sky to b e mosaic k ed, data set to b e used, resolution, co ordinate system, pro jection,

data t yp e, and image format. All mosaic requests are ful�lled from the original arc hiv e data so that the domain

exp erts main tain con trol and resp onsibilit y for their data and data corruption due to resampling is minimized

b ecause only one repro jection is done from the ra w input data. Curren tly the data arc hiv es that are accessible

with y ourSky are the Digitized P alomar Observ atory Sky Surv ey (DPOSS) [30 ] and the T w o Micron All Sky

Surv ey (2MASS) [31]. DPOSS has captured the en tire northern Sky at 1 arc second resolution in three visible

w a v elengths. 2MASS has captured the en tire sky at 1 arc second resolution in three infrared w a v elengths.

The y ourSky arc hitecture supp orts expansion to include other surv eys, without regard to the nativ e image

partitioning sc heme used b y a particular surv ey .

2.1. Arc hitecture. The arc hitecture for y ourSky is illustrated in Fig. 2.1. In the �gure, the n um b ered

descriptions on some of the arro ws giv e the steps tak en to ful�ll a t ypical mosaic request. The pro cedure is as

follo ws. The clien ts at the top left of the illustration are the w eb bro wsers that ma y b e used to submit requests

to y ourSky . A simple HTML form in terface, sho wn in Fig. 2.2, is used to sp ecify the parameters that are

to b e passed to the custom astronomical image mosaic king soft w are. The mosaic king soft w are and the mosaic

parameters are describ ed in detail in Section 2.2. The y ourSky Mosaic Request Manager running on the y ourSky

serv er c hec ks for mosaic requests and hands them o� to the Mosaic Request Handler, using the user priorit y

sc heme describ ed in Section 2.3. The Mosaic Request Handler queries the Plate Co v erage Database, describ ed

in Section 2.4, to determine whic h input image plates from DPOSS or 2MASS are required to ful�ll the mosaic

request. A �xed size data cac he is main tained on the y ourSky serv er to store the input image plates required

to build recen t mosaic requests. If all of the required input image plates are already presen t lo cally in the

data cac he, the mosaic is constructed immediately using the custom astronomical image mosaic king soft w are.

If some of the required input image plates are not already cac hed lo cally , they need to b e retriev ed from their

resp ectiv e arc hiv es. Therefore an �arc hiv e request� is issued. The y ourSky Arc hiv e Request Manager c hec ks for

arc hiv e requests and hands them o� to the Arc hiv e Request Handler, whic h retriev es the required input image

plates from the appropriate remote arc hiv e. Once all of the input image plates for a request ha v e b een cac hed

on a lo cal disk, the custom astronomical image mosaic king soft w are is launc hed to construct the mosaic. When

the mosaic, built precisely to matc h the user's request parameters, is ready an email is sen t bac k to the user

with the URL where the image mosaic can b e do wnloaded.

2.2. Custom Astronomical Image Mosaic king Soft w are. The heart of the y ourSky serv er is the

custom astronomical image mosaic king soft w are that is used to construct an image mosaic precisely matc hing

user-sp eci�ed parameters. The inputs to the mosaic king soft w are are a list of input images to b e mosaic k ed and

the custom parameters that determine the prop erties of the mosaic to b e constructed. The only requiremen ts on

the input images are the follo wing. First, they m ust comply with the standard dictated b y the Flexible Image
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Fig. 2.1 . The ar chite ctur e of yourSky supp orts ful ly automate d mosaicking, including r etrieval of the input image plates fr om

the r emote survey ar chives.

Fig. 2.2 . The yourSky custom mosaic web form interfac e.

T ransp ort System (FITS), a data format that is w ell understo o d b y the astronom y comm unit y and has long b een

used as the de facto metho d for sharing data within the comm unit y [32 ]. FITS format images encapsulate the
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image data with k eyw ord-v alue pairs that giv e additional information ab out ho w the data v alues in the image

map to lo cations on the sky . The second requiremen t for input images to the mosaic king soft w are is that the

FITS header m ust con tain v alid W orld Co ordinate System (W CS) information. The W CS de�nes pixel-to-sky

and sky-to-pixel co ordinate transformations for a v ariet y of co ordinate systems and pro jections commonly used

b y the astronom y comm unit y [33 ].

2.2.1. Custom A ccess. With y ourSky , the emphasis is on custom access to astronomical image mosaics.

The follo wing parameters ma y b e used to sp ecify the mosaic to b e constructed:

1. Cen ter righ t ascension and declination: Required parameters, analogous to the CR V AL1 and CR V AL2

FITS k eyw ords, whic h sp ecify the lo cation on the celestial sphere of the tangen t p oin t for the image

pro jection plane. By default, this cen ter of pro jection is placed at the cen ter pixel in the mosaic,

analogous to the CRPIX1 and CRPIX2 FITS k eyw ords.

2. Resolution: Required parameters, analogous to the CDEL T1 and CDEL T2 FITS k eyw ords, whic h

sp ecify the pixel size in degrees in eac h of the t w o image dimensions at the mosaic cen ter of pro jection.

3. Radius in degrees: Optional parameter that limits the mosaic size using degrees from the mosaic cen ter.

If not sp eci�ed, the radius is determined automatically from the region of co v erage of the input image

plates.

4. Width and heigh t in pixels: Optional parameters, analogous to the NAXIS1 and NAXIS2 FITS k ey-

w ords, that limit the mosaic size using a sp eci�c n um b er of pixels. These parameters sup ersede the

radius in degrees if that is giv en as w ell. If not sp eci�ed, the size is determined automatically from the

region of co v erage of the input image plates.

5. Co ordinate system: Required parameter, analogous to the �rst half of the CTYPE1 and CTYPE2 FITS

k eyw ord v alues, that sp eci�es the alignmen t of the mosaic axes in 3-D space. F our co ordinate systems

are supp orted: galactic, ecliptic, J2000 equatorial, and B1950 equatorial.

6. Pro jection: Required parameter, analogous to the second half of the CTYPE1 and CTYPE2 FITS

k eyw ord v alues, that sp eci�es ho w lo cations on the celestial sphere are mapp ed to the image pro jection

plane. All of the pro jections sp eci�ed b y W CS are supp orted: Linear (LIN), Gnomonic (T AN), Or-

thographic (SIN), Stereographic (STG), Zenithal/Azim uthal P ersp ectiv e (AZP), Zenithal/Azim uthal

Equidistan t (AR C), Zenithal/Azim uthal P olynomial (ZPN), Zenithal/Azim uthal Equal Area (ZEA),

Airy (AIR), Cylindrical P ersp ectiv e (CYP), Cartesian (CAR), Mercator (MER), Cylindrical Equal

Area (CEA), Conic P ersp ectiv e (COP), Conic Equidistan t (COD), Conic Equal Area (COE), Conic

Orthomorphic (COO), Bonne (BON), P olyconic (PCO), Sanson-Flamsteed Sin usoidal (SFL), P arab olic

(P AR), Hammer-Aito� (AIT), Mollw eide (MOL), COBE Quadrilateralized Spherical Cub e (CSC),

Quadrilateralized Spherical Cub e (QSC), T angen tial Spherical Cub e (TSC), Digitized Sky Surv ey Plate

Solution (DSS), and Plate �t p olynomials (PL T).

7. Image F ormat: Required parameter that sp eci�es the output mosaic image format (FITS is recom-

mended). The follo wing image formats are curren tly supp orted: FITS, JPEG, PGM, PNG, TIFF, and

Ra w Data.

8. Data T yp e: Required parameter that sp eci�es the data t yp e of the mosaic pixels. This is analogous

to the BITPIX FITS k eyw ord. The data t yp es curren tly supp orted are 8-, 16-, and 32-bit signed and

unsigned in teger, and single and double precision �oating p oin t.

9. Quan tization Extrema: Optional parameters that sp ecify the minim um and maxim um o v er whic h to

stretc h the input pixel v alues for those data t yp es that require quan tization to a limited n um b er of

output bits p er pixel (esp ecially , 8-bit and 16-bit in tegers). The user can sp ecify these v alues to con trol

ho w man y gra y lev els in the output mosaic are assigned to lo w or high in tensit y regions of the sky .

10. Pixel Masks: Optional masks ma y b e sp eci�ed to discard pixels around the outer p erimeter or from

particular rectangular regions in eac h input image.

11. Bac kground Matc hing: Logical parameter that sp eci�es whether or not y ourSky should attempt to

matc h the bac kground in tensities among the input images that comprise a mosaic in an attempt to

pro duce a mosaic that is as seamless as p ossible.

2.2.2. P arallel Mosaic king Algorithm. The y ourSky mosaic king algorithm is designed to b e able to

handle arbitrarily sized mosaic requests from t ypical small requests co v ering a single celestial ob ject to all-

sky mosaics at full resolution. Also, the algorithm is e�cien t in the face of arbitrarily sized input image

plates, so that y ourSky can b e extended to supp ort other image arc hiv es without consideration of the na-
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tiv e image partitioning sc heme used b y the arc hiv e. F or example, the t w o surv eys curren tly accessible b y

y ourSky ha v e drastically di�eren t nativ e image partitioning sc hemes, from millions of small 2 MB image

plates in the case of 2MASS to thousands of m uc h larger 1 GB plates in the case of DPOSS. In addition,

the mosaic king algorithm is designed to supp ort arbitrary mappings from input image pixels to output mosaic

pixels.

The mosaic king pro ceeds in t w o phases, Analysis and Build. During Analysis, the follo wing is accomplished.

First, the mosaic width and heigh t are determined if they are not pro vided explicitly as part of the user-sp eci�ed

parameter set. Second, the pixel co ordinates that in tersect the mosaic are determined for eac h input image

along with the corresp onding in tersection co ordinates from the mosaic. These co ordinates are used to set lo op

b ounds and bu�er sizes during the Build phase. Third, in cases where the data t yp e requires quan tization to a

limited n um b er of output bits p er pixel in the output mosaic (e.g., 8-bit and 16-bit in tegers), the minim um and

maxim um o v er whic h the pixel v alues should b e quan tized are determined if these extrema are not sp eci�ed

explicitly as part of the user-sp eci�ed parameter set. F ourth, if bac kground matc hing is to b e done, the in tensit y

correction for eac h input image plate is determined.

