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In  to d a y’s  v o la tile  b usine ss e nv iro nme nts, c o lla b o ra tio n  b e tw e e n info rma tio n syste ms, b o th w ithin  and 

a c ro ss c o m p a ny b o rd e rs,  ha s b e c o m e  e sse ntia l to  suc c e ss. An e ffic ie nt sup p ly c ha in, fo r e xa mple , re q uires 

the  c o lla b o ra tio n o f d istrib ute d  a nd  he te ro g e ne o us syste ms o f multip le  c o m p a nie s. De ve lo p ing  suc h c o lla b o - 

ra tiv e  a pp lic a tio ns  a nd  b uild ing  the  sup p o rting  info rma tio n syste ms p o se s seve ra l e ng ine e ring  c ha lle ng e s. 

A ke y c ha lle ng e  is to  ma na g e  the  e ve r g ro wing  d e sig n c o mp le xity. In this a rtic le , w e  a rg ue  tha t so ftwa re  ar- 

c hite c ture  sho uld  p la y a  mo re  p ro mine nt ro le  in the  d e ve lo p m e nt o f c o lla b o ra tive  a p p lic a tio ns.  This c a n he lp 

to  b e tte r m a na g e  d e sig n c o m p le xity  b y mo d ula rizing  c o lla b o ra tio ns  a nd  se pa ra ting   c o nc e rns. Sta te  o f the  

a rt so lutio ns, ho we ve r, o fte n la c k p ro p e r a b stra c tio ns fo r mo d e ling  c o lla b o ra tio ns a t a rc hite c tura l le ve l o r d o  

no t re ify the se  a b stra c tio ns a t d e ta ile d  d e sig n a nd  imple me nta tio n  le ve l. De ve lo p e rs, o n the  o the r ha nd , re ly 

o n m id d le w a re ,  b usine ss pro c e ss ma na g e me nt, a nd  We b  se rvic e s,  te c hniq ue s that ma inly fo c us o n lo w-leve l 

infra struc ture . 

To  a d d re ss the  p ro b le m o f m a na g ing  the  d e sig n c o mple xity o f c o lla b o ra tive  a pp lic a tio ns, we  p re se nt Ma- 

c o d o . Ma c o d o  c o nsists o f thre e  c o mple me nta ry p a rts: (1) a  se t o f a b stra c tio ns fo r mo d e ling  a da p tive  c o llab - 

o ra tio ns, (2) a  se t o f a rc hite c tura l v ie w s, the  ma in c o ntrib utio n o f this a rtic le , tha t re ify the se  a b stra c tions 

a t a rc hite c tura l le v e l, a nd  (3) a  p ro o f o f c o nc e pt mid d le wa re  infra struc ture  tha t sup p o rts the  a rc hite c tura l 

a b stra c tio ns a t d e sig n a nd  imple me nta tio n  leve l. We  e va lua te  the  a rc hite c tura l  v iew s in a  c o ntro lle d   e xp er- 

ime nt. Re sults  show  tha t the  use  o f Ma c o d o  c a n re d uc e  fa ult d e nsity a nd  de sig n c o mple xity,  a nd  improve  

re use  a nd  p ro d uc tivity.  The  ma in c o ntrib utio ns  o f this a rtic le  a re  illustra te d in a  supply c ha in m a na g e m e nt 

c a se . 

 
 
 
 
 

 



 

 
1. INTRODUCTION 

Ad a p tive  c o lla b o ra tio ns  b e twe e n info rma tio n syste ms ha ve   b e c o m e  a n e sse ntia l e le - 
me nt in to da y’s b usine ss e nviro nme nts. In mo d e rn sup p ly c ha ins, fo r exa mple , c o mp a- 
nie s re ly on a  multitud e  o f syste ms. The  a rrival o f a  ne w ord er  c an no  lo ng er  b e  han- 
dle d  b y a  sing le  syste m, b ut re q uire s c o mp le x c o lla b o ra tio ns  a mo ng  d istrib ute d  and 
he te ro g e ne o us syste ms. In additio n, the  d yna mic  a nd  unpre d ic ta b le   ma rke t is c a us- 
ing  a  c onstant  c hang e in sup p ly c hain ne tw o rks, re q uiring  c o llabo ratio ns to  b e  e a sily 
adapted to  c urre nt ma rke t ne e d s. One  o f the  p rima ry go als o f info rma tio n te c hno lo g y 
is to  suppo rt the  c o llabo ratio n o f info rmatio n  syste ms b o th w ithin and a c ro ss c o mpany 
bo rde rs [Hug o s 2011; Simc hi-Levi 2008]. 

Co lla bo ra tio ns c a n ta ke  p la c e  in d iffe re nt typ e s o f e nviro nme nts [Da vid sso n 2001]. 
Op en e nviro nme nts, suc h a s the  Inte rne t, pro vide  hig h fle xib ility, b ut ma ke  it hard 
to  p re d ic t the  outc o me o f inte ra c tio ns o r to  e sta b lish mutua l trust.  Re stric te d  en- 
viro nme nts ta ke  a  mo re  p rag ma tic   a p p ro a c h [Pe trie  and Bussle r 2008; Pe zzini  and 
Lhe ure ux 2011]. The  ma inta ine r o f the  so ftwa re  de ployed in suc h a n e nvironment 
p uts re stric tio ns  o n the  p a rtic ip a nts. This a llow s to  ac hie ve  the  ne c e ssary sta b ility 
and trust  [Le sse r 1998; Cunha 2009], w hile  still a llo wing   se le c te d  pa rtic ipants to  jo in. 
In the  d o ma in o f sup p ly c ha in ma na g e me nt, third -p a rty c o mp a nie s a re  pro vid ing   suc h 
e nviro nme nts,  by ac ting  a s truste d  inte g ra to rs [Rushto n and Wa lke r 2007]. Exa mp le s 
a re  3PLs and  4PLs (third -p a rty and  fo urth-p a rty lo g istic s pro vid ers), o r c o mp a nie s like  
Sup p lyO n (www.sup p lyo n.c o m)  and G XS (w ww.g xs.c o m). 

De ve lo p ing  c o lla b o ra tive  a p p lic a tio ns,  e ve n in a  re stric te d  e nviro nme nt,  a nd  b uild - 
ing  the  suppo rting  info rma tio n syste ms, is a c omplex ta sk tha t po se s se ve ral e ngine er- 
ing  c halle ng e s. The se  c halle nge s inc lude  inte g ra ting  a nd c o o rd inating  d istrib ute d  and 
he te ro g e ne o us info rma tio n syste ms. Altho ug h sta te  o f the  a rt addre sse s ma ny c ha l- 
le ng e s, se ve ral pro ble ms re ma in op en. A ke y p ro b le m is to  manag e  the  e ve r g rowing  
d e sig n c o mp le xity o f c o lla b o ra tive  a p p lic a tio ns. 

In this  a rtic le , we  a rgue  tha t so ftware  arc hite c ture  sho uld  pla y a  mo re   p ro minent 
ro le  in the  d e ve lo p me nt o f c o lla bo rative  a pplic atio ns. This c a n he lp  to  b e tte r manage  
d e sig n c o mple xity b y mo d ula rizing  c o mp le x c o lla b o ra tio ns  a nd  se p a ra ting   c o nc e rns. 
Sta te  o f the  a rt so lutio ns, ho we ve r, o fte n lac k pro pe r a bstrac tio ns fo r mo d e ling  c o llab- 
o ra tio ns a t arc hite c tural le ve l o r d o  no t re ify the se  a bstrac tio ns a t d e sig n a nd imple - 
me ntatio n le ve l. Re se a rc h o n mid d le wa re , b usine ss p ro c e ss ma na g e me nt (BPM), and 
se rvic e -o rie nte d  arc hite c ture  (SOA), fo r e xa mp le , ha s ma inly foc used on ind ivid ual se r- 
vic e  inte ra c tio ns, iso la te d  p ro c e sse s,  a nd  lo w -leve l infra struc ture ,  w hile  pa ying  le ss 
a tte ntio n  to  the  p ro b le ms o f ho w se rvic e s  c o lla b o ra te  [Sing h and Huhns 2005; Pfa d en- 
haue r e t a l. 2005; Ma  and Le yma nn 2009]. Re se a rc h o n ro le -b a se d te c hniq ue s,  o n the  
o the r ha nd , ha s p rima rily  fo c usse d  o n the  c o nc e ptual le ve l, le aving  the  link  betwe en 
c onc e ptual mo d e ling , so ftwa re  a rc hite c ture , a nd  imp le me nta tio n  implic it [Fe rb er e t a l. 
2009; Dig num e t a l. 2009]. We c an id e ntify the  fo llo wing pro ble ms with sta te  o f the  a rt 
a p p ro a c he s: 

 
 

(1) La c k o f p ro p e r de c o mp o sitio n me c ha nisms.  Sta te  o f the  a rt a p pro a c hes fo r b usine ss 
p ro c e ss mo d e ling  p ro vid e  limite d  o r no  d e c o mp o sitio n me c ha nisms  [Erl 2005; Pa - 
p azo g lo u 2008], whic h e a sily re sults  in mo no lithic  pro c e sse s tha t addre ss m ultip le  
c o nc e rns in a  sing le  mo d e l [Huhns e t a l. 2005; Tra n et a l. 2012]. In p a rtic ula r, most 
o f the  e xisting  mo d e ling  la ng ua g e s a d d re ss c o lla b o ra tio n  ma na g e me nt a t imple - 
me ntatio n le ve l a nd  d o  no t pro vide  g o o d  me c ha nisms to  re a so n a b o ut c o lla b o ra tio n 
ma na g e me nt a t a  hig he r leve l o f a bstrac tio n [O rrië ns e t a l. 2003; Mic hlma yr e t a l. 
2007]. So me  la ng ua g e s fo r b usine ss pro c e ss mo d e ling, se rvic e  o rc he stratio n, a nd  
c ho re o g ra p hy [Ma  and Le yma nn 2009; Cha rfi and Mü lle r 2010] do  p ro vid e   me c ha - 

 
 



 
nisms to  d e c o mp o se  se rvic e  c o lla bo ratio ns, but the y are  no t inte grate d  in the  c urre nt 
te c hnolo g y sta c k. 

(2) Foc us o n func tio na l  de c o mp o sitio n. Sta te  o f the  a rt mo d e ling  te c hniq ue s tha t p ro - 
vid e  d e c o mp o sitio n me c ha nisms  typ ic a lly re ly o n the  c o nc e p t o f sub-pro c e ss o r c o m- 
po site  se rvic e  [Ma and  Le ymann 2009; Sc humm e t a l. 2011; OMG 2011]. The  use  o f 
sub -p ro c e sse s  and  c o mp o site  se rvic e s  le a d s to  a  func tio na l  d e c o mp o sitio n [Erl 2005; 
Pap azo g lou 2008], whic h d o e s no t re ify the  und e rlying  c o lla b o ra tio n struc ture s. In 
suc h a func tio na l  d e c o mp o sitio n, inte ra c tio n  lo g ic , p a rtic ip a nt  b e ha vio r, a nd ma n- 
a g e me nt a re  e a sily sc a tte re d  a c ro ss multiple  p ro c e sse s a nd  se rvic e s.  This ha mp ers 
re a so ning  a b o ut c o lla b o ra tio ns a nd  the ir q ua litie s, suc h a s re use , mo d ifia bility, and 
timing  c o nstra ints. 

(3) Missing   re ific atio n o f re le vant ab strac tio ns in de sig n a nd imp le me nta tio n.  Sta te  o f 
the  a rt ro le -b ase d  a p p ro a c hes in o b je c t-o rie nte d  mo d e ling  [He rrma nn 2007], a g e nt 
o rg a niza tio ns [Dig num et a l. 2009; Dig num and Dig num 2011; Hü b ne r e t a l. 2011], 
and BPM  [O uld  2005; Cae tano  e t a l. 2005] pro vide  use ful a bstra c tio ns to  mod e l 
a nd  mo d ula rize   c o llab ora tio ns. The se  a p pro a c he s, ho we ve r, p rimarily  fo c us o n the  
c onc e ptual le ve l and a re  o fte n ha rd  to  ma p to  so ftware  arc hite c ture , de sig n, o r im- 
ple me ntatio n. Mo st o f the se  te c hnique s re q uire  spe c ialized  to o ls and fra me w o rks 
tha t are  no t e a sily inte grate d  in mainstre a m so ftware  e ng ine e ring . 

 
To   a d d re ss the se  pro ble ms, w e  p re se nt Ma c o d o 1 , 2 . Ma c o d o  p ro vid e s a rc hite c ture - 

c e ntric  suppo rt fo r d e ve lo p ing  a d a p tive  se rvic e  c o lla b o ra tio ns,  fo c ussing   o n se rvic e  c o l- 
la b o ra tio ns tha t ta ke  pla c e  in a  re stric te d  c o llabo ratio n e nviro nme nt.  Ma c o d o  c o nsists 
o f thre e  c o mp le me nta ry p a rts: 

 
— Ab strac tio ns to  mo de l a da p tive  c o lla b o ra tio ns.  The  a bstrac tio ns a llow  to  mo d ular- 

ize  c o mp le x se rvic e  c o lla b o ra tio ns a nd  d e sc rib e  c o lla b o ra tio n ma na g e me nt, inte ra c - 
tio ns, a nd  p a rtic ip a nt b e ha vio r a s se p a ra te  c o nc e rns. 

— Arc hite c tural vie ws. The  Ma c o d o  a rc hite c tural view s, the  c o re  c o ntrib utio n  o f this 
a rtic le , re ify the  c o llabo ratio n abstrac tio ns a s arc hite c tural mo de ling  e le me nts. Ar- 
c hite c ts c a n use  the  Ma c o d o  view s to  d e sign, d o c ume nt, and  re a so n a b o ut c o lla b o ra- 
tio ns and the ir q ua litie s in te rms o f c o mmo n so ftwa re   e le me nts3 . Fe a ture s inc lude  
mo d ula rizing  c o mp le x se rvic e  c o lla b o ra tio ns,  w hile  p re se rving  the  und e rlying  c o l- 
la bo ratio n struc ture s, a nd  d e sc rib ing   c o lla b o ra tio n ma na g e me nt, inte ra c tio ns, a nd 
partic ipant be havio r a s se p a ra te  c o nc e rns. By ma p p ing  c o lla b o ra tio n a b stra c tio ns 
to  c o mmo n so ftwa re   e le me nts,  Ma c o d o  p ro vid e s  a  c lo se  inte gra tio n with the  c urre nt 
te c hnolo g y sta c k and  mainstre am  so ftware  e ng ine e ring . 

— Pro o f o f c o nc e p t middle ware  suppo rt. The  middle ware  pro vide s a  c o nc re te  p la tfo rm 
to  d eve lo p  a nd  imp leme nt c o lla bo ratio ns tha t a re  d e sig ne d in  the  a rc hite c tural 
view s. A pro o f o f c o nc e p t mid d le wa re   a rc hite c ture   a nd  p ro to typ e  imple me ntatio n 
sho w  tha t Ma c o d o   c a n b e  inte grate d  in the  c urre nt te c hno lo g y sta c k, w itho ut the  
ne e d  fo r ne w sta nd a rd s. 

 

 
1 Ma c o d o  is a n a b b re via tio n fo r Mid d le wa re  Arc hite c ture  fo r C O nte xt-d rive n Dyna mic  Org a niza tio ns. 
2 Ma c o d o  w as initia lly intro d uc e d  in [We yns e t a l. 2010a ; We yns e t a l. 2010b ]. New c o ntrib utio ns o f this 
a rtic le , w ith re sp e c t to  [We yns e t a l. 2010a ; We yns e t a l. 2010b ], a re  a  ma jo r rev isio n o f the  und e rlying 

a b stra c tio ns, the  intro d uc tio n o f a rc hite c tura l v ie w s fo r Ma c o d o , the  use  o f Ma c o d o  to  mo d ula rize  se rvic e  
c o lla b o ra tio ns, the  inte g ra tio n o f Ma c o d o  in the  We b  se rv ic e  te c hno lo g y sta c k, a nd  the  e va lua tio n in an 

e m p iric a l stud y. An e a rlie r v e rsio n o f the  w o rk pre se nte d  in this a rtic le  wa s pa rt o f the  PhD re se a rc h o f the  
first a utho r [Ha e se vo e ts 2012]. 
3 With c o mmo n so ftw a re  e le m e nts, w e  re fe r to  so ftw a re  m o d ule s, c o m p o ne nts, inte rfa c e s,  e tc . We  e xp la in this 
in d e ta il in se c tio n 5. 

 
 

 



 

 
The  main c o ntrib utio ns o f this  artic le , the  arc hite c tura l view s, are  e valua te d  in an 

e mp iric a l stud y. In this  stud y, p e rfo rme d  w ith a  g roup  o f 67 fina l ye a r stud e nts o f a  
Ma ste r in So ftwa re  Eng ine e ring  prog ra m,  we  c o mp are  Ma c o d o  w ith a  re ferenc e   ap- 
pro a c h to  d e sig n se rvic e  c o llabo ratio ns ta king  p la c e  in re stric te d  e nviro nme nts. Re - 
sults  sho w tha t the  use  o f Ma c o d o  c a n re d uc e  fa ult d e nsity and  d e sig n c o mp le xity, and 
impro ve  re use  a nd p ro d uc tivity. 

