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ABSTRACT 
We inves t iga te  d i s t r i b u t e d  m a t c h m a k i n g  wi th in  an mul t i -  
agent  sys t em in  which agents  c o m m u n i c a t e  in a peer - to-peer  
fashion wi th  a l imi ted  set of neighbors .  We compare  the  
pe r fo rmance  of a sys t em wi th  synchron ized  t ime  to  t h a t  of 
sys tems  using several  different  models  of con t inuous  t ime.  
We  find l i t t le  difference be tween  the  two, ind ica t ing  t h a t  
the  order ing  of events  does no t  play a pa r t  in c o m p u t a t i o n .  
We  also compare  a sys t em in which matches  are made  deter-  
min i s t i ca l ly  be tween  discrete  task  categories to  one in which 
task  ma tches  are m a d e  non -de t e rmin i s t i c a l l y  be tween  con- 
t i nuous  t a sk  categories.  We consider  several  possible ma tch -  
ing func t ions  and  show t h a t  the i r  s u p p o r t  is p r o p o r t i o n a l  to  
the  spread of categories to lerable .  Th i s  holds for ma tch -  
ing probabi l i t i es  as low as 0.01. We fur ther  show t h a t  t he  
m a t c h i n g  func t ion ' s  'he igh t '  relates  to  the  speed at  which 
the sys t em finds matches .  For ins tance ,  we show t h a t  for 
a t r i a n g u l a r  m a t c h i n g  func t ion ,  d o u b l i n g  the  p robab i l i ty  of 
each service m a t c h i n g  resul ts  in a b o u t  a 1.{} t imes  speedup.  
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1. INTRODUCTION 
In  this  pape r  we presen t  resul ts  from two exper imen t s  de- 

s igned to  tes t  how an  abs t r ac t  mode l  of d i s t r ibu ted ,  agent  
m a t c h m a k i n g ,  i n t roduced  in  [5], migh t  pe r fo rm in  a less pre- 
cise real world se t t ing .  T h e  mode l  we inves t iga te  was first 
s tud ied  wi th  the  a im of d e t e r m i n i n g  if mu l t i - agen t  sys tems  
could accompl ish  a m a t c h m a k i n g  c o o r d i n a t i o n  task  wi thou t  
be ing  given a predef ined  sys t em s t ruc tu r e  [5], and  t h e n  later,  
w i thou t  any  form of global  sys t em s t r u c t u r e  [4]. These  ex- 
pe r imen t s  showed some p romis ing  behavior .  For example ,  
agents  c o m m u n i c a t i n g  in a pee r - to -peer  fashion wi th  a l im- 
i ted set  of ne ighbors  were able  to  find 90% or more  of pos- 
sible tasks  ma tches  in  a shor t  a m o u n t  of t i m e  i n  sys tems  
wi th  up  to  100 categories  of tasks.  W h i l e  p romis ing  how- 
ever, these  expe r imen t s  leave some open  quest ions .  T h e r e  is 
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a d a n g e r  t h a t  the  ab i l i ty  to  c o o r d i n a t e  shown by the agents  
is due,  in  pa r t ,  to  the  m a n n e r  in  which  para l le l i sm was sim- 
ulated.  T h e  sequen t ia l  order  in  which theore t ica l ly  paral le l  
agents  ac t ions  are s imu la t ed  m a y  provide  a n  u n i n t e n t i o n a l  
me a ns  of regula t ion .  In  add i t ion ,  t he  abs t r ac t  n a t u r e  of the  
tasks  s tud ied  m a y  have a s impl i fy ing  effect t h a t  makes the  
p r ob l e m solved by t he  agents  much  easier t h a n  any they  
migh t  face in  a more  real is t ic  s i t ua t ion .  Thus ,  it  could be 
t he  case t h a t  in  a more  t r u e  to  life se t t ing  the  sys tem behav-  
iors shown in the  e x p e r i m e n t s  p resen ted  in  [4] and  [5] will 
change  d ramat ica l ly .  

In  th is  pape r  we address  these  open  quest ions .  T h e  ex- 
pe r i me n t s  p resen ted  here are conce rned  wi th  re laxing two 
a s s u m p t i o n s  m a d e  to enab le  analys is  in the  or iginal  model .  
T h e  first was t h a t  all agents  move  a t  t he  same  speed, thus  
al lowing an  order  in  which  ac t ions  are per formed to  be  de- 
fined. Th i s  m e t h o d  represen ts  a form of global synchron iz ing  
t i m e  t h a t  will no t  exist  in  a t r u l y  d i s t r i b u t e d  sys tem.  We 
tes t  t he  mode l  wi th  several  different  me t hods  of s imula t -  
ing c o n t i n u o u s  t i m e  a n d  f ind t h a t  the  order  in  which  agents  
move in  fact makes  l i t t le  overall  difference, T h e  second ns- 
s u m p t i o n  t h a t  we p u t  on  t r ia l  is t h a t  the  categories of tasks  
be ing  m a t c h e d  are d iscre te  a nd  ma tch ings  themselves  are 
de te rmin is t i c .  I n  ac tua l  app l i ca t ions  th is  is unl ikely  to hold 
t rue .  Agents  ma y  be  looking  for any  of a n u m b e r  of different 
services to accompl ish  a task,  some of which  are b e t t e r  t h a n  
others~ a nd  m a y  p robab i l i s t i ca l ly  accept  an  offered service 
based  on  its su i tab i l i ty .  We  e xa mi ne  several  forms of fuzzy 
m a t c h i n g  and  show t h a t  n u m b e r  of categories s u p p o r t e d  re- 
la tes  to how precise a m a t c h  agents  are wil l ing to  accept ,  
even when  given a low m a t c h i n g  p robab i l i t y  for less su i t ab le  
services. Meanwhi le ,  t he  p r o b a b i l i t y  of services m a t c h i n g  
is shown to affect t he  speed wi th  which matches  are found.  
Overa l l  we find t h a t  t he  following m a y  hold t rue:  