During the Build phase the information gathered during Analysis is used to construct the custom mosaic.

If the mosaic is to b e lo w er resolution than the input image plates, the outer lo op is o v er the input image pixels

and the mosaic pixel v alues are calculated as the a v erage of the input pixels for whic h the pixel cen ter falls

within the mosaic pixel region of co v erage. If the mosaic is to b e roughly the same or higher resolution than

the input image plates, the outer lo op is o v er the mosaic pixels and the mosaic pixel v alues are computed to b e

the result of sampling from the input images using bilinear in terp olation. In either case, mapping from input

pixel co ordinates to output pixel co ordinates is done b y �rst mapping from input pixels to a lo cation on the

sky , then mapping from the sky co ordinates to the output pixel co ordinates, as illustrated in Fig. 2.3.

Input Image Plates Output Mosaic

(xi,yi) (xo,yo)(RA,Dec)

1. Map input pixel coordinates (xi,yi) 
to sky coordinates (RA,Dec). 

2. Map sky coordinates (RA,Dec) to 
output pixel coordinates (xo,yo). 

Fig. 2.3 . Mapping fr om input pixel c o or dinates to output pixel c o or dinates is done in two steps. First, the input c o or dinates

ar e mapp e d to a p osition on the sky, then that p osition on the sky is mapp e d to the output mosaic c o or dinates.

The mosaic king pro ceeds in parallel during b oth Analysis and Build, with eac h pro cessor b eing assigned

a subset of the input image pixels. By default the input images are assigned to pro cessors in a round robin

fashion, with one pro cessor p er image, but the user can recon�gure this at run-time b y sp ecifying the n um b er

of pro cessors to b e assigned to eac h input image. Assigning m ultiple pro cessors to eac h input image plate

dramatically impro v es e�ciency for arc hiv es, suc h as DPOSS, that ha v e suc h large image plates that only a

single or a few input image plates are required for a t ypical mosaic request. If m ultiple pro cessors are assigned

to eac h input image, a group sync hronization among the pro cessors assigned to the same image is required for

eac h image so that Analysis results can b e accum ulated and shared. Also, in all cases, a global sync hronization

is required b et w een the Analysis and Build phases so that Analysis results that relate to the en tire mosaic, suc h

as pixel v alue distributions required to calculate the appropriate quan tization extrema, can b e accum ulated and

shared. The soft w are should b e p ortable b ecause it is written in ANSI C and all in ter-pro cessor comm unication

and sync hronization is done using Message P assing In terface (MPI), whic h has b een implemen ted on man y

platforms [34 ].

2.2.3. Sample Mosaics. Some sample image mosaics, constructed with the y ourSky custom image mo-

saic king soft w are, are sho wn in Figs. 2.4, 2.5 and 2.6.
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Fig. 2.4 sho ws a full 90 arc second resolution, all-sky , 14; 400� 7; 200 pixel mosaic constructed from 430

Infrared Astronomical Satellite (IRAS) [35 ] image plates in eac h of 4 w a v elengths, 12, 25, 60, and 100 � m.

High p erformance exploration of this and other large data sets is p ossible using visualization soft w are dev elop ed

previously at JPL [36 ], [37 ].

Fig. 2.4 . IRAS al l-sky mosaic in the Cartesian (CAR) pr oje ction at 90 ar c se c ond r esolution, c onstructe d fr om 430 IRAS

image plates in e ach of four wavelengths. The ful l r esolution mosaic is 14400 � 7200 pixels.

Fig. 2.5 sho ws a cen ter of the galaxy mosaic from the 2MASS H band ( 1:65� m w a v elength) b efore and

after bac kground matc hing is p erformed. The strip ed app earance without bac kground matc hing is primarily

due to atmospheric e�ects that b ecome more pronounced as the path length through the atmosphere gets

longer at di�eren t lo ok angles. The bac kground matc hing algorithm used b y y ourSky results in a more seamless

mosaic, but edge e�ects are still visible. The Mon tage algorithms, describ ed earlier, can b e used to impro v e

this bac kground matc hing algorithm further.

(a) (b)

Fig. 2.5 . 2MASS H b and ( 1:65� m wavelength) c enter of the galaxy mosaic c onstructe d fr om 16 2MASS image plates at 1

ar c se c ond r esolution (a) without and (b) with b ackgr ound matching.

Fig. 2.6 sho ws a DPOSS F band (650 nm w a v elength) mosaic of M31 in a Galactic T angen t Plane pro jection.

The mosaic sho wn in the �gure is the cen ter part of a larger 34; 816 � 36; 352 single precision �oating p oin t

mosaic constructed from 9 DPOSS plates at full 1 arc second resolution.
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Fig. 2.6 . DPOSS F b and (650 nm wavelength) mosaic of A ndr ome da (M31) at 1 ar c se c ond r esolution. The image shown

her e is the c enter of a much lar ger mosaic c onstructe d fr om 9 DPOSS plates.

2.3. Request Managemen t. Sim ultaneous mosaic requests are accepted from a simple HTML form

submitted from the y ourSky mosaic request w eb page, and queued on the y ourSky serv er b y a Common Gatew a y

In terface (CGI) program in terfacing with the Apac he w eb serv er. The mosaic parameters for eac h request are

stored on the y ourSky serv er along with the iden tit y of the user that submitted the request. The y ourSky

Mosaic Request Manager, sho wn in the arc hitecture diagram in Fig. 2.1, needs to lo cate these mosaic requests

and assign them one at a time to the Mosaic Request Handler. A user priorit y sc heme is in place that starts o�

all users with equal priorit y . As requests are pro cessed the user priorities c hange based on the n um b er of mosaic

pixels pro duced b y eac h user in the past p erio d referred to as the �priorit y windo w�, curren tly set to 1 w eek.

Users with the least n um b er of mosaic pixels pro duced in the priorit y windo w p erio d ha v e highest priorit y for

future mosaic requests. F urthermore, a mosaic request in progress that has had to w ait for input image plate

retriev al from a remote arc hiv e gets the highest priorit y to run next once all of the required input images ha v e

b een retriev ed. This ensures that all users get a c hance to ha v e their mosaic constructed and no single user will

dominate all the a v ailable resources.

2.4. Plate Co v erage Database. In order to b e accessible b y y ourSky , all mem b er surv eys ha v e to

b e included in the Plate Co v erage Database that con tains the minima and maxima of the longitudes (righ t

ascensions) and latitudes (declinations) in eac h of the supp orted co ordinate systems for all of the input image

plates. The y ourSky Mosaic Request Handler queries this database to determine whic h input image plates are

needed to ful�ll eac h mosaic request. The op en source database, MySQL, is used to store this plate co v erage

information [38 ], [39 ]. The result of the query to the Plate Co v erage Database is a list of the input image plates

that are required to ful�ll the mosaic request. These input image plates are retriev ed from the appropriate

remote arc hiv es, staged in a lo cal data cac he, and pro vided as an input to the image mosaic king soft w are

describ ed in Section 2.2. The plate co v erage database is also a v ailable as a stand-alone service, called the

y ourSky Arc hiv e Database Query .

2.5. Data Managemen t. A data managemen t sc heme is implemen ted on the y ourSky serv er to manage

b oth a data cac he for the input image plates, used to ful�ll recen t mosaic requests, and a w ork area, used to

store recen tly constructed mosaics un til they are do wnloaded.

The input data cac he is main tained at a �xed size with image plates discarded on a least recen tly used basis.

This enables mosaics to b e recomputed with some c hanges to the custom request parameters without ha ving to

rep eat the input image plate retriev al from the remote arc hiv es if the new request is resubmitted b efore the input

images are purged from the cac he. Also, mosaics of p opular regions of the sky are lik ely to ha v e their input image

plates already cac hed on the y ourSky serv er from previous requests, so they can b e constructed more quic kly .
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Mosaics that ha v e b een completed are stored in a w ork area from whic h they ma y b e do wnloaded b y the

appropriate users. Curren tly mosaics are purged after a 1 w eek p erio d expires.

2.6. Data Arc hiv e A ccess. All of the publicly released data from t w o arc hiv es are curren tly accessible

b y y ourSky , the Digitized P alomar Observ atory Sky Surv ey (DPOSS) and the T w o Micron All Sky Surv ey

(2MASS) Second Incremen tal Data Release (2IDR).

DPOSS has captured nearly the en tire northern sky at 1 arc second resolution in three w a v elengths, 480 nm

(J Band�blue), 650 nm (F Band�red), and 850 nm (N Band�near-infrared). The surv ey data w ere captured

on photographic plates b y the 48-inc h Osc hin T elescop e at the P alomar Observ atory in California [30 ]. The

total size of the DPOSS data accessible b y y ourSky is roughly 3 TB, stored in o v er 2,600 o v erlapping image

plates on the High P erformance Storage System (HPSS) [40 ] at the Cen ter for A dv anced Computing Researc h

(CA CR) at the California Institute of T ec hnology . The DPOSS plates are eac h ab out 1 GB in size and con tain

23; 552 � 23; 552 pixels co v ering a roughly 6:5 � 6:5 degree region of the sky . The y ourSky serv er uses a clien t

program called the Hierarc hical Storage In terface (HSI) to retriev e selected DPOSS plates in batc h mo de from

the HPSS [41 ].

2MASS has captured nearly the en tire sky at 1 arc second resolution in three near-infrared w a v elengths,

1:25� m (J Band), 1:65� m (H Band), and 2:17� m ( K S Band). The surv ey data w ere captured using t w o 1.3

meter telescop es, one at Mt. Hopkins, AZ and one at the Cerro T ololo In ter-American Observ atory (CTIO)

in Chile [31 ]. The 2MASS arc hiv es con tain roughly 10 TB of images and the subset that w as released as part

of the 2MASS Second Incremen tal Release (2IDR), nearly 4 TB, is fully accessible b y y ourSky . This 4 TB of

data is stored in ab out 1.8 million o v erlapping plates managed b y the Storage Resource Brok er (SRB) at the

San Diego Sup ercomputer Cen ter (SDSC). Eac h 2MASS plate is ab out 2 MB in size and con tains 512 � 1; 024
pixels co v ering a roughly 0:15 � 0:30 degree region of the sky . The SRB is a scalable clien t-serv er system that

pro vides a uniform in terface for connecting to heterogeneous data resources, transparen tly manages replicas of

data collections, and organizes data in to �con tainers� for e�cien t access [42 ]. The y ourSky serv er uses a set of

clien t programs called SRB T o ols to access selected 2MASS plates in batc h mo de from the SRB.