 

 
1.1. Overview 

Se c tio n 2 pro vide s re q uire d  b a c kg ro und  info rma tio n o n middle ware, BPM,  SO A, and 
so ftwa re   a rc hite c ture   a nd  intro d uc e s  a  sup p ly c ha in c a se  tha t is use d  a s running  ex- 
ample  thro ugho ut  this  a rtic le . In Se c tio n 3, we  d isc uss sta te  o f the  a rt in se rvic e  c o l- 
la b o ra tio ns  a nd  p inp o int sho rtc o ming s  o f c urre nt a p p ro a c he s. Se c tio n 4 intro d uc e s the  
c o llab o ratio n abstrac tio ns  tha t pro vide  the  fo undatio n fo r the  Ma c o d o  a rc hite c tural 
view s. Se c tio n 5 pre se nts the  Ma c o d o  a rc hite c tural view s. Se c tio n 6 d isc usse s the  p ro o f 
o f c o nc e p t midd le ware  fo r Ma c o d o  a nd  a  pro to type  imple me ntatio n.  In Se c tio n 7, we  
re po rt the  e mpiric al stud y o f Mac o do . Sec tion  8 c onc lud es w ith a  re fle c tio n  on the  ma in 
c o ntributio ns  o f this a rtic le  and d isc usse s o ppo rtunitie s fo r future  w o rk. 

 

 
2. BACKGROUND 

To  unde rstand  the  c o ntributio ns  o f this p a p e r, so me  b a c kg ro und o n mid dle wa re ,  BPM, 
SO A, and so ftwa re  arc hite c ture  is re q uire d . We  sta rt  with a  b rie f o ve rvie w o f mid- 
d le wa re , BPM,  and SO A and hig hlig ht so me  ke y We b  se rvic e  te c hno lo g ie s. Ne xt, we  
d isc uss w ha t so ftware  arc hite c ture  is a nd ho w it c a n b e  d o c um e nte d   using  arc hitec - 
tura l  view s. Fina lly, w e  intro d uc e   a  sup p ly c ha in  manag e ment  c ase  tha t w e  use  to  
illustra te  the  c onc e pts and c o ntributio ns  o f this a rtic le . 

 

 
2.1. Middleware, BPM, and SOA 

Middle ware  o ffe rs pro gra mming  a bstrac tio ns w ith sup p o rting  infrastruc ture  to  fa c il- 
ita te  the  d e ve lo p me nt o f c o mp le x d istrib ute d  syste ms [Linthic um 2000; Alo nso  e t a l. 
2004]. The se  a b strac tio ns c a n hide  lo w-le ve l d e ta ils o f ha rd wa re ,  ne tw o rks and d istri- 
bution,  a nd pro vid e  d e ve lo p e rs a c c e ss to  func tio na lity tha t the y wo uld  o the rwise  ha ve 
to  imple me nt fro m sc ratc h. Ente rp rise   a p p lic a tio n inte g ra tio n (EAI)  e xte nd s c o nve n- 
tio na l mid d le wa re   a nd  a d d re sse s  the  tw o  ma in c o nc e rns o f intra -e nte rp rise  inte g ra- 
tio n: (1) d e a ling  w ith he te ro g e ne ity,  a nd (2) d e fining ,  e na c ting , a nd ma na g ing  the  a c - 
tua l a p p lic a tio n inte g ra tio n  a nd  c o mp o sitio n lo g ic  [Linthic um 2000]. Busine ss  pro c ess 
ma na g e me nt (BPM) and w o rkflo w  ma na g e me nt (WfM) pro vide  po we rful me c ha nisms 
to  d e fine  a nd exe c ute  inte g ra tio n a nd c o lla b o ra tio n  lo g ic  (e .g., in EAI)  [van d e r Aa lst 
e t a l. 2003; O uld 2005]. 

Se rvic e -o rie nte d  arc hite c ture  (SO A) addre sse s se ve ral c halle ng e s re la te d  to  inte g ra - 
tio n a nd c o lla b o ra tio n  in d istrib ute d , b ut a lso  op en, e nviro nme nts [Erl 2005; Pa pa- 
zo g lo u 2008]. Ke y p rinc iple s o f SO A a re  se rvic e  o rc he stratio n  and  c ho re o g ra p hy [Erl 
2005]. Orc he stra tio n a llow s to  c o mb ine  o r c o mp o se  the  func tio na lity o f multiple  se r- 
vic e s. Cho re o g ra p hy d e fine s a  ‘ public ’  c o o rd ina tio n o r inte gra tio n p roto c o l b e twe en se r- 
vic e s o f multiple  e nte rp rise s. Orc he stratio n  a nd  c ho re o g ra p hy a re  typ ic a lly d esc rib e d  
using  wo rkflo w-b a se d la ng ua g e s a nd ha ve  re vive d  the  use  o f WfM and BPM. Web ser- 
vic es c an be  se en a s a no the r e xte nsio n to  c o nve ntio na l mid d le wa re  a nd  EAI, p roviding  
the  te c hno lo g y tha t a llow s c o mp a nies to  g o  fro m intra -e nte rp rise  inte g ra tio n to  inte r- 
e nte rp rise  inte gra tio n [Alo nso  e t a l. 2004]. 

 

 
 



 
2.2. Web Service Technologies 

We b se rvic e s a re  the  mo st p ro mine nt  te c hno lo g y sta c k to  re a lize  se rvic e -o rie nte d  a r- 
c hite c ture  (SO A). Te c hno lo gie s tha t b e long  to  this  sta c k a re  o fte n la b e le d ‘ WS-*’ . We  
hig hlig ht so me  p ro mine nt  te c hno lo g ie s tha t a re  use d  in the  fo llo wing  se c tio ns. 

 

We b  Se rvic e .  A Web se rvic e  is a  p ie c e  o f so ftware  tha t e xp o se s so me  func tio na lity, 
o r se rvic e , a nd  ma ke s this  func tio na lity availa ble  thro ug h sta nd a rd  We b te c hno lo- 
g ie s [Alo nso  e t a l. 2004]. It ha s a n inte rfa c e  d e sc rib e d  in a  ma c hine-p ro c essa ble   fo rmat 
and o the r syste ms inte ra c t with the  We b  se rvic e  a s pre sc ribe d  b y its d e finitio n using  
SOAP-me ssa ge s [Gud gin 2003]. 

 

WSDL. WSDL (We b Se rvic e s De sc rip tio n Lang ua g e ) [Christe nse n e t a l. 2001] is a n 
XML-b a se d langua g e  to  d e sc rib e  the  inte rfac e s o f a  Web se rvic e . The  interfac e  d e fi- 
nitio n o f a  sing le  We b se rvic e  is c alled  a  p o rtTyp e . Ma ny inte ra c tio ns, ho we ve r, are  
bid ire c tio nal o r ha ve  a  c o nve rsa tio nal  na ture . This me ans tha t e a c h inte ra c tio n p a rt- 
ne r imple me nts o r re a lize s a  We b se rvic e   and use s the  We b  se rvic e  o f its  p a rtne r. To 
d e sc rib e  suc h a  c o nve rsa tio nal  re la tio n, a n e xte nsio n to  WSDL is use d , c a lle d  p a rtner- 
LinkTyp e  [O ASIS  2007]. A p a rtne rLinkTyp e   de fine s up  to  two  ro le s, e a c h linke d  to  a  
sp e c ific  p o rtTyp e . An inte ra c tio n partic ipant the n imple me nts o ne  p o rtTyp e  a nd use s 
the  o the r. 

 

WS-BPEL. We b se rvic e s c a n b e  imp le me nte d  and e xp ose d using  many stand ard  p ro - 
gra mming  langua ge s, b ut sp e c ia lize d  la ng ua g e s, suc h a s WS-BPEL, a lso  e xist. WS- 
BPEL (Busine ss  Pro c e ss Exe c utio n La ng ua g e  fo r We b Se rvic e s) [OASIS  2007], is an 
XML-b a se d  w o rkflo w langua g e  fo r We b  se rvic e s. It is o ne  o f the  mo st pro mine nt lan- 
gua g es to  d e fine  and  exe c ute  se rvic e  o rc he stratio ns  and  b usine ss p ro c e sse s invo lving  
We b se rvic e s. A BPEL p ro c e ss is d e fine d  a s a  se q ue nc e   o f a c tivitie s (the  workflow) 
w hic h c a n b o th use  a nd  exp o se  We b se rvic e s. The  c onc rete  inte ra c tio n p o ints with 
e xte rna l e ntitie s (suc h a s Web se rvic e s) are  c alle d p a rtne rLinks. A p a rtne rLink  c or- 
re spo nds to  a  spe c ific  p a rtne rLinkTyp e ,  d e fine d  in a  WSDL d e finitio n. O nc e  sp e c ifie d , 
BPEL proc esses  c an b e  de ployed and exe c uted on a  BPEL eng ine  (e .g., Apa c he  O DE4 ). 

 

2.3. Software Architecture 

So ftwa re  a rc hite c ture   and  its  d o c ume nta tio n p la y a n imp o rta nt ro le  thro ug ho ut the  
life c yc le  o f c o mp le x so ftwa re  syste ms. The  arc hite c ture  o f a  so ftwa re  syste m c a n b e  
d e fine d  a s the  e sse ntia l struc ture s, whic h c o mprise  so ftware  e le me nts, the  e xte rna lly 
visib le  pro p e rtie s o f tho se  e le me nts, the  re la tio nships be twe en the m [Ba ss et a l. 2003], 
and the  re la tio nship s with the  e nviro nme nt [ISO / IEC  2007]. So ftware  arc hite c ture  is 
c onc e rned w ith ma na g ing  c o mp le xity thro ug h a b stra c tio n. So ftwa re  a rc hite c ture  ma n- 
ife sts the  e a rlie st se t o f de sign de c isio ns and  pro vide s the  ma in struc ture s to  realize  
b o th the  re q uire d  func tio na litie s and q ua lity a ttrib ute s. Arc hite c ture   do c ume ntation 
se rve s a s a  vehic le   o f c o mmunic a tio n fo r sta ke ho ld e rs to  g et mutua l und e rsta nding  
about a  syste m o f the ir inte re st. 

The  d o c ume nta tio n o f so ftwa re  a rc hite c ture  c an rang e  fro m info rmal ske tc he s to  fo r- 
ma l no ta tio ns  a nd is typ ic ally struc ture d  a s a  se t o f vie ws. A vie w is a re p re se nta tio n  o f 
a  se t o f syste m e le me nts a nd  the  re la tio nship s asso c iate d  w ith the m [Ba ss et a l. 2003; 
ISO / IEC  2007]. A view  re p re se nts a  sp e c ific   p ersp e c tive   o n the  syste m with re spec t 
to  p a rtic ula r c onc e rns. Exa mp le s a re  the  la ye re d  view, the  d e p lo yme nt view, and the  
4+1 view s fro m Kruc hte n [Kruc hte n 1995]. Do c ume nting  a n a rc hite c ture  is a ma tte r  o f 
d o c ume nting  the  re le va nt views and the n a d d ing  d o c ume nta tio n tha t a pplie s to  more  
tha n o ne  vie w  [Cle me nts e t a l. 2010]. Altho ug h no  fixe d  se t o f views is appro priate  
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fo r e ve ry syste m, the re   a re  thre e   c o mmo n view s whic h allo w arc hite c ts to  think a b out 
so ftware  syste ms in thre e  d iffe re nt ways [Cle me nts e t a l. 2010]: 

— Mo dule  Views: allo w to  struc ture  the  syste m a s a  se t o f imp le me nta tio n  units. 
— C o mp o ne nt-a nd-c o nne c to r (C &C) Vie ws: a llow  to  struc ture  the  syste m a s a  se t o f 

so ftware  e le me nts tha t ha ve  runtime  b e ha vio r and  inte ra c tio ns. 
— Allo c atio n View s: allo w to  re late  the  syste m to  e le me nts in its e nviro nme nt. 

 

Ea c h typ e  o f view intro d uc e s  a  se t o f arc hite c tural  e le me nts and  re la tio ns b etwe en 
the  e le me nts. We b rie fly disc uss the  e le me nts a nd  re la tio ns o f the  Mo dule  View and 
C o mp o ne nt & C o nne c to r View  tha t a re  use d  in the  subse que nt se c tio ns. 

The  ma in e le me nts o f a  mo dule   view a re  mo dule s. A mo d ule  re p re se nts a n imple - 
me ntatio n unit o f so ftwa re   tha t p ro vid es  a  c o he rent se t o f re sp o nsibilitie s. The  a c tual 
se ma ntic s o f mo dule s is o nly g ive n whe n the y a re  a p p lie d  to  a  sp e c ific  d o ma in.  Con- 
c re te  exa mp le s o f mo d ule s  are  a  JAR (Java ARc hive ) file , an O SG i b und le  file , a  .NET 
DLL (Dyna mic -Link Libra ry file ), o r an XML sp e c ific a tio n o f an imple me ntatio n. Three  
typic al type s o f re la tio ns b etwe e n mo d ule s a re  ‘ is p a rt o f ’   (d e fining   a  p a rt/ who le  re la- 
tio nship), ‘ d e p e nd s o n’  (de fining  a  d e p e nd e nc y b e twe e n mo d ule s), a nd  ‘ is a’  (d e fining   a 
g e ne ra liza tio n/ sp e c ializa tio n). 

The  e le me nts o f a  Component  & C o nne c to r (C&C) View  are  c o mp one nts and c on- 
ne c to rs. C o mp o ne nts a re  the  p rinc ip al c o mp utatio n e le me nts a nd  d a ta sto re s tha t e x- 
ec ute  in a  syste m. Co nne c to rs re pre se nt runtime  p a thwa ys o f inte ra c tio n  b etwe en two  
o r mo re   c o mp onents.  C o mp onents  and c onne c to rs  c an b e  c o mp ose d o f inte rc o nne c te d 
c o mp o ne nts the mse lve s.  Like   mo d ule s,  c o mp o ne nts and c o nne c to rs g e t the ir se man- 
tic s w he n a p p lie d  to  a  c onc rete  d o main.  Exa mp le s o f c o mp o ne nts a re  a n e xe c uting 
Java Be an, a running  O SG i bundle ,  a  running  .NET c o mp o nent, o r a  BPEL p roc ess 
instanc e . Exa mp le s o f c o mmo n c onnec tors a re  a  p e rsiste nt d ata struc ture , a  me ssa g e  
q ue ue , a  pub lish-sub sc rib e  infra struc ture , a  me ssa ge   b us, e tc . C o mp onents  have  a  se t 
o f p o rts (the  inte rfac e s o f a  c o m p o ne nt)   thro ug h w hic h the y inte ra c t w ith o the r c o m- 
po ne nts via  c onne c to rs.  C onne c tors  e mb o dy a  pro toc o l o f inte ra c tio n and have  a  se t 
o f c onne c to r ro le s (the  inte rfa c e s o f a  c onnec tor).  A c onne c tor ro le  de fines  ho w a  c o m- 
ponent c an use  the  c onne c to r. Tw o  typic al re la tio ns in the  C&C view  are  a tta c hme nts 
a nd inte rfa c e  de le g a tio ns. An atta c hme nt a sso c iate s  a  c o mp o nent p ort w ith a  c onne c tor 
ro le , whic h re sults  in a  g ra ph  o f c o mp one nts a nd c onne c to rs. An inte rfac e  de le gation 
asso c ia tes  a  c o mp onent p o rt o r c o nnec tor ro le  with a  c o m p o ne nt p o rt o r c onne c to r ro le  
o f the  ‘ inte rna l’  sub-a rc hite c ture  o f a  c o m p o ne nt  o r c onne c to r. This a llow s to  further 
re fine  the  inte rna l arc hite c ture   o f c o mp o ne nts and c o nne c to rs. 

One  wa y to  lo o k a t mo d ules  a nd c o mp o ne nts/ c o nne c to rs is to  se e  mo d ule s  a s typ es 
and c o mp o nents a nd c onne c to rs a s insta nc e s o f the se  type s. Ho we ve r, the re  is no t a l- 
wa ys  a  one -to -one  ma pp ing   o f mo dule s to  c o mp o ne nts a nd c o nne c to rs. C o mp o ne nts 
a nd  c o nne c to rs re p re se nt run-time  e le me nts. The ir  imple me nta tio n ma y b e   sp read 
o ve r multip le  mo dule s, o r a  sing le  mod ule   c an a lso  tra nsla te  to  a  se t o f c o mp o ne nts 
and c onne c to rs a t runtime . 

 

2.4. Supply Chain Management: A Running Example 

A sup ply c hain  c o nsists o f a   ne tw o rk o f c o mp a nie s, suc h a s ma nufa c ture rs, tra ns- 
p o rte rs, wa re ho use s,  a nd re ta ile rs, tha t c o lla b o rate  to  c rea te  a  p ro duc t  flow  fro m ini- 
tia l sup p lier to  fina l c usto me r  [C ho p ra  a nd  Meind l 2007]. Mana g ing   a  sup p ly c ha in 
inc lude s c o o rd inating  pro duc tio n, inve nto ry, and tra nsp o rta tio n a mong  sup p ly c hain 
p a rtne rs [Hug o s 2011]. Most sup p ly c hain c o mp a nie s lac k the  re q uire d kno wle d g e , re - 
so urc e s, a nd  c a p a b ilitie s  to  m a na g e  a  sup p ly c ha in o n the ir o wn. The y ha ve  to  re ly on 
third -p a rty and fo urth-p a rty lo g istic s pro vid e rs (3PLs  and 4PLs) [Rushto n and Wa lke r 
2007]. 3PLs pro vide  ve rtic al sup ply c hain  so lutio ns, inc luding  ware ho using , tra ns- 
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Fig. 1.   Tw o  typ e s o f sup p ly c ha in ne tw o rks to  b e  sup p o rte d   b y the  4PL. 

 
p o rta tio n,  a nd  o the r lo g istic s a c tivitie s. 4PLs op e rate  ho rizo nta lly a c ro ss the  sup ply 
c ha in, a c ting  a s inte g ra to rs tha t asse mble  re so urc e s, c a pabilitie s  and  se rvic e s o f d if- 
fe re nt sup p ly c hain p a rtne rs and 3PLs [Christo p he r 2005]. A ke y ro le  o f a  4PL  is to  
pro vid e  a  manag e d c o llabo ratio n e nviro nme nt tha t a llow s to  inte grate  the  info rmation 
syste ms o f a ll c o mp a nie s invo lve d  in the  sup ply c ha in. 