• T h e  sys t em is r o b u s t  w i th  respect  to  t iming ;  there  is 
no d e p e n d e n c y  on  t he  order  in which agents  move. 

• T h e  sys t em is flexible w i t h  respec t  to  how task  cate-  
gories are ma tched ;  agents  do no t  need to  know exact ly  
w h a t  services t h e y  are search ing  for. 

I n  t he  r e m a i n d e r  of th i s  pa pe r  we first  discuss re la ted  work 
in  sec t ions  2 a nd  t he  mode l  we inves t iga te  in  sect ion 3. I n  
sect ion 4 we p resen t  s i m u l a t i o n  resul t s  a nd  analysis .  Sect ion 
5 concludes  wi th  some final  r emarks .  

2 .  R E L A T E D  W O R K  

W i t h i n  m u l t i - a g e n t  sys tems  research the re  are two com- 
m o n l y  used m e t h o d s  of m a t c h m a k i n g ;  marke t s  and  facil i ta- 
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tors. In  the first, economic models o1~ commodi ty  markets 
are used to ' t rade '  services among agents [9]. For instance, 
in the contract  net  protocol [7] agents broadcast  a need for 
a service and  service providing agents r e tu rn  bids for a con- 
tract .  In  general markets consist of a set of buying  agents, 
a set of selling agents, and a central  market .  For efficiency's 
sake, agent markets often take the form of an auct ion in 
which bids and offers are sent  to an auctioneer tha t  broad- 
casts them to other  agents in the  system. These shouts 
are made in rounds,  all agents placing shouts,  l istening to 
other 's  shouts,  and then  recalculat ing what  they shall bid 
or offer in the  next  round.  I t  has been shown tha t  over t ime  
even agents with simple b idding  strategies will converge to 
a market  equil ibr ium price tha t  is opt imal  for the system as 
a whole [6]. Facilitators, as generalized in the middle agents 
paradigm [2] [8], on the other hand  rely on one central  agent, 
or set of agents, to indicate where looked for services can he 
found [3]. Such systems create a central  directory of service 
providers, service users, or both.  This  directory can then  be 
queried by agents looking for services or clients. 

In  this paper  we want,  by contrast ,  to consider unstruc-  
tured  mult i -agent  systems. We s tudy  a model wi thout  any 
predefined s t ructure  like a central  marketplace,  broadcast  
mechanism or network of well know middle agents. Instead, 
our agents search for possible serve providers by making 
one-to-one queries among a small  set of direct neighbors. 
Agent ' s  search spaces are expanded by  forming ~clusters' 
among agents tha t  find they are able to work together. We 
have shown tha t  this model will quickly organize into a single 
large cluster allowing 90% or more of matches to be  found, 
provided tha t  the number  of task categories is l imited [5]. 
We have further investigated l imit ing the cluster size in such 
systems and have found tha t  while this reduces the percent- 
age of matches found by around half, i t  still works well in 
the dynamic  case where tasks are completed and agents go 
on to search for new task  matches [4]. 

We are interested in invest igat ing two possible un in ten-  
t ional  sources of organizat ion in this agent model; t iming  
and  task category structure.  Global clocks are often used 
[or synchronizat ion.  Knowing the order in which events will 
take place can allow a system designer to make assumptions 
in  calculations. In  auctions the fact tha t  bids take place 
in rounds allows agents to upda te  their  shouts based on a 
know current  best bid or offer. This  speeds-up the t ime it  
takes the market  to converge to equil ibrium. In  a system 
tha t  uses a middle agent directory the middle agents can 
control  the order in which requests are handled. They  can 
thus dis t r ibute  requests to service providers based on their  
capacity to handle  them. W h e n  a t t empt ing  to create a fully 
dis t r ibutdd agent system we must  be  sure tha t  none of the 
system behavior  observed is due to such a hidden depen- 
dency on t iming. 

The  method by which task categories are matched can also 
provide an unseen form of structure.  Many  agent markets 
deal with commodi ty  items, meaning tha t  all offers and bids 
for part icular  services are interchangeable;  different services 
are t raded in different markets. Middle agent directories are 
more flexible; they provide a central  ontology tha t  allows all 
services in the system to be described in the same man-  
ner, simplifying matching decisions. However, among a dis- 
t r ibu ted  group of au tonomous  individuals  this strict ontol- 
ogy is unlikely to exist. Individuals  may not  know an  exact 
definit ion of a desired service and  can make choices based 

on a subject ive j u d g m e n t  of suitability. This  means tha t  
one-to-one negot ia t ions  are likely to be non-determinis t ic  as 
individuals can consider more decision factors t h a n  can be 
communica ted  to a middle  agent. For this reason we look 
at fuzzy matching  among  task categories. As an example, 
imagine tha t  I would like to purchase a book on java pro- 
gramming.  If  I knew tha t  I wanted the book with ISBN 
number  1-56592-262-X I could place a bid in a Kasbah  [1] 
auct ion or order it from any bookstore in my local yellow 
pages. On  the other hand  if I s imply want  a book on Java 
and browse through several of my local bookstores I can 
consider m a n y  other factors in my  decision of which book to 
purchase; my general  impression of the book's layout, or the 
niceness of the staff, for instance.  This  manner  of finding a 
book can easily lead me to purchasing a different book from 
a different store over several trials of the experiment.  