3. F rom y ourSky to y ourSkyG. In Section 2 w e describ ed ho w y ourSky enables custom astronomical

mosaic construction on a lo cal m ultipro cessor system. Here, �lo cal� refers to the fact that the mosaic com-

putations are p erformed on the same mac hine that hosts the w eb serv er. The ob jectiv es of y ourSkyG are (i )
to pro vide the same kind of custom, w eb-accessible mosaic service as y ourSky , but to p erform the compute

in tensiv e p ortions remotely on a grid, and (ii ) to mak e m uc h larger mosaic king jobs feasible b y lev eraging the

computational p o w er of the grid to full adv an tage.

The y ourSkyG p ortal runs on a lo cal grid p ortal system and main tains compliance with grid securit y . It

initiates data transfers to and from, and job executions on, a remote IPG computer. Lo cal securit y rules dictate

that the w eb services o�ered b y y ourSkyG and the grid p ortal ma y not b e hosted on the same system. Instead,

the w eb in terface and Mosaic Request Manager are residen t on a lo cal w eb p ortal system that has no direct

connection to the grid, as illustrated in Fig. 3.1. This w eb p ortal system accepts user requests and stores them

in �les on a lo cal disk that is also accessible b y the grid p ortal system. The y ourSkyG job manager with IPG

authen tication is hosted on the grid p ortal system. P erio dically this job manager c hec ks for mosaic requests.

When a request is found, the job manager do es the follo wing:

1. Retriev e the required input images from the remote sky surv ey arc hiv es

2. Get a grid pro xy in order to authorize grid access

3. Upload the required input images to the target grid system

4. Generate a �le in the Globus Resource Sp eci�cation Language (RSL) that sp eci�es the job to b e run

on the grid

5. Execute this RSL and w ait for the resulting remote grid job to �nish

6. Do wnload the resulting output image

7. Remo v e �les that are no longer needed from the remote grid system

8. Notify the user via e-mail

9. Optionally store the mosaic in an SRB arc hiv e

This arc hitectural c hange successfully separates the grid p ortal from the less secure w eb p ortal, without

requiring signi�can t mo di�cations to the y ourSky arc hitecture. Ho w ev er, this do es requires co ordination b et w een

the w eb and grid p ortals, whic h is accomplished through �les stored on the shared disk.
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Fig. 3.1 . In the yourSkyG ar chite ctur e, ther e is a cle ar sep ar ation b etwe en the lo c al web and grid p ortals and the r emote

grid c ompute system wher e the mosaic pr o c essing is p erforme d. The lo c al grid p ortal c o or dinates the data �ow and r emote job

exe cution.

4. Optimizations for Large-Scale Mosaic Ensem bles. The grid o�ers a w ealth of computational,

storage, and net w orking resources together with a ric h set of to ols for accessing them. The cen tral problem

is ho w to manage all of these resources in order to ac hiev e an acceptable sustained throughput rate. This

resource managemen t problem is not only complex but also dynamic, with resource a v ailabilit y and usage

c hanging o v er time. Resource managemen t is of particular imp ortance for the problem addressed in this pap er,

astronomical image mosaic king, b ecause this is not only a compute in tensiv e task but also a data in tensiv e task.

Not surprisingly , b oth computational resource sc heduling and data comm unication are imp ortan t issues. The

arc hitecture of y ourSkyG addresses this resource managemen t problem in the con text of pro cessing m ultiple

mosaics, i. e., 100 or more mosaics at a time.

The k ey arc hitectural features of y ourSkyG are (i ) state-based data �o w, (ii ) pip eline pro cessing, and

(iii ) data reserv oirs, describ ed b elo w. T ogether these pro duce b ene�cial c haracteristics in y ourSkyG suc h as

con trolled usage of shared grid resources, impro v ed throughput, and a degree of fault tolerance. Throughput

is impro v ed as a result of o v erlapping computation and comm unication, cac hing data close to the pro cessing,

and careful ordering of the mosaics to b e pro cessed to maximize the use of the data cac hes and minimize the

amoun t of comm unication required. The use of a pro cessing pip eline means that man y di�eren t mosaics ma y b e

pro cessed at the same time but at di�eren t phases in the pro cessing sequence. F or example, while one or more

mosaics are b eing computed on the grid, the output from previous mosaic computations can also b e do wnloaded

and the inputs for later mosaics can b e uploaded.

The follo wing pro vides more detail ab out the k ey arc hitectural features of y ourSkyG, as w ell as some

p erformance results summarizing our exp eriences in creating a set of 900 o v erlapping mosaics from DPOSS,

collectiv ely co v ering the en tire northern sky in 6� 6 degree patc hes with 1 arc second sampling. This ensem ble

of mosaics, totaling ab out 1.7 terab ytes p er w a v elength, can b e visualized using an all-sky , w eb-based image

bro wsing service [43 ].

4.1. Ensem ble Request Managemen t. A mosaic ensem ble request is a set of parameters, represen ted

as a set of k eyw ord-v alue pairs, that describ e the mosaics to b e constructed. Some of these parameters apply

to all of the mosaics in the ensem ble, for example, input surv ey and w a v elength, co ordinate system, pro jection,

resolution, width and heigh t in pixels. Others sp ecify the individual mosaics, for example, righ t ascension and

declination of the cen ter.



y ourSkyG: Large-Scale Astronomical Image Mosaic king on the Information P o w er Grid 69

P arameters are added to the mosaic ensem ble request in t w o steps. First, the parameters that sp ecify the

input images required to compute eac h mosaic are added. Second, the parameters that sp ecify the grid resources

to b e used in this computation are added. The �nal parameter set con tains all the information required for

computing the mosaics.

4.2. Ordering Mosaic Computations for E�cien t Data T ransp ort. Since large �les m ust b e mo v ed

to and from the remote grid system, data transp ort e�ciency is extremely imp ortan t. In our DPOSS plate

ensem ble example, eac h output DPOSS mosaic is 1.9 GB in size and on a v erage requires pro cessing of 7.6 input

image plates eac h 1.1 GB for an a v erage total transfer of o v er 10 GB. W e ha v e found in this example that

without an adequate data transp ort strategy data transfer time can easily dw arf mosaic computation time.

If the requested mosaics in an ensem ble are lo calized on the sky , some input images ma y b e required for

m ultiple output mosaics. The y ourSkyG p ortal tak es adv an tage of this b y main taining a data cac he of input

images on the target grid system so that these images ma y b e reused whenev er p ossible to reduce the v olume

of data transferred. Moreo v er, the order in whic h the mosaics in an ensem ble are pro cessed is selected to tak e

maxim um adv an tage of the a v ailable data cac he. Returning to our DPOSS plate ensem ble example, a single

mosaic pro cessed b y itself requires on a v erage the transfer of 8.5 GB of input images. Ho w ev er, if an ensem ble

of these mosaics are pro cessed together, taking adv an tage of computation reordering and data cac hing ma y

eliminate up to 85% of the input data transfers.

4.3. State-Based Pro cessing Mo del. Conceptually , the pro cessing of a mosaic job is mo deled as a

sequence of states and state transitions, as illustrated in Fig. 4.1. This mo del has b een implemen ted so that

eac h state is a directory and the ob jects in these states are �les. Eac h state transition is then the mo v emen t

of some �le (ob ject) from its curren t directory (curren t state) to a new directory (new state). The �le that is

mo v ed from state to state ma y b e an input image, an output mosaic, a mosaic job description, or a message of

some kind. A t an y giv en time eac h p ossible state ma y b e o ccupied b y m ultiple ob jects.

An input image mo v es b et w een the states of input_awaiting_ do wnl oa d , input_awaiting_ up loa d , and

input_cached . The input_awaiting_d own lo ad state means that the input image is sc heduled for do wnload

from the remote surv ey arc hiv e. The input_awaiting_ upl oa d state means that the image is sc heduled for up-

load to the remote grid system. The input_cached state means that the input image is preserv ed in a t w o-lev el

cac he, the primary on the remote grid system and the secondary on the lo cal grid p ortal. The secondary cac he is

used to correct data transfer errors to the primary cac he and for reuse with later mosaic ensem ble requests. An

output image mosaic mo v es b et w een the states of output_computed , output_download ed , output_archived ,

output_purged_fro m_ gr id , and output_cached . The transition to the output_purged_fro m_ gr id state

means that �les on the grid that are no longer needed ha v e b een remo v ed to free grid resources for later jobs.

A mosaic ensem ble request is partitioned in to subsets, eac h of whic h is treated as a single batc h job on the

grid, referred to here as a �job�. Eac h job mo v es b et w een the states of job_identifying_ in put s_ fo r_u pl oa d ,

job_awaiting_inpu t_ up loa d , job_ready_to_subm it , job_queued , job_executing , and job_completed .

Up on job completion, a message is sen t bac k to the grid p ortal system that sp eci�es the output �les to b e

do wnloaded, their lo cations on the remote grid system, and their sizes for automated error c hec king.

4.4. Data Flo w Mo del Using Concurren t Async hronous Pro cesses. In the y ourSkyG data �o w

mo del, eac h state transition is implemen ted as a separate pro cess and all of these pro cesses execute asyn-

c hronously . Eac h state transition pro cess executes in its o wn current_state directory , reads eac h �le in that

directory in time order, applies some op eration to that �le, and mo v es it to a next_state directory .

There is no direct comm unication b et w een these pro cesses and no cen tralized con trol. A state transition

pro cess executes whenev er there is data a v ailable and pro cessing o ccurs as rapidly as lo cal resources allo w. An

output from a state transition pro cess b ecomes an input for some other state transition pro cess. The result is

an e�cien t data �o w arc hitecture.