As a  running  e xa mple , we  use  a  4PL  tha t ha s to  sup p o rt two  type s o f sup p ly chain 
sc e nario s, a s sho w n in Fig . 1. Ea c h sc e nario  invo lve s fo ur c o mp a nie s (ve nd o r, wa re - 
ho use , re ta ile r, and tra nsp o rte r) tha t ha ve  to  c o lla b o ra te  . All c o mmunic a tio n  b e twe e n 
the  c o mp a nie s p a sse s thro ugh  the  4PL using  sta nd a rd  We b  se rvic e s. The  first sc enario  
use s a  vend o r-manag ed  inve nto ry (VMI), whe re  the  ve ndo r is re spo nsible  fo r ma na g ing  
the  inve nto ry. Pro d uc ts in the  inve nto ry, ke p t in a n inte rme diate  ware ho use , re main 
p ro p e rty o f the  ve nd o r until  c onsume d , o r c a lle d -o ff, b y the  re ta ile r. The  wa re ho use  
re g ularly re p o rts inve nto ry leve ls to  the  ve nd o r (flo w 1). Ba se d o n the se  inve nto ry lev- 
e ls, the  ve nd o r re p le nishe s the  wa re ho use  (flo w  2). The  re ta ile r c an c all-o ff  p ro d uc ts 
fro m the  wa re ho use  (flo w  3-4), a fte r w hic h it re p o rts the  c o nsumptio n to  the  ve ndor 
(flow  5). The  se c o nd sc e nario   use s a  c usto me r-ma na g ed   inve nto ry (CMI), whe re  the  
c usto me r ma na g e s its o wn inve nto ry. Pro d uc ts in the  inve nto ry, ke pt in an inte rme di- 
ate  ware ho use ,  a re  alre ady pro pe rty o f the  re ta ile r. The  wa re ho use  re g ula rly re p o rts 
inve nto ry leve ls to  the  re ta ile r (flo w 1). The  re ta ile r c an re quest  a  re p le nishme nt fro m 
the  ve ndo r (flo w 2-3), and c a n c all-o ff pro d uc ts  fro m the  ware ho use  (flo w 4-5). 

 
3. STATE OF THE ART 

The  c e ntra l c o ntrib utio n  o f this pa p e r is a  se t o f a rc hite c tura l  views tha t pro vide  b e tter 
me c hanisms to  de c ompose  and mo d ula rize   c o mp le x se rvic e  c o lla b o ra tio ns. The re fo re , 
we  fo c us o ur d isc ussio n o f sta te  o f the  a rt o n a p pro a c hes fo r d e c o mp o sing  and mod- 
ula rizing   se rvic e  c o lla b o ra tio ns.  We  c a n o b se rve  tw o  main dire c tio ns: pro c e ss-b ased 
a pp ro a c he s and ro le -b a se d a p pro a c he s. Pro c e ss-b ase d  a pp ro a c he s re ly on middle wa re , 
BPM,  and SO A to  d eve lo p se rvic e  c o llabo ratio ns. Ro le -base d  ap pro a c hes use  a lte rna - 

 

 
 



 
tive  a bstra c tio ns, suc h a s ro le s and  o rg anizatio ns.  Fo r b o th d ire c tio ns, we  d isc uss the  
sta te  o f the  a rt and use  the  running  e xa mp le  to  p inp o int sho rtc o ming s  o f e xisting  ap- 
p ro a c he s. 

 

3.1. Process-Based Approaches 

Busine ss  p ro c e sse s a nd  w o rkflow s pla y a  ke y ro le  in eng ine e ring  c o lla b o ra tive  a p p lic a- 
tio ns and a re  the  fo und atio n o f se ve ra l sta te  o f the  a rt te c hnique s. In this sec tion we  
d isc uss the mo st pro mine nt re se a rc h e ffo rts b ase d  on b usine ss pro c e sse s, suc h a s sub - 
p ro c e sse s,  asp e c t-b a se d a p p ro a c he s, vie w-b ase d   a p p ro a c he s, a nd c o mmitme nt-b a se d  
ap pro a c he s. The  se le c tio n o f re se arc h w o rk is based o n the ir re le va nc e  to  o ur work 
(i.e ., the  a b ility to  e ng ine e r c o mp le x se rvic e  c o lla b o ra tio ns) a nd  the  p ro mine nc e  w ithin 
the ir re se arc h do mains. O ur p a rtic ula r fo c us is o n ho w e xisting  appro a c hes a llow to  
mo de l, d ec o mp ose , and mo d ula rize   c o mp le x c o lla b o ra tio ns. 

 

3.1.1. Sub-Processes and Sub-Workflows. Sub -p ro c e sse s  a nd sub -w o rkflow s c a n b e  use d  
to  d e c o mp o se  b usine ss p ro c e sse s a nd w o rkflow s. A c ommon app ro ac h is w o rkflow or 
p ro c e ss ‘ fra g me nta tio n’  [Ad a ms e t a l. 2006; Ma  a nd  Le yma nn  2009; Eb e rle  et a l. 2009]. 
A frag me nt is a reusab le   pie c e  o f pro c ess o r wo rkflo w c o d e , c re ated fro m sc ra tc h o r ex- 
tra c te d  fro m e xisting  p ro c e sse s, tha t c a n b e  use d   to  c o mp ose  pro c esses  o r w o rkflow s. 
Fra g me ntatio n c a n b e  d o ne  b y ha nd   o r in a  se mi-auto matic  manne r, in whic h a  mo d e ler 
is suppo rte d  b y a  se t o f a lg o rithms. Frag me nts c a n a lso  be  store d  in share d  lib ra ries 
to  be  use d fo r se rvic e  c o mpo sitio n [Sc humm e t a l. 2011]. In c urre nt We b  se rvic e  sta n- 
dards  the se  c onc ep ts have  limite d  suppo rt. WS-BPEL [O ASIS 2007] a nd  WS-CDL [Ka- 
va ntza s e t a l. 2005] d o   no t p ro vid e  a ny sup p o rt fo r d e c o mp o sitio n.  BPMN  [OMG 
2011], a  g rap hic al  langua g e  fo r b usine ss p ro c e sse s, sup p o rts sub-p ro c e sse s  a nd sub - 
c ho re o gra phie s,  w hic h c a n  b e  use d  a s a   visual  a id to  ma na g e  c o mp le xity  (i.e ., c o l- 
la p sing  p arts o f a  diag ra m)  o r to  d e fine  re usa b le  p ro c e ss o r c ho re o g ra p hy d e finitio ns. 
Sub-pro c e sse s ha ve  b e e n studie d  in the  c o nte xt o f WS-BPEL [Klo ppma nn e t a l. 2005; 
Tric kovic  2005], b ut ha ve  no t ye t fo und  the ir wa y into  the  BPEL sta nd ard  o r e xe c utio n 
p la tfo rms. 

Sub-p ro c e sse s a nd sub-wo rkflo ws pro vide  first-c la ss c o nc e p ts to  d e c o mp o se  p ro c e sses 
and w o rkflow s in te rms o f func tio na lity. The y d o  no t, ho we ve r, p ro vid e  a ny c onc epts 
tha t re ify the  und e rlying  c o lla b o ra tio n struc ture . Whe n a p p lying   these  a p pro a c he s to  
o ur running  e xa mp le , the  4PL  c a n use  the se  te c hnique s to  d e c o mp o se   e a c h supply 
c ha in c o lla b o ra tio n into  a  se t o f (sub -)p ro c e sse s. Be c a use  o f the  func tio nal d e c o mp o - 
sitio n and the  la c k o f c o lla b o ra tio n struc ture  in the  d e c o mp o sitio n, re sp o nsibilitie s  o f 
p a rtic ip a nts, and e ven inte ra c tio ns, a re  e a sily sc a tte re d  o ve r multiple  p ro c e sse s a nd 
se rvic e s. This ma ke s it hard  to  ma inta in o r adapt suc h so ftware. Wha t we  ne e d are  ad- 
d itio nal mo d e ling   c o nc e pts tha t a llo w to  d e c o m p o se  c o lla bo ratio ns w hile  mainta ining  
the  und e rlying  c o lla b o ra tio n struc ture . 

 

3.1.2. Aspect-Based Approaches. Aspe c t-o rie nte d  pro gramming (AO P) is a  w e ll known 
te c hniq ue  to  sup p o rt the  se p a ra tio n o f c ro ssc utting   c o nc e rns, b y mo d ula rizing  the m in 
a sp e c t mo d ule s  [Kic zale s e t a l. 1997]. The se  asp e c t mo d ule s  c an the n b e  w o ve n  into  
e xisting  c o d e  a t sp e c ific  ‘ jo in po ints’ . Se ve ra l a utho rs a d vo c a te  a n a sp e c t-o rie nte d  ap- 
pro a c h fo r We b  se rvic e  c o mp o sitio n [C ha rfi and Me zini 2004; Co urb is and Finke lste in 
2004]. A pro mine nt e xample  is AO 4BPEL [Cha rfi and Me zini 2007; Cha rfi and Mü lle r 
2010], a n a sp e c t-o rie nte d  wo rkflo w  la ng ua g e  in whic h  e a c h BPEL a c tivity is a  p o ssib le  
jo in p o int. Sup p o rting  AO4BPEL a t runtime  re q uires the  e xte nsio n o f e xisting  BPEL 
e ngine s. Like  Asp e c tJ, ho we ve r, AO4BPEL fo c usse s o n mo dularizatio n at imple me nta- 
tio n le ve l a nd  la c ks high-le ve l a b stra c tio ns to  struc ture  the  a rc hite c ture   o f a  syste m. 

Simila r to  sub-p ro c e sse s,  a p p lying   a sp e c t-b a se d  a p p ro a c he s to  o ur running  exa m- 
p le  re sults  in a  se t o f fra g me nts o r a sp e c ts tha t e nc a psulate  func tio nal  p a rts o f the  

 

 
 



 
c o llabo ratio n. Fo r exa mp le ,  we  c o uld ha ve  a  ba se  p ro c ess fo r a  c all-o ff  fro m the  wa re - 
ho use  a nd  a n a sp e c t e nc a p sulating   the  func tio na lity fo r c o nsumptio n re p o rting . The  
aspe c t would  then  be  trigge re d  a fte r a  suc c e ssful c all-o ff. Altho ugh mo re  mo dular the n 
a mo no lithic   p ro c e ss, suc h a  d e c o mp o sitio n fa ils to  re pre se nt the  und e rlying  c o lla b o ra - 
tio n struc ture s. 

 
3.1.3. View-Based Approaches. Vie w-b ase d   a p p ro a c he s re ly  o n the  c o nc e p t  o f a   p ro - 

c e ss ‘ vie w’   to  p ro vid e  a   b e tte r d e c o mp o sitio n  a nd  mo d ula riza tio n o f b usine ss pro - 
c e sse s.  The se  ap pro a c hes  a llow  fo c using  o n a   sing le  b usine ss pro c e ss o r o n c ro ss- 
o rg anizatio nal  c o lla bo rative  w o rkflow s. In  the  c o nte xt o f c ro ss-o rg a nizatio na l w o rk- 
flow s, view s have  b e e n use d to  inte grate  e xisting  w o rkflow s o f d iffe re nt o rg a niza tions, 
whe re  o rg anizatio ns exp o se  a  vie w o n the ir lo c a l o r private  wo rkflo w [C hiu e t a l. 2002; 
C he b b i e t a l. 2006]. [Tra n  e t a l. 2007; Tra n  e t a l. 2012] prop o se   a  vie w-b ase d  and 
mo de l-drive n appro ac h fo r d e ve lo p ing  se rvic e -o rie nte d  a rc hite c ture s,  c a lle d  the  View- 
b a se d  Mo d e ling   Fra me wo rk (VbMF). The y re ly on a  se t o f e xte nsib le   view s to  d e sc rib e  
b usine ss pro c e sse s. Example  are  the  o rc he stratio n vie w, fo c using  o n the  inte rna l struc - 
ture s o f a  p ro c e ss, the  c o lla b o ra tio n vie w, fo c ussing  o n the  e xte rna l  se rvic e s w ith whic h 
a  p ro c e ss inte ra c ts,  and the  info rmatio n vie w, fo c ussing  on the  d ata  e xc hang ed by a  p ro - 
c e ss. Using  mo d e l tra nsfo rma tio ns, the y c an c ombine  view s and g ene rate  exe c uta ble  
BPEL c o d e . 

Mo st view-b ase d  approa c hes d o  no t d ire c tly dec o mp ose  proc esses  o r c o llabo ratio ns. 
Inste a d , the  d e sc riptio n o f p ro c e sse s is d e c o mp o se d  in d iffe re nt view s, fo c ussing  on 
d iffe re nt a sp e c ts suc h a s struc ture , e xte rna l se rvic e s, a nd  d a ta , ma king  the  d oc umen- 
ta tio n o f a  p ro c ess mo re  ma na g e a b le . 

 

3.1.4. Commitment-Based  Approaches. C o mmitme nt-b ase d    a p pro a c he s  [Sing h  e t  a l. 

2009] pro vide  a n alte rnative  to  tra d itio na l pro c e ss mo d e ling , b y tre a ting  inte ra c tio ns 
a t the  le ve l o f ‘ b usine ss se mantic s’  inste ad  o f me ssaging , using  c o mmitme nts. A c o m- 
mitme nt is a  re ific a tio n o f a  d ire c te d o blig ation  [Sing h 1999] a nd  c a n b e  c o m p a re d  to  
a  so c ia l  no rm use d  in multi-a g e nt syste ms [Dig num 1999]. An e xa mp le  o f a  c o mmit- 
me nt is C (companyA, companyB, invoiceP ayed), me aning, c o mp any A is c o mmitte d  to  
c o mpa ny B fo r p a ying  the  invo ic e . Co mmitme nts c a n b e  use d   to  spe c ify b usine ss p ro - 
to c o ls [De sa i e t a l. 2007; Telang  a nd Sing h 2012]. Me ssa ge s are  g ive n b usine ss me a n- 
ing  b y sp e c ifying  ho w the y a ffe c t c o mmitme nts.  Amo eb a [De sa i e t a l. 2008] de sc ribes 
a  method ology  fo r using  c o mmitme nt-b a se d  p ro to c o ls a s b uild ing  b lo c ks to  c o m p o se  
mo re  c o mp le x b usine ss pro c e sse s. Amo e b a  a llo ws to  sp e c ify ho w me ssa g e s o f o ne  p ro - 
to c o l e ffec t the  c o mmitme nts in a no the r p ro to c o l and c o nstra in the  o rd e r o f me ssa g es 
b etwe en d iffe re nt p ro to c o ls. 

Ap p lying  a  c o mmitme nt-b ase d  a p pro a c h to  o ur running  e xa mp le  wo uld  re sult  in a 
sp e c ific a tio n in te rms o f c o mmitme nts  o f e a c h sup p ly c ha in p a rtne r a nd  ho w e a c h a c - 
tio n affe c ts the se  c o mmitme nts. This spe c ific atio n, simila r to  a  servic e   c ho re o g ra p hy, 
c a n the n b e  used b y e a c h sup p ly c ha in p a rtne r to  imple me nt the ir lo c al b usine ss pro - 
c e sse s, c o mp lia nt w ith this spe c ific atio n. As illustra te d  b y this e xa mple, c o mmitme nt- 
b ase d a p pro a c he s are  ma inly c onc erned  with the  sp e c ific a tio n a nd  va lid a tio n  o f c ro ss- 
o rg a niza tio nal b usine ss p ro c e sse s. Altho ug h c o mmitment-b ase d  a pp ro a c he s d o  b ring  
mo re  b usine ss me a ning  to  the  pro c e ss d e finitio n, the y still la c k hig he r-le ve l a b strac - 
tio ns. Inste a d  o f c o mp o sing  a t the  le ve l o f individ ual me ssa g e s, c o mp o sitio n is d o ne  
a t the  le ve l o f individ ua l c o mmitme nts.  Me ta -mo d e ls b a se d  o n c o mmitme nts [Te la ng 
and Sing h 2012] d o  intro d uc e   a d ditio nal  c o nc e p ts, suc h a s ta sks and g o a ls, b ut they 
still re pre se nt lo w-le ve l c onc ep ts like  individ ual b usine ss a c tivitie s. Wha t we  nee d a re  
hig h-le ve l, b ut re usa ble , b uilding  b lo c ks, suc h a s b e ha vio rs  a nd inte ra c tio ns, tha t c a n 
b e  c o mp o se d  into  c o llab o ratio ns. The se  c o lla b o ratio ns sho uld  e a sily tra nsla te  in to  b o th 

 

 



 
imple me ntatio n units (mo d ule s) and  runtime  so ftwa re  e le me nts (c o mp o ne nts a nd  c o n- 
ne c to rs). 

 
3.2. Role-Based Approaches 

Ro le -b a se d a b stra c tio ns p ro vid e  a n inte re sting  alte rna tive  to  d e ve lo p c o lla b o rative   a p - 
plic atio ns. Ro le s have  a  ric h histo ry in so c ia l sc ie nc e  [Pa rso ns 1956], o rg a niza tio n the - 
o ry [Ca rle y and G a sse r 1995; Pfe ffe r 1997], and  multi-age nt  syste ms [De ma ze a u a nd 
C o sta  1996; Je nning s 2000; Dig num 2009]. Ro le s are  a lso  re c o gnize d a s a n imp o rta nt 
mod eling   c onc e pt in o bje c t-o riente d a nd c onc e p tual mo d e ling   [Ste ima nn 2000; G uiz- 
za rdi 2005] and b usine ss p ro c e ss mo d e ling  [O uld  2005; Ca eta no  e t a l. 2005]. Ne ve r- 
the le ss, the  c o nc e p t o f ro le  ha s no t re c e ive d the  a tte ntio n it de se rve s. Ad ditio nally, 
the re  is no  c o nse nsus o n the  d e finitio n o f ro le s o r ho w the y sho uld  b e  inte grate d  in es- 
ta blishe d  mo de ling  fra me w o rks and ma instre a m pro gramming language s [Ste ima nn 
2000; G uizzardi 2005; He rrma nn 2007]. This se c tio n d isc usse s a  se le c tion  o f the  mo st 
re le vant and  pro mine nt ro le -base d  te c hnique s in BPM and  multi-age nt  syste ms. 