3. OUR MODEL 
In  this section we define the model we are working with 

and describe how it differs from the simpler version used in 
previous work. We further give a brief overview of previous 
results abou t  the model 's  basic behaviors. The  model pre- 
sented is focused on providing an abstract  representat ion of 
agents a t t empt ing  to find par tners  for tasks using peer-to- 
peer communicat ions.  Our  aim in its design is to simulate 
a system tha t  will help us de termine  under  what  conditions 
unorganized agents can find partners ,  and to minimize any 
predefined means of cooperating.  We consider agents tha t  
each have a number  of tasks t h a t  they  would like to find part-  
ners for. Each tasks has a category which determines what  
par tner  tasks are suitable;  each task category has one or 
more match ing  categories. Agent ' s  tasks are initially linked 
at random with  a neighbor task. Agents then search for 
matches for their  tasks. They  do this by moving in tu rns  in 
which they  reassign their  links, shuffling which of their  un- 
matched tasks are paired with which neighbor task. When  
a match  is found it forms a connect ion between the agents 
of the tasks involved. Connected  agents act as a single en- 
t i ty  and move by shuffling all of their unmatched  tasks and 
neighbors together.  Creat ing clusters in this way expands 
the search spaces of the individual  agents, allowing them to 
find par tners  outside of their  initial  neighborhood. 

Our  system consists of a set of agents A ----- ( a l , . . . ,  a,~), 
and a con t inuum of task categories (3 ---- [0, rn). These tasks 
categories represent the types  of job for which an agent 
may seek a par tner .  We suppose t ha t  there is a distance 
d : U x C --* [[3, c~) on C. The  distance between two cate- 
gories measures how similar they are. In  this paper  we use 
a simple cyclic distance: d(c, c') = m i n ~ [ c -  cll, r r~-  Ic-- c~[}. 
This cyclic dis tance is used to avoid edge effects, and gives 
a ma x i mum distance of m/2 .  Furthermore,  we consider a 
matching  funct ion on the possible distances: f : [0, m/2]  
[0, 1], where f(d) is the probabi l i ty  tha t  two categories at  
distance d form a match ing  pair. This  function determines 
if an agent looking for a service of category c will accept a 
candidate  one of category c'. We consider functions ] tha t  
are non-increasing and have a ma x i mum at 0, representing 
the fact tha t  agents are more likely to accept offered services 
the more similar  they are to the one desired. 

In  our model, each agent  a in A has a set of k tasks T~ ---- 
{~x, . . . ,  tk}, each task belonging to a category in G'. Note 
tha t  Ta can conta in  more t h a n  one task  from a category. 
The  goal of the matehm~king  problem is for the agents to 
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c r e a t e  l inks  be tween  t h e i r  t a s k s  a n d  those  o f  o t h e r  agen t s ,  
m a x i m i z i n g  t h e  n u m b e r  of  l inks  b e t w e e n  m a t c h i n g  c l ien t -  
se rver  pa i r s  as  def ined  above .  W e  sha l l  r e p r e s e n t  t h i s  b y  
def in ing  a g r a p h  G ---- (V, E )  w h e r e  t h e  nodes  a re  al l  of  t h e  
agen t s '  t a s k s  a n d  edges  a r e  p l a c e d  b e t w e e n  any  t a s k s  t h a t  
have  a non  zero  p r o b a b i l i t y  of  m a t c h i n g .  M o r e  fo rmal ly :  

V = { ( a , t ) : a ~ A a n d t ~ T , }  and 
E ---- { ( u , v )  ~ V × V : u - ~  ( a , t ) , v  = (b,~ °) such t h a t  i f c  

is t h e  c a t e g o r y  o f  t a s k  ~ and  c ~ is t h e  c a t e g o r y  

of  t a s k  t ' ,  t h e n  f ( d ( c ,  c ' ) )  > O. 

T h u s  G is a g r a p h  r e p r e s e n t i n g  all  t h e  p o s s i b l e  m a t c h e s  
in  t h e  s y s t e m .  T h e  a i m  of  t h e  m a t c h m a k i n g  p r o b l e m  is 
t o  a p p r o x i m a t e  a m a x i m u m  s ized  m a t c h i n g  M in G,  i.e. 
a se t  M C E such  t h a t  no  two  edges  in  M axe a d j a c e n t .  
T h i s  r e p r e s e n t s  a s y s t e m  w h e r e  each  t a s k  is p a i r e d  to  one  
o t h e r  t a s k  a n d  t h e  n u m b e r  of  m a t c h i n g  c l i en t - se rve r  pa i r s  is 
a p p r o x i m a t e l y  m a x i m i z e d .  