This design has b ene�cial soft w are engineering features. Eac h state transition pro cess is a small mo dule

easily constructed and mo di�ed, and easily inserted or remo v ed from a m uc h larger soft w are structure. Most of

the functions of a state transition pro cess are common among all of these pro cesses and need only b e implemen ted

once and reused.

This �ne-grained arc hitecture pro vides the user a high degree of con trol o v er the executing system. F or

example, one pro cess that app ears to ha v e a problem ma y b e selectiv ely halted for further study while the rest

of the system con tin ues to execute. Halting a pro cess has no serious consequences other than the accum ulation
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Fig. 4.1 . The yourSkyG c omputations to pr o c ess multiple mosaics at a time on the grid c an b e mo dele d as a series of states

and state tr ansitions.

of requests just prior to the inactiv e state transition. When the inactiv e pro cess is restarted, pro cessing returns

to normal.

4.5. Pip eline with Reserv oirs. The global arc hitecture of y ourSkyG is a pip eline created from a sequence

of man y indep enden tly executing state transition pro cesses. Files mo v e through this pip eline accum ulating in

di�eren t �reserv oirs� and, in so doing, ev en out temp orary �uctuations in lo cal throughput. Giv en the data

�o w arc hitecture, it is a straigh tforw ard extension to replicate the y ourSkyG pip eline in to m ultiple pip elines,

executing async hronously , and eac h targeting a di�eren t remote grid system.

A pip eline arc hitecture b y itself has the p oten tial for greatly increased throughput. Ho w ev er, eac h of these

state directories is also a data cac he where �les can accum ulate un til pro cessing resources are a v ailable. Con-

ceptually , eac h of these is a reserv oir. Files accum ulate in a reserv oir when the state transition pro cess follo wing

it is slo w er than the rest of the system and then drain out again when this state transition pro cess sp eeds up

again. As di�eren t resources sp eed up and slo w do wn, b ottlenec ks mo v e around but the reserv oirs smo oth out

temp orary v ariations and main tain a higher throughput rate. Only when the capacit y of a resource is exceeded

do es that part of the pip eline sh ut do wn. F or example, mosaic jobs that are ready to execute accum ulate in

the job_ready_to_su bmi t directory but are only submitted to the batc h queue when the n um b er of mosaic

jobs queued or executing on the remote grid system falls b elo w a sp eci�c v alue. This prev en ts �o o ding the

remote batc h queue whic h w ould in turn blo c k an y other y ourSkyG state pro cess from accessing this resource;

in particular, the state job_awaiting_inp ut _u plo ad w ould b e unable to query for the curren t con ten ts of the
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remote input data cac he and w ould stall. Ho w ev er, ev en when one part of the pip eline sh uts do wn for some

reason, other parts do not. If the remote batc h queue is full, the transfer of input �les from arc hiv e to remote

grid system will con tin ue.

4.6. System Monitoring. W e ha v e found it essen tial to b e able to monitor the functioning of the

y ourSkyG system in order to understand ho w the resources in teract, determine the curren t system p erfor-

mance, and iden tify op erational problems or implemen tation issues. The y ourSkyG arc hitecture mak es this

monitoring relativ ely simple.

Listing the con ten ts of all the state directories pro vides a quic k lo ok at the curren t state of the pip eline. A

b ottlenec k in the system is easily iden ti�ed b y an accum ulation of �les in a state directory and the directory

iden ti�es the particular resource to examine further. Insp ection ma y include sev eral computing systems and

batc h queues but these requests are easily automated.

In order to reco v er ho w the pip eline arriv ed in its curren t state, eac h pro cess writes a log �le to its

current_state directory . Eac h log �le records the name of eac h �le pro cessed, when it w as pro cessed, and the

state transition applied. Redirecting stdout and stderr to the log �le also captures an y program or system

error messages. Log �le generation is one of the y ourSkyG reusable comp onen ts for state transition pro cesses.

Generally , these few simple monitoring tec hniques will iden tify b oth the lo cation and cause of a problem.

If a particular problem is rare, a man ual correction ma y b e adequate. If a problem is c hronic, then some form

of automated error detection and correction ma y b e necessary .

4.7. Automated Error Handling. W e classify error handling in to three sub-categories: detection, man-

agemen t, and correction.

Error handling b egins with detection. In general, the supp orting soft w are used, suc h as the Globus to ols,

will rep ort an error in a w a y that is automatically detectable b y the calling program, usually a return v alue

that lies within a sp eci�c range. Ho w ev er, there remain signi�can t errors that are not rep orted this w a y . F or

example, a �le transfer ma y fail at either end of the transfer route if one of the t w o host systems crashes or

it ma y fail somewhere in the middle if a router malfunctions. The �le ma y b e nonexisten t, zero length, or

truncated at the destination, and that error not rep orted. The y ourSkyG system p erforms an indep enden t

c hec k on a transferred �le to determine not only that the transferred �le exists in its target lo cation but also

that that �le has arriv ed ha ving the correct size. F or example, successful completion of a mosaic computation

on a remote grid system is rep orted b y the transfer of a small message �le bac k to the lo cal y ourSkyG system

con taining a list of the output �les to b e do wnloaded and the �le sizes that should b e exp ected.

After an error has b een detected, it m ust b e managed in some w a y that protects the rest of the system so

that v alidit y of output data is not corrupted but regular pro cessing con tin ues with minimal disruption. This

has b een mo deled and implemen ted as a state c hange; ho w ev er, the new state cannot b e the usual next state

since that w ould indicate success. The preferred solution is to mo v e the �le resp onsible for this error to some

preceding state and ha v e the repro cessing correct the situation; ho w ev er, careful design is required to prev en t

the p ossibilit y of an in�nite lo op. The more common alternativ e has b een to create a fail state as a sub directory

of the state during whic h the error w as detected and the �le resp onsible for the error mo v ed in to this fail state

directory . F or example, if the transfer of a required input data �le to the remote grid system fails, then that

input data �le is mo v ed to the fail sub directory of the curren t state directory , input_awaiting_up lo ad , and

the next input data �le can b e pro cessed. Error correction is left for some other pro cess.

Automatic error correction has b een added to main tain reasonable pro cessing throughput. F or example, the

job_identifying_i np ut s_f or _u plo ad state will c hec k for a required input data �le in the fail sub directory

for the input_awaiting_up lo ad state b efore it attempts to do wnload it again from the remote arc hiv e and

will mo v e this input data �le bac k to the input_awaiting_u pl oa d state for another try . The function of the

job_awaiting_inpu t_ up loa d state is to hold a mosaic job un til it is v eri�ed that all necessary input �les ha v e

b een successfully transferred to the input data cac he on the target grid system. Only then will the job b e mo v ed

to the job_ready_to_subm it state, meaning ready to submit to a batc h queue on the target grid system. The

transfer of input �les is p erformed async hronously b y another pip eline and most mosaic job �les will need to

w ait for these transfers to complete. Ho w ev er, if the job_awaiting_in put _u pl oad pro cess �nds that there is

a required input �le that not only is missing from the input data cac he on the target grid system but also is

missing from the input_awaiting_u pl oad directory , then some error has o ccurred. The automated correction

is to return the mosaic job �le to the job_identifying _i np uts _f or_ up lo ad state for another try .
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5. P erformance Results. Here, w e pro vide p erformance results when constructing a single mosaic on a

m ultipro cessor system, as w ell as p erformance when constructing man y of these mosaics in a batc h pro cessing

mo de on the grid.

5.1. P erformance on a Single Mosaic. In this section w e sho w timing results for the y ourSky mosaic king

soft w are running on a SGI Origin 2000 with 300 MHz R12000 pro cessors and 512 MB of RAM p er pro cessor.

The �rst test mosaic is a 2 � 2 degree 2MASS mosaic of the galactic cen ter at full one arc second resolution.

The resulting mosaic is 7; 201 � 7; 201 single precision �oating p oin t pixels (207 MB) in size in a Galactic

T angen t Plane pro jection, constructed from 174 2MASS plates totaling 365 MB in size. The second test mosaic

is a 2 � 2 degree DPOSS mosaic of M31 at 10 arc seconds resolution, resulting in a 721 � 721 single precision

�oating p oin t mosaic in the Galactic T angen t Plane pro jection. This 2.1 MB mosaic w as constructed from 2

DPOSS plates (total size 2.2 GB). No bac kground matc hing w as p erformed for this test. Fig. 5.1 sho ws the

w all clo c k time required to construct the mosaics on di�eren t n um b ers of pro cessors on the Origin 2000. F or

the 2MASS mosaic, one pro cessor w as assigned to eac h input image plate, but all the pro cessors w ere assigned

to eac h input image plate for DPOSS. The plot sho ws the scaling curv es for up to 64 pro cessors.
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Galactic Center: 2MASS H, 2x2 deg, 1", Galactic, TA N, float, FITS, 1 processor per image,
no background match, 174 plates in (365 MB), 7201x7 201 pixels out (207 MB).

M31: DPOSS F, 2x2 deg, 10", Galactic, TAN, float, F ITS, all processors per image, no
background match, 2 plates in (2.2 GB), 721x721 pix els out (2.1 MB).

Fig. 5.1 . Mosaicking softwar e p erformanc e on a SGI Origin 2000 for two di�er ent mosaic p ar ameters, a 2 � 2 de gr e e 1

ar c se c ond r esolution mosaic of the galactic c enter in 2MASS with one pr o c essor assigne d to e ach input image plate and a 2 � 2
de gr e e 10 ar c se c ond r esolution mosaic of M31 in DPOSS with al l pr o c essors assigne d to e ach input image plate.

5.2. P erformance on Multiple Mosaics. In this section w e sho w t ypical throughput p erformance for

y ourSkyG generating an ensem ble of 110 DPOSS mosaics. Eac h requested output mosaic is a 6 � 6 degree

pro jection at 1 arc second resolution, resulting in 1.9 gigab ytes p er mosaic with 4 b yte single precision �oating

p oin t pixels. This yields a total size output of 205 gigab ytes for the en tire ensem ble, whic h co v ers ab out 12% of

the northern hemisphere co v ered b y DPOSS. The input image plates are eac h 6:5 � 6:5 degrees at 1 arc second

resolution, resulting in 1.1 gigab ytes p er input plate with 2 b yte in teger pixels. This yields a total size input of

ab out 122 gigab ytes for the en tire ensem ble.