 

3.2.1. Roles in Business Process Management. Mo st BPM appro a c hes re ly on a  pro c e du- 
ra l o r da ta-o rie nte d vie w o f a  pro c e ss. Pro c e sse s  a re  d e sc rib e d as a c tivitie s and  the  data  
flow s b e twe en the m. This le ads to  a  func tio na l  a nd  o fte n hie ra rc hic a l  d e c o mp o sitio n, 
in whic h a c tivitie s c arrie d  o ut b y ind ivid ual syste ms o r p e o ple  a re  sc a tte re d thro ug h- 
o ut o ne  o r mo re  mo d e ls. This ma ke s it ha rd  to  a b stra c t a wa y fro m the  d e ta ils o f the  
p ro c e ss, o r to  c a p ture  the  inte ra c tio ns b etwe en syste ms o r p e op le  who  c a rry o ut the  
a c tivitie s [Phalp  e t a l. 1998; Caetano  e t a l. 2005]. [O uld  2005] c alls fo r c ollabo ratio n- 
c e ntric  BPM in whic h a  c o lla b o ra tio n  is a  p rimitive  to  mo d e l p ro c e sse s. BPM systems 
sho uld  suppo rt ro le s and me d ia te  the ir inte ra c tio ns to  ma ke  the  inte nd e d  c o lla b o ra tio n 
ha p p e n. 

A numbe r o f re se a rc he rs  ha ve  p ro p o se d  ro le -b a se d  BPM tec hnique s. Pro mine nt e x- 
a mple s are  Ro le  Inte rac tio n Ne ts [Sing h and  Re in 1992] (RIN), Ro le  Ac tivity Diagrams 
(RAD) [Ould  1995], and Riva  [Ould  2005], a  BPM metho d b ase d on RAD. RIN and RAD 
a re  mo d e ling  la ng ua g e s tha t have  a  fo rma l unde rpinning   and  a re  ba sed  on o rg a niza- 
tio na l ro le  the o ry. Key c onc e pts in RIN a nd RAD a re  ro le s and inte ra c tio ns. In RIN, 
a  ‘ ro le  inte ra c tio n  ne two rk’   is c o mp o se d  o f a  se t o f ro le s. The  b e ha vio r o f e a c h ro le  is 
d e sc rib e d  a s a  se t o f inte ra c tio ns with itse lf  and o the r ro le s. In  RAD, a  pro c ess  is a 
c o he re nt se t o f a c tivitie s, c a rrie d  o ut b y a  c o lla b ora ting   se t o f ro le s to  a c hie ve  a  g o al. 
Ro le s de fine  a  re sp o nsib ility within a  pro c e ss and a re  d e sc rib e d a s a  se t o f a c tio ns and 
inte ra c tio ns with o the r ro le s. RAD is use d  to  mo d e l an ind ivid ua l pro c e ss. To  c o mb ine  
p ro c e sse s, Riva  re lie s on the  no tio n o f p ro c e ss inte ra c tio n.  Whe n p ro c e sse s inte ra c t, a t 
le a st o ne  ro le  is sha re d . Multiple  pro c e sse s a re  sync hro nize d  b y share d  sta te s o f the  
ro le . 

Whe n a pplying  RAD o r Riva  to  o ur running  e xa mp le , w e  c an mo d el  the  d iffe rent 
p a rts o f o ur sc e na rio s (e .g ., c a ll-o ff a nd  c o nsump tio n re p o rting ) a s ind ivid ual p roc esses 
in te rms o f ro le s and inte ra c tio ns b etwe e n the se  ro le s. To  re la te  the se  p ro c e sse s, we  c an 
use  p ro c e ss inte ra c tio ns. Riva , ho we ve r, trie s to  a vo id e nc a p sula tio n o r the  c o nc e p t o f 
subpro c e ss. Eve n w ith inte rac ting  pro c e sse s, Riva assume s yo u are  mo de ling  the  same  
p ro c e ss b ut just no t sho wing  e ve rything , fo r e xa mp le , o nly the  share d  ro le s and  sta te s. 
As a  re sult, the re  is little  fo c us o n re use . Ano the r c ha lle ng e  is to  tra nsla te  RAD mode ls 
to  a  c o nc re te  so ftware  arc hite c ture  and  imple me ntatio n.  Sinc e  the  fo c us o f RAD and 
Riva  is o n mo d e ling, this tra nsla tio n is le ft to  the  d e ve lo p e r. 

Altho ugh ro le s pro vide  a n inte re sting  c o nc e p t to  mo d e l p ro c e sse s, in c urre nt ma in- 
stre a m BPM,  ro le s o nly pla y a   mino r p a rt. In  WS-BPEL [O ASIS  2007] ro le s are  
use d  to  d isting uish  the  inte rfa c e s (o r p o rtTyp e s) de fine d   in  p a rtne rLinkTyp e s.  In 
BPMN  [OMG  2011], a  ‘ Pa rtne rRo le ’   c a n b e  use d  to  re p re se nt a  p a rtic ip a nt  in a  c o l- 

 
 



 
la bo ratio n (i.e ., a  messag e   e xc hang e  b etwe en tw o  o r mo re  p ro c e sse s) simila r to  ro les 
in UML inte ra c tio n d ia gra ms. La ne s (o r swim-la ne s) c a n a lso  b e  use d  to  re p resent 
ro le s, b ut BPMN  doe s no t d e fine  the ir se ma ntic s, so  the y c a n b e  use d   a t the  d e signers 
will [OMG 2011]. In WS-CDL [Ka va ntza s et a l. 2005], ro le  typ e s d e fine  the  o b se rvable  
b e ha vio r o f a  p a rty w ithin  a  c o lla b o ration.  Ea c h b e ha vio r is d e fine d  a s a n inte rfac e . 
The  c ho re o g ra p hy spe c ifie s the  ac tual inte rac tio n.  In mo st o f the se  a pp roa c he s ro les 
a re  o nly use d  to  na me  the  e nd p o int o f b ina ry re la tio nship s and to  id e ntify p a rtic ip a nts 
in an inte ra c tio n. 

 
3.2.2. Roles in Multi-Agent Systems. O rg a niza tio ns a nd  ro le s a re  o fte n use d  to  stud y, 

d e sig n, and e ng ine e r  multi-a g e nt syste ms (MASs). In  its  mo st g e ne ra l fo rm, a n or- 
g a nizatio n  c a n b e  se e n a s a  c o o peration  p a tte rn, o r p ro c e ss, tha t c o nstra ints the  a c - 
tio ns and inte ra c tio ns o f age nts to wards so me  purpo se  [Caste lfranc hi  1998]. In a  mo re  
sp e c ific  fo rm, a n o rg a niza tio n c a n  a lso  re fe r to  a  c o llec tive   e ntity w ith  a n e xplic it 
id e ntity [Sc o tt 2003]. Pro mine nt ag e nt me tho d o lo g ies ha ve  a d o p te d  o rg a niza tio ns [De - 
ma ze a u and  C o sta  1996; Za mbo ne lli e t a l. 2003], lo g ic s a nd  la ngua g e s e xist to  d e sc rib e  
age nt o rg anizatio ns  [Dig num and Dig num 2011; Hü b ne r e t a l. 2011], and  se ve ral re - 
se a rc he rs  ha ve  p ro p o se d  me ta -mo d e ls to  mo d e l MAS using  o rg a niza tio ns. Pro mine nt 
e xa mp le s a re  AG R (Ag e nt/ Gro up / Ro le ) [Fe rb e r a nd  Gutkne c ht  1998], Ele c tro nic  Insti- 
tutio ns (EIs) [Este va  a nd Ro d ŕıguez-Ag uila r 2001; So la z e t a l. 2011], Mo ise  [Ha nno un 
e t a l. 2000; Hü b ne r 2010], a nd Op e rA [Dig num e t a l. 2005]. 

Ma ny o f the se  a p pro a c he s re ly on multiple  d ime nsio ns o r struc ture s to  d e sc rib e  o r- 
g a niza tio ns [Fe rb e r e t a l. 2009]. Thre e  c o mmon struc ture s a re : 

 
— An o rg a niza tio n o r so c ial struc ture  tha t de fine s the  o rg a nizatio n in te rms o f ro le s 

and  ho w ro le s re la te . 
— A func tio na l o r inte ra c tio n struc ture  tha t de sc ribe s the  func tio na l asp e c ts o f a n 

o rg a niza tio n (e .g., in te rms o f ta sks, g o a ls, o r inte ra c tio ns). 
— A no rma tive  struc ture  tha t de fine s the  rig hts and o b lig a tio ns  o f a g e nts in the  o rg a - 

niza tio n. 
 

The se  d ime nsio ns, ho we ve r, o fte n re main a t a  c o nc e p tua l  le ve l, w hile  it is unc lear 
ho w  the y c a n b e  ma p p e d   to  c o mmon so ftwa re  e le me nts  (e .g ., mo d ule s,  c o mp o ne nts, 
c o nne c to rs). So me  te c hniq ue s p ro vid e  runtime  suppo rt [Ric c i e t a l. 2009; Hü b ne r e t a l. 
2009; Sc hmitt e t a l. 2011], b ut ma inly thro ugh spe c ialize d  fra me w orks and to o ls. 

To  d e c o mp o se  the  func tio nal aspe c ts o f a n o rg a niza tio n, mo st o rg a niza tio n  mo d e ls 
use  sc e nes (e .g., Ele c tro nic  Institutio ns a nd  Op e rA) o r g o a l-d e c o mp o sitio n tre e s (e .g ., 
Mo ise ). Little -Jil [Wise  e t a l. 2000], a  language   fo r c o o rd ina ting  a g e nts, use s a  te c h- 
nique  simila r to  g o a l-d e c o mp o sitio n tre e s. Sc e ne s a nd g o a l-d e c o mp o sitio n tre e s a re  o f- 
te n c o mbine d with no rms, whic h a re  so c ia l c o nve ntio ns o n ho w a g e nts sho uld  beha ve  
a nd  inte ra c t w ith eac h othe r  [Dig num 1999]. Sc e ne s d e sc rib e  p o ssib le  inte ra c tio ns b e - 
twe e n ro le s o f a n o rg a niza tio n. The y c a n b e  c o mb ine d   in a  mo re  c o mp le x struc ture  
tha t d e fine s ho w a n o rg a niza tio n  a c hie ve s it g o a ls. This struc ture  c a n b e  c o mp a re d   to  
a  g lo b a l wo rkflo w  whe re  ind ivid ual sc e ne s a re  sub -wo rkflo ws tha t d e sc rib e  ind ivid ua l 
inte ra c tio ns. No rms are  use d  to  d e fine  whic h  sc ene s a g ents c a n o r sho uld  exe c ute  [Es- 
te va  a nd Ro d ŕıguez-Ag uila r 2001; Dig num e t a l. 2005]. The  a c tua l func tio na lity o f an 
o rg a niza tio n is re a lize d  b y a g e nts e xe c uting  sc e ne s. 

Go a l-d e c o mp o sitio n tre e s fo c us on the  d ivisio n o f ta sks, in te rms o f g o a ls and p la ns 
tha t a re  assigne d  to  a g e nts, ro le s, o r gro ups. Inte ra c tio ns a re  no t mo de le d e xp lic itly, 
b ut a re  the  re sults  o f one  o r multip le  g o a ls o r ta sks tha t make  age nts inte rac t. No rms 
a re  use d  to  d e fine  w hic h g o als agents  c an o r sho uld  re alize . A no rm c a n re a d  like  
‘whe n a n age nt A: (1) is c o mmitte d to  a  missio n M that (2) inc lude s  a g o a l G, a nd (3) 

 
 



 
the  missio n’ s sc he m e  is we ll-fo rme d, a nd (4) the  g o al is fe a sible , the n ag e nt A is o blige d 

to  a c hie ve  the  go al G  b e fo re  its de a dline  D’  [Hü bne r 2010]. 
Whe n a p plying   a  sc ene-b ase d a pp roa c h to  o ur running  exa mple ,  we  c an mod e l the  

d iffe re nt p a rts o f o ur sc e na rio s ( e .g ., c a ll-o ff a nd  c o nsump tio n re p o rting )  a s d iffe rent 
sc e ne s. Using   no rms, w e  c a n the n, fo r exa mp le , d e fine  tha t c o nsumptio n re p o rting  
sho uld  ta ke  p la c e  a fte r a  c a ll-o ff. Ap plying  g o a l-d e c o mp o sitio n tre e s to  o ur running  
e xa mp le  re q uire s o ur sc e nario s to  b e  tra nsla te d  into  a  se t o f g o a ls and no rms that 
d e fine  re la tio ns b etwe e n the se  g o a ls. Fo r example ,  one  g o al c an be  to  p e rfo rm  a  c all- 
o ff, whic h in turn o b lig e s the  a g e nt to  the  g o a l o f re p o rting   the  c o nsump tio n. 

Bo th sc e nes and  g o a l-d e c o mp o sitio n tre e s, howe ver,  d o  no t pro vide  suppo rt to  p ro p- 
e rly enc a p sula te  the  b e ha vio rs a nd  inte ra c tio ns within an o rganizatio n. Sc e ne s d o  p ro - 
vid e  a n a b stra c tio n fo r re usa ble  inte rac tio n, b ut d o  no t sup p o rt e nc a p sula tio n o f ind i- 
vid ual be havio rs, ma king  the m ha rd  to  re use . Be ha vio r o f a g e nts is p a rtly d e fine d by 
sc e ne s, p a rtly by sc ene  tra nsitio ns, and p a rtly b y no rmative  rule s. Go al-d e c o mp o sitio n 
tre e s la c k pro p e r  c o nc e pts to  mo d e l mo re  c o mp le x b e ha vio rs  a s w e ll a s inte ra c tio ns 
a s re usa ble  units.  C onc re te  b e ha vio r  and inte ra c tio ns a re  the  re sult  o f a  se t o f c o m- 
p le x no rms tha t d e fine  w hic h g o als e a c h  ro le  ha s to  a c hieve .  Altho ug h no rmative  
rule s  pro vide  a n e xp re ssive  a nd  fine -graine d  me c hanism to  c o ntro l the  b e ha vior o f 
a g e nts [Hü b ne r e t a l. 2011], fro m a n e ngine e ring  pe rspe c tive , de signing  no rms and 
ma na g ing  the  va st a mo unt o f rule s  tha t a re  re q uire d  to  d e fine   a  c o mp lex  systems 
p o se s so me  se rio us c halle nge s. 

 
 

4. ABSTRACTIONS FOR ADAPTIVE COLLABORATIONS 

To  sup p o rt the  d e ve lo p me nt o f c o llabo rative  applic atio ns at arc hite c tural le ve l, we  first 
ne e d  g o o d  mo de ling  abstrac tio ns. This se c tio n pre se nts the  Ma c o d o  m o d e l, a  se t o f ro le - 
base d a bstra c tio ns to  mo d e l c o lla b o ra tive  a p p lic a tio ns. The  mo d e l fo c usse s on c o lla b o- 
ra tio ns tha t take  p lac e  in a  re stric te d   c o lla b o ra tio n e nviro nme nt,  mana ge d by a  truste d 
p a rty, suc h a s a  4PL.  The  Ma c od o  mo de l b uilds up o n e a rlie r re se arc h re sults  [We yns 
e t a l. 2010a ; Hae se vo e ts e t a l. 2010] a nd  b o rro w s c onc epts fro m o b je c t-o rie nte d mod- 
e ling  [Ste ima nn 2000; G uizzardi 2005], BPM  [O uld  2005; Caetano  e t a l. 2005], a nd 
ag e nt o rg a niza tio ns [Dig num 2009]. An o ve rvie w o f the  Mac o d o  mo de l  is sho w n in 
Fig . 2. This se c tio n de sc ribe s the  ke y c onc epts o f the  Ma c o d o  mo d el  and illustra te s 
the m in the  running  e xamp le . 

 
 

4.1. Actor 

An a c to r is a n e ntity tha t ha s ac c ess to  the  c o lla b o ra tio n e nviro nme nt  a nd is c a p a ble  
o f p a rtic ip a ting   in c o lla bo ratio ns b y pla ying  ro le s. In a  c o nc re te  syste m, ac tors  c an be 
b usine ss e ntitie s, so ftware  a ge nts, se rvic e s, o r e ven pe o ple . Fo r e xa mp le , the  c onc rete  
sup p ly c ha in p a rtne rs a re  a c to rs in the  running  e xa mple . 

 
 

4.2. Collaboration 

A c o lla b o ra tio n is a c ontro lle d  p ro c ess, ta king  p la c e  in the  c o lla b o ra tio n e nviro nme nt, 
o f a  g roup o f a c to rs w o rking  tog e the r to wa rd s  a  se t o f g o a ls. Fo r example ,  ea c h supply 
c ha in ne tw o rk in the  running  examp le   c an be  mod elled  a s a  c o lla b o ration  (Vmi Colla- 
b o ra tio n a nd Cmi Co llabo ratio n). A c o lla b o ra tio n c o nsists o f a  se t o f ro le s, re p re se nting  
the  d iffe re nt a c to rs a nd the ir re sp o nsibilitie s  in the  c o lla b o ratio n,  a nd a  se t inte rac - 
tio ns b e twe e n the  a c to rs o f the se  ro le s. Co lla bo ratio ns are  re usa ble  and c an b e  c reate d 
a nd d e stro ye d  b y the  ma na g e r o f the  c o llabo ratio n. Fo r e xa mp le , a s the  mana g er,  a  
4PL c an c rea te  o r de stro y c o lla b o ratio ns in the  running  e xa mp le . 
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Fig. 2.   The  ke y c o nc e p ts o f the  Ma c o d o  mo d e l a nd  the ir re la tio ns. 

