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tThis report summarizes our preliminary e�orts at applying the methodology andte
hniques of agent-based systems engineering (ABSE) to the problem of designing andoperating Intelligent Roads and Vehi
les Systems (IRVS). First, we brie
y summarizethe key elements of both agent-based systems engineering and IRVS. We then showhow the taxonomy of ABSE applies to the IRVS 
on
ept and how some performan
emetri
s 
an be introdu
ed. The report 
on
ludes with plans for 
ontinued work in thisdire
tion.1 Introdu
tionOne of the main goals of agent-based ar
hite
tures is to enable the design and operationof future de
entralized and distributed information systems, espe
ially those requiring large-s
ale 
ontrol and 
oordination. Autonomous agents, operating in a dynami
ally 
hanging,heterogeneous environment, have their own goals and their own means towards a
hieving thosegoals. Desirable global behaviors are hopefully emergent from individual agents' behaviorswhi
h are all that 
an be programmed a priori.Classi
al 
entralized 
ontrol systems are typi
ally based on 
entralized knowledge of sys-tem state and dynami
s. As a result, powerful mathemati
al tools 
an be applied to studythe performan
e of su
h systems in various dimensions. By 
ontrast, performan
e 
hara
ter-izations of agent-based systems are largely ad ho
 and empiri
al today.Our resear
h program in agent-based systems engineering strives to develop a mathemat-i
al framework for autonomous software agent systems that will allow quantitative analysisof system performan
e and behavior. This paper des
ribes our early analysis of an IRVSar
hite
ture.Most of the optimism surrounding software agents is based on the analogy between au-tonomous agents and \so
ial systems" in the biologi
al, real world (human so
ieties or naturale
ologies for example). By allowing individuals to follow their own aspirations, and by assum-ing that ea
h individual is able to behave \intelligently" (see [15℄ for a possible de�nition ofintelligent agent) a multi-agent system 
an operate eÆ
iently and stably.For example, a widely held heuristi
 about intera
ting intelligent agents posits that if theagents 
an:{ rea
t promptly to 
hanges in the surrounding environment in order to reevaluate andupdate 
urrent personal goals;{ pro-a
tively fo
us on signi�
ant and viable goals in the long run and avoid eternal andin
on
lusive inde
isiveness;{ intera
t, or better still, negotiate with other agents to improve their knowledge of the out-side world and to derive new options that might lead to new intentions and 
ommitments;



2 Crespi, Cybenkothen it is likely that the overall multi-agent system will �nd some sort of dynami
 equilibriumand show desirable \emergent" ma
ro-behaviors [15℄.In other words, global e�e
tive behaviors should be the logi
al 
onsequen
e of \reasonableattitudes" taken by the individual agents in negotiating intelligently with ea
h other andestablishing an a

eptable trade-o� between \what they would like to do" and \what they
an do." This requires that the \rules" of the game are 
lear for everybody, are a