The pro cessing w as automatically partitioned in to 11 separate batc h jobs, eac h computing 10 mosaics. The

plot in Fig. 5.2 sho ws at an y giv en time the p ercen tages asso ciated for eac h of the follo wing v alues: total n um b er

of jobs started (on the lo cal system), total n um b er of input �les transferred to the remote grid system cac he,

total n um b er of jobs submitted to the batc h queue on the remote grid system, and total n um b er of output �les

transferred bac k to the lo cal system. These v alues w ere extracted from the y ourSkyG log �les.

In order to ensure that v aluable computational resources could b e used for other purp oses during data

transfer, a 10-mosaic batc h job w as not sc heduled un til all of the input image plates it requires w ere transferred

to a lo cal disk on the remote grid system. The time from the start of the �rst job on the lo cal grid p ortal to the

return of the �rst output mosaic �le is the time required to initialize the y ourSkyG pip eline, whic h in this case
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Fig. 5.2 . yourSkyG pip eline thr oughput for 110 6 � 6 de gr e e DPOSS mosaics total ling ab out 205 GB in size.

w as 8 hours. The �rst half of this initialization time w as sp en t transferring the input data required for the �rst

10-mosaic batc h job and most of the second half w as sp en t w aiting in a batc h queue on the remote grid system.

Ho w ev er, once the pip eline w as initialized, it returned computed mosaics at an a v erage rate of 5 p er hour or

120 p er da y . This is equiv alen t to a capabilit y of mosaic king the en tire DPOSS data set in ab out a w eek and

the whole sky (b oth hemispheres) in roughly 2 w eeks p er w a v elength at 1 arc second resolution.

This exp erimen t also exercised the fault tolerance of the y ourSkyG pip eline. Our logs indicate that during

the computation of these 110 mosaics there w ere four failed input �le transfers but eac h of these failures w as

automatically detected and corrected without user in terv en tion. This fault tolerance is an essen tial feature for

large scale pro cessing on grids with distributed data arc hiv es and computational resources.

6. Summary . The y ourSkyG p ortal uses the full computational p o w er of the NASA Information P o w er

Grid (IPG) to enable high-p erformance desktop access to custom astronomical image mosaics. The arc hitecture

of the p ortal allo ws it to exploit grid computing infrastructure, sup ercomputers and high bandwidth net w orks, on

the serv er side. Ho w ev er, at the same time it is widely usable from virtually an ywhere b ecause the arc hitecture

also supp orts v ery ligh t w eigh t computing resources on the clien t side, e.g., ordinary desktop computers with lo w

bandwidth net w ork connections. Since the user in terface is a simple w eb form, the only clien t soft w are required

is the ubiquitous w eb bro wser, whic h most of the p oten tial users probably already ha v e and kno w ho w to use.

This com bination of b eing deplo y ed in a high p erformance computing and comm unications en vironmen t while

allo wing access through simple p ortals running on the desktop mak es y ourSkyG a go o d matc h for the lo osely

coupled, distributed arc hitecture of b oth the National Virtual Observ atory (NV O) and the IPG.

The p ortal includes subsystems for: (i) construction of the image mosaics on m ultipro cessor systems or com-

putational grids, (ii) managing sim ultaneous user requests, (iii) determining whic h image plates from mem b er

surv eys are required to ful�ll a giv en request, (iv) cac hing input image plates and the output mosaics b et w een

requests, and (v) retrieving input image plates from remote arc hiv es. The parallel image mosaic king soft w are

emphasizes custom access to mosaics, allo wing the user to sp ecify parameters that describ e the mosaic to b e

built, including data sets to b e used, lo cation on the sky , size of the mosaic, resolution, co ordinate system,

pro jection, data t yp e, and image format.

The grid w ork �o w is optimized to ac hiev e high-throughput pro cessing of m ultiple mosaics to b e constructed

together as ensem bles. The k ey arc hitectural features for this mo de of pro cessing are a state-based data �o w

system, pip eline pro cessing to o v erlap mosaic computations and data comm unications where p ossible, and the
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use of data reserv oirs at v arious stages of the pro cessing pip eline to pro vide a lev el of robustness in the face of

v arying load conditions on shared grid resources.

A c kno wledgmen ts. The y ourSky p ortal w as initially dev elop ed under sp onsorship of NASA's Space Sci-

ence Applications of Information T ec hnology Program, O�ce of Space Science. The y ourSkyG p ortal, a p ort of

y ourSky to the Information P o w er Grid, w as sp onsored b y NASA's Computing, Net w orking, and Information

Systems (CNIS) Program.

This researc h w as carried out at the Jet Propulsion Lab oratory , California Institute of T ec hnology , under a

con tract with the National A eronautics and Space A dministration. Reference herein to an y sp eci�c commercial

pro duct, pro cess, or service b y trade name, trademark, man ufacturer, or otherwise, do es not constitute or

imply its endorsemen t b y the United States Go v ernmen t or the Jet Propulsion Lab oratory , California Institute

of T ec hnology .
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Abstract. A comprehensiv e o v erview and surv ey of the dev elopmen ts in optical bus parallel computing mo dels is presen ted

in this pap er. The �rst mo del prop osed w as the APPB in 1990. Since then, in the order of their app earance, the remaining nine

mo dels surv ey ed are: APPBS, ASOS, LPB, RASOB, AR OB, LARPBS, PB, LAPOB and PR-MESH. Researc h trends observ ed

from this analysis indicate p erio ds of mo del dev elopmen t leading to more and more sophistication and complexit y in the mo del,

follo w ed b y p erio ds of mo del simpli�cations. These p erio ds app ears to o ccur in cycles. W e note the widespread and global researc h

in terest in these mo dels. The three most p opular mo dels app ear to b e RASOB, AR OB and LARPBS. W e also ha v e analyzed a

crucial asp ect of these mo dels, the bus cycle time de�nitions, and ha v e determined inaccuracies in most of the de�nitions app earing

in the literature. W e also pro vide re�nemen t to the de�nitions to correct suc h inaccuracies.

Key w ords. Optical Bus, P arallel Computing

1. In tro duction. Optical �b er bus in terconnection parallel computing mo dels w ere initially prop osed o v er

a decade ago. Since then, at least ten distinct mo dels ha v e b een dev elop ed with man y corresp onding publications.

In addition, related w ork on implemen tation as w ell as routing and addressing ha v e b een noted. A principal

reason for the success of this researc h area stems from the adv an tages of optical comm unications together with

bus-based systems. Some of the adv an tages include inheren t pip elining of messages due to the unidirectional

propagation nature of optical signals as w ell as p o w er sp eed and crosstalk adv an tages o v er electronic buses [1].

A comprehensiv e o v erview and surv ey of the dev elopmen ts in optical bus parallel computing mo dels is

presen ted in this pap er. This surv ey includes ten optical bus mo dels that w ere prop osed b et w een the p erio d

of 1990 to 2000. Man y publications ha v e app eared and publications con tin ue to b e submitted based on these

mo dels. First, a description of the salien t parts of optical buses is giv en. Next, the ten surv ey ed mo dels are

describ ed. Observ ations regarding similarities and di�erences inheren t in the mo dels are noted. Lastly , some

analytical commen ts are presen ted.

Sev eral pap ers pro vide surv ey-t yp e information. These surv ey pap ers [2 , 1] are not rep orted in the mo del

summary sections. This pap er actually extends the w ork of the ab o v e surv ey pap ers.

The purp oses of this pap er are three-fold. First, to pro vide to the computer professionals who do not ha v e

detailed kno wledge of optical bus parallel mo dels an in tro duction and o v erview of the ma jor p oin ts of these

mo dels as w ell as pro viding information ab out the v arious prop osed mo dels. Second, to pro vide to the researc h

comm unit y a handy-reference of �rst citations, categorizations of existing publications and a source of additional

material to consider. Third, to pro vide to the researc h comm unit y an extensiv e literature bibliograph y .

The pap er is organized as follo ws. A review of basic concepts in optical bus parallel mo dels is giv en in

Section 2. In Section 3, a brief o v erview of ten optical bus mo dels with an emphasis on bus cycle is giv en.

Historical commen ts are made in Section 4. An analysis of bus cycles de�nitions in these mo dels is giv en in

Section 5. Conclusions are giv en in Section 6

2. Optical Bus Mo del. In general, an optical bus mo del uses one or more optical w a v eguides to connect

a linear arra y of N pro cessors lab eled 0 through N � 1. This arc hitecture can b e extended to more than one

dimension where, for example, pro cessors are arranged in a matrix. Pro cessors are connected to the w a v eguides

b y injectors, whic h inject ligh t pulses on to the w a v eguide(s), and detectors, whic h detect ligh t pulses on the

w a v eguide(s). The time it tak es a pulse to tra v erse the distance b et w een an y t w o adjacen t injection p oin ts (or

t w o detection p oin ts) is a constan t commonly referred to as � , while the duration of the pulse is usually referred

to as ! . In the literature, one simple case of collision is addressed b y de�ning b as the maxim um size of a

message suc h that b! < � .

There are four asp ects of optical bus mo dels that ma y b e used as criteria for classi�cation: (1) the n um b er

of buses to whic h pro cessors are connected, (2) the t yp e of bus that is used (folded or non-folded), (3) the

dimension of the mo del, and (4) the t yp e of addressing used. These asp ects are detailed b elo w.