 
4.3. Role 

A ro le  is the  e mb o d ime nt o f the  p a rtic ip a tio n  o f a n a c to r in a  c o lla b oration  tha t d e fines 
the  a c tor’s re sp o nsib ilitie s in tha t p a rtic ip a tio n.  Whe n a n a c to r e nte rs a  c o llabo ratio n, 
a  ne w ro le  is c re a te d . Whe n the  a c to r le a ve s the  c o llabo ratio n, the  c o rre spo nding  ro le  
is d e stro ye d . Within  the  c o nte xt o f a  ro le , a n a c to r c a n exe c ute  b e ha vio rs  a nd p a rtic i- 
pate  in inte ra c tio ns with o the r ac to rs in the  c o llabo ratio n. Fo r e xa mp le , to  d e fine  the  
re sp o nsibilitie s  in o ur Vmi C o lla b o ra tio n  a nd  Cmi Co llabo ratio n, we  c an sp ec ify  a  se t 
o f ro le s, suc h a s Ve nd o r, Wa re ho use , Re taile r, and Transpo rte r. 

 
4.4. Behavior 

A b e ha vio r is a c oherent  unit o f re usa b le   func tio na lity tha t is exe c uted in the  c o nte xt 
o f a  ro le . A b e ha vio r is typ ic a lly ap p lic a tio n-sp e c ific  a nd c a n e nc a p sula te  the  e xe c ution 
o f a  ta sk o r the  partic ipatio n in a n inte ra c tio n. The  la tte r is use ful whe n the  p a rtic i- 
patio n in an inte rac tio n is a c o mplex ta sk (e .g ., fo llo wing   a  c o mp le x p ro to c o l) , o r when 
a  ta sk invo lves partic ipatio n and  sync hro nizatio n  o ve r multiple  inte ra c tio ns (e .g., g e t 
da ta  fro m ro le  X using  inte ra c tio n A and  p a ss it to  ro le  Y using  inte rac tio n B). In our 
running  exa mp le , the  ro le s o f o ur c o llabo ratio ns c an be  re fine d  in te rms o f b e ha viors. 
Fo r e xa mp le ,  we  c an d e fine  a  be havio r Inve nto ry Re po rting  Be havio r fo r the  Wa re ho use  
ro le  to  c o lle c t inve nto ry le ve ls and p a ss it to  ano the r ro le  using  an inte ra c tio n. 

 
4.5. Interaction 

An inte ra c tio n is a c ontro lled  exc hang e  o f info rma tio n betwe en the  ac to rs o f a  se t o f 
ro le s in a  c o lla b o ra tio n.  An inte ra c tio n  c a n ha ve  a n a p p lic a tio n-sp e c ific  p ro to c o l. For 
e xa mp le , to  re a lize  the  re q uire d  func tio na lity in o ur sup ply c hain c o lla bo ratio ns, we  
c an de fine  inte ra c tio ns suc h a s the  Inve nto ry Re po rting  Inte rac tio n (to  se nd  inve nto ry 

 
 



 

 
leve ls to  inte re ste d  p a rtie s), the  Ca ll-Off Inte rac tio n (to  c all-o ff pro duc ts fro m a  ware - 
ho use ), a nd  the  Transp o rt Inte ra c tio n  (to  re q ue st a  tra nsp o rt fro m a  tra nsp o rte r). 

 

 
4.6. Capability 

A c apa bility is the  a b ility to  c o rre c tly re a lize  an a p p lic a tio n-sp e c ific  func tio na lity. Ca- 
p a b ilitie s are  p ro vid e d  b y ac to rs. Ca p a b ilitie s a re  use d  to  d e sc rib e  the  re q uire ments 
to  play a  ro le , partic ipate  in an inte rac tio n, o r exe c ute  a  b eha vior.  A ro le , fo r e xa mp le, 
re q uires a  spe c ific  se t o f c a p a b ilitie s  to  b e  p la ye d .  Ac to rs c a n o nly play tho se  ro le s fo r 
whic h the y pro vide  the  re quire d  c a pa bilitie s. In o ur running  exa mple , a  c a p a bility  c an 
be  the  a b ility to  pe rfo rm o r re a lize  a  c all-o ff,  to  org anize   a  tra nsp o rt, e tc . 

 

 
5. MACODO ARCHITECTURAL VIEWS 

The  Ma c o d o  mo d e l p ro vid e s a b stra c tio ns to  mo d e l c o lla b o ra tive  a p p lic a tio ns. At a rc hi- 
te c tural le ve l, ho we ve r, arc hite c ts re aso n in te rms o f so ftwa re  e le me nts. Whe n re a so n- 
ing  a b o ut imp le me nta tio n  units in a  syste m, arc hite c ts use  mo dule s, whe n re a so ning  
a b out the  runtime  pro pe rtie s o f a  syste m, arc hite c ts use  c o mp o ne nts and  c o nne c to rs. 
To  use  the  a b stra c tio ns o f the  Ma c o do  mo d el a t a rc hite c tural le ve l, we  intro d uc e   the  
Ma c o d o  vie w s. The  Ma c o d o  vie w s are  d o ma in-sp e c ific  a rc hite c tural view s tha t ma p the  
a b strac tio ns fro m the  Mac o d o  mo de l to  c ommon arc hite c tural  e le me nts and  e le ment 
re la tio nship s. The se  view s allo w to  d e sig n, d o c ume nt, a nd  re a so n a b o ut c o lla bo ratio ns 
and the ir q ua litie s in te rms o f so ftwa re  e le me nts, w hile  pre se rving  the  und e rlying  c o l- 
la bo ratio n struc ture s. 

In the  Ma c o d o  view s we use  a  one-on-one  map ping   o f mo dule s to  c o mp o ne nts and 
c o nne c to rs. Mo d ules  c a n the n b e  se e n a s re usa ble  typ e s and c o mp onents and c onnec - 
to rs a s instanc e s o f the se  type s. The re  a re  three   Ma c od o  view s, e a c h ta king  a  d iffe rent 
p e rsp e c tive  o n the  c o lla b o ra tio ns in a  syste m: 

 
— The  Co llab o ratio n Vie w mo d e ls re usa b le  typ e s o f c o lla bo ratio ns a nd  the ir  struc - 

ture . The  struc ture  sho ws ho w c o lla bo ratio ns are  mo dularize d  a nd  d e c o mp o se d  into  
re usa ble  units (e .g., ro le s, b e ha vio rs, a nd  inte ra c tio ns). 

— The  Co llab o ratio n & Ac to r Vie w mo d e ls ho w c o lla b o ra tio ns a re  c o nc re te ly use d , tha t 
is, w hic h c onc rete  insta nc e s o f c o lla bo ratio ns a re  a c tive  in the  syste m and whic h 
a c to r is pla ying  whic h ro le . 

— The  Ro le  & Inte ra c tio n Vie w mo d e ls ho w  a c o llab o ra tion   w o rks in d e tail (i.e ., its 
inte rna l a rc hite c ture ). 

 
Sinc e  Ma c o d o  view s are  spe c ializa tio ns o f stand ard  views (i.e ., Mo dule  View, Com- 

p o ne nt & C o nne c to r View), the y p ro vid e   a  c lo se   inte g ra tio n with e xisting  arc hitec - 
tura l  mo d e ling  te c hniq ue s.  In  fa c t, a rc hite c ts ne e d   to  c omb ine   Ma c od o  view s with 
tra d itio nal view s to  d e sig n a nd d o c ume nt the  arc hite c ture  o f a  c o m p le te  syste m. The  
d e p lo yme nt o f c o lla bo ratio ns, fo r exa mple ,  c an be  de sc rib ed  using  re g ular alloc ation 
view s [Cle me nts e t a l. 2010]. 

Tab le  I pro vide s a n o ve rvie w o f ho w Ma c o do  a b stra c tio ns a re  mapp ed to  arc hitec - 
tura l  c onc e pts in eve ry view. Sinc e  e a c h  view  ta ke s a  d iffe re nt p e rsp e c tive , no t all 
a b strac tio ns a re  p re se nt in e a c h view. To  ma ke  the  ma p p ing  mo re  c le a r, we  a d d  the  
word ‘ mo dule ’ , ‘ c o mp onent’ , o r ‘ c o nne c to r’  to  the  Ma c o d o  te rms. Whe n w o rking  within 
a  sp e c ific  view, we  typ ic a lly o mit the se  additio nal w o rd s. Fo r e xa mp le , in the  C o lla b o- 
ra tio n & Ac to r View, a  ‘ c o llab o ration’   and ‘ c o lla b oratio n  c onnec tor’  re fe r to  the  same  
c o nc e p t. The  re st o f this  se c tio n d isc usse s the  Ma c o d o  view s in d e ta il and illustra te s 
the m in the  running  e xamp le . 
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Table I. Mapping of Macodo abstractions to architectural concepts. 

 

Ma c o do  Mode l  C olla b o ra tio n Vie w  C olla b o ra tio n & A c to r 
Vie w 

 

Role     &    Inte ra c tio n 
Vie w 

 
Ac to r /  Ac to r Co mp o ne nt /  
Co lla b o ra tio n C o lla b o ra tio n Mo d ule  C o lla b o ra tio n Co nne c to r /  

Ro le  Ro le  Mo d ule  C o nne c to r Ro le  Ro le  Co mp o ne nt 
Be hav io r Be hav io r Mo d ule  /  Be hav io r Co mp o ne nt 

Inte ra c tio n Inte ra c tio n Mo d ule  /  Inte ra c tio n C o nne c to r 
Ca p a b ility So ftwa re  Inte rfa c e s Runtime  Inte rfa c e s Runtime  Inte rfa c e s 

 
5.1. Collaboration View 

The  Co lla bo ratio n Vie w is a Mo dule   View  tha t mo de ls c o lla bo ratio ns a s re usa ble  mod- 
ule s and ho w the y a re  d e c o mp o se d  into  re usa ble  sub mo d ule s (i.e ., ro le s, inte ra c tio ns, 
a nd  be havio rs) (Fig .  3). Ea c h mo d ule  re p re se nts a  re usa b le  typ e  o f w hic h c oncrete 
insta nc e s c a n b e  c re a te d .  The se  insta nc e s c a n b e  mo d e le d   using  the  Co llab o ratio n & 
Ac to r Vie w a nd  the  Ro le  & Inte ra c tio n Vie w. The  use s-re la tio n [Ba ss et a l. 2003] a llows 
to  e xp re ss ho w a c o lla b o ra tio n  re lie s on ro le s, inte ra c tio ns, and b e ha vio rs. 
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Fig. 3.   Typ e s o f c o lla b o ra tio ns,  ro le s, b e ha vio rs, a nd  inte ra c tio ns  a re  re pre se nte d  a s mo d ule s. 

 

 
Ca pabilitie s,  whic h de fine  the  re q uire me nts to  pla y a  ro le , partic ipate  in an inte ra c - 

tio n, o r exe c ute  a  b eha vio r,  tra nsla te  to  so ftwa re  inte rfa c e s o f ro le  mo dule s, inte ra c tion 
mo d ule s, a nd  b e ha vio r mo d ule s. Mo re  sp e c ific a lly, e a c h c a p a b ility  d e fine s a  p a ir o f in- 
te rfa c e s (Fig . 4): a  pro vide r  inte rfa c e  and a  c o nsume r inte rfa c e . A mo d ule  tha t re q uires 
(o r c o nsume s) a  c a p a bility  re a lize s the  c o nsume r inte rfa c e  a nd  use s the  pro vide r inte r- 
fa c e . A mo d ule  tha t p ro vid e s  a  c a p a b ility  re a lize s the  pro vid e r  inte rfa c e  a nd  use s the  
c o nsume r inte rfac e . Ca pa bilitie s allo w to  g ro up, struc ture , a nd  re use  the  inte rfa c e s o f 
ro le s, inte ra c tio ns, and b e ha vio rs. 

 

Usage . The  Co lla bo ratio n View  is use d  to  d e sc rib e  the  c o llabo ratio ns in a  syste m in 
te rms o f imple me nta tio n units. The  view  pro mo te s re use , mo d ula rity, and mo d ifiabil- 
ity, b y d e c o mp o sing  c o lla bo ratio ns into  re usa ble  mo dule s. Arc hite c ts c a n use  this view 
to  id e ntify re sp o nsibilitie s  o f mo d ule s  a nd to  e xp re ss a nd re a so n a b o ut c o mmo nalities 
and va ria tio ns among  mo d ule s. 

 

Exa mp le . With  the  Co llab o ratio n View, w e  c an mod el  the  Vmi Co llabo ratio n a nd 
Cmi Co llabo ratio n a s re usa ble  mo dule s (Fig . 5). By mo d ularizing  the se  mo dule s, we  
c a n also  re use  sub mo dule s, suc h a s the  Wa re ho use  Ro le  a nd  Transpo rte r Ro le , a nd  se v- 
e ra l inte ra c tio ns. In a d d itio n, the  e nc a p sula tio n o f ro le s, b e ha vio rs, a nd  inte ra c tio ns as 
se p a ra te  mo d ule s a llow s impro ve s the  mo d ifia bility o f a  c o lla b o ratio n.  We c a n, fo r e x- 
a mp le , a lte r the  imple me ntatio n o f the  Inve nto ry Re po rting  Be havio r w itho ut a ffe c ting  
the  imple me ntatio n o f the  Inve nto ry Re po rting  Inte ra c tio n. 
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Fig. 4.   C a p a b ilitie s  a re  use d  to  o rg a nize , gro up , a nd  re use  the  inte rfa c e s  o f ro le  mo d ule s, inte ra c tio n mo d - 
ule s a nd  b e ha vio r mo d ule s. 
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Fig. 5.   The  C o lla b o ra tio n Vie w a llow s to  mo d e l the  c o lla b o ra tio ns o f the  running  e xa mple  a s re usa b le  mod- 
ule s, suc h Vmi C o lla b o ra tio n  a nd  Cmi C o lla b o ra tio n (d o ts (“ . . . ” ) ind ic a te  the  sp e c ific a tio n is inc o mp le te ). 

 
5.2. Collaboration & Actor View 

The  Co lla bo ratio n & Ac to r View  is a Comp onent  & C o nne c to r View  tha t mo d e ls the  
ac to rs in a  syste m and the  c onc rete  c o llabo ratio n instanc e s b etwe e n the m. In this view, 
a c to rs a re  re p re se nte d  a s c o mp o ne nts, a nd c o lla b o ra tio ns  a s c o nne c to rs (Fig . 6). Ac to rs 
have   a  se t o f p o rts (the  runtime  inte rfac e s o f a  c omponent),  w hic h c o rre sp o nd  to  a 
se t o f p ro vid e d  c a p a b ilitie s.  The  ro le s o f a  c o lla b oratio n  are  ma pp e d to  c o nne c tor ro les 
(the  runtime  interfa c e s  o f a  c onne c to r), whic h c o rre sp o nd to  a  re q uire d   c a p a b ility. The  
‘ pla ys’  re la tio n o f the  Mac od o  mo del is re pre se nte d  a s an atta c hme nt b e twe e n the  p ort 
o f a n ac to r, and a  ro le  o f a  c o lla b o ration.  Sinc e  a n a c tor c an o nly p la y ro le s fo r whic h 
it pro vide s the  re quire d  c a pabilitie s, attac hme nts are  o nly va lid  if the  p o rt o f the  ac tor 
pro vide s the  c apabilitie s re quire d  by the  c o llabo ratio n ro le . 

 

Usage . The  Co lla b o ratio n & Ac to r View is use d  to  d e sc rib e  the  runtime  a rc hite c ture  
o f a  syste m in te rms o f a c to rs a nd the  c o lla b o ra tio ns  b e twe e n the m. The  view allows 
to  a ssig n re sp o nsibilitie s  to  a c to rs w hile  making  a bstrac tio n o f c o lla b o ra tio n d e ta ils. 
Arc hite c ts c a n use  this vie w to  e xp re ss and  re a so n a b o ut runtime  q ua litie s o f c o lla b o- 
ra tio ns in te rms o f ro le s and a c to rs, a nd to  d esc rib e  and d o c ume nt ho w c o lla bo ratio ns 
and ro le s are  c re a te d a nd d e stro ye d . 
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Fig. 6.   Ac to rs a re  re p re se nte d  as c o m p o ne nts a nd  the  c o nc re te  c o lla b o ra tio ns b e tw e e n the se  a c to rs a s c o n- 
ne c to rs. 
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Fig. 7.   The  C o lla b o ra tio n & Ac to r Vie w  c a n b e  use d  to  d o c ume nt the  c o nc re te  c o lla b o ra tio ns in o ur running 
e xa mple . 

 
Exa mp le . Using   the  Co lla bo ratio n & Ac to r View, we  c an mod el  c onc rete  c o lla b o ra - 

tio ns b e twe e n a c to rs, suc h a s Lo c a l Foods Ne two rk, w hic h is a n instanc e  o f the  Vmi 
Co llabo ratio n (Fig . 7). Ea c h sup p ly c o mp any is re pre se nte d  a s a n a c tor. Ac me  Lo g is- 

tic s, fo r e xa mp le , is a c o mp a ny pla ying   the  ro le  o f Transpo rte r. Ac m e  Lo g istic s ha s a 
p o rt tha t is a tta c he d to  the  c o rre spo nding  ro le  o f the  Lo c a l Fo ods Ne two rk. We  c a n a lso  
use  the  Co lla b o ratio n & Ac to r View  to  d e sc rib e  a d d itio na l runtime  q ua litie s, by re la t- 
ing  q ualitie s o r SLAs to  sp e c ific  a c to rs and ro le s, suc h a s d e fining  a  ma ximum  d e livery 
time  fo r the  Transpo rte r ro le . The se  SLAs c a n b e  a tta c he d   to  the  re q uire d  c a p a bilities 
o f a  ro le , ma king  sure  o nly ac to rs tha t c a n d e liver on time  will play the  ro le . 

