In v estigating the Complex with Virtual So ccer Itsuki No da and Ian F rank Complex Games Lab Electrotec hnical Lab oratory Umezono 1-1-4, Tsukuba Ibaraki, Japan 305 Email: f noda,ianf g @etl.go.jp Abstract. W e describ e So ccer Serv er, a net w ork-based sim ulator of so c- cer that pro vides a virtual w orld enabling researc hers to in v estigate the complex system of so ccer pla y . W e iden tify wh y so ccer is suc h a suitable domain for the creation of this kind of virtual w orld, and assess ho w w ell So ccer Serv er p erforms its task. So ccer Serv er w as used in August 1997 to stage the sim ulation league of the �rst Rob otic So ccer W orld Cup (Rob oCup), held in Nago y a, Japan. This con test attracted 29 soft w are so ccer teams, designed b y researc hers from ten di�eren t coun tries. In 1998, an up dated v ersion of So ccer Serv er will b e used to stage the sec- ond Rob oCup in F rance, coinciding with the real W orld Cup of fo otball. 1 In tro duction The rules of so ccer, or asso ciation fo otball, w ere form ulated in 1863 in the UK b y the F o otball Asso ciation, and the game has since b ecome one of the most widely pla y ed in the w orld. The p opularit y of the game is illustrated b y the follo wing passage: Con trary to p opular b elief, the w orld’s greatest sp orting ev en t in terms of prolonged, w orldwide in terest is not the Olympic Games. Rather, it is the W orld Cup of fo otball, whic h, lik e the Olympics, is held just once ev ery four y ears and is pla y ed out o v er a p e- rio d of t w o w eeks or more. The United States hosted this global sp ectacle in 1994|and what a sp ectacle it turned out to b e. The c hampionship game b et w een Brazil and Italy w as witnessed liv e b y a cro wd of o v er 100,000 p eople in the Rose Bo wl in P asadena, California, and b y a cro wd of at least a billion on television the w orld o v er. W e quote this description in our in tro duction not simply b ecause it illustrates the p opularit y of so ccer, or b ecause the publication of this pap er coincides with F rance-98, the successor to the American W orld Cup. Rather, w e are just as in terested in the source of the excerpt | not a sp orts b o ok or newspap er, but the op ening paragraph of the op ening c hapter of a b o ok on science: Would-b e Worlds , b y John Casti [Casti 97a].

Casti’s purp ose in describing the fo otball W orld Cup is to in tro duce the no- tion of c omplex systems . F o otball is an excellen t example in this con text b ecause it is not p ossible to understand the game b y analysing just individual pla y ers. Rather, it is the in teractions in the game, b oth b et w een the pla y ers themselv es and b et w een the pla y ers and the en vironmen t, that determine the outcome. This is the essence of complex systems: they resist analysis b y decomp osition. W e share Casti’s b elief that the arriv al of c heap, p o w erful widespread com- puting capabilit y o v er the past decade or so has pro vided us with a to ol for studying complex systems as complete en tities. Casti himself suggests that suc h computer sim ulations (virtual w orlds, w ould-b e-w orlds) \pla y the role of lab o- ratories for complex systems", whic h, in con trast to more con v en tional science lab oratories \allo w us to explore information instead of matter" [Casti 97b]. It is to pro vide this kind of lab oratory for researc h on complex systems that w e ha v e dev elop ed a sim ulation of the game of so ccer. This system, So ccer Serv er, enables a so ccer matc h to b e pla y ed b et w een t w o teams of pla y er-programs, and has al- ready b een used to stage a 29-team con test at the First Rob otic So ccer W orld Cup (Rob oCup), in Nago y a, Japan. In this pap er, w e describ e So ccer Serv er, iden tifying in particular wh y so ccer is suc h a suitable c hoice as a sim ulation do- main. W e also tak e care to ev aluate the success of So ccer Serv er, demonstrating that the prop erties of �delity , simplicity , clarity , bias-fr e e , and tr actability are e�ectiv e measures for assessing this kind of sim ulation. 2 So ccer as a Domain for Mo delling There w ere man y reasons b ehind the c hoice of so ccer for our sim ulator. Initially , of course, there w as the app eal that so ccer is fun and easily understo o d b y large n um b ers of p eople. More imp ortan t than this, ho w ev er, w as the signi�can t c hallenge o�ered b y trying to formalise and understand the domain. 