W e  i n i t i a t e  ou r  s i m u l a t i o n s  of  t h i s  m o d e l  b y  c r e a t i n g  agen t s  
w i t h  t a s k s  chosen  u n i f o r m l y  a t  r a n d o m .  W e  t h e n  t a k e  a 
r a n d o m  m a [ c h i n g  of s ize [[Vl/2] in  t h e  c o m p l e t e  g r a p h  on  
V so t h a t  each  t a s k  in  each  a g e n t  i~ l i nked  t o  one  o t h e r  t ~ k  
in  a n o t h e r  r a n d o m l y  chosen  agen t .  T h i s  r e p r e s e n t s  i n i t i a l  
n e i g h b o r h o o d s  f o r m e d  b y  s o m e  m e a n s  o u t s i d e  of  t h e  s y s t e m ,  
for i n s t a n c e  b a s e d  o n  loca t ion .  T h e  in i t i a l  l inks  axe t e s t e d  
to  see  if  t h e y  fo rm connec t i ons ,  i.e. t h a t  t h e y  r e p r e s e n t  a 
m a t c h i n g  p a i r  of  t a sks .  A g e n t s  t h e n  s e a r c h  for f u r t h e r  l inks 
t h a t  axe m e m b e r s  of  E above ,  i.e. t h e y  l ook  for l inks  t h a t  
axe b e t w e e n  two  p o s s i b l y  m a t c h i n g  ta~ks.  W h e n  a new l ink  
is f o rmed  (e i the r  i n i t i a l l y  o r  in t h e  l a t e r  s e a r c h i n g  process )  
t h e  m a t c h i n g  func t ion  f is u sed  as  t h e  p r o b a b i l i t y  of  t h a t  
l ink  b e c o m i n g  a c o n n e c t i o n .  

A g e n t s  sea rch  for c o n n e c t i o n s  b y  p e r m u t i n g  wh ich  of  t h e i r  
u n m a t c h e d  t a s k s  a r e  p a i r e d  to  wh ich  of  t h e i r  u n m a t c h e d  
ne ighbors .  T h i s  is d o n e  in tu rns ;  d u r i n g  each  t u r n  each  
a g e n t  r a n d o m l y  r ea s s igns  a l l  of  i t s  u n m a t c h e d  t a s k s  to  i t s  
u n m a t c h e d  n e i g h b o r  t a sks .  F o r  each  of  t h e s e  new l inks  f 
is u sed  to  d e t e r m i n e  if  a new c o n n e c t i o n  is c r ea t ed .  A con-  
n e c t e d  l ink  r e p r e s e n t  two  a g e n t s  ag ree ing  t o  c o o p e r a t e .  W e  
a s s u m e  t h a t  agen t s  t h a t  c o o p e r a t e  on one  t a s k  axe l ike ly  
to  be  ab le  to  work  t o g e t h e r  m o r e  closely,  for i n s t a n c e  t h e y  
m i g h t  r e p r e s e n t  dev ices  f rom t h e  s a m e  m a n u f a c t u r e r .  Thus ,  
we g roup  such  c o n n e c t e d  agen t s  in to  a c lus te r .  C l u s t e r s  t h e n  
ac t  l ike c o m p o u n d  agents ;  t h e  u n m a t c h e d  t a s k s  and  ne igh-  
b o r s  of  t h e  a g e n t s  in  t h e  c l u s t e r  a re  a l l  shuff led  t o g e t h e r  on  a 
t u r n .  S i m u l a t i o n s  ha l t  a f t e r  no  new c o n n e c t i o n s  axe f o r m e d  
w i t h i n  a se t  n u m b e r  of  t u r n s .  

I n  a p r e v i o u s  s t u d y  [4] [5] we i n v e s t i g a t e d  a d i s c r e t e  de-  
t e r m i n i s t i c  ve r s ion  o f  t h e  s y s t e m  d e s c r i b e d  above ,  one  in  
w h i c h  t h e r e  a r e  a f in i te  n u m b e r  of  c a t ego r i e s  r e p r e s e n t e d  b y  
in tege r s  a n d  t h e  m a t c h i n g  f u n c t i o n  is 1 a t  d i s t a n c e  0 a n d  
0 o the rwise .  T h r e e  m e a s u r e s  were  used  t o  c h a r a c t e r i z e  t h e  
g ene r a l  b e h a v i o r  of  t h i s  s y s t e m :  t h e  n u m b e r  o f  ca t ego r i e s  
s u p p o r t e d ,  t h e  p e r c e n t a g e  o f  c o n n e c t e d  l inks  a t  t h e  e n d  o f  a 
t r i a l ,  a n d  t h e  n u m b e r  of  t u r n s  un t i l  a t r i a l  s t o p s  chang ing .  
I t  was  f o u n d  t h a t  for low n u m b e r s  of  c a t e g o r i e s  t r i a l s  wil l  
a lways  c o n n e c t  i n to  a s ingle  c lus te r ,  w i t h  h igh  n u m b e r s  of  
c a t e go r i e s  t h e y  wil l  n e v e r  connec t ,  a n d  b e t w e e n  t h e r e  is a 
s t e e p  d r o p  w h e r e  s o m e  p e r c e n t a g e  of  t r i m s  connec t .  T h e  
p e r c e n t a g e  of  c o n n e c t i n g  t r i a l s  as a func t ion  of  t h e  n u m b e r  
of  ca t ego r i e s  was  g r a p h e d  t o  d e t e r m i n e  t h e  p o i n t  w h e r e  th i s  
d r o p  b e g i n s  a n d  t h e  c u r s e ' s  s t eepness .  I t  was  found  t h a t  
for a g e n t s  w i t h  3 t a s k s  each  t h e  p e r c e n t a g e  of  c o n n e c t i n g  
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number of qMagorln 
F i g u r e  I :  o r i g i n a l  s y n c h r o n i z e d  s y s t e m  v s .  n o  m e m -  
o r y  u n s y n c h r o n i z o d  s y s t e m  