 

5.3. Role & Interaction View 

The  Ro le  & Inte ra c tio n View is a Comp onent  & C o nne c to r View tha t mo de ls the  inte r- 
na l runtime  arc hite c ture   o f a  c o lla b o ra tio n in de ta il. This vie w a llow s to  d o c ume nt the  
c onc rete  ro le  and  inte ra c tio n  insta nc e s in a  c o lla b o ratio n,  the  a c tive  b eha vio rs  o f ro le s, 
and ho w ro le s d e lega te  the  partic ipatio n in inte ra c tio ns  to  be havio rs. In the  Ro le  & In- 
te ra c tio n Vie w (Fig . 8), ro le s are  re p re se nte d  a s c o mp o ne nts5 (sho wn a s ve rtic al la ne s), 
inte ra c tio ns a s c o nne c tors b etwe e n ro le s (sho wn a s ho rizo nta l line s), and  b e ha vio rs as 
sub -c o mp o nents  o f ro le s (sho wn a s b lo c ks w ithin ro le s). 

A b e ha vio r is always  exe c ute d  in the  c o nte xt o f a  sp e c ific  ro le , g iving  the  a c to r o f the  
ro le  ac c ess to  the  inte rfac e s o f the  be havio r. This is mo d eled b y p la c ing  the  behavior 
insid e  the  ro le . Fo r e xa mp le , in Fig . 8, Ro le  Y ha s two  a c tive  b e ha vio rs (Be ha vio r  1 and 
Be havio r 2). Inte ra c tio ns have  a  se t o f c onne c to r ro le s, re pre se nting  the  runtime  inte r- 

 
5 Ev e ry c o nne c to r ro le  o f a  c o lla b o ra tio n  c o nne c to r in the  C o lla b o ra tio n & Ac to r Vie w  is inte rna lly rea lize d  
b y a  ro le  c o mp o ne nt in the  Ro le  & Inte ra c tio n Vie w. 
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Fig. 8.   Ro le s a re  re p re se nte d  a s c o m p o ne nts, inte ra c tio ns a s c o nne c to rs b e tw e e n ro le s, a nd  b e ha vio rs  as 
sub -c o m p o ne nts  o f ro le s. 

 
fa c es o f the  inte rac tio n. Ro le s have  a  se t o f inte ra c tio n  p o rts, re pre se nting  the  runtime  
inte rfac e s to  partic ipate  in inte ra c tio ns. Whe n a  ro le  partic ipate s in a n inte ra c tion, 
the re  is an atta c hme nt b e twe e n a n inte ra c tio n p o rt o f the  ro le  and a  c onnec tor ro le  o f 
the  inte rac tio n.  Co nne c to r ro le s tha t a re  atta c hed to  inte ra c tio n p o rts a re  show n as 
small squa re s o n the  inte ra c tio ns. Fo r e xa mp le , in Fig . 8, inte ra c tio n p o rt A o f Ro le  X 
is atta c he d to  c onne c to r ro le  A o f Inte rac tio n 1, ind ic a ting  tha t Ro le  X pa rtic ipate s in 
Inte rac tio n 1. 

Fo r e ve ry inte rac tio n in whic h a  ro le  partic ipate s, the  c o rre spo nding  inte rac tio n p o rt 
c a n b e  d e le g a te d  to  the  a c to r o f the  ro le  (in whic h  c ase  the  ac tor ha s dire c t a c c ess to the  
inte ra c tio n), o r to  a  b eha vio r  (in whic h  c a se  the  b e ha vio r me d ia te s the  p a rtic ip a tion). 
To  ind ic a te  tha t a n inte ra c tio n p o rt is d e legated to  the  a c to r, the  inte ra c tio n p o rt is 
p la c e d  d ire c tly in the  ro le . Fo r e xa mple, inte rac tio n p o rts A, B, a nd D are  d e leg ate d to  
the  a c to r o f the  c o rre spo nding  ro le s. To  ind ic a te  tha t a n inte ra c tio n p o rt is d e leg ated 
to  a  b ehavior,  the  inte ra c tio n p o rt is p la c e d  in the  be havio r. Fo r e xa mp le , inte ra c tion 
p o rt C is de leg ate d to  Be havio r 2. 

 

Usage . The  Ro le  & Inte ra c tio n View is use d  to  d e sc rib e  the  runtime  arc hite c ture  o f 
a  c o lla b o ration   in d e ta il. The  view allow s to  fo c us o n the  inte rna l arc hite c ture  and 
runtime  q ualitie s o f a  c o lla b oratio n   witho ut c o nside ring  ho w  it is use d  in a  sp e c ific  
syste m. The  Ro le  & Inte ra c tio n View  c a n a lso  be  used  to  d o c ume nt c o lla b o ra tio n a nd 
ro le  d yna mic s, a nd  the  inte rna l sp e c ific a tio n o f b e ha vio rs  a nd inte ra c tio ns. C o lla b o ra- 
tio n and ro le  dyna mic s  are  d o c ume nte d  in te rms o f po ssible  inte ra c tio ns b etwe en ro le s, 
ro le  life -c yc le s, a nd p o ssib le  ro le  sta te s. Be ha vio rs and inte ra c tio ns c a n b e  d o c umented 
using  no ta tio ns suc h a s BPMN  o r UML se q ue nc e  d ia g ra ms.  C o mp le x b e ha vio rs  and 
inte ra c tio ns c an also  b e  d o c umente d in se p a ra te  view s. 

 

Exa mp le . With the  Ro le  & Inte ra c tio n Vie wwe  c a n mo d e l the  inte rna l runtime  ar- 
c hite c ture  o f the  Vmi C o lla b o ra tio n  a nd Cmi Co llabo ratio n (Fig . 9). In the  Vmi Col- 

lab o ratio n, fo r exa mple ,  we  c an d o c ument the  po ssible  inte ra c tio ns betwe en the  ro le s. 
The  Inve nto ry Re po rting  Inte rac tio n, fo r e xa mp le , ta ke s pla c e  b etween the  Vmi Ve n- 

do r, Wa re ho use , a nd  Vmi Re taile r ro le . In the  Cmi Co llabo ratio n, the  sa me  inte ra c tion 
ta ke s pla c e  b etwe en the  b etwe en the  Wa re house   and Cmi Re taile r ro le . 

We  c an also  d o c ume nt the  p o ssib le   b eha vio rs  o f ro le s. The  Wa re ho use  ro le , fo r e xam- 
p le , ha s two  be havio rs. The  Inve nto ry Re po rting  Be havio r c o lle c ts inve nto ry le ve ls and 
passe s it to  the  inve nto ry re p o rting  inte ra c tio n. By se parating  the  b e ha vio r fro m the  
inte ra c tio n ro le , we  se p ara te  two  c o nc e rns: c o lle c tion o f inve nto ry d ata, and d istrib u- 
tio n o f inve nto ry d ata. The  Ca ll-Off Fulfillm e nt Be havio r e nc a psulate s the  func tio na l- 
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Fig. 9.   The  runtime  a rc hite c ture  o f the  Vmi Co llab o ra tio n  a nd  Cmi C o lla b o ra tio n c o nne c to r using  the  a l- 
te rna tive  no ta tio n. 

 

 
ity to  initia te  a  Transpo rt Inte rac tio n to  fulfill the  c all-o ff. Othe r be havio rs e nc a psulate  
simila r func tio na litie s. The  Ca ll-Off Be ha vio r  o f Re ta ile r, fo r exa mp le , initia te s a  Co n- 
sumptio n Re po rting  Inte rac tio n a fte r a  suc c e ssful  c a ll-o ff. 

The  Ro le  & Inte ra c tio n View c an also  be  use d  to  mo d e l a d d itio na l runtime  q ua lities, 
suc h a s thro ug hput o f inte ra c tio ns o r ro b ustne ss o f b e ha vio rs.  We  c a n, fo r e xa mp le , 
spe c ify tha t the  Ca ll-Off Fulfillm e nt Be ha vio r sho uld  always re p ly to  a  Ca ll-Off Inte r- 
a c tion, e ve n if the  a c to r o f the  Wa re ho use  ro le  is no t re a c ting . 

 
 



 

 
Table II. Mapping of Macodo architectural elements to Web service tech- 
nology. 

 

Arc hite c tura l Ele me nts We b Se rvic e   Te c hnology 
 

C o lla b o ra tio n Mo d ule  XML  sp e c ific a tio n 
Ro le  Mo d ule  XML  sp e c ific a tio n 

Be hav io r Mo d ule                                XML  a nd  BPEL sp e c ific a tio n 
Inte ra c tio n Mo d ule                            XML  a nd  BPEL sp e c ific a tio n 

Ca p a b ility                                          p a rtne rLinkTyp e   ( WSDL)  

Ac to r Co mp o ne nt Exte rnal syste m 

C o lla b o ra tio n Co nne c to r Pe rsiste nt d a ta  struc ture  

Ro le  Co mp o ne nt Pe rsiste nt d a ta  struc ture  
Be hav io r Co mp o ne nt BPEL p ro c e ss 

Inte ra c tio n Co nne c to r BPEL p ro c e ss 
C o nne c to r Ro le  /  Co m p o ne nt Po rt  p a rtne rLink  (BPEL) 

 

 
6. PROOF OF CONCEPT MIDDLEWARE FOR MACODO 

The  Ma c o d o  a b stra c tio ns a nd  a rc hite c tura l  view s allo w to  mo d e l a nd d o c ume nt c o llab- 
o rative  a pplic atio ns. Witho ut pro pe r sup p o rt a t d o wnstre a m d e sig n a nd  imple me nta- 
tio n le ve l, ho we ve r, the  a b stra c tio ns a nd  view s q uic kly b e c o me  use le ss. In this se c tion, 
w e  p re se nt a  pro o f  o f c o nc e pt mid dle wa re    fo r Ma c o d o .  This middle ware  p ro vid es a 
p la tfo rm to  d e sig n a nd  imp le me nt  c o lla b o ra tive  a p p lic a tio ns tha t a re  mo de led in the  
Ma c o d o  a rc hite c tural view s. The  pla tfo rm sup p o rts the  Ma c o d o  a b strac tio ns a s p ro - 
gra mming a bstrac tio ns b y ma p p ing  the m to  e xisting  We b se rvic e  te c hno lo g y. A p ro to - 
type  imple me ntatio n  o f the  middle ware  sho w s tha t Ma c o d o  c a n b e  inte grate d  in the  
c urre nt te c hno lo g y sta c k witho ut the  ne e d  fo r ne w  sta nd a rd s. We sta rt b y ma p p ing  
the  Ma c o d o  a rc hite c tural e le me nts to  e xisting  We b se rvic e   te c hno lo g y. This p ro vides 
the  fo und a tio n  o f the  Ma c o d o  midd le ware. Ne xt, we  d isc uss ho w to  imple me nt, d e p loy 
and use  c o lla bo ratio ns w ith the  Ma c o d o  midd le ware. Fina lly, we  g ive  a  b rie f overview 
o f the  mid d le wa re  a rc hite c ture   a nd  p ro to typ e  imple me nta tio n. 

 
 

6.1. Middleware Mapping 

Tab le  II p ro vid e s a n o ve rvie w o f the  ma p ping  o f the  Ma c o d o  a rc hite c tural e le me nts to  
We b se rvic e  te c hno lo g y. In this ma p p ing , mo d ule s tra nsla te  to  XML  and BPEL sp ec ifi- 
c atio ns. Ca pa bilitie s  are  ma pp ed to  p a rtne rLinkTyp e s, sp e c ifie d  in WSDL, to  d e fine  a 
se t o f ‘ b i-d ire c tio na l’  We b  se rvic e s. Pro viding  and re q uiring  a  c a p a bility  thus tra nsla tes 
to  the  a b ility to  exp o se  and use  a  se t o f We b  se rvic e s.  At runtime , inte ra c tio n  c onnec - 
to rs a nd b e ha vio r  c o mp o ne nts a re  exec ute d a s BPEL p ro c e sse s. BPEL pro vid e s  good 
suppo rt to  mo d e l ind ivid ua l b e ha vio rs a nd  inte ra c tio ns. C o nne c to r ro le s o f inte ra c tion 
c o nne c to rs and c o mp o nent p o rts o f b e ha vio r c o mp o ne nts b e c o me  p a rtne rLinks o f the se  
BPEL p ro c e sse s. Ac to r c o mp o ne nts, c o lla b o ra tio n c o nne c to rs, and ro le  c o m p o ne nts  d o  
no t ha ve  a  d ire c t ma p p ing  to  We b  se rvic e  te c hno lo g y. C o lla b o ra tio n  c o nne c to rs and ro le  
c o mp o ne nts ma p to  p e rsiste nt d ata struc ture s maintaine d  b y the  Ma c o d o  midd le wa re . 
Ac to r c o mp o ne nts a re  no t p a rt o f the  mid d le wa re  a nd b e c o me  e xte rna l syste ms. 

An gra phic al re pre se ntatio n o f the  mid d le wa re  ma p p ing  is sho w n in Fig . 10. Ac tor 
c o mp o ne nts c o mmunic a te  w ith inte ra c tio ns a nd b e ha vio rs  using  SO AP o ve r HTTP, a  
standard  way fo r We b  se rvic e s to  c o mmunic ate . The  middle ware  use s the  p e rsiste nt 
da ta struc ture s, c o ntaining  the  c urre nt c o lla b o ra tio ns  a nd ro le s, to  me d ia te  the  info r- 
ma tion flo w b e twe en a c tors, inte ra c tio ns, a nd  b e ha vio rs a c c o rd ing ly. Ac to r c o mp o ne nts 
c a n a lso  use  a  ma na g e me nt servic e ,  exp o se d a s a  We b  se rvic e   b y the  Ma c o d o  middle - 
wa re . 
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Fig. 10.   An info rma l o ve rvie w  o f the  ma p p ing   o f Ma c o d o  a b stra c tio ns to  We b  se rvic e  te c hno lo g y. 
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Fig. 11.   The  BPEL d e finitio n o f the  Ca ll-Off Be ha vio r. 

 
6.2. Implementing Collaborations 

The  Co lla bo ratio n Vie w (Se c t. 5.1) a llo ws to  mo d e l c o lla b o ra tive  a p p lic a tio ns in te rms 
o f imp le me nta tio n  units o r mo dule s. With the  Ma c od o  middle ware , e ac h o f these   mod- 
ule s, c a n b e  imple me nte d  using  XML,  WSDL, and WS-BPEL. Inte ra c tio ns and b ehav- 
io rs are  sp e c ifie d  b y a n XML  file  and a n a c c o mp a nying  BPEL d e finitio n. Ro le s and c o l- 
lab o ratio ns are  fully sp e c ifie d  b y a n XML  file . Ca p a b ilitie s a re  sp e c ifie d  using  WSDL. 