2.1 So ccer as a Complex System T o illustrate the di�cult y of the so ccer domain, let us return to the discussion of complex systems that w e started in the In tro duction, and to Casti’s b o ok, Would- b e Worlds . In discussing ho w a theory of the complex migh t b e formalised, Casti in tro duces a n um b er of c haracteristics he describ es as the \k ey comp onen ts" of complex, adaptiv e systems. Brie y , these are (1) a medium-sized n um b er of agen ts, that (2) are in telligen t and adaptiv e, and (3) only ha v e lo cal information. It should not b e to o hard to con vince the reader that the game of so ccer is a v ery go o d �t for these prop erties. So ccer has 22 agen ts. This falls comfortably b et w een Casti’s examples of systems with large n um b ers of agen ts (galaxies, whic h ha v e enough agen ts to b e treated statistically), and small n um b ers of agen ts (con icts b et w een t w o sup erp o w ers). The agen ts in so ccer are also in- telligen t and adaptiv e, with the pla y ers on eac h team striving to p erform w ell together, and to out-man�uvre the opp onen ts. Finally , the information in so ccer is clearly limited, as the pla y ers can only see in the direction they are facing,

Fig. 1. Windo w image of So ccer Serv er and v erbal comm unication is hamp ered b oth b y distance and b y the imp ortance of concealing in ten tions from the opp onen ts. Th us, understanding so ccer is a signi�can t c hallenge: it has the c haracteristics of a complex system, for whic h, as Casti emphasises, \there exists no decen t mathematical theory" [Casti 97b]. Ho w ev er, as w ell as b eing a go o d example of a complex system, another imp ortan t factor also in uenced our c hoice of so ccer: the feasibilit y of constructing a sim ulation. W e examine this question b elo w. 2.2 The Nature of Pla y One of the foremost tasks in the design of a sim ulation is the creation of a mo del of the domain in question; it is the implemen tation of the rules and principles of the mo del that pro duces the sim ulation. In this resp ect, w e found that so ccer w as a v ery amenable domain, simply b y virtue of b eing a game. An excellen t study of the nature of pla y is giv en b y Huizinga [Huizinga 50]. Although primarily in terested in the signi�cance of pla y as a cultural phe- nomenon, some of the main c haracteristics of pla y iden ti�ed b y Huizinga are relev an t to our theme here. F or instance, the �rst prop erties of pla y iden ti�ed b y Huizinga are that it is v olun tary (or, as Huizinga sa ys, \Pla y to order is no longer pla y"), and that pla y is not \ordinary" or \real" life. These prop erties already suggest some kind of mo delling pro cess. Huizinga then notes that \all pla y is limited in lo calit y and duration" | another feature that mak es pla y a promising candidate for con v enien t sim ulation. F urther general prop erties iden ti�ed b y Huizinga are that \all pla y has bind- ing rules" and that \pla y can b e rep eated and transmitted". The presence of rules means that part of the w ork of mo delling is already done. Indeed, in im- plemen ting So ccer Serv er, w e to ok the simple approac h of basing our mo del primarily on just the rules of the game. The remainder of the So ccer Serv er mo del w as then form ulated to allo w maxim um scop e for the in v estigation of ho w the rules of so ccer can actually b e follo w ed in the b est w a y; that is, ho w to create a team that can pla y w ell. Huizinga’s �nal prop ert y of rep eatabilit y and transmittabilit y then indicates ho w our mo del can b e used as an ideal testb ed for allo wing researc hers to in v estigate and discuss the prop erties of the domain. 2.3 The T yp e of Mo del Represen ted b y So ccer Serv er As w e suggested ab o v e, So ccer Serv er mo dels the rules of the game of so ccer in a w a y that allo ws the system to b e used as a testb ed for researc h on the nature of the domain. The in ten tion is that di�eren t so ccer pla y er-con trol algorithms can b e tested against eac h other to disco v er whic h are stronger. Th us, So ccer Serv er can b e view ed as a predictiv e mo del of the relativ e strengths of these algorithms. W e agree with [Casti 97a, P age 25] that \the �rst and foremost test that a mo del m ust pass is that it m ust pro vide con vincing answ ers to the questions w e put to it". Note, though, that the questions w e w an t to answ er with So ccer Serv er are not just whic h algorithms p erform b etter, but also why the b etter algorithms are sup erior. This is a consequence of viewing the system as a testb ed for researc h; the ultimate goal is to adv ance the theory of complex systems. W e should also note that although this pap er concen trates on the virtual w orld created b y So ccer Serv er, the Rob oCup tournamen ts themselv es also in- clude comp etitions for teams of real rob ots. In our view, this link is v ery im- p ortan