In order to enable all pro cessors arranged in a linear arra y to comm unicate with eac h other, the in tercon-

nection net w ork m ust allo w tra�c to tra v el in t w o directions. Due to the unidirectional propagation prop ert y

�
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Fig. 2.1 . Non-folde d (Two) Bus Con�gur ation

of ligh t, ho w ev er, a single optical bus running along the length of the arra y will only allo w comm unication in

one direction. The directional requiremen t is ful�lled b y using t w o buses. Figure 2.1 illustrates this. Note that

pro cessors are connected to b oth buses b y b oth injectors and detectors. The t w o buses in this con�guration

are referred to as non-folded buses. The folded bus, on the other hand, com bines b oth directional requiremen ts

in to a single bus. It is a single bus that parallels the arra y of pro cessors, and is folded around one of the

ends of the arra y . This enables ligh t to tra v el in b oth directions with resp ect to the pro cessors. T ypically , the

linear segmen t b efore the fold is called the transmitting segmen t while that after the fold is called the receiving

segmen t. On the transmitting segmen t, pro cessors are connected b y injectors and on the receiving segmen t, b y

detectors. The time it tak es a pulse to tra v erse the fold of the bus is a constan t that is denoted as 
 , and is not

necessarily a m ultiple of either � or ! . Figure 2.2 sho ws the folded bus arc hitecture.

t

pulse
dectectors

2

injectors

P1P

pulse

P N -1P0

Fig. 2.2 . F olde d (Single) Bus Con�gur ation

This description of the optical bus arc hitecture applies to one-dimensional (or 1-D) mo dels. This arc hitecture

is used as a building blo c k for mo dels consisting of more than one dimension. The most common m ulti-

dimensional mo del found in the literature is the t w o-dimensional (or 2-D) mo del. In suc h a mo del, pro cessors

are arranged in a matrix format and the optical buses b elong to one of t w o groups, ro ws or columns. The

orien tation of the ro w buses is p erp endicular to that of the column buses. The t w o-dimensional mo del has b een

found to b e helpful in reducing time dela ys in message deliv ery . Dep ending on the mo del, there are v arious

w a ys that ro w and column buses can b e connected to eac h other and to the pro cessors. Recon�gurable switc hes
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are commonly used to mak e connections at in tersection p oin ts. Examples of the use of recon�gurable switc hes

can b e found in [3, 4, 5 , 6 , 7].

The literature searc h indicates that, in mo dels that use more than one w a v eguide, mo dels with three

w a v eguides are the most commonly used con�guration. Coinciden t pulse addressing, discussed subsequen tly , is

the primary reason wh y three w a v eguides are used. Most of the mo dels that emplo y more than one w a v eguide

pro vide one for the message and the remaining t w o for addressing purp oses. The t w o addressing w a v eguides it

uses are referred to as the select and reference w a v eguides.

Coinciden t pulse (CP) is the most common form of addressing. Dela ys of duration ! are placed b et w een

ev ery pair of detectors on the reference and message w a v eguides to implemen t CP . A ddressing w orks as follo ws:

�rst, the source pro cessor sends a pulse on the reference w a v eguide at the same time it starts to send the message

on the message w a v eguide. Then the pro cessor w aits a factor of ! , dep ending on the destination pro cessor it

wishes to comm unicate with, to send a pulse on the select w a v eguide. The pulse on the reference w a v eguide

is dela y ed b y the dela ys on the receiving segmen t suc h that it will b e detected b y the in tended destination

pro cessor at the same time as the select pulse. A t that p oin t the message, whic h also arriv es at the in tended

pro cessor at the same time as the select and reference pulses, is read in from the message w a v eguide. Figure 2.3

sho ws a folded bus with the coinciden t pulse addressing comp onen ts.

pulse

pulse
injectors

pulse
dectectors

Select

Reference

Message

N -1

delay

P0 1 2PP P

t

Permanent delay

Legend

Fig. 2.3 . F olde d Bus with Coincident Pulse

The other commonly used addressing metho d is time-division m ultiplexing (TDM). This metho d in v olv es

assigning a particular time slot for a particular pro cessor. This time slot can either b e used to send (time-division

source m ultiplexing, or TDSM) or receiv e (time-division destination m ultiplexing, or TDDM) optical signals.

More detail regarding these bus asp ects can b e found in [2, 1, 3 , 4 , 5, 6, 7, 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 ].

The next section brie�y describ es the v arious bus mo dels found in the literature. A p oin t of in terest in eac h

section is the information regarding the use of the term `bus cycle'. A subsequen t section critiques the o v erall

use of this term.

3. Optical Buses in the Literature. This section surv eys ten optical bus mo dels found in the literature.

The �rst one w as prop osed in 1990 while the last in 1998. Figure 3.1 depicts the optical bus mo del dev elopmen t

in a timeline.

APPB

1993

1990
APPBS

1994

RASOB

LPB

ASOS
AROB

1995

LARPBS
1996

POB
1997

LAPOB
PR-MESH
1998

Fig. 3.1 . Optic al Bus Mo del Timeline
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3.1. APPB (1990). The �rst prop osed optical bus mo del is the Arra y of Pro cessors with Pip elined Buses

(APPB) [3 ], whic h can b e one or t w o dimensions. In one dimension, there are t w o optical buses that are placed

parallel to and on either side of a linear arra y of N pro cessors. Eac h pro cessor is connected to eac h bus via one

injector and one detector. This allo ws a pro cessor to comm unicate with an y other pro cessor. The bus cycle

time is N� time units. In t w o dimensions, eac h pro cessor is connected to four buses b y a switc h, t w o ro w buses

and t w o column buses. F or this con�guration, a bus cycle is de�ned as N1� for a ro w bus and N2� for a column

bus. In addition, the authors de�ne a p etit bus cycle as � . APPB uses either TDM or CP for addressing and

routing. F or the TDM metho d in the one dimensional con�guration, a set of t w o con trol functions, send and

wait , are used to con trol access to the optical bus. The t w o dimensional APPB adapts the send and wait and

in tro duces the r elay function to pro vide con trol of messages b et w een di�eren t ro ws (messages tra v el ro w-wise

�rst). Figure 3.2 illustrates the one dimension arc hitecture, while Figure 3.3 illustrates the t w o-dimensional

arc hitecture. Individual w a v eguides are not sho wn. Rather, the optical bus is represen ted b y a single line.

V ariations of APPB that incorp orate folded bus and conditional dela y switc hes are discussed in [18 ]. P ap ers

rep orting w ork on APPB are [3, 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 ].

t
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Fig. 3.2 . APPB 1-D A r chite ctur e

3.2. APPBS (1990). The Arra y of Pro cessors with Pip elined Buses Using Switc hes (APPBS) [3 ] is the

same as the 2-D APPB; with one imp ortan t di�erence. In this mo del, switc hes are used at ev ery in tersection

of ro w and column buses, th us, eliminating the need for pro cessors to act as rela ys b et w een the buses. As

with the APPB, APPBS can use TDM or CP addressing metho ds and the bus cycle is (N1 + N2)� . Switc h

con�gurations impact the comm unication. Eac h of the switc hes can b e con�gured as straigh t or crossed and can

b e dynamically recon�gured relativ e to the start of the bus cycle (b y using p etit cycles). This �exibilit y requires

additional conditions to ensure collision-free comm unication, esp ecially when messages need to b e switc hed at

the same place and time. Algorithms suc h as matrix transp ose, binary tree routing, and p erfect sh u�e are

implemen ted in a one step op eration. This one step not only includes bus cycle time but also the time to

pro cess some messages and the switc h setup time. Figure 3.4 illustrates this mo del. Individual w a v eguides are

not sho wn. P ap ers rep orting on APPBS are [3 , 20 , 23 , 24 , 28 , 29 ].

3.3. ASOS (1993). The Arra y Structure with Sync hronous Optical Switc hes (ASOS) [4] is a t w o-dimen-

sional mo del that uses m ultiple folded buses. This t yp e of arc hitecture consists of a single w a v eguide folded

around a linear arra y of N pro cessors. A 2 � 2 switc h is placed at the in tersections of receiving segmen ts of

ro w buses and transmitting segmen ts of column buses. Eac h pro cessor is connected to the transmitting and

receiving segmen ts of the ro w bus, but only connected to the receiving segmen t of the column bus. ASOS uses

a com bination of TDSM and TDDM to route messages b et w een ro ws and columns; and the CP metho d for

destination addressing. The term bus cycle is not explicitly men tioned, ho w ev er, the end-to-end propagation

dela y of a ro w bus is men tioned and is de�ned as (2N � 1)D (where D roughly corresp onds with the � elsewhere).

This equation includes the dela y for the fold, whic h is set to D . One additional arc hitectural feature is due
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Fig. 3.3 . APPB 2-D A r chite ctur e

Legend

Switch

Fig. 3.4 . APPBS A r chite ctur e

to the bus con ten tion that o ccurs if more than one pro cessor sends a message to the same column bus. T o

alleviate this, a r eservation w a v eguide is included in eac h ro w bus. Pro cessors needing to send messages use this

w a v eguide to determine if there already is a message that w ould con tend with theirs. Priorit y sc hemes are used

to establish con�ict resolution. Figure 3.5 illustrates this arc hitecture. Individual w a v eguides are not sho wn. A

mo di�ed arc hitecture called the Symmetric ASOS (SASOS) is presen ted in [30 ]. W e p oin t out that the authors

in [6] refer to this mo del as ASOB; more lik ely , the authors app ear to refer to the RASOB mo del (see b elo w).
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Legend

Switch

Fig. 3.5 . ASOS A r chite ctur e

3.4. LPB (1994). The Linear Pip elined Bus (LPB) mo del app ears in 1994 in [8 ]. There is some con tra-

dicting evidence in the literature p ertaining to the de�nition and origin of the LPB mo del. The authors of [28 ]

cite [31 ], whic h has similar title, as a source for this optical bus mo del. Ho w ev er, up on a review of that pap er, it

is concluded that the con ten t do es not include optical buses. It is p ossible that the authors inadv erten tly cited

the 1995 pap er instead of the 1994 pap er. The author of [32 ] cites reference #59, a submitted pap er as the

source for LPB, y et that pap er w as not published as cited. It is p ossible that, in realit y , that submitted pap er

is [33 ] (whic h has a di�eren t title but the same authors, alb eit, in a di�eren t order). P ersonal comm unication

with the author of [32 ] con�rms that the submitted pap er w as indeed published but under a di�eren t title and

di�eren t author order. In [33 ], the authors cite the 1994 pap er as the source of LPB. Hence, it is concluded

that the 1994 publication [8 ] is the original source of LPB.