 

Exa mp le . The  Ca ll-Off Be ha vio r c a n b e  d e fine d   using  a n XML  file  and a  BPEL de f- 
initio n. The  BPEL d e finitio n (Fig . 11) pro vide s the  sp e c ific atio n o f the  a c tua l behavior 
in the  fo rm o f a  w o rkflow. Eac h a c tivity is a  ste p  tha t sho uld  b e  p e rfo rme d   when exe - 
c uting  the  be havio r. The  XML file  de fine s a n a c to r p o rt (the  c o mp o nent p o rt to  inte ra c t 

 

 
 



 

 
with the  a c to r o f the  ro le ) and the  inte ra c tio n p o rts o f the  be havio r. Ea c h p o rt has a 
re q uire d  o r p ro vid e d  c a p a b ility a nd ma p s to  a  c o rre sp o nd ing  p a rtne rLink  o f the  BPEL 
d e finitio n: 

 
1  <b e h a vio rM o d ule   na me = ”  C a  l l O  f f B e  h a  v i o  r ”  

2 b e  h a v io r Sp e c  ifi c a t io n = ”  In vRe p Be h a v io r . b  p  e  l ”> 
3 <a c  to rP o rt   r e q  u ir e  d C a p  a  b i l it y = ”  C  a  l l O  f f C a  p a  b i l i t y ” 
4 p a  rtn e rL ink = ”  A c  t o  r P o  r t ”  /> 
5 <in te  ra c  t io  nP o rt  na me = ”  c  a  l l O  f f P o  r t ” 
6 p r o  v i d e  d C a p  a b  il it y = ”  C  a  l l O  f f C a  l l C a  p a  b i l i t y ” 

7 p a  rtn e rL ink = ”  c  a  l l O  f f P o  r t ”  /> 
8 <in te  ra c  t io  nP o rt  na me = ”  c o nsum p tio nPo rt ”  
9 p r o  v i d e  d C a p  a b  il it y = 

10 ” C o nsum p tio nRe p o rtin g C o nsum e rC a p a b ility ”   
11 p a  rtn e rL ink = ”  c o nsum p tio nPo rt ”  /> 
12  < /  b e h a vio rMo d ule> 

 
 
 

The  Vmi Re taile r Ro le  c a n b e  d e fine d   using  o nly a n XML  file . This file  de fine s the  
inte ra c tio n p o rts, the  po ssible  be havio rs, and  whic h inte rac tio n p o rts a re  d e leg ate d to  
b e ha vio rs: 

 
1  <ro  le  Mo  d u le   na me = ”  V m i R e  t a  i l e  r ”> 
2 <in te  ra c  t io  nP o rt  na me = ”  i n v e  n t o  r y P o  r t ”  

3 p r o  v i d e  d C a p  a b  il it y = ”  I n v e  n t o  r y C  a  p  a  b  i l i t y ”  /> 
4 <in te  ra c  t io  nP o rt  na me = ”  c  a  l l O  f f P o  r t ” 

5 p r o  v i d e  d C a p  a b  il it y = ”  S t o  c  k C a  p  a  b  i l i t y ”  /> 
6 <in te  ra c  t io  nP o rt  na me = ”  c o nsum p tio nPo rt ”  
7 p r o  v i d e  d C a p  a b  il it y = ”  S h i p  p  e  r C a  p  a  b  i l i t y ”  /> 
8 

9 <b e h a v io r  na me = ”  C a  l l O  f f B e  h a  v i o  r ”  
10 b e ha vio rMo d ule = ”  C  a  l l O  f f B e  h a  v i o  r ”  /> 
11 

12 <in te r fa c  e D e le  g a t io n  b  e  h a  v i o  r = ”  C  a  l l O  f f B e  h a  v i o  r ”  
13 b e h a v io rIn te ra c ti o n P o rt = ”  c  a  l l O  f f P o  r t ” 
14 ro l e Int e ra c  t io n Po rt = ”  c  a  l l O  f f P o  r t ” /> 
15 <in te r fa c  e D e le  g a t io n  b  e  h a  v i o  r = ”  C  a  l l O  f f B e  h a  v i o  r ”  

16 b e h a v io rIn te ra c ti o n P o rt = ”  c o nsum p tio nPo rt ” 
17 ro l e Int e ra c  t io n Po rt = ”  c o nsum p tio nPo rt ”  /> 
18 . . . 
19  < /  r o  l e  M o  d  u l e> 

 
 
 
 
 

6.3. Deploying and Using Collaborations 

Onc e  sp e c ifie d,  c o llab o ration  mo dules  c an b e  lo a d e d in the  Ma c o d o  midd le ware. The  
ma na g e me nt se rvic e  o f the  mid d le wa re  (se e  Fig . 10) c a n the n  b e  use d  to  re g iste r ac tors 
and to  manag e  the  life -c yc le  o f c o nc re te  c o lla b o ratio n  a nd ro le  insta nc e s. Afte r a  ro le  
ha s b e e n assig ne d  to  a n a c tor, the  a c tor  c an ‘ pla y’  the  ro le . To  p la y a  ro le , a n ac tor 
use s inte ra c tio ns a nd b e ha vio rs. The  info rma tio n flo w b etwe e n the  a c to rs, inte ra c tio ns, 
a nd b e ha vio rs  is me d ia te d b y the  middle ware, w hic h ro ute s me ssa g e s to  the  c o rre c t 
inte ra c tio ns, b e ha vio rs,  a nd  a c to rs (Fig . 12). Me ssa g e s  b e twe e n the  middle ware  a nd 
ac to rs c o ntain additio nal Mac o d o  da ta , w hic h uniq ue ly id e ntifie s the  ro le  to  w hic h a 
me ssa g e  b e lo ng s. 
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Fig. 12.   An e xa m p le  o f a n a c to r e xe c uting  the  Ca ll-Off Be ha vio r. The  mid d le wa re  c re a te s the  b e ha vio r and 
me d ia te s the  me ssa g e s. 

 
6.4. Middleware Realization 

A p ro to typ e  imp le me nta tio n  o f the  Ma c o d o  midd le ware  wa s b uilt using  Ja va EE6  a nd 
Op en ESB7 . An o ve rvie w o f the  middle ware  arc hite c ture   is g ive n in Fig .  13. Inter- 
a c tio ns a nd  b e ha vio rs  a re  ho ste d  in inte rac tio n  and  be havio r c o ntaine rs. The se  c o n- 
ta ine rs, whic h are  d e plo ye d  on a  se p a rate  BPEL e ng ine , ha ve  thre e  ma in re sp o nsibili- 
tie s: c o nfiguring  ne w inte rac tio ns  a nd  b e ha vio rs, ma na g ing  the ir life -c yc le , a nd a d d ing  
Mac od o  data  to  a ll outg o ing  me ssa g e s8 . To  re a lize  the se  re sp o nsibilitie s,  the  inte rac - 
tio n a nd b e ha vio r  c o nta ine rs  use  c o lla b o ra tio n me d ia to r  c o mp o ne nts, w hic h a re  re - 
sp o nsible  fo r me diating  the  inte ra c tio ns b e twe e n a c to rs, inte ra c tio ns, and b e ha viors, 
a c c o rding  to  the  c urre nt c o lla b o ra tio n struc ture . 

The  c o lla b o ra tio n ma na g e r c o mp o ne nts a re  re spo nsible  fo r ma na g ing  c o lla bo ratio ns 
and  ro le s. The y pro vid e  a  ma na g e me nt se rvic e   whic h a c to rs c a n use  to  re g iste r them- 
se lve s, a nd  to  manag e   the  life -c yc le   o f ro le s a nd  c o llabo ratio ns. To   se rve  multiple  
c lie nts in p a ra lle l, the  c o lla b o ra tio n ma na g e r a nd c o lla b o ra tio n me d ia to r c o mp o ne nts 
run a s sta te le ss sessio n b e a ns9  o n a  Ja va EE se rve r. Ac to rs and mid dle ware   c ompo- 
ne nts inte ra c t using  no rmal We b  se rvic e s.  This a llo ws to  d istrib ute  and d e plo y a c tors 
a nd mid d le wa re   c o mp o ne nts o n d iffe re nt pla tfo rms. The  c o lla b o ra tio n ma na g e r a nd 
c o lla b o ra tio n me d ia to r c o mp o ne nts use  a s se t o f share d  d ata  re p o sito rie s to  sto re  data , 
c o mmunic ate , and  sync hro nize  the ir ac tio ns. This simplifie s  sync hro niza tio n, and  a l- 
low s to  re p lic a te  a nd  d e p lo y mid d le wa re   se rvic e s on multip le  serve rs to  impro ve  p e r- 
fo rma nc e  a nd inc re a se  a va ila b ility. 

 
6 Ja va  EE (Ente rp rise  Ed itio n) p ro vid e s a  p la tfo rm  fo r d e ve lo p ing  a nd  running  e nte rp rise  so ftwa re . Ja va  EE 
inc lud e s sup p o rt fo r d istrib ute d  a nd  m ulti-tie r a rc hite c ture s, b ut a lso  We b  se rv ic e s. 
7 O p e n ESB is a  Ja va -b a se d  o p e n so urc e  e nte rp rise  se rvic e  b us. O p e n ESB p ro vid e s sup p o rt fo r e nte rp rise  

a pp lic a tio n inte g ra tio n  a nd  b uild ing  se rvic e -o rie nte d  a rc hite c ture s. 
8 The  p ro to typ e  imp le me nta tio n  re lie s o n the  instrume nta tio n o f the  BPEL d e finitio ns o f inte ra c tio ns and 
b e ha vio rs. Instrume nta tio n me a ns tha t c e rta in a c tiv itie s, suc h a s se rvic e  c a lls a nd  va ria b le  a ssig nme nts a re  

a uto ma tic a lly a d d e d  o r w e a ve d into  a n e xisting  BPEL d e finitio n. Inste a d  o f explic itly ho sting  inte ra c tio ns 
a nd  b e ha vio rs in a  c o nta ine r, c o nta ine r lo g ic  is instrume nte d  in the  o rig ina l BPEL d e finitio ns. The  re sulting 

instrume nte d  BPEL d e finitio ns a re  d ire c tly d e p lo ye d  o n a  BPEL e ng ine . 
9 Se ssio n b e a ns a re  o b je c ts insid e  a  J2EE se rve r tha t p e rfo rm w o rk fo r c lie nts o f the  se rv e r. Sessio n beans 
c a n b e  e xp o se d   a s a  We b  se rvic e   to  c lie nts. A se ssio n b e a n is simila r to  a n inte ra c tive   sessio n a nd  c a n only 

ha ve  o ne  c lie nt a t a  time . To  se rv e  multip le  c lie nts in p a ra lle l, se ssio n b e a ns c a n b e  re p lic a te d .  In c ontrast 
to  a  sta te ful se ssio n b e a n, a  sta te le ss se ssio n b e a n d o e s no t ma inta in a  c o nve rsa tio na l  sta te  fo r a  p a rtic ular 

c lie nt. 
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Fig. 13.   A hig h-le ve l  o ve rvie w o f the  Ma c o d o  mid d le wa re  a rc hite c ture . 

 
7. EVALUATION: A CONTROLLED EXPERIMENT 

We ha ve  presented  a  mo d el, a  se t o f a rc hite c tural view s, a nd  a  p ro o f o f c o nc e p t mid dle - 
wa re  fo r Ma c o d o . An impo rta nt q ue stio n tha t re ma ins is whe the r Ma c o d o  d o e s imp rove  
the  d e ve lo p me nt o f c o lla b o ra tive  a p p lic a tio ns.  To  a nsw e r this que stio n, we  p e rfo rmed 
an e mpiric al stud y o f Ma c o d o . The  g o a l o f the  e mp iric a l  stud y is to  addre ss the  fo llow- 
ing  re se arc h q ue stio ns: 

 

Do  the  arc hite c tural  mo de ling  a bstrac tio ns pro vide d  b y Ma c o d o : (1) red uc e  
fa ult d e nsity, (2) re d uc e  d e sig n c o mp le xity,  (3) inc re ase  the  le ve l o f re use, 
and (4) inc re ase  pro duc tivity, whe n de signing  c e ntrally manag e d se rvic e   c o l- 
la b o ra tio ns?  

 

As re fe renc e   a p pro a c h, w e  use  stand ard  SO A d e sig n p rinc iple s and te c hno lo gie s. 
This re fe renc e  a p pro a c h c o nsists o f WSDL fo r We b se rvic e  de sc riptio n, SO AP fo r Web  
se rvic e  me ssaging  and  inte rac tio n,  UDDI fo r We b  se rvic e  re g istry and d isc o ve ry,  WS- 
BPEL fo r d e sc rib ing  a nd e xe c uting  b usine ss p ro c e sse s, a nd  BPMN fo r c onc e ptua l mod- 
e ling  o f b usine ss pro c e sse s. The re  a re  se ve ral a rg ume nts to  mo tivate  this se le c tio n as 
a  fa ir p o int o f re fe re nc e : 

 

— Ea c h o f the  se le c te d p rinc iple s and te c hno lo g ie s is c onsid e red the  d e  fa c to  sta ndard 
in the ir do main [Alo nso  e t a l. 2004; Erl 2005; Pap azo g lou 2008]. 

— The  re ferenc e  a p pro a c h not o nly re pre se nts the  d e  fa c to  sta nd a rd , it also  re p re se nts 
the  c urre nt way o f thinking  in the se  do mains. Mo st sta te  o f the  a rt te c hnique s b uild 
up o n the se  te c hno lo g ie s a nd  p a ra d ig ms [Ma  a nd  Le yma nn  2009; Eb e rle  et a l. 2009; 
Tra n e t a l. 2012]. 
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Fig. 14.   O ve rvie w o f the  c o urse  in whic h the  e xp e rime nt ta ke s p la c e . 

 

 
— The  se le c te d te c hno lo g ie s a nd  p rinc iple s pro vid e  a  sta b le  b a sis fo r c o mp a riso n tha t 

c a n b e  use d  b y o the r re se arc he rs in the ir evalua tio n. 
— Ma ny e valua tio ns, inc lud ing  the  one  pre sente d  in this se c tio n, are  re alize d  a s ‘ c la ss- 

ro o m’  e xpe rime nts, whe re  stud e nts ha ve  to  le a rn the  te c hnique s use d  in the  e xp e ri- 
me nts. The  re ferenc e  ap pro ac h a llo ws stud e nts to  le arn re le vant c urre nt te c hniq ue s. 

 
An alte rnative  wo uld  b e  to  se le c t a  mo re  re c ent o r no ve l a pp ro ac h a s re fe re nc e . How- 

e ve r, this wo uld  ma ke  it hard  to  a sse ss whe the r this approa c h is a  g o o d  re p re se ntative  
o f the  d o ma in a nd sta te  o f the  a rt in ge ne ral. In additio n, the  availa ble  ma te rial and 
to o ls fo r suc h a p p ro a c he s te nd to  b e  to o  limite d  to  p erfo rm  a  c o mple te  e va lua tio n. 

The  e mp iric al stud y is base d o n a n e xte nsive  p ilo t stud y10  o f Ma c o d o . The  o bje c ts 
o f the  e mp iric al stud y a re  Mac o do  and the  re fe renc e   a pp ro a c h. The  subje c ts a re  67 
final ye ar stud e nts o f a  Maste r in So ftwa re  Eng ine e ring  pro gra m fro m a  university  in 
Swe d e n a nd two  unive rsitie s  in Ukraine . The  stud y ta ke s p la c e  a s p a rt o f a  nine -week 
ma ste r c o urse  o n We b  se rvic e s. The  c o urse  is sp lit into  two  p a rts o f five  a nd  fo ur weeks 
(Fig . 14). In  p a rt I, stud e nts a re  e d uc a te d  o n BPM,  We b se rvic e s, a nd  SOA, whic h 
fully  c o ve rs the  re fere nc e   a p pro a c h. In  p a rt II, stud e nts a re  e d uc a te d  o n a d va nc e d  
te c hnique s fo r We b se rvic e s, whic h inc lude s Ma c o d o . 

The  e xpe rime nt itse lf is sp lit into  two  se ssio ns. In e a c h se ssio n (o f thre e  ho urs), sub- 
je c ts re c e ive  a n a ssig nme nt to  c re ate  (using  p e n and p a p e r) a  d e sign (a rc hite c ture   + 
d eta ile d d esign)  o f a  syste m tha t sup p o rts a  se t o f se rvic e  c o lla b o ra tio ns,  using  a  spe - 
c ific  a p pro a c h. The  e xpe rime nt is c o nd uc te d  a s a  b lo c k sub je c t-o b je c t qua si-e xpe rime nt. 
Blo c ke d  subje c t-o b je c t me a ns tha t e a c h sub je c t re c e ive s b o th tre a tme nts  (the  re fe re nc e  
app roa c h and Ma c od o). This a llow s p aire d  c o mp a riso n o f sa mple s. The  e xpe rime nt is 
a quasi-e xpe rime nt  [Campbe ll a nd  Sta nle y 1963] b e c a use  it is p e rfo rme d  o n a  sing le  
g ro up  a nd the re  is no  rando mizatio n  o f the  o rde r in whic h the  tre atme nts  are  applied 
to  the  sub je c ts. 

 

 
10 The  p ilo t study wa s p e rfo rme d  w ith 11 c o m p ute r sc ie nc e  ma ste r stud e nts, a s p a rt o f a n a d va nc e d  c o urse  
o n so ftwa re  a rc hite c ture s fo r d istrib ute d  syste ms. Stud e nts ha d  to  c re a te  a nd  d o c um e nt tw o  so ftwa re  a r- 

c hite c ture s, o ne  using  the  re fe re nc e  a p p ro a c h a nd  sta nd a rd  a rc hite c tura l v iew s, a nd  a no the r using  the  Ma- 
c o d o  a rc hite c tura l v ie w s. 

 
 

 



 

 
The  re st o f this  se c tio n d isc usse s the  a ssig nme nts, hypo the se s, sample  re sp o nse, 

me asure s, a na lysis, disc ussio n, thre a ts to  va lidity, and c o nc lusio ns. All the  ma te rial o f 
the  c o mp le te  stud y c a n b e  fo und   in [Ha e se vo e ts a nd We yns 2012]. 

 
7.1. Assignments 

In e a c h e xpe rime nt se ssio n, sub je c ts re c e ive  a n a ssig nme nt to  c o mp lete  within three  
ho urs. An a ssig nme nt is a  sma ll pro je c t in whic h subje c ts are  aske d  to  c re a te  a  d e sign 
fo r a  syste m tha t sup p o rts a  numb e r  o f c e ntrally manag ed c o lla bo ratio ns b e tw e e n a  se t 
o f e xte rna l e ntitie s. Co mmunic atio n b etwe e n the  e ntitie s a nd the  syste m is d o ne  using  
p re d e fine d  We b  se rvic e s. The  syste m c a n b e  se e n  a s a  p la tfo rm tha t re a lize s servic e  
o rc he stra tio ns a c c o rd ing  to  a  se t o f p re d e fine d  c o lla b o ra tio n typ e s. C o lla b o ra tio ns  c a n 
b e  d yna mic ally insta ntia te d  b etwe en d iffe re nt e ntitie s. 

We  use  tw o  d iffe re nt a ssig nme nts (A and B) with e q ua l c o mp le xity  a nd  re q uired 
func tio na lity. Having  multiple  a ssig nme nts, a llow s to  have  subje c ts so lve  a  d iffe re nt 
a ssig nme nt in multiple  e xpe rime nt se ssio ns. Assig nme nt A is b ased o n a n e He a lth 
c a se  in whic h d iffe re nt he a lth c a re  p ro vid e rs have  to  c o lla b o rate  o n d iffe re nt type s o f 
ho sp ita l flo o rs. An e xtrac t o f assignme nt A c a n b e  fo und   in Appe ndix A. Assig nme nt 
B invo lve s a  se t o f auto ma te d  p ro d uc tio n  line s in a  ma nufa c turing   c o mp any, where  
d iffe re nt re so urc e s  ha ve  to  c o lla b o rate  to  ma nufa c ture   a  sp e c ific  p ro d uc t typ e . Ea c h 
typ e  o f ho sp ita l flo o r, a nd   e a c h typ e  o f pro d uc tio n line , is a c o lla b oratio n   typ e  to  b e 
sup p o rte d . 