epted bymost of the 
omponents, and are designed to guarantee autonomy and behavioral 
exibility.Moreover, su
h systems should be 
apable of tolerating some la
k of 
ooperation and evenmali
iousness.In order to make the transition from heuristi
 wishful thinking to s
ienti�
 theory andultimately solid engineering pra
ti
e, intelligent software agent systems need to be quanti�edin a framework amenable to modeling and formal analysis. Possible mathemati
al tools that
ould be appli
able then would be some 
ombination of 
ontrol theory, game theory, statisti
alme
hani
s, di�usion theory, for example.This 
ross-fertilization between systems/
ontrol theory and agent-based 
omputing sys-tems 
onstitutes the main part of our DARPA TASK proje
t (see [5℄). One of the proje
t'shypotheses is that agent systems 
an be de
omposed, by analogy to what happens in 
lassi
alsystems theory, into three ingredients: observation, state estimation and 
ontrol withthe ultimate goal of being able to derive reliable performan
e predi
tions and guarantees inmulti-agent systems [11℄. Our agent taxonomy a
tually in
ludes a fourth 
omponent that hasno 
ounterpart in 
ontrol theory, so-
alled brokering agents, whose role is to mat
h agentswith resour
es in an equitable way.Unlike the 
lassi
al monolithi
 agent model, the ar
hite
ture based on our taxonomy ismore 
exible. It allows a further de
omposition of 
omplex agents into simpler sub-agents.For example we 
an view a BDI agent [15℄ as being 
omposed of 4 types of sub-agents, onefor ea
h of the internal fun
tions. In parti
ular we de�ne the following agent types:{ information agents that gather information about the environment and allow dissemi-nation of it in a distributed manner (these would be \sensors" in 
lassi
al systems theoryfor example);{ modeling agents that 
olle
t data from many information agents and update inter-nal knowledge, i.e., produ
e new estimates of \real world" state (these would be stateestimators, like Kalman �lters, in 
lassi
al systems theory);{ planning agents that use the 
urrent world state estimates, the viable a
tion or 
ontroloptions and the 
urrent goals or intentions to plan new a
tions to 
arry out. These agentsmay need additional information for their planning operation, and so they may taskbrokering agents to report on available resour
es su
h as additional state and a
tioninformation.The proposed ar
hite
ture based on this taxonomy en
ourages the development of agentsystems based on small, simple but very rea
tive agents that have well de�ned fun
tionalityindividually, amenable to quanti�
ation and modeling. Colle
tively, with individual agentsquantitatively modeled, it is hoped that mathemati
al analysis of the overall system will bepossible, leading to performan
e predi
tions and guarantees.2 Intelligent Roadway Vehi
le System Spe
i�
ationIntelligent Roadway and Vehi
le Systems (IRVS) have been a subje
t of study for severalyears. The goal of su
h a system is to make heavily traveled highways mu
h more eÆ
ientand safe than the present highway and vehi
le system allows. The key idea behind IRVS



Agents 3is to repla
e human operators and relatively \dumb" traÆ
 
ow 
ontrollers, su
h as traÆ
lights and a

ess ramp regulators, with smart vehi
ular and traÆ
 
ontrollers as well as anassortment of roadway and vehi
le sensors, all 
ommuni
ating in some manner.Horowitz and Varaya [14℄, for example, provide a des
ription of the 
ontrol ar
hite
tureof an Automated Highway System (AHS) that has been developed over the past ten years atthe University of California Partners for Advan
ed Transit and Highways (PATH) program,in 
ooperation with the State of California Department of Transportation (Caltrans) and theUnited States Federal Highway Administration (FHWA).The ar
hite
ture in question is 
hara
terized by a hierar
hy of 5 layers: physi
al, regulation,
oordination, link and network. The fun
tions of the �rst three ones are realized by on board
ontrollers that together 
onstitute a hybrid 
ontrol system (see [9, 10℄) whereas those of thelast two ones are 
ompeten
e of the roadway infrastru
ture. In parti
ular there is one network
ontroller that has global visibility over the whole system and performs global optimizations.Then, there is one link layer 
ontroller for ea
h link, i.e., ea
h segment of highway of length 0:5to 5 km. This 
ontroller monitors the traÆ
 
ow along its link. It re
eives from the network
ontroller demands on the inlet 
ow and 
onstraints on the outlet 
ow (global optima) and
onsequently issues a
tivity plans to be broad
ast to all the 
oordination layer 
ontrollersaboard the vehi
les transiting within the link.The signi�
ant in
rease of the 
apa
ity of the highway system is obtained by organizingthe traÆ
 in groups of up to 20 tightly spa
ed (1� 2 meters) vehi
les 
alled platoons. Undersu
h 
onditions full automation be
omes ne
essary due to the limited human rea
tion time.It has been observed that even with an inter-platoon distan
e of 60 meters the meaninter-vehi
le distan
e would drop down enough to allow a 
apa
ity of about 8; 000 vehi
lesper hour per lane (against the 2; 000 in today's highways). Furthermore, su
h a small inter-vehi
le distan
e would redu
e the relative impa
t velo
ity in 
ase of 
ollision as well as theaerodynami
 drag. This implies that the platooning ta
ti
s in
reases safety and optimizes fuel
onsumption at the same time.The layer stru
ture is outlined in the following table:Layer Fun
tions, Controllers and ModelsNetwork Control of the entering traÆ
 and of the route traÆ
 