t r i a l s  r e m a i n s  100% u n t i l  a r o u n d  100 ca t egor i e s ,  a n d  t h e n  
d r o p s  t o  O~Y0 a t  a b o u t  200 ca tegor ies .  F u r t h e r ,  t h e  n u m -  
b e r  of  c a t e g o r i e s  s u p p o r t e d  inc reases  to  400 ca t ego r i e s  w h e n  
each  a~ent  is g iven  4 t a s k s  a n d  806 c a t e g o r i e s  w i t h  5 t a s k s  
p e r  agent .  F o r  t h e  t r i a l s  t h a t  f o r m e d  a s ing le  c lu s t e r  t h e  
p e r c e n t a g e  o f  t a s k s  w i t h i n  t h e  s y s t e m  t h a t  axe m a t c h e d  t o  
p a r t n e r s  was  a lso  i n v e s t i g a t e d .  T h i s  was  f o u n d  t o  b e  a r o u n d  
97~v for s y s t e m s  w i t h  10 ca t ego r i e s ,  d r o p p i n g  t o  90% a t  200 
ca tegor ies .  F i n a l l y  t h e  n u m b e r  o f  t t t rn s  t h a t  c o n n e c t i n g  t r i -  
als r a n  for be fo re  t h e y  s t o p p e d  c h a n g i n g  was  g r a p h e d .  T h i s  
r a n g e d  fTom ~n a ve ra ge  of  298 a t  10 ca t ego r i e s  to  2369 a t  
200 ca t egor i e s .  T h e s e  p r e v i o u s  r e su l t s  a re  f rom s i m u l a t i o n s  
r u n  w i t h  2000 agen t s  each  w i t h  3 t a sks ,  a n d  wil l  b e  used  for  
c o m p a r i s o n  w i t h  t h e  e x p e r i m e n t s  p r e s e n t e d  here.  W e  have  
also s t u d i e d  m o r e  c o m p l i c a t e d  s y s t e m s  w i t h  l i m i t e d  c lu s t e r  
s izes a n d  t a s k s  t h a t  end  a n d  ge t  r ea s s igned .  T h e s e  however  
axe m o r e  di f f icul t  t o  a n a l y z e  a n d  as  t h e i r  b a s i c  b e h a v i o r  re-  
l a t e s  c lose ly  to  t h a t  of  t h e  s t a t i c ,  l a rge  c lu s t e r  s y s t e m  we  
choose  t o  look  on ly  a t  t h e  s i m p l e r  s y s t e m  in  t h e  fol lowing 
e x p e r i m e n t s .  

4 .  R E S U L T S  
I n  t h e  fo l lowing sec t i ons  we p r e s e n t  r e su l t s  f~om two ex-  

p e r i m e n t s ;  one  c o m p a r i n g  p e r f o r m a n c e  of  t h e  o r ig ina l  sys-  
t e m  w i t h  d i f fe ren t  a p p r o x i m a t i o n s  of  c o n t i n u o u s  t i m e  mad a 
s e c o n d  l ook ing  a t  fo rms  o f  m a t c h i n g  func t ions  for  s y s t e m s  
w i t h  c o n t i n u o u s  t a s k  ca t egor i e s .  T h e  e x p e r i m e n t s  p r e s e n t e d  
b e l o w  all  use  2000 a g e n t s  e ach  w i t h  3 t a sks ,  a s y s t e m  s m a l l  
e n o u g h  t o  b e  qu i c k ly  s i m u l a t e d  y e t  l a rge  e n o u g h  t h a t  a l a r k  
of  agen t s  d o e s n ' t  aSfect s y s t e m  b e h a v i o r .  T r i a l s  axe r u n  un -  
t i l  no c h a n g e  occu r s  w i t h i n  200 t u r n s ,  a n d  t h e  l as t  t u r n  on  
wh ich  a c h a n g e  was  m a d e  is r e c o r d e d  as t h e  e n d  of  t h e  t r i a l .  
Fo r  g r a p h s  o f  t h e  p e r c e n t a g e  of  t r i m s  t h a t  connec t  we r a n  
100 t r i a l s  a t  each  c a t e g o r y  po in t .  