Bo th a ssig nme nts ha ve  a  re q uire me nts d o c ume nt, whic h ha s the  fo llo wing   e le me nts: 
(1) a  sho rt pro ble m de sc riptio n; (2) a  se t o f func tio nal sc e nario s to  b e  sup p orte d,  in 
te rms o f inte ra c tio ns betwe en the  e xte rna l We b se rvic e s; and (3) a  se t o f p re d e fined 
We b  se rvic e s  (p a rnte rLinkTyp e s)  tha t a llo w the  e xte rna l e ntitie s to  inte ra c t w ith the  
syste m a nd  vic e  ve rsa . The  a ssig nme nts a sk fo r two  de live ra ble s: (1) a n a rc hite c ture  o f 
the  syste m in te rms o f mo d ule s/ pro c e sse s, and (2) a  d e taile d d e sign o f e a c h mo d ule / p ro - 
c e ss using  a  simplifie d  ve rsio n o f a  sta nd a rd  pro c e ss no tatio n11 . All de live ra ble s ha ve  to  
b e  w ritte n d o wn using  p e n a nd p a p e r o n se ve n p ro vid e d  a nswe ring   she e ts. Se c tio n 7.4 
d isc usse s a  sa mp le  re sp o nse   to  the  a ssig nme nts. 

 
7.2. Hypotheses Formulation 

We  fo rmula te   fo ur null hypo the se s (H0 ) and fo ur alte rnative  hypo the se s (Ha ): 
 

— H01 : The re  is no  diffe re nc e  in fa ult de nsity  b etwe e n a  d e sign c re ate d using  the  re fe - 
re nc e  ap pro a c h and a  d esign  c re ate d using  Ma c o d o . 

 

H01  : µf ault.densityRef   
= µf ault.densityM ac 

(1) 

 
Ha1  : µf ault.densityRef   

> µf ault.densityM ac 
(2) 

— H02 : The re  is no  d iffe re nc e  in de sign c o mp le xity  b e twe en a  d esign c re ate d using  the  
re fe renc e  ap pro a c h and a  d esign  c re ate d using  Ma c o d o . 

 

H02  : µcomplexityRef   
= µcomplexityM ac 

(3) 

 
Ha2  : µcomplexityRef   

> µcomplexityM ac 
(4) 

 

 
11 We  use  BPMN,  b ut a llow sub je c ts to  ma ke  a b stra c tio n o f sp e c ific  c o rre la tio n me c ha nism s a nd  trivia l 
‘ a ssig n’  ac tiv itie s c a n b e  o m itte d .  To  e a se  the  no ta tio n o n p a p e r, a  p ro c e ss  is d ivid e d  in sw imla ne s. Eac h 
sw imla ne  rep re se nts a n e xte rnal p a rtne r o f the  p ro c e ss. Pla c ing   a  se nd  o r re c e ive  a c tiv ity in suc h a s lane , 

me a ns the  a c tiv ity se nd s to  o r re c e ive s fro m the  c o rre sp o nding  p a rtne r. 
 
 

 



 

 

 

 

 
— H03 : The re  is no  d iffe re nc e  in the  le ve l o f re use  b etwe e n a  d esig n  c re ate d using  the  

re fe renc e  ap pro a c h and a  d esign  c re ate d using  Ma c o d o . 

H03  : µreuseRef   
= µreuseM ac 

(5) 
 

Ha3  : µreuseRef   
< µreuseM ac 

(6) 

— H04 : The re  is no  diffe re nc e  in pro duc tivity whe n b e twe en the  re ferenc e  ap pro a c h o r 
using  Ma c o d o . 

 

 
 
 
 

7.3. Dependent Variables 

H04  : µproductivityRef   
= µproductivityM ac 

(7) 
 

Ha4  : µproductivityRef   
< µproductivityM ac 

(8) 

The  e xpe rime nt me a sure s fo ur d ep end ent va ria ble s to  te st o ur hyp o the se s. 
 

Fa ult De nsity. We  me a sure  fa ult d e nsity a s the  a mo unt o f c hang e tha t is re q uire d  to  
ma ke  the  de sig n w o rk [Fe nto n a nd Pfle e g e r 1998]. Size  is me asure d  a s the  a mo unt o f 
func tio na lity (func tio n p o ints) tha t is sup p o rte d  b y the  d e sig n. 

 
 

f ault density = 
# changes 

# supported f unction points 

 

(9) 

De sig n C o mp le xity. We  use  tw o  re pre se ntative  me asure s fo r c o mple xity: (1) a c tiv- 
ity c o mple xity (AC) p e r func tio n p o int, and (2) a ve ra g e  c o ntro l flo w  c o mple xity (CFC) 
p e r mo d ule . The  a c tivity c o mple xity (AC) o f a  module   o r p ro c e ss is d e fine d  a s the  
numbe r o f a c tivitie s in the  mo d ule  o r p ro c e ss [C a rd o so  2005]. C o ntro l flow  c o mp le x- 
ity  (CFC) [C a rd o so  2006] a lso  ta ke s splits,  jo ins, lo o p s, e nd ing  p o ints, a nd  sta rting  
p o ints into  a c c o unt. 

 

AC per f unction point =   m  modules AC (m)   
# supported f unction points 

 

(10) 

 

C F C per module =     m  modules CFC (m) 
# modules 

 

(11) 

Le ve l o f Re use . We use  a  me a sure   pro p o se d b y [Fra ke s and Te rry 1996]. A mo d ule  is 
c o nsid e re d  re use d  o nly if it is used by more  than one  other p roc e dure  o r mo d ule  [Frakes 
and Te rry 1996]. 

 

level of reuse =     m  reused modules AC (m) 
m  modules AC (m) 

 

(12) 

Pro duc tivity. Pro d uc tivity is d e fine d a s the  a mo unt o f func tio na lity tha t d e ve lo p e rs 
c a n d e sig n p e r time  unit. We me a sure  p ro d uc tivity a s fo llows [Fe nto n and Pfle e g e r 
1998]: 

 
 
 

 
7.4. Sample Response 

 

productivity  = 
# supported f unction points 

time spend on design 

 

(13) 

Be fo re  pre se nting  the  ac tual a na lysis o f the  re sults, we  b rie fly disc uss a  typic a l,  re p re - 
se ntative  re spo nse  to  the  a ssig nme nts. Appe ndix B sho w s the  (unc o rre c te d ) arc hite c - 

 
 



 
ture  and  d e ta ile d d e sig n (using  the  simplifie d  pro c e ss no ta tio n) o f sub je c t x fo r a ssig n- 
me nt A using  the  re fere nc e  a p pro a c h (Fig . 17 and Fig . 18) and fo r assignme nt B using  
Ma c o d o  (Fig . 19 and Fig . 20). 

Whe n using  the  re fere nc e   a p p ro a c h, the  subje c t mo d ula rize s the  syste m into  tw o  
p ro c e sse s: Ma inPro c e ss a nd  Ge ne ralPartO fRe po rtInte rac tio nPro c e ss  (Fig . 17). The se  
p ro c e sses c a n inte ra c t  with ea c h o the r,  a  se t o f e xte rna l p a rtne rs (Nurse , He a d Nurse , 
Do c to r o n Ca ll, and Do c tor),  and a  se rvic e  re p o sito ry (Re po sito ry). Altho ug h the  as- 
sig nme nt re q uire s sp e c ific  typ e s o f c o llabo ratio ns to  b e  supp o rte d,  the  d e c o mp o sitio n 
o f the  p ro c e sse s is p ra c tic a lly  ra nd o m a nd  la c ks a ny und e rlying  c o lla b o ra tio n struc - 
ture . MainPro c e ss ha ndle s mo st o f the  func tio na lity and Ge ne ralPartO fRe po rtInte rac - 
tio nPro c e ss o nly hand les  a  small no n-re usa ble  p a rt. No ne  o f the  two  p roc esse s  c an be 
c o nsid e re d  re use d . As a  re sult,  the  d e ta ile d  d e sig n o f the  MainPro c e ss b e c o m e s c o m- 
p le x (g ive n the  re la tive ly simple  a ssig nme nt)  a nd  p ro ne  to  fa ults. 

Whe n using  Ma c o d o , the  subje c t mo d ula rize s the  syste m into  thre e  typ e s o f c o lla b- 
o ra tio ns: Ba sic  Line , No rma l Line , and Prio rity Line  (Fig . 19). The se  c o llab o ratio ns 
have  a  c le a r ma p p ing  to  the  c o lla bo ratio ns re q uire d  b y the  a ssig nme nt. The  c o llabo - 
ra tio ns a re  furthe r d e c o mp o se d  into  inte ra c tio ns (Pro duc t Inte rac tio n, Dire c t Produc t 

Inte rac tio n,  and  Dispatc h Inte rac tio n) and  be havio rs (Be havio r 1). Se ve ral o f the se  in- 
te rac tio ns and  be havio rs a re  re use d  ac ro ss the  d iffe re nt typ e s o f c o lla bo ratio ns. Due  
to  the  hig h leve l o f mo d ularity, the  d e ta ile d  d e sig n o f e a c h inte ra c tio n  a nd  b ehavior 
(Fig . 20), b e c o m e s a  lo t le ss c o mp le x, whic h re d uc e s the  c ha nc e  fo r fa ults. 

 
 
 

7.5. Analysis 

In  to ta l, 52 sub je c ts pro vid e d  usa b le  da ta fo r p a ire d  c o mp a riso n12   o f fa ult d e nsity, 
c o mple xity, a nd  re use , a nd  42 sub je c ts p ro vid e d  usa b le  d ata fo r p a ire d  c o mp a rison 
o f p ro d uc tivity. Table   III a nd  Fig .  15 d e sc rib e  the  me a sure me nts fo r a ll dep endent 
varia b le s, and the  p aire d d iffe re nc e  b e twe e n the  tre a tme nts. The  p a ire d  d iffe re nc e  Zi 

is d e fine d  a s: 

Zi  = Mi − Ri   f or i = 1, ..., n  (14) 
 

Mi a nd Ri a re  the  me a sure me nts  o f sub je c t i fo r re spe c tive ly Ma c o d o  a nd  the  re fe renc e  
app roa c h; n is the  numb e r o f subje c ts tha t p ro duc e d  usa ble   d a ta fo r b o th tre a tme nts. 
Tab le  III a lso  pro vide s the  numb e r o f subje c ts tha t p e rfo rme d  b e tte r, e q ua l, o r worse  
fo r Ma c o d o  

To  se le c t the  pro pe r sta tistic al te st fo r o ur hyp o the se s,  we  c o mp a re d  the  d istrib u- 
tio n o f Zi  fo r e a c h d e p e nd e nt  va ria ble  with the  stand ard  no rma l d istrib utio n,  using  
the  And e rso n-Da rling  te st [G ib b o ns a nd Wo lfe  2003]. With a signific a nc e   le ve l (α) o f 
0.05,  we  c a n a c c e p t Zi  to  b e  no rma lly d istrib ute d  o nly fo r the  d ep e nd ent varia b le s ‘AC 
p e r func tio n p o int’ , a nd  ‘ p ro d uc tivity’ .  Ba se d  o n this  a ssump tio n, we  use  the  paired 
t-te st [Wo hlin e t a l. 2000] to  te st o ur hypo the se s fo r ‘AC p e r func tio n p o int’ , a nd  ‘ p ro - 
d uc tivity’ , and the  Wilc o xo n sig ne d -ra nk te st [Ho lla nd e r and Wo lfe  1999] to  te st o ur 
hypo the se s fo r the  o the r d e p e nd ent va ria b le s. This re sults in the  fo llo wing p-value s fo r 
o ur hyp o the se s: 

 
 
 
 

 
12 So me  sub je c ts pro vide d  inc o mp le te  o r inc o nsiste nt d a ta  o r d id  no t a tte nt b o th e xp e rime nt se ssio ns, ma king  
the ir d a ta  unusa b le  fo r p a ire d  c o mpa riso n. 
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Fig. 15.   Bo x plo ts fo r a ll me a sure me nts. 

 
 



 
Table III. Measurements for all dependent variables. The table also provides the number 
of subjects that performed better, equal, or worse for Macodo. 

 

Fa ult de nsity (num b e r o f c ha ng e s p e r sup p o rte d  func tio n p o int) 

 m e a n (µ) me d ia n st.d ev b e tte r e q ual w o rse  
Re fe re nc e  0.451 0.306 0.459    
Ma c o d o  0.157 0.082 0.237 42 4 7 
Pa ire d  Diff (Mi − Ri ) -0.293 -0.176 0.369    
Ac tivity c omple xity (AC) pe r func tio n po int 

 m e a n (µ) me d ia n st.d ev b e tte r e q ual w o rse  
Re fe re nc e  1.120 1.070 0.372    
Ma c o d o  0.588 0.508 0.153 51 1 1 
Pa ire d  Diff (Mi − Ri ) -0.531 -0.465 0.353    
Ave rage  c ontro l flow c omple xity (C FC) pe r module  

 m e a n (µ) me d ia n st.d ev b e tte r e q ual w o rse  
Re fe re nc e  83.300 56.000 79.600    
Ma c o d o  7.690 8.000 0.878 51 1 1 
Pa ire d  Diff (Mi − Ri ) -75.600 -48.000 79.600    
Le ve l  o f re use (p e rc e nta g e ) 

 m e a n (µ) me d ia n st.d ev b e tte r e q ual w o rse  
Re fe re nc e  1.84 0.00 9.77    
Ma c o d o  68.90 87.10 27.20 51 2 0 
Pa ire d  Diff (Mi − Ri ) 67.00 87.10 27.60    
Pro duc tivity (numb e r o f sup p o rte d  func tio n p o ints p e r time  unit) 

m e a n (µ) me d ia n st.d ev b e tte r e q ual w o rse  
 

Re fe re nc e  0.289 0.300 0.134  
Ma c o d o  0.542 0.530 0.229 39 0 4 
Pa ire d  Diff (Mi − Ri ) 0.253 0.236 0.184    

 

p -value  sta tistic al te st 

Fa ult de nsity 2.80 × 10−08 Wilc o xo n signe d-ra nk te st 

AC pe r func tio n point  2.04 × 10−15 paire d -t te st 
CFC pe r module   1.76 × 10−10 Wilc o xo n signe d-ra nk te st 

Le ve l  of re use   1.53 × 10−9 Wilc o xo n signe d-ra nk te st 
Pro duc tivity  1.16 × 10−11 paire d -t te st 

 

With a signific anc e   (α) o f 0.05, e ve ry null hypo the sis is re je c te d . 
 

7.6. Discussion 

The  de sc riptive  a na lysis show s tha t the re  is a  c le a r impro ve me nt fo r e a c h d e p end ent 
va ria b le   b e twe e n e xpe rime nt se ssio n I, in whic h sub je c ts use d  the  re fe re nc e  a p p ro a c h, 
a nd  e xp e rime nt  se ssio n II, in w hic h sub je c ts  use d Ma c o d o . This is c o nfirme d  by the  
sta tistic al te sts, w hic h re je c t a ll fo ur null  hypo the se s w ith a  sig nific anc e   le ve l (α) o f 
0.05. 

The re  a re  se ve ral e xplanatio ns fo r the se  impro ve me nts. Ma c o d o  a llow s to  be tte r 
mo dularize  de sign, a s illustrate d in the  e xa mp le  re sp o nse . O n a ve ra ge , the re  a re  a l- 
mo st d ouble  the  a mo unt o f mo dule s pe r suppo rte d  func tio n po int fo r Ma c o d o  (0.0812), 
c o mp ared to  the  re fe renc e  a pp roa c h (0.0476). In c o mb ina tio n w ith a be tte r se pa ratio n 
o f c onc e rns, a nd the  use  o f hig he r-leve l a bstra c tio ns, this  c an reduc e  the  d e sign  c o m- 
p le xity. This re duc tio n in c o mp le xity, has a  c le a r e ffe c t on the  fa ult de nsity. Mo d ula riza - 
tio n no t o nly e ffe c ts c o mp le xity, it a lso  imp ro ve s re use  a nd  pro d uc tivity. In fa c t, fo r the  

 

 
 



 
re fe re nc e  a p p ro a c h, o nly tw o  subje c ts ha ve  a ny fo rm o f re use , w hile  fo r Ma c o d o  only 
two  sub je c ts  ha ve  no  re use . Abstrac tio ns  pro vide d  b y the  re fere nc e  a pp ro a c h, suc h as 
sub-pro c e ss o r c o mp o site  se rvic e , a re  no t w e ll suite d  to  mo d e l re usa b le  c o lla bo ratio ns. 
Ma c o d o , ho we ve r, pro vide s e xp lic it c o lla b oration  c onc ep ts, and c a pa b ilitie s allo w inte r- 
a c tio n a nd  b e ha vio rs to  b e  e a sily re use d  in diffe re nt c o lla b o ra tio n a nd ro le  typ e s. 

We c an a lso  c o mpa re  the  e ffo rt re q uire d  to  le a rn and use  Ma c o d o  to  the  e ffo rt re - 
q uire d  to  le a rn and  use  the  re fe renc e  a p pro a c h. Sub je c ts had  five  we e ks to  le a rn the  
re fe renc e  a pp ro ac h and fo ur we e ks to  le a rn Ma c o d o  fro m sc ratc h. The  re sults  und er- 
p in tha t Ma c o d o  c an b e  lea rned   in a  rea sona ble   a mount  o f time , le a d ing  to  a  c le ar 
impro ve me nt in d e ve lo p e r p ro d uc tivity. 

 
7.7. Threats to Validity 

The  de sign o f the  e xpe rime nt intro duc e s so me  thre a ts to  validity [Co o k and Sta nle y 
1979; Wo hlin e t a l. 2000]. We  b rie fly disc uss the  main thre a ts. 

 

7.7.1. Threats to Construct Validity. Fa ult d e nsity and  c o mp le xity a re  me a sure d  in te rms 
o f ind ivid ual mo dule s. Wiring   o f d iffe re nt mo dule s, fo r e xa mp le