ow within the AHS. Atthis level the asso
iated 
ontroller 
omputes, for ea
h link, demands on theinlet 
ow and 
onstraints on the outlet 
ow to a
hieve a global optimum.Model: Capa
itated graph.Link Monitoring of the traÆ
 
ow along a spe
i�
 link and 
omputation of a
tivityplans. There is a 
ontroller asso
iated with ea
h link of highway. It re
eivesdata from the network 
ontroller 
on
erning the inlet and outlet 
ow and issuesa
tivity plans to be broad
ast to all the vehi
les on the link. It does not havevisibility of single vehi
les.Those plans are meant for types of vehi
le, i.e., private 
ars, emergen
y vehi-
les, et
., in a spe
i�
 lane of the link and with a role (leaders or followers).Example: \all private 
ars in lane 1 that are platoon leader have permit tosplit their platoon and 
hange lane".Model: Fluid 
ow with distributed 
ontrol.



4 Crespi, CybenkoCoordination Sele
tion of an a
tivity, i.e., amaneuver, in 
oordination with peers (link layer
ontrollers of the neighboring vehi
les) and in 
omplian
e with an a
tivity plan.There is an asso
iated on board 
ontroller that re
eives the a
tivity plan fromthe link 
ontroller and 
he
ks with other peers whether it 
an start one of themaneuvers in it. On
e the 
oordination is a
hieved and the a
tivity sele
ted theregulation layer takes 
are of performing the 
orresponding maneuver.Model:Finite State Ma
hines.Regulation Exe
ution of single maneuvers 
ommanded by the 
oordination layer. The as-so
iated 
ontroller has to deal with the physi
al layer to perform the givenmaneuver safely. In 
ase of failure it noti�es ba
k the anomaly to the 
oordi-nation layer that aborts the maneuver. Maneuvers, 
alled laws at this level,are all grouped in tasks that 
an be, in turn, of three di�erent types: lateral,longitudinal or spe
ial.Task 1 (longitudinal). Follower law. Vehi
le followers (non leaders) must keepthe platoon formation.Task 2 (longitudinal). Platoon leaders or free agents 
an perform four longi-tudinal maneuvers:a) Leader law. Regulate the platoon velo
ity at a desired value;b) Join law. Join the pre
eding platoon;
) Split law. Split the platoon;d) Split-to-
hange-lane law. Split from a platoon in order to 
hange lane.Task 3 (lateral). Keep lane. Platoon leaders or free agents are to keep theassigned lane.Task 4 (lateral). Change lane. Platoon leaders or free agents must move toan adja
ent lane.Task 5 (spe
ial). Group of maneuvers for Platoon leaders or free agents thatmust leave the link through an exit ramp.Task 6 (spe
ial). Group of maneuvers ne
essary for a new
omer to enter safelythe link through an entran
e ramp.Model: Feedba
k laws based on linear di�erential equations.Physi
al De
oupling lateral and longitudinal vehi
le guidan
e 
ontrol. There are sev-eral asso
iated 
ontrollers in
luding the on-board sensors and a
tuators. Thefun
tion of this layer is to approximately linearize the physi
al layer dynami
s.Model: High order nonlinear di�erential equations.The above summary shows that the PATH AHS design is based on a trade-o� between
entralization and autonomy in the 
ontrol. The link layer issues a
tivity plans destined to\types" of vehi
les, trying to meet the global demands and 
onstraints. Nonetheless, the singlevehi
les transiting within the link rea
t with a 
ertain degree of autonomy. In fa
t they �rstneed to 
oordinate with their neighbors in order to sele
t one of the maneuvers 
onsistentwith the broad
ast a
tivity plan.The idea of redesigning the AHS using agent-based ar
hite
tures prompts for a modi-�
ation of this balan
e in favor of a greater de
entralization of the 
ontrol. We expe
t, inthis way, to in
rease signi�
antly the 
exibility of the whole design and the reusability of its
onstituent parts.Frazier and Newman ([7℄, se
tion 2), for example, have observed, among the others, thatthe PATH AHS 
entralized design requires the link layer to have full knowledge of all thevehi
les' physi
al spe
i�
ations. As a 
onsequen
e, with the present approa
h it is possible