t, since there are man y results that sho w that real-w orld exp erimen ts can pro duce results that could not b e exp ected from sim ulation alone ( e.g. , see [Thompson 97], [Bro oks 86]). With this ca v eat said, then, let us mo v e on to tak e a detailed lo ok at our implemen tation of a mo del of so ccer. 3 So ccer Serv er Itself So ccer Serv er enables a so ccer matc h to b e pla y ed b et w een t w o teams of pla y er- programs (p ossibly implemen ted in di�eren t programming systems). A matc h using So ccer Serv er is con trolled using a form of clien t-serv er comm unication. So ccer Serv er pro vides a virtual so ccer �eld (suc h as the one w e presen ted in Figure 1) and sim ulates the mo v emen ts of pla y ers and a ball. A clien t program

Fig. 2. Ov erview of So ccer Serv er can pro vide the ‘brain’ of a pla y er b y connecting to the So ccer Serv er via a computer net w ork (using a UDP/IP so c k et) and sp ecifying actions for that pla y er to carry out. In return, the clien t receiv es information from the pla y er’s sensors. Figure 2 giv es an o v erview of ho w the So ccer Serv er comm unicates with clien ts. The three main mo dules in the So ccer Serv er itself are: 1. A �eld sim ulator mo dule . This creates the basic virtual w orld of the so ccer �eld, and calculates the mo v emen ts of ob jects, c hec king for collisions. 2. A referee mo dule . This ensures that the rules of the game are follo w ed. 3. A message-b oard mo dule . This manages the comm unication b et w een the clien t programs. Belo w, w e giv e an o v erview of eac h of these mo dules. A more detailed description of the So ccer Serv er can b e found in [No da et al 98]. Also, a large collection of related material, including sources and full man uals, is main tained at the So ccer Serv er home page: http://ci.etl.go.jp/~noda/soccer/server . 3.1 Sim ulator Mo dule: The Basic Virtual W orld The so ccer �eld and all ob jects on it are 2-dimensional. This means that, unlik e in real fo otball, the ball cannot b e kic k ed in the air and the pla y ers cannot mak e use of skills suc h as heading or v olleying. The size of the �eld, measured in the notional in ternal equiv alen t of metres, is 105m � 68m. On the �eld, there are ob- jects that mo v e (the pla y ers and the ball) and ob jects that are stationary ( ags, lines and goals). The stationary ob jects serv e as landmarks that clien ts can mak e use of to determine their pla y er’s p osition, orien tation or sp eed and direction of mo v emen t. Clien ts are not giv en information on the absolute p ositions of their o wn pla y ers, but only on the relativ e lo cation of other ob jects. Th us, the �xed ob jects are imp ortan t reference p oin ts for the clien t programs’ calculations. All comm unication b et w een the serv er and eac h clien t is in the form of ASCI I strings. Therefore, clien ts can b e realized in an y programming en vironmen t on an y arc hitecture that has the facilities of UDP/IP so c k ets and string manipula- tion. The proto col of the comm unication consists of: { Con trol commands : Messages sen t from a clien t to the serv er to con trol the clien t’s pla y er. The basic commands are turn , dash and kick . Com- m unication is conducted through the say command, and a privileged goalie clien t can also attempt to catch the ball. The sense body command pro- vides feedbac k on clien t status suc h as stamina and sp eed, and change view selects a trade-o� b et w een qualit y of visual data and frequency of up date. { Sensor information : Messages sen t from the serv er to a clien t describing the curren t state of the game from the viewp oin t of the clien t’s pla y er. There are t w o t yp es of information, visual ( see ) and auditory ( hear ) information. So ccer Serv er is a discrete sim ulation of con tin uous time. Th us, b oth the con trol commands and the sensor information are pro cessed within a framew ork of ‘sim ulator steps’. The length of the cycle b et w een the pro cessing steps for the con trol commands is 100ms, whereas the length of the step cycle for the sensor information is determined b y the most recen t change view command issued b y a clien t (w e discuss the timing of these steps in more detail in x 4). Note that all pla y ers ha v e iden tical abilities (strength and accuracy of kic king, stamina, sensing) so that the en tire di�erence in p erformance of teams deriv es from the e�ectiv e use of the con trol commands and sensor information, and esp ecially from the abilit y to pro duce collab orativ e b eha viour b et w een m ultiple clien ts. As a �nal feature, when in v ok ed with the -coach option, the serv er pro vides an extra so c k et