4 . 1  C o n t i n u o u s  T i m e  
W e  firs t  w a n t  t o  e n s u r e  t h a t  t h e  b e h a v i o r  o b s e r v e d  in  t h e  

o r ig ina l  e x p e r i m e n t s  is n o t  d u e  to  a n y  s t r u c t u r e  in  t h e  o r d e r  
in wh ich  a g e n t s  move .  T h e  o r ig ina l  e x p e r i m e n t s  we re  r u n  in  
t u r n s ,  each  a g e n t  or  c l u s t e r  m o v i n g  once  each  t u r n ,  in  t h e  
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number of  ©~egor lu  
F i g u r e  2: n o  m e m o r y  v . s  m e m o r y  o f  i n t e r v a l s  [1,1O] 
a n d  [ I , I 0 0 0 ]  

order in which they  are s tored in an internal  array. There  
are several ways to s imulate  cont inuous t ime on a discrete 
computer .  In the  following sections we s tudy a system with  
no memory,  and several where clusters wait  some period of 
t ime between moves. As we wish to compare  to the origi- 
nal system we consider the  discrete determinis t ic  match ing  
case: categories have integer values between 0 and m and 
the match ing  function is 1 at  d is tance 0 and 0 otherwise. 
We use a dis tance funct ion such t h a t  each category matches  
to exact ly  one other  category. 

4.1.1 No Memory 
One way of s imulat ing an unsynchronized system is to 

move clusters in a r andomly  chosen order.  F igure  1 com- 
pares the original sys tem (described above) to  one in which 
moves are made  one cluster  at  a t ime, each step choosing 
which to move uniformly from all exist ing clusters. For com- 
parison's  sake we mark turns  as ending after N moves, where 
N is the  number  of clusters at the s ta r t  of the turn.  We see 
tha t  there  is l i t t le difference be tween the  two. The  unsyn- 
chronized sys tem stops reliably forming large clusters wi th  
slightly fewer categories,  however the  percentage of connec- 
t ions in its end clusters and the length of trials are almost  
identical.  

4.].2 Memory 
A more realistic version of an unsynchronized system con- 

siders the fact t h a t  a cluster  t ha t  has recent ly moved is less 
likely to move next  then  others  t h a t  have been still, and 
thus places some t ime  between the  moves of a cluster. We 
s imulate  this by having each cluster wait  some number  of 
t ime steps, uniformly chosen from an interval [ ~ i ~ , ~ , ~ = ] ,  
between each move. We first consider a s i tua t ion  in which 
clusters t h a t  wish to move s imul taneously  in a given t ime  
step are moved one at  a t ime  in a r andom order. F igure  2 
compares  the  no memory  case in Figure  1 to two versions of 
such a system, "mere 10" wi th  wait  t imes  of between 1 and 
10 steps, and "mere 1000" wi th  waits of  between 1 and 1000 
steps. For comparisons  sake we measure  turns after 10 or 
1000 t ime steps respectively, the expected  amount  of t ime  

1 
laJms, I 

~ 1 0 .  

1 1~10 • 

IIIDO - 

0 

number ot'clesirlee 
F i g u r e  3: m e m o r y  i n t e r v a l  [1, 10]; s e q u e n t i a l  vs .  
s y n c h r o n o u s  c l u s t e r  m o v e m e n t  

for each cluster  to move once. Since we have 2000 agents, 
and on average even fewer clusters,  we expect  the "mere 
1000" case to approx ima te  the  no memory  case, as we see 
occurs in the graphs.  The  "mere  10" case however also shows 
no appreciable  difference indicat ing tha t  this change in the 
order of  moves makes no difference to the  overall system. 

4.1.3 Moving in Unison 
Our previous cases clusters move sequentially. More real- 

istically we want  to consider clusters tha t  move in parallel. I f  
moved in sequence two neighbor ing clusters will get to test  
two possible ma tch ing  task pairs, first one cluster moves 
and tests for a match,  then  the  second moves, creat ing a 
new pair, and tes ts  again. Two clusters t h a t  move at the 
same t ime will skip the  in te rmedia te  task pair, tes t ing only 
one new pair. F igure  3 compares  the "mem 10" exper iment  
above wi th  an exper iment  run  wi th  the same memory  pa- 
rameters  but  moves made in this synchronous manner.  As 
expected the  sys tem wi th  synchronous moves takes slightly 
longer (2.4~0 to  12.3~)  due to  this single testing, but  other- 
wise we see l i t t le  difference be tween the  two methods.  

4.2 Continuous Categories 
In our second exper iment  we s tudy  the  difference between 

systems with  discrete categories and determinis t ic  matches~ 
and systems with  categories chosen from an interval  wi th  
various ma tch ing  functions. Our  categories are now chosen 
from an interval  [0, m),  and we look at match ing  functions on 
the  dis tance between categories,  f(d) as defined in Section 3. 
In the following sections we look at several  different match-  
ing functions, first to  compare  against  the discrete case, and 
then  to de te rmine  the  effect of  changing their  width  (i.e. 
the  suppor t  of S ; S  t = ~d : S(d) > 0}), average height  or 
fuzziness. 