Agents 5to manage only vehi
les populations with very limited heterogeneity. In addition they havepointed out that the full authority of the link and network layer over the sour
es of traÆ
would lead to a network with limited-a

ess highways.With this and other nontrivial motivations they have advo
ated a distributed approa
h([7℄, se
tion 3). In their REF they suggested that an IRVS agent ar
hite
ture should 
on-sist of agents asso
iated with autonomous vehi
les, infrastru
ture entities (traÆ
 signals,entran
es/exits, bridges and tollbooths) as well as spe
ialized 
ontrol and observation unitsthat 
ould in
uen
e traÆ
 behavior through dissemination of information. In this 
ontext,individual vehi
les would be given a set of pro-a
tive goals like rea
h a given destination,optimize travel time, safety, 
omfort and e
onomy. Analogously, infrastru
ture agents wouldre
eive well-de�ned goals, e.g., maximization of interse
tion throughput and/or optimizationof fairness by a traÆ
 signal agent, and so on. It is also assumed that the individual vehi
leswould typi
ally have 
on
i
ting goals and di�erent priorities assigned to various goals. Fur-thermore, additional 
ontrol agents 
an be a

ommodated as long as they a
t autonomouslyand respe
t, in turn, the autonomy of the vehi
les and other entities. With this setting weare supposed to expe
t 
olle
tive satisfa
tion to be emergent from individual behaviors.In the following se
tion we will provide a brief review of our agents taxonomy as a generalmethodology to approa
h the design of agent-based ar
hite
tures and to quantify its systemsand fun
tional performan
e. By systems performan
e we mean the resour
es that are re-quired by an agent-based system { network bandwidth, memory, 
omputing time and others{ whereas by fun
tional performan
e we mean how well the adopted ar
hite
ture solves theinitial problem.3 Our TaxonomyThe purpose of de�ning a taxonomi
 
ategorization of the agents a

ording to their role withinthe system being modeled is twofold [5℄.On the one hand we wish to provide a s
ienti�
 approa
h to agent-based 
omputing using
on
epts and paradigms from 
lassi
al system engineering. On the other hand we want todevelop a fully general and 
exible method that 
ould be naturally and easily applied tomodel real systems allowing quanti�able performan
e analysis.In this respe
t we 
onsider the IRVS problem an interesting 
ase study that will helpunderstand the features and the advantages of our methodology.Our taxonomy 
onsists of four 
ategories of agents that we are going to des
ribe throughexamples of appli
ations and results:Information agents: Obtain observations of the real world system state.Consider, for example, the problem of monitoring a set of information sour
es fSig thatwe 
annot observe simultaneously in time due to bandwidth limitations. Suppose thatthose sour
es are modeled by random variables si(t): the true state of sour
e i at timet. Sin
e, for tra
tability reasons, we do not expe
t the 
urrent state of the sour
es at aspe
i�
 time t to be determined with absolute 
ertainty, still we would like to developa quanti�able notion of observability. To that purpose we de�ned the novel 
on
ept of(�; �){
urren
y. We say that our information agent is (�; �){
urrent if the probabilitythat a randomly 
hosen sour
e Si is �{
urrent { i.e. it has not 
hanged within the last �units of time sin
e the last observation { is at least �. Useful and 
on
rete appli
ationsof these ideas to the web 
an be found in Brewington and Cybenko [3℄.Modeling agents: Colle
t data from di�erent Information agents to produ
e an estimate ofthe real world state based upon some abstra
t model.