for a privileged clien t (called a coac h clien t) that has the abilit y to direct all asp ects of the game. The coac h clien t can mo v e all ob jects, direct the referee mo dule to mak e decisions, and announce messages to all clien ts. This facilit y is extremely useful for tuning and debugging clien t programs, whic h usu- ally in v olv es rep eated testing of the b eha viors of the clien ts in man y situations. An extension b eing considered for further v ersions of So ccer Serv er is a mo di�ed v ersion of the -coach option that allo ws teams to include a t w elfth clien t that has a global view of the game and can conduct sideline coac hing during pla y b y shouting strategic or tactical advice to pla y ers. 3.2 Referee Mo dule: Pla ying b y the Rules The referee mo dule monitors the game and, as in real so ccer, regulates the o w of pla y b y making a n um b er of decisions based on the rules of the game (an- nouncing goals, thro w-ins, corner kic ks, and goal kic ks, and time-k eeping). In the �rst Rob oCup tournamen t, the referee made no decisions ab out fouls. The new v ersion of So ccer Serv er, ho w ev er, in tro duces an o�side rule, adding to the p ossible judgmen ts of the referee. Remaining fouls, lik e ‘obstruction’, are di�cult to judge automatically as they concern pla y ers’ in ten tions. The serv er therefore also includes an in terface allo wing a h uman user to instruct the referee to a w ard a free kic k. Since suc h decisions ab out fair pla y actually call for signi�can t under- standing of the game, future v ersions of So ccer Serv er ma y include a dedicated so c k et for referee clien ts, th us encouraging researc h on automatic refereeing.

3.3 Message Board Mo dule: Comm unication Proto col The message b oard mo dule is resp onsible for managing the comm unication b e- t w een the pla y ers. A basic principle of So ccer Serv er is that eac h clien t should con trol just one pla y er, and that comm unication b et w een individual clien ts should only b e carried out via the say and hear proto cols in tro duced in x 3.1. When a say command is issued, the message is broadcast to al l clien ts imme- diately as auditory information. In early v ersions of So ccer Serv er, teams could use this comm unication to sidestep the lo cal nature of information in the game b y , for example, ha ving eac h pla y er broadcast his o wn lo cation and in terpreta- tion of the game at eac h time step. Another p ossible strategy w as to use one clien t in a team ( e.g. , a ‘captain’) to direct and inform all the others. In the curren t So ccer Serv er, ho w ev er, not all the other clien ts are guaran teed to hear all the broadcast information, since there is a maxim um range of comm unica- tion of 50m, and an y pla y er can only hear one message from eac h team during eac h t w o sim ulation cycles. Also, the length of the message itself is restricted. Th us, e�ectiv e and e�cien t use of the say command is encouraged, imparting information only when it is useful and timely . Note that the serv er can connect with up to 22 clien ts, but that to facilitate testing it is p ossible for a single program to con trol m ultiple pla y ers (b y establish- ing m ultiple so c k et connections). In a comp etitiv e situation suc h as Rob oCup, suc h programs are only p ermitted on the understanding that the con trol of eac h pla y er is separated logically . In practice, it is also not tec hnically di�cult to c heat the serv er and establish in ter-clien t comm unication outside the serv er, so the ‘one-clien t one-pla y er’ rule is e�ectiv ely a gen tlemans’ agreemen t. 3.4 Uncertain t y In order to re ect the nature of the real w orld, the serv er in tro duces v arious t yp es of uncertain t y in to the sim ulation, as follo ws: { Noise added to the mo v emen t of ob jects. The amoun t of this noise increases with the sp eed of the ob ject. { Noise added to command parameters. Small random n um b ers are added to the parameters of commands sen t from clien ts. { Limited command execution. The serv er executes only one command for eac h pla y er in eac h sim ulation cycle. Eac h clien t program can get feedbac k on ho w man y commands its pla y er has executed via use of the sense body command ( suc c essful execution m ust of course b e monitored b y the clien ts themselv es; for instance, a dash has no e�ect if a pla y er’s path is blo c k ed). { Inexact sensing. The further an ob ject, the less reliable the information re- turned ab out it from the serv er. The presence of these uncertain ties re-enforces the imp ortance of robust b eha v- ior, and of the reactiv e monitoring of the outcomes of a pla y er’s actions.