4.2.1 Original vs. Rectangular 
We first compare  the  original discrete  case to its closest 

match  in a continuous system. Figure  4 compares the orig- 
inal da ta  wi th  a ma tch ing  funct ion t h a t  is 1 between 0 and 
1/2 and 0 everywhere  else, labelled ' rec tangular ' .  As in the 
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number of ~ntogedo nn I ee~gery Interval size (m) 
F i g u r e  4:  o r i g i n a l  d i s c r e e t  s y s t e m  c o m p a r e d  t o  a 
c o n t i n u o u s  s y s t e m s  w i t h  ' r e c t a n g u l a r '  a n d  ' t r i a n g u -  
l a r '  m a t c h i n g  f u n c t i o n s  

or iginal  sys tem,  this  ' r e c t a n g u l a r '  f unc t i on  represents  a case 
where  a ca tegory  will always m a t c h  to any  ca tegory  w i t h i n  
a d i s t ance  of 1/2 to e i ther  side. We see t h a t  t he  m a i n  differ- 
ence is t h a t  the  ' r e c t a n g u l a r '  case improves  on  the  percent -  
age of connec ted  l inks a t  t he  end  of a t r i a l  by 1.4~o to 5.3~rc. 
Th i s  is due to  the  fact t h a t  if a t a sk  A has two matches ,  B 
and  C, B and  C axe un l ike ly  to be  ident ica l  and  thus  while  
some of the i r  m a t c h i n g  space overlaps the re  axe also fur ther  
tasks  t h a t  will  on ly  m a t c h  B or on ly  m a t c h  C. T h u s  B con- 
nec t ing  to A removes less of C 's  po t en t i a l  matches  t h e n  i t  
does in the  discrete  case. 

4.2.2 Triangles 
In  a more  real is t ic  sy s t em it is likely t h a t  an agent  is 

wil l ing to accept  a n u m b e r  of different re la ted  services as 
modelled in the  ' r e c t angu l a r '  case above,  b u t  also t h a t  the  
agent  will prefer some of these  services to  others.  I n  the  
following sect ion we mode l  this  behav io r  us ing  t r i a n g u l a r  
m a t c h i n g  [unct ions .  These  ' t r i a n g u l a r '  func t ions  provide  a 
s imple  r ep resen ta t ion  of an  agen t ' s  preference for a par t ic-  
u la r  category, wi th  a d i m i n i s h i n g  abi l i ty  to accept  re la ted  
categories d e p e n d i n g  on  how s imi la r  t h e y  are to  the  desired 
category. T h e y  place the  highest  p robab i l i t y  of m a t c h i n g  at  
d i s t ance  0, and  t h e n  l inear ly  lower t he  m a t c h i n g  p robab i l i ty  
to  0 a t  some d i s t ance  d~ffi .  For  compar i son  to  the  ' rect-  
angu l a r '  case, F igure  4 inc ludes  d a t a  for such a ' t r i angu l a r '  
f unc t ion  wi th  f ( 0 )  ---- 1 and  d~ffi  ---- 1/2,  label led ' t r i angu-  
lax'. We see t h a t  the  ' t r i a n g u l a r '  ca~e in general  performs 
less welt t h a n  the  ' r e c t angu la r ' .  I t  suppo r t s  the  same n u m -  
ber  of categories,  b u t  w i th  a more  g radua l  d rop  off a nd  end  
clusters  have 0.1% to  1 . 5 ~  less connec t ed  links. More im- 
p o r t a n t l y  however,  r u n s  are 1.8 to  2.9 t imes  longer,  due  to 
t he  fact t h a t  pa i rs  t h a t  m a y  poss ib ly  connec t  might  meet  
a n u m b e r  of t imes  before doing so. We fur ther  explore two 
sets of these  ' t r i a n g u l a r '  func t ions ,  first ho ld ing  f (0 )  a t  1 
and  vary ing  dm~= to d e t e r m i n e  the  effect of the  'w id th '  or 
s u p p o r t  of t he  m a t c h i n g  funct ion .  We  t h e n  fix d ~ =  at  1/2 
and  va ry  the  height  of the  t r i ang le  to  de t e rmine  the  effect 
of  the  p robab i l i t y  of two tasks  ma tch ing .  

©ungsW Interval size (m) 
F i g u r e  5: ' t r i a n g u l a r '  m a t c h i n g  f u n c t i o n s  w i t h  v a r y -  
i n g  w i d t h s  

F igure  5 shows the  first of these  exper iments .  All  d a t a  sets 
show ' t r i a n g u l a r '  m a t c h i n g  func t ions  wi th  f (0 )  ~ 1; "width  
1", "width  1 /2" ,  "wid th  1/4" have d ~ =  ---- 1/2,  1/4,  and  
1 /8  respectively.  ( In tu i t i ve ly  'w i d t h '  i indica tes  t h a t  each 
ca tegory  can  poss ib ly  m a t c h  to an  in terva l  of categories of 
l eng th  1) The  po in t s  label led  "width  1 /2  x 2" show the  d a t a  
for "width  1/2" w i th  its ca tegory  axis doubled ,  s imi lar ly  
"wid th  1/4  × 4" shows the  d a t a  for "width  1/4" wi th  its 
ca tegory  axis quad rup led .  As these  po in t s  ind ica te  mul t i -  
p ly ing  the  w i d t h  of the  m a t c h i n g  func t i on  by  a c o n s t a n t  
s imply  has the  effect of m u l t i p l y i n g  the  suppo r t ed  ca tegory  
r ange  by  t he  s ame  cons t an t .  Th i s  makes  sense, categories 
are chosen from a c o n t i n u o u s  in te rva l  so scal ing the  ma tch -  
ing func t ion ' s  s u p p o r t  is equ iva len t  to  scal ing the  interval .  
We nex t  look at  t he  effect of  va ry ing  the  height  of a ' t r i an -  
gular '  m a t c h i n g  funct ion .  In  F igure  6 all d a t a  sets have a 
' t r i a n g u l a r '  f unc t i on  w i t h  d ~ =  = 1/2.  "height  1", "height  
1/2" a n d  "height  1 /4"  have f ( 0 )  ~-- 1, 1/2 a n d  1 /4  respec- 
tively. R e d u c i n g  the  p r o b a b i l i t y  of matches  be ing  made  has 
a smal l  effect in  r educ ing  the  s y s t e m ' s  abi l i ty  to  connect ,  
b u t  mos t  i m p o r t a n t l y  changes  the  speed at  which  the  sys- 
t e m  finds matches .  C o m p a r e d  to  °'height 1", "height 1/2" 
takes  1.5 to  1.7 t imes  longer  and  "height  1/4" takes  2.4 to  
2.8 t imes  longer.  T h u s  d o u b l i n g  the  height  gives an  approx-  
ima te ly  1.6 t imes  speedup  to  the  sys tem.  