6 Crespi, CybenkoCommon examples of modeling agents are multi{obje
t tra
king systems or data fusionengines. Results on quanti�able models of su
h modeling agents, in the form of highlyperforming algorithms, 
an be found in Alberola and Cybenko [2℄.Planning agents: Take a 
urrent estimate of the world state and produ
e a plan or 
ourseof a
tions. Those agents 
an task other agents to sear
h for additional information or dataor to exe
ute some spe
i�
 operations.An example of planning agent problem is the \Traveling Agent Problem" (TAP) that 
anbe stated as follows. One or more mobile agents looking for some information, distributedover a network, must plan a sear
h itinerary that should result into the smallest expe
tedtime for 
ompletion or in the highest su

ess probability within a given deadline. Resultsand solutions to the TAP 
an be found in Moizumi and Cybenko [12℄.Brokering agents: This type of agent has no 
ounterpart in 
lassi
al system engineering.They are tasked to lo
ate other types of agents dynami
ally, 
reate a possibly uniquesystem realization and fa
ilitate interoperability between the di�erent 
onstituent agents.In 
lassi
al 
ontrol and systems engineering, everything is \hardwired" so that resour
edis
overy and interoperability are not an issue.We 
an mention two examples of performan
e modeling for brokering. The �rst one isbased on measuring the su

ess rate of lo
ating desired resour
es given their presen
ewithin the network. The se
ond one is based on measuring how reliably a broker mat
heskeywords and other forms of requests with the 
orre
t agent resour
e [1, 4, 6℄. In this 
asethe problem is to verify that the mat
hing between the fun
tionalities of the requestingagent with those of the resour
e agent is semanti
ally 
orre
t. This validation problem
an be formulated as a ma
hine learning pro
ess.In the next se
tion we will try to embed the IRVS problem into our framework.4 Modeling the IRVS: a �rst proposalWe shall now approa
h the issue of introdu
ing agents a

ording to our taxonomy and de�ninghow they interrelate. Unlike in the AHS PATH design, previously des
ribed, we would like torelax the rigid layered hierar
hy to provide more elasti
ity to the whole ar
hite
ture. Sin
e wenow suppress the 
entral role of the link layer, ea
h single vehi
le will be asked to strive forthe a
hievement of strategi
 goals as well as to solve ta
ti
al issues. In fa
t, as also pointedout by Frazier, Newman and Roszman [8℄, we 
an distinguish three levels of vehi
le behaviors:Ta
ti
al. At this level, our vehi
le is an obje
t, endowed with sensors and a
tuators and
apable of some basi
 maneuvers like join, split, leader, follower and 
hange-lane. It needsto take de
isions, possibly in 
oordination with the neighboring vehi
les, to a
hieve short{term obje
tives, without broad
ast a
tivity plans. These obje
tives in
lude, for example,to be
ome part of a 
onvenient platoon with respe
t to the vehi
le's maneuvering 
a-pabilities and the 
onditions of the \small" environment { the state of the 
urrent link.Examples of the state of the environment are: high or low vehi
le density or presen
e ofobsta
les.Strategi
. At this level, our vehi
le is a point moving along a 
ir
uit that has to plan a routein order to rea
h its �nal destination with minimum travel time and maximum safety,given the 
onditions of the \big" environment { the state of the roadway 
onne
tions.