4 Assessing the So ccer Serv er Ho w can w e meaningfully assess the So ccer Serv er? In x 2.3 w e suggested that the main test of a go o d mo del is whether it pro vides answ ers to the questions w e ask of it. Th us, since w e constructed So ccer Serv er to enable the in v estigation of so ccer, w e could simply examine the qualit y of the conclusions learned ab out agen t b eha viour in the domain. Ho w ev er, a more fundamen tal review is also p ossible. F or instance, [Casti 97a, P age 175-176] summarises sev eral prop erties that can b e used to assess mo dels and sim ulations: { Fidelit y . The mo del’s abilit y to represen t realit y to the degree necessary to answ er the questions for whic h the mo del w as constructed; { Simplicit y . The lev el of completeness of the mo del, in terms of ho w \small" the mo del is in things lik e n um b er of v ariables, complexit y of in terconnections among sub-systems, and n um b er of ad ho c h yp otheses assumed; { Clarit y . The ease with whic h one can understand the mo del and the pre- dictions/explanations it o�ers for real-w orld phenomena. { Bias-free . The degree to whic h the mo del is free of prejudices of the mo deler ha ving nothing to do with the purp orted fo cus or purp ose of the mo del. { T ractabilit y . The lev el of computing resources needed to obtain the pre- dictions and/or explanations o�ered b y the mo del. Note that these qualities are more subtle than simply assessing whether a mo del faithfully captures all asp ects of the phenomenon it represen ts. Let us examine the results of ev aluating So ccer Serv er against eac h of the criteria. 4.1 Fidelit y One of the most imp ortan t considerations during the dev elopmen t of So ccer Serv er w as the lev el of abstraction for represen ting the clien t commands and the sensor information. One p ossibilit y w as a lo w-lev el, ph ysical description, for example allo wing p o w er v alues for driv e motors to b e sp eci�ed. Ho w ev er, it w as felt that suc h a represen tation w ould concen trate users’ atten tion to o m uc h on the actual con trol of a pla y ers’ actions, relegating true in v estigation of the m ulti-agen t nature of team-pla y to the lev el of a secondary ob jectiv e. F urther, it is di�cult to design a lo w-lev el description that is not implicitly based on a sp eci�c notion of rob ot hardw are; for example, con trol of sp eed b y driv e motors is biased to w ards a ph ysical implemen tation that uses wheels. On the other hand, a more abstract represen tation, ma yb e using tactical commands suc h as pass-ball-to and block-shoot-course , w ould pro duce a game in whic h the real-w orld nature of so ccer b ecomes obscured, and in whic h the dev elopmen t of so ccer tec hniques not y et realised b y h uman pla y ers b ecomes problematic. Th us, our represen tation | using basic con trol commands suc h as turn , dash , and kick | is a compromise. T o mak e go o d use of the a v ailable commands, clien ts will need to tac kle b oth the problems of con trol in an incomplete information, dynamic en vironmen t and also the b est w a y to com bine the e�orts of m ultiple pla y ers. Th us, w e b eliev e that So ccer Serv er ac hiev es our goal of pro viding a simple test-b enc h with signi�can t real-w orld prop erties. The c hoice of abstraction lev el is also relev an t to a further question that often o ccupied us during the design of So ccer Serv er: whether the sim ulator should b e designed to mo del h uman so ccer pla y or rob ot so ccer pla y . This question has man y facets, but in general the solution adopted in the So ccer Serv er is to b e faithful to h uman so ccer whenev er p ossible. The justi�cations for this include the reasoning that real-w orld so ccer is more immediately understo o d (and more attractiv e) to the casual observ er, and that rob ot tec hnology can c hange, whereas the nature of h uman so ccer pla y ers is largely constan t. Also, the closer the sim ulation to real-w orld so ccer the more lik ely that kno wledge acquisition from h uman exp ertise ( e.g. , see [F rank 97]) will b e directly applicable. Of course there are di�erences b et w een real so ccer and the mo del represen ted b y the serv er, most notably the 2-dimensional nature of the sim ulation. Also, the sim ulation parameters are tuned to mak e the serv er as useful as p ossible for the ev aluation of comp eting clien t systems, rather than to directly re ect realit y (for example, the width of the goals is 14.64m, double the size of ordinary goals, b ecause scoring is more di�cult when the ball cannot b e kic k ed in the air). This question of whether h uman so ccer is b eing directly sim ulated is also imp ortan t in the con text of the o v erall Rob oCup c hallenge, whic h w e discuss further b elo w. 4.2 Simplicit y The ultimate goal of Rob oCup, as describ ed in [Kitano et al 97a], is \to dev elop a rob ot so ccer team that can b eat the Brazil w orld-cup team". Since this goal is w ell b ey ond curren t tec hnologies, the Rob oCup initiativ e de�nes a series of w ell- directed subgoals that are ac hiev able in the short and mid-term. Implemen ting clien ts for So ccer Serv er is one of these c hallenges. The ob jectiv e of Rob oCup is that, as the lev el of sophistication of existing tec hnology impro v es, the simplicit y of the sim ulation should b e altered appropriately . One of the primary concerns ab out simplicit y is the timing of the sim ulation cycles that go v ern the pro cessing of commands and sensor information. The sen- sor information receiv ed b y clien ts is ric h, but the actions are simple. This is an argumen t for making the time b et w een information up dates longer than the time b et w een action execution ( i.e. , ha ving an action pro cessing cycle that is shorter than the information sensing cycle). If the information sensing cycle b ecomes to o long, the abilit y to react to the opp onen ts’ actions b ecomes hamp ered. On the other hand, if the information sensing cycle b ecomes to o short, the b ene�ts of attempting to learn and predict the opp onen ts’ actions are diminished. The curren t lengths of these time steps are a compromise in tended to strik e a balance b et w een these t w o con icting goals. 4.3 Clarit y A large n um b er of researc hers ha v e already used So ccer Serv er (w e ha v e already men tioned that the �rst Rob oCup con test featured 29 teams from ten di�eren t coun tries). This is evidence that the w orkings of So ccer Serv er can b e easily un- dersto o d. In considering the ‘clarit y’ of the system, though, w e also ha v e to tak e in to accoun t the ease with whic h one can understand the lessons learned through the course of suc h researc h. So, w e are in terested in questions lik e, \What results ha v e emerged out of the teams pro duced b y the �rst Rob oCup con tests?" T o some exten t, the answ er to this t yp e of question is dep enden t on the e�orts of the So ccer Serv er users themselv es. Ho w ev er, the Rob oCup initiativ e requires all the teams en tering an y tournamen t to write a pap er describing their approac h. These pap ers sho w that in the original con tests, the programs that p erformed w ell w ere simple hard-co ded systems with little learning abilit y . F or example, at the Pre-Rob oCup’96 tournamen t held in Japan in No v em b er 1996, the winning team w as the Ogalets, whic h essen tially relied on constraining eac h pla y er to sta y within a small, pre-determined area of the pitc h and to c ho ose b et w een a small n um b er of hard-co ded passing directions when they could reac h the ball. In the Rob oCup-97 tournamen t held in August 1997, on the other hand, the winning teams w ere more sophisticated. The winners, from Hum b oldt Univ er- sit y , used case-based reasoning and agen t-orien ted programming, the runners-up used reinforcemen t learning, and the third place team used an explicit mo del of team w ork, based on join t in ten tions. As w ell as demonstrating the clarit y of So ccer Serv er, it should b e p oin ted out that sometimes the users of the system can sho w almost the opp osite: that