LPB is a one-dimensional mo del that uses the folded bus. It not only has the �xed dela ys on the receiving

segmen ts of the reference and message w a v eguides, but also has conditional dela ys b et w een ev ery pair of injection

p oin ts on the select w a v eguide. A bus cycle is de�ned as the end-to-end propagation dela y on the bus and

is presen ted prior to including the use of conditional dela ys (whic h mak e the end-to-end propagation dela y a

v ariable). The bus cycle form ula is de�ned as 2N� +( N � 1)! . Figure 3.6 illustrates this arc hitecture. Individual

w a v eguides are sho wn, including the placemen t of dela ys. S1; : : : ; SN � 1 denote the conditional dela ys, eac h

con trolled b y pro cessors P1; : : : ; PN � 1 , resp ectiv ely . W e note the similarit y with the LARPBS mo del describ ed

later; in comparison, this mo del is not recon�gurable and uses a sligh tly di�eren t addressing tec hnique. P ap ers

rep orting on LPB are [8, 34 , 33 , 31 ].

3.5. RASOB (1995). The Recon�gurable Arra y with Spanning (or Slotted) Optical Buses (RASOB) [5]

is similar to ASOS. The arc hitecture w as initially designed to supp ort SIMD pro cessing and to con tain less

complexities than ASOS. It uses the folded bus, and can b e one or t w o dimensional. In the former, eac h

pro cessor is connected to the bus on the transmitting and receiving sides. In the latter, there is an N � N
matrix of folded buses. As in ASOS, one 2 � 2 switc h is placed at eac h in tersection of ro w and column buses.

Eac h pro cessor is connected to the buses: t w o connections for receiving (one for ro w, one for column) and one

for transmitting. A constrain t that no more than one pro cessor p er ro w can send a message to pro cessors in the

same column exists in a comm unication cycle. Either a TDDM or TDSM metho d is used for addressing. The

authors state that supp ort for MIMD pro cessing could b e accomplished b y using coinciden t pulses, ho w ev er,

doing so w ould mak e the arc hitecture more complex. The bus cycle for RASOB is de�ned as 4N� where a ro w
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bus has 2N� cycle time. Figure 3.7 illustrates this arc hitecture. The �gure sho ws a 3 � 3 RASOB. Individual

w a v eguides are not sho wn. P ap ers that rep ort on RASOB are [5 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 ].

Legend

Switch

Fig. 3.7 . RASOB A r chite ctur e

3.6. AR OB (1995). The Arra y with Recon�gurable Optical Buses (AR OB) [6] also uses the folded bus.

The AR OB is an N1 � N2 recon�gurable mesh where eac h pro cessor con tains registers for the temp orary

storage of messages b eing routed. Pro cessors use an in ternal switc hing system to recon�gure the net w ork b y

connecting or disconnecting four I/O p orts to eac h other. T w o of the p orts are connected to either segmen t

of the ro w bus while the other t w o p orts are connected to the column bus. Both TDM and CP can b e used

for addressing. Notable is that comm unication in v olv es c ounting b y pro cessors. Th us, the comm unication time

m ust also incorp orate some pro cessing time o v erhead. Since the pro cessing time can b e orders of magnitude
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greater than the end-to-end propagation time, the pro cessing time order m ust b e of the same magnitude as

that of the end-to-end propagation time: this is ac hiev ed b y the condition that the n um b er of pro cessors m ust

b e greater than the ratio of the pro cessing time to comm unication time (sub ject to an appropriate bus length).

T w o other features of the AR OB are its bit p olling capabilit y and its capabilit y to in tro duce/adjust signals b y

m ultiple unit dela ys p er pro cessor [28 , 33 ]. Bit p olling is the abilit y to select the k

th

bit of a group of messages

and determine the n um b er of one bits. Figure 3.8 illustrates this arc hitecture. The �gure sho ws a 3� 3 AR OB.

Individual w a v eguides are not sho wn. P ap ers that rep ort w ork on AR OB are [6, 25 , 44 , 45 , 46 , 47 , 48 , 49 , 50 ,

51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 29 , 28 , 61 , 62 ].

A 1 � N (one-dimensional) AR OB is commonly referred to as a Linear AR OB or LAR OB. The bus cycle

time for LAR OB is de�ned sligh tly di�eren tly in di�eren t pap ers. In [6 ] it is de�ned to b e the end-to-end

propagation dela y: 2N� plus some pro cessing time. In [57 ], it is de�ned sligh tly di�eren tly , to b e only the

end-to-end propagation dela y: 2N� . Eac h pro cessor con trols its pair of bus connection switc hes. When these

switc hes are set crossed at a pro cessor, the bus is split in to t w o at that p oin t. In [60 ], AR OB is extended to

m ulti-dimensions.

Fig. 3.8 . AR OB A r chite ctur e

3.7. LARPBS (1996). The Linear Arra y with a Recon�gurable Pip elined Bus System (LARPBS) [63 ] is

a one dimensional recon�gurable folded bus mo del. It con tains N � 1 �xed dela ys on the receiving side of the

reference and message w a v eguides and N � 1 conditional dela ys on the transmitting side of the select w a v eguide.

Switc hes allo w partitioning of the bus. A ddressing can b e done b y either TDM or CP . The bus cycle is the

end-to-end propagation dela y on the bus: 2N� + (N � 1)! . Unlik e AR OB, LARPBS do es not allo w coun ting

b y pro cessors. Ho w ev er, at the b eginning of a bus cycle, eac h pro cessor m ust set the conditional switc hes. Due

to this (and other factors), the authors claim that LARPBS, unlik e theoretical mo dels suc h as PRAM, can b e

practically implemen ted b y curren t (as of 1996) optical tec hnology . Refer to [64] for a curren t discussion on

implemen tation tec hnology . Figure 3.9 illustrates this arc hitecture. Individual w a v eguides are sho wn, including

the placemen t of dela ys. S1 . . . SN � 1 denote the conditional dela ys, eac h con trolled b y pro cessors P1; : : : ; PN � 1 ,

resp ectiv ely . B t
i and B r

i , 0 � i � N � 2, denote the pair of switc hes con trolled b y Pi whic h partition the bus.

P ap ers rep orting on LARPBS are [63 , 65 , 9 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 32 , 78 , 79 , 80 , 81 , 82 ,

34 , 83 , 33 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 64 , 98 , 99 , 100 , 101 , 102 , 103 , 104 ].

3.8. POB (1997). The Pip elined Optical Bus (POB) [10 ] mo del is a one-dimensional folded bus mo del. It

con tains N conditional dela ys on the receiving side of the reference w a v eguide that are con trolled b y pro cessors
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as needed. A ddressing is done with either TDSM or CP . There is a p ossible problem that ma y o ccur when

a message and a coinciden t pulse arriv e at a destination pro cessor at the same time: during the detection

time in terv al for a coincidence pulse, part of the message could ha v e already passed b y . The o�set message

tr ansmission scheme (OMTS) addresses this problem b y sending the message a little after the select pulse (the

end of the previous message stream is allo w ed to o v erlap with the next set of addressing pulses). The bus cycle

time is the time that it w ould tak e N consecutiv e pac k et slots to propagate along the bus. The length of a pac k et

slot is measured in time units, i. e., the larger of the length of the message or the total length of its asso ciated

sequence of select pulses: at most D = � units. The mo del is describ ed b y the authors as �more p o w erful" than

APPB and �more cost-e�ectiv e" than LARPBS. Figure 3.10 illustrates this arc hitecture. Individual w a v eguides

are sho wn, including the placemen t of dela ys. P ap ers that rep ort on POB are [10 , 105 , 15 , 34 , 33 ]

3.9. LAPOB (1998). The Linear Arra y of Pip elined Optical Buses (LAPOB) [11 ] is a one-dimensional

folded bus mo del. It uses the CP addressing tec hnique. Besides the �xed dela ys on the receiving segmen t, there

are no other dela ys or switc hes on the bus. Eac h pro cessor can only send one message in a single bus cycle.

Ho w ev er, eac h pro cessor con tains sp ecial electronic hardw are that allo ws it to address m ultiple pro cessors if the
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p ositions of the destination pro cessors form one of t w o patterns: con tiguous in terv al (a sequence of adjacen t

pro cessors) or regularly spaced. The form ula for a bus cycle is not giv en in the pap er. One adv an tage is that

recon�guration hardw are is unneeded and, b ecause of this, the mo del is less complex. Figure 3.11 illustrates

this arc hitecture. Individual w a v eguides are sho wn, including the placemen t of dela ys.

3.10. PR-MESH (1998). The Pip elined Recon�gurable Mesh (PR-Mesh) [7] uses the LARPBS as a

building blo c k to mak e up a k -dimensional mesh. The one dimensional PR-MESH is iden tical to LARPBS.

F or the k dimension, eac h pro cessor has 2k p orts connected to buses. It uses the CP addressing tec hnique.

The bus cycle is describ ed as the end-to-end propagation dela y as presen ted in APPB and LARPBS. In the

t w o dimensional mesh, eac h pro cessor con trols four sets of switc hes, one set for eac h in tersection of the buses.

These switc hes can b e con�gured in one of ten di�eren t w a ys. This allo ws tra�c to �o w di�eren tly b et w een

a total of four di�eren t transmitting segmen ts and four di�eren t receiving segmen ts. Figure 3.12 illustrates

this arc hitecture. Individual w a v eguides are sho wn, including the placemen t of dela ys. P ap ers that rep ort on

PR-MESH are [7, 106 , 28 , 29 ].

4. Historical Analysis. Some analysis w as conducted on the mo dels found in the literature. It includes

observ ations ab out comparisons b et w een the mo dels, the t yp es of algorithms prop osed, the p opularit y of the

mo dels, trends in arc hitecture complexit y of the mo dels and some miscellaneous observ ations of in terest.