Agents 7Examples of the state of the environment are: high or low 
ongestion or unavailability oflinks, ramps or bridges.Operational. The various sele
ted maneuvers must be translated into 
ontrol operations inorder to be exe
uted. The fun
tionalities of this level in
lude monitoring and 
ontrol ofthe sensors and a
tuators to realize spe
i�
 physi
al dynami
s.With respe
t to the three levels of behaviors, our taxonomy is transverse in that we 
ande�ne information, modeling, planning or brokering agents realizing fun
tionalities that be-long to both the ta
ti
al and the strategi
 level. The agents that dire
tly 
ontrol the a
tuatorsat the operational level will be 
alled A
tuator Agents (AA).Consistently with the idea of using 
on
epts and paradigms from 
lassi
al system engi-neering we will 
exibly refer to the PATH 5 layers of fun
tionalities as a starting point. So,among the others, there will be on-board system agents that embody the fun
tionalities of thephysi
al, 
oordination and regulation layer and roadway system agents that embody thoseof the link and network layer. On top of that there will be additional agents that serve thepurpose of fa
ilitating the non hierar
hi
al interrelations between the layers.Let us 
onsider �rst the on-board vehi
le system. We need to de�ne two informationagents (IA). The �rst one to monitor the sensors of the physi
al layer and the se
ond oneto be asso
iated with the 
oordination layer and so in 
harge of ex
hanging data with theneighboring vehi
les and with the roadway system. One modeling agent (MA) will 
olle
tdata from the two information agents and produ
e an estimate of the state of the vehi
le inthe small and big environment (in this sense it serves both ta
ti
al and strategi
 purposes).One planning agent (PA) asso
iated with the regulation layer will have to deliberate ana
tion to be exe
uted by an a
tuator agent. In 
ase the maneuver must be aborted it willnotify the 
oordination layer.Now let us dis
uss the roadway system. For ea
h link { pie
e of road of length 0.5 to 5 km{ we de�ne two groups of information agents. The �rst one asso
iated with the roadwayphysi
al layer (roadsensor traÆ
) and the se
ond one with the link layer. The link layer IA'smust ex
hange data with the 
oordination layer IA aboard the vehi
les and in addition theyre
eive data from the on board MA about the state of the spe
i�
 vehi
le transiting within thelink. Onemodeling agent and one planning agent, both asso
iated with the Network Layer,will have to take 
are of the strategi
 issues. Those in
lude, for example, the produ
tion ofsets of itineraries that maximize the global roadway 
ow 
apa
ity. The situation is depi
tedin �g.14.1 Agents OverviewThe following table summarizes the agent stru
ture of the IRVS, a

ording to our taxonomy.



8 Crespi, CybenkoIRVS Components Our taxonomyOn-board Vehi
le Sys-tem Physi
al Layer IA. It monitors the sensors aboard.Coordination Layer IA. It 
ommuni
ates with other fellow Coordi-nation Layer IA's and with the Link Layer IA. It re
eives noti�
ationsalso from the Regulation Layer PA.On-board MA. It gathers data from all the Info Agents and 
om-putes an estimate of the state of the vehi
le. It provides a representa-tion of the 
urrent state to the Regulation Layer Planning Agent andto the Roadway System. The Physi
al Layer IA provides only ta
-ti
al information whereas the Coordination Layer IA provides bothta
ti
al and strategi
 information.Regulation Layer PA. It re
eives an estimate of the state of thevehi
le from the on-board MA and deliberates a new a
tion to be
ommuni
ated to the A
tuator Agent.Lo
al RoadwaySystem: 0.5{5km Physi
al Layer IA. It monitors the traÆ
 through road-sensorsalong the link. Information sour
es at the physi
al layer in
lude alsodata about the 
onditions of ramps, bridges, tunnels and tollbooths.Link Layer IA. This agent does not issue dire
tives but pro-vides strategi
 and ta
ti
al information to the on-board CoordinationLayer IA. Strategi
 information in
lude for example road dire
tions,whereas ta
ti
al information in
lude data about the global density
onditions of the link, the inlet and outlet 
ow, the o

urren
e ofex
eptional 
onditions within the link and o� the on-board sensors'range.Global RoadwaySystem Network Layer MA. It 
olle
ts data from all the InformationAgents asso
iated with the links and produ
es an estimate of theglobal state of the Roadway Network system.Network Layer PA. It re
eives data from the Network Layer MAand 
omputes global strategi
 plans. For example it 
omputes sets ofviable itineraries ranked a

ording to global optimization 
riteria.Its main goal is to maximize the overall network 
ow 
apa
ity. Itreturns the results of its 
omputation ba
k to the Link Layer IA's.5 Future WorkWe need �rst to de
ide more pre
isely whi
h degree of autonomy should be granted to thesingle vehi
les, now that the 
entrality of the link layer has been abolished.Here is a list of steps that we believe need some attention.{ De�nition of the mathemati
al models for the PA, MA and IA agents in order to quantifythe ar
hite
ture performan
e.{ De
ision of how the various vehi
les should negotiate with ea
h other and with the road-way system in order to ful�ll their individual goals.{ Finally, development or employment of a simulator to provide empiri
al eviden
e of theproperties of the overall system: safety and high 
apa
ity. Veri�
ation of the e�e
tivenessof our method through a 
omparison between the theoreti
al models and the experimentalresults.
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