the system w as not actually fully understo o d b y the designers themselv es. This happ ens when bugs are found in the sim ulation that can b e exploited to the adv an tage of the clien t programs. One example of suc h a bug w as an error in the implemen tation of stamina. Generally , the stamina of a pla y er decreases when the pla y er issues dash commands, th us limiting the pla y er’s abilit y to mak e further mo v emen ts. Ho w ev er, it w as found b y some users that b y using ne gative parameters in this command, a pla y er’s stamina could b e increased! A further a w w as found with the v ersion of So ccer Serv er used for the Rob oCup-97 con test, in whic h a problem with the handling of sim ulation cycles sometimes allo w ed pla y ers to kic k the ball three times in v ery quic k succession, th us imparting three times the normal ‘maxim um’ sp eed. Ho w ev er, it is in the spirit of the Rob oCup con test that suc h bugs are rep orted to the designers, so that all users are w orking from an ev en fo oting. This spirit is also an illustration of the bias-free nature of So ccer Serv er. 4.4 Bias-free Although dev elop ed solely at the Electrotec hnical Lab oratory , So ccer Serv er has b ene�ted substan tially from the opinions and suggestions of man y users. In particular, there is a mailing list dedicated to discussing Rob oCup, on whic h a consensus is usually reac hed b efore mo difying the mo del represen ted b y the sim ulation (this mailing list a v eraged o v er 200 messages p er mon th b et w een Dec 1997 and Marc h 1998). T o giv e a feel for the sp eed of c hange of the sim ulator, here is a partial list of some of the features c hanged since Rob oCup-97: the in tro duction of the sense body command, the abilit y to see the direction that other pla y ers are facing, the in tro duction of o�-sides, the in tro duction of a goalie, and a re-mo delling of the implemen tation of stamina. All these c hanges are designed to increase prop erties suc h as the similarit y of the sim ulation to the h uman game, the imp ortance of mo delling the opp onen ts’ pla y , or the imp ortance of mo delling the team w ork b eing pro duced b y a clien t’s o wn team-mates. F urther evidence of the bias-free nature of So ccer Serv er is the presence of a public library of co de (the Rob oCup Sim ulation Co de Arc hiv e, lo cated at http://www.isi.edu/soar/galk/RoboCup/Libs/ ). Researc hers can use this co de to help reduce the dev elopmen t time of Rob oCup clien ts. Some co de is sp e- ci�c to particular situations, whereas some is general enough to pro vide infra- structure for complete agen ts (the co de for the winning clien ts from Rob oCup-97 is a v ailable). In particular, the arc hiv es con tain the ‘libsclien t’ library , a collec- tion of lo w-lev el functions in tended to abstract a w a y man y details of tasks suc h as main taining so c k ets, parsing the information from the serv er, and sending commands to the serv er. 4.5 T ractabilit y So ccer Serv er has to sim ulate a game of so ccer and comm unicate with eac h clien t program in real time. The system can run on a PC or a w orkstation with only mo dest memory and pro cessor resources (although t ypically a user will also require at least one further computer to run the teams of clien ts). A more problematic limitation on So ccer Serv er in practice is the capacit y of the net w ork connecting the system to the clien ts. A large load on the net w ork can lead to collisions that prev en t clien t commands reac hing So ccer Serv er or information b eing returned. Indeed, some teams at Rob oCup-97 found it necessary to re- calibrate their soft w are to the particular conditions found at the tournamen t site. Ho w ev er, it is di�cult to predict the exact e�ects of c hanges in net w ork conditions, so clien t programs with some exibilit y in their in terpretation of the state of pla y are encouraged. In general, this ma y not b e an adv erse prop ert y of the system; the need to understand adaptation and to cop e with only lo cal information w ere t w o of the prime qualities of complex systems iden ti�ed in x 2.1. 