Theoretical comparisons b et w een sev eral of the optical bus mo dels as w ell as with resp ect to PRAM ha v e

b een published. These comparisons seek to establish b oth the functional equiv alence and the relativ e strengths

of mo dels. Sev eral comparisons are rep orted in [6 ]: AR OB is compared with recon�gurable net w orks; and,

APPB is compared with PRAM. LARPBS is compared with PRAM in [83 ]. The authors in [7] compare the

PR-MESH mo del with other recon�gurable mo dels on the basis of complexit y classes. One in teresting result is

� . . . the con tribution of pip elining to the [PR-MESH] mo del is limited to no more than duplicating buses in the

[Linear Recon�gurable Net w ork]. . . � The equiv alence of LPB, POB, and LARPBS is rep orted in [33 ]. And, the

algorithm complexities of the PR-Mesh, APPBS, and AR OB are determined to b e same as for the LR-Mesh

and CF-LR-Mesh [29 ]. A dditional comparison of the PR-MESH with the linear recon�gurable mesh app ears

in [107 ]. Some limited arc hitectural comparisons are also made in [32 ].

Man y of the pap ers surv ey ed describ e algorithms for the resp ectiv e mo dels. In sev eral cases, see for ex-

ample [6 , 63 , 32 ], comm unication and computation algorithms are dev elop ed as primitiv es to b e used in more

sophisticated algorithms. These include binary pre�x sums and compaction. In [71 ], some of these primitiv es for

the LARPBS mo del are formalized in a lemma. In general, algorithms that ha v e b een dev elop ed include sorting

and selection, matrix calculations (including the F our Russians' algorithm for b o olean matrix m ultiplication),

neural net w orks, and image pro cessing (including v ector median �lter, Hough transform and the Euclidean Dis-
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tance T ransform). Man y algorithms exhibit static comm unication decomp osition, that is, the comm unication

pattern is statically determined during algorithm dev elopmen t. This is consisten t with b oth the allo cation of

comm unication in terms of bus cycles as w ell as algorithm dev elopmen t based on primitiv e op erations.

T rends w ere observ ed in the p opularit y of mo dels according to their lev el of complexit y . The analysis

included categorizing the n um b er of publications rep orted p er mo del and p er y ear. Refer to T able 4.1 for the

complete list of mo dels and n um b er of publications. In judging the complexit y , or sophistication, of a mo del,

the follo wing features are considered: m ultiple dimensionalit y , the use of a folded bus, the use of switc hes, the

use of coinciden t pulse addressing, and bus partitioning. The greater n um b er of these features that a mo del

con tains, the more complex and sophisticated it is considered. This informal criterion is used to guide the trend

analysis.

F rom 1990 to 1993, an increase in the sophistication and complexit y of the early mo dels is observ ed. This

w as follo w ed b y a p erio d of simpli�cation (1993-1995). A jump in the sophistication is noted in 1995 with the

AR OB mo del. Again, a p erio d of simpli�cation follo ws (1996-1998) with another jump noted for the PR-MESH

mo del. It is noted that this analysis is consisten t with the in ten tion of RASOB as stated in Section 3.5, that is,

RASOB w as designed to ha v e few er complexities than ASOS.

The p opularit y of these mo dels is observ able from the n um b er of publications listed in T able 4.1 (some

publications are common to t w o or more mo dels). The three most p opular are: RASOB, AR OB and LARPBS.

Com bining these results, it is suggested that researc hers are more strongly attracted to something b et w een

the simple and the complicated. It is also suggested that the capabilities incorp orated in to the mo dels during

the middle p erio d, 1995-1996, are su�cien t for supp orting curren t researc h in terests. It is w orth y to p oin t out

that the recen t PR-MESH mo del ma y indeed signify a future researc h mo v emen t to consider mo dels of higher

degrees of sophistication and complexit y . If so, then this ma y also indicate that curren t researc h has explored

man y of the issues of the optical bus parallel mo del and is ready to consider additional c hallenges. Ho w ev er,

these latter commen ts m ust b e in terpreted as highly sp eculativ e giv en the lac k of data to supp ort suc h a trend.
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T able 4.1

Mo del Public ations

Mo del Num b er of Y ear of First

Publications Publication

APPB 10 1990

APPBS 6 1990

ASOS 1 1993

LPB 4 1994

RASOB 10 1995

AR OB 23 1995

LARPBS 46 1996

POB 5 1997

LAPOB 1 1998

PR-MESH 4 1998

P erhaps in sev eral y ears, additional publication history could supp ort or refute suc h sp eculation.

During the course of this analysis, sev eral other in teresting observ ations w ere noted. One publication

rep orting w ork on ASOS w as lo cated, y et, it is cited in man y publications. Some pap ers claim that to pro vide

for MIMD algorithms, additional complexities w ould need to b e incorp orated. Other optical buses can b e

found in the literature, for example, free space optical buses as w ell as NASA's R OBUS as part of the SPIDER

arc hitecture. These mo dels do not app ear to follo w the arc hitectural approac h of the mo dels surv ey ed in this

pap er and therefore w ere not included in to this pap er.

Some recen t dev elopmen ts are: a) the restricted LARPBS (RLARPBS) mo del [99 ] prop osed to more accu-

rately mo del time analysis of algorithms, b) the parameterized LARPBS (LARPBS(p)) mo del [103 ] prop osed

as a bridging mo del and c) a generic optical bus mo del [108 ] prop osed to capture some of the common features

of the mo dels surv ey ed in this pap er for MIMD comm unication analysis.

5. Bus Cycle Issues. In the course of the analysis, bus cycles ha v e b een noted to pla y a crucial role in

the algorithmic ev aluations on these mo dels. In man y cases, algorithm complexit y is describ ed as order Omega

of bus cycle, for example, constan t time bus cycle complexit y for the binary pre�x sums algorithm on the

LARPBS. Closer examination of bus cycle de�nitions on man y of the mo dels rev eal inconsistencies b et w een the

arc hitecture and the de�nition, that is, the de�nition app ears to represen t a simpli�ed arc hitecture. In v estigat-

ing this further, it is noted that nearly all of the algorithmic w ork referencing bus cycle is giv en in the con text

of asymptotic analysis expressions, wherein only the dominate term needs to b e expressed. Although not in all

cases, it is noted that the de�nitions as giv en in the literature are consisten t with suc h a use.

A re�nemen t of the bus cycle de�nitions for all the mo dels is presen ted in this section. A general expression

template is form ulated whic h is then applied to eac h arc hitecture. In general, the folded bus cycle equation

is comp osed of four parts. P art 1 of the equation corresp onds to the length of the transmitting and receiving

p ortions of the folded bus. P art 2 corresp onds to the curv ed p ortion of the bus, while P art 3 corresp onds to

the dela ys on the bus. P art 4 corresp onds to the p ortion of the bus that remains past the detection p oin t of

the last pro cessor on the receiving side of the bus. Recall from Section 2 that b! < � . T o e�cien tly use the

bus bandwidth, b! should b e maximized. T o mo del this requiremen t, the factor � � � is in tro duced, and ma y

b e appro ximated as simply � . T able 5.1 presen ts the re�ned bus cycle de�nitions as compared with those giv en

in the literature for eac h of the mo dels. In the Re�ned Bus Cycle column, `s', `r' and `m' refer to the select,

reference and message w a v eguides, resp ectiv ely .

Note that, in cases where the mo del is only 2-D, one of the 1-D `pieces' is used to compute the bus cycle;

in cases where the mo del is 1-D or m ultidimensional, the 1-D v ariet y is used. On the PR-MESH, this is for

k = 1 (the 1-D case). Si denotes eac h of the conditional dela ys, where Si = 0 means the dela y con trolled b y

Pi is turned o� and Si = 1 means the dela y is turned on. The pro cessor time comp onen t is denoted b y � . F or

ASOS, w e in terpret the D parameter in terms of the corresp onding time parameter � .
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T able 5.1

Bus Cycle Equations

Mo del Literature Re�ned Bus Cycle

Bus Cycle

APPB N� (N + 1) �
APPBS N� (N + 1) �
ASOS 2(N � 1)� 2(N � 1)� + 
 + � + �
RASOB 2N� 2(N � 1)� + 
 + �
LPB 2N� + ( N � 1)! s: 2(N � 1)� + 
 + !

P
Si + �

r,m: 2(N � 1)� + 
 + ( N � 1)! + �
AR OB 2N� + � s: 2(N � 1)� + 
 + �

r,m: 2(N � 1)� + 
 + ( N � 1)! + � + �
LARPBS 2N� + ( N � 1)! s: 2(N � 1)� + 
 + !

P
Si + �

r,m: 2(N � 1)� + 
 + ( N � 1)! + �
POB N/A s,m: 2(N � 1)� + 
 + �

r: 2(N � 1)� + 
 + !
P

Si + �
LAPOB N/A s: 2(N � 1)� + 
 + �

r,m: 2(N � 1)� + 
 + ( N � 1)! + �
PR-MESH see APPB & s: 2(N � 1)� + 
 + !

P
Si + �

LARPBS r,m: 2(N � 1)� + 
 + ( N � 1)! + �

6. Conclusions. This pap er pro vides a comprehensiv e o v erview and surv ey of the dev elopmen ts in optical

bus parallel computing mo dels. The �rst mo del prop osed w as in 1990 and since then, ten distinct parallel

computing mo dels ha v e b een prop osed.

Sp eci�cally , the researc h trends w e ha v e observ ed indicate p erio ds of mo del dev elopmen t leading to more

and more sophistication and complexit y in the mo del, follo w ed b y p erio ds of mo del simpli�cations. These

p erio ds o ccur in cycles. With the man y publications surv ey ed, w e note the widespread and global researc h

in terest in these mo dels. The three most p opular mo dels app ears to b e RASOB, AR OB and LARPBS. W e also

ha v e analyzed a crucial asp ect of these mo dels, the bus cycle time de�nitions. W e ha v e determined inaccuracies

in most of the de�nitions app earing in the literature, although, for most of the applications suc h de�nitions

ha v e b een used for, these inaccuracies app ear not to b e signi�can t. In the in terests of clarifying the correct

de�nitions as w ell as to supp ort our curren t researc h w ork, w e ha v e also pro vided re�nemen ts to the bus cycle

de�nitions.
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