4.2.3 Fuzzy Tails 
I n  our  last  e x p e r i m e n t  we look at  the  effect of ' fuzziness '  

in  our  sys tem.  As the  ' t r i ang le '  graphs  indicate ,  even a 
very  low p robab i l i t y  of m a t c h i n g  at  some d i s t ance  can  con- 
t r i b u t e  to the  overall  sy s t em behavior .  T h o u g h  the  ' t r i angu-  
lax' cases took  longer  to  r u n  t h a n  t he  ' r e c t a n g u l a r '  one, t hey  
st i l l  s u p p o r t e d  a b o u t  the  s ame  r ange  of t a sk  categories in  
sp i te  of the i r  low edge probabi l i t ies .  To look fur ther  at  this  
we wan t  to  consider  a case where  agents  have a preferred 
m a t c h  for a task,  b u t  could poss ib ly  take  matches  t ha t  are 
very  different ~ o m  the i r  preferred pa r tne r .  We use the  u n i t  
n o r m a l  d i s t r i b u t i o n  func t i on  to  mode l  th is  behav io r  as it  has 
a high cen te r  and  very  low p r oba b i l i t y  tails.  We  scaled the  
w i d t h  of the  u n i t  n o r m a l  by  2/11 to  give approx ima te ly  the  

3 0 4  



,® :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

: t : : :  :::::::::::::::::::::::::::::::::::: ::-:- ........................................................ + "  ........... 

............... "..-:5._-.._...-- ......... t 
t . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~.0~ ~e.~.d 11. t 

. . . . . . . .  . , i . .  ............ I 

I-ZTm 

~,,.n. 1 .......................................................................................................................................................... ". .................................... ~ . m . . L  I moo ~. ........................................................................................ : . + . , , ~ : . . "  .................................... mve....m+l..el 

J -  ....................... ] . . - - ~  ............... l ~  height  l r4J  

©~ te i l a~ f  I n t e ~ a J  I l t l  ( a )  

Figu re  6: ' t r i a n g u l a r '  m a t c h i n g  func t ions  wi th  vary-  
ing he ights  

same range of supported categories as our previous experi- 
ments. This is the "normal" data in figure 7. The "normal 
no tail" data shows this same function but with probabil- 
ity at distances [1/2, infinity[ set to 0. At distance 1/2 the 
probability of two tasks matching is already very low so the 
cut off tail accounts for only 1% of the total area under the 
original curve. However cutting off this tail still affects the 
number of categories supported by around 12%, though it 
makes little difference to the length of runs or the quality of 
solutions. 

5.  C O N C L U S I O N  
In this paper we considered matchmaking in an unstruc- 

tured multi-agent system. Using simulations we have shown 
that the following holds true: 

• We tested several methods of simulating continuous 
time and found no dependency on the order in which 
clusters move. This held true for systems with and 
without memory, and for systems that assumed that 
clusters move in parallel. 

• We found that the system is flexible with respect to 
how task categories are matched. Agents can be un- 
sure of what matches they are willing to accept and 
can accept a range of matches, even with probabilities 
as low as 0.01. The range of categories accepted in this 
ram/net is proportional to categories supported by the 
system a~ a whole, and the average probability of cat- 
egories in this range being accepted relates to speed 
of the system. A doubling in height of a triangulax 
function results in roughly a 1.6 times speedup. 

These experiments, while still abstract, indicate that  un- 
controlled systems of interacting agents might be able to 
maintain stable behaviors, in spite of the complications thrown 
at them by real world applications. There are however 
some limitations that  may effect the suitability of the sys- 
tem we've described for a given application. The range of 
categories supported by our system is limited while the cate- 
gory range needed in an actual problem, especially in prob- 
lems that consider multi-dimensional categories, could be 

lOB : = : : : "- .: : ~ : ............................................................................. ~ " C o I l n I N : ~ I ~  

eD ........................................................................................................................................................................... i!itJfiuflS .............. 

: : ::=:.:::.'..t.,.:::.:: 
: 

and~l lOr l f  Intmrvmr o l ze  |m3 

F i g u r e  7': sca led  n o r m a l  m a t c h i n g  func t ion  vs. s ame  
cu t  off  at  1 /2  

very large. Further, the speed of a ' turn'  depends upon 
the communication costs faced by the agents. These issues 
constitute further research directions. 
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