5 Conclusions: T o w ards a Theory of the Complex W e ha v e discussed ho w the game of so ccer is a go o d example of a complex system, w ell-suited to the task of mo delling. W e also describ ed and assessed our implemen tation of So ccer Serv er, clarifying the nature of the mo del it represen ts. Let us close b y noting that the c hallenges represen ted b y the domain of so ccer ha v e recen tly led to it b eing prop osed as a new standard problem for AI researc h [Kitano et al 97b]. Of course, the notion of a standard problem has long b een a driving force for engineering researc h. Historically , for example, the acceptance of the ‘T uring T est’ [T uring 50] fo cused atten tion on the mimic king of h uman b eha vior as a test of mac hine in telligence. More recen tly , c hess has receiv ed signi�can t atten tion, generating imp ortan t adv ances in the theory of searc h algorithms and searc h con trol, as w ell as motiv ating cognitiv e studies in to the w a ys that h umans approac h the same problems ( e.g. , see [Levinson et al 91]). So ccer (in particular con trast to c hess) is a dynamic, real-time, m ulti-agen t, system with incomplete information. W e see So ccer Serv er as a virtual w orld that pro vides a to ol for in v estigating suc h complex domains. It do es this b y pro viding a predictiv e mo del of the strengths of soft w are algorithms for con trolling agen ts in these en vironmen ts. In the w ords of [Casti 97b], So ccer Serv er is a \w ould- b e-w orld" that \has the capacit y of serving as a lab oratory within whic h to test the h yp otheses ab out the phenomena it represen ts". It is our hop e that, for complex systems suc h as so ccer, the e�orts of researc hers using the lab oratory of So ccer Serv er will rectify the situation where \at presen t, there seems to b e no kno wn mathematical structures within whic h w e can comfortably accommo date a description" [Casti 97a, P age 214]. References [Bro oks 86] R. A. Bro oks. A robust la y ered con trol system for a mobile rob ot. Journal of R ob otics and A utomation , RA-2(1), 1986. [Casti 97a] John L. Casti. Would-b e Worlds: how simulation is changing the fr ontiers of scienc e . John Wiley and Sons, Inc, 1997. [Casti 97b] John L. Casti. W ould-b e w orlds: to w ard a theory of complex sys- tems. A rti�cial Life and R ob otics , 1(1):11{13, 1997. [F rank 97] I. F rank. F o otball in recen t Times: What w e can learn from the newspap ers. In First Intl. Workshop on R ob o cup in c onjunction with R ob oCup-97 at IJCAI-97 , pages 75{82, Nago y a, Japan, 1997. [Huizinga 50] Johan Huizinga. Homo ludens: a study of the play element in cul- tur e . Beacon Press, 1950. ISBN 0{8070{4681{7. [Kitano et al 97a] H. Kitano, M. Asada, Y. Kuniy oshi, I. No da, E. Osa w a, and H. Matsubara. Rob oCup: A c hallenge problem for AI. AI Mag- azine , pages 73{85, Spring 1997. [Kitano et al 97b] H. Kitano, M. T am b e, P . Stone, M. V eloso, S. Coradesc hi, E. Osa w a, H. Matsubara, I. No da, and M. Asada. The Rob oCup syn thetic agen t c hallenge 97. In Pr o c e e dings of IJCAI-97 , pages 24{29, Nago y a, Japan, 1997. [Levinson et al 91] R. Levinson, F. Hsu, J. Sc hae�er, T. Marsland, and D. Wilkins. P anel: The role of c hess in arti�cial in telligence researc h. In Pr o- c e e dings of the 12th IJCAI , pages 547{552, Sydney , Austr alia, 1991. [No da et al 98] I. No da, H. Matsubara, K. Hiraki, and I. F rank. So ccer Serv er: a to ol for researc h on m ulti-agen t systems. Applie d A rti�cial Intel li- genc e . T o app ear. [Thompson 97] A. Thompson. An ev olv ed circuit, in trinsic in silicon, en t wined with ph ysics. In T. Higuc hi et al , editors, Pr o c e e dings of ICES ’96 | The First International Confer enc e on Evolvable Systems: fr om biolo gy to har dwar e , pages 385{400. Springer-V erlag, Berlin, 1997. [T uring 50] A.M. T uring. Computing mac hinery and in telligence. Mind , 59:433{460, 1950. This article w as pro cessed using the L a T E X macro pac k age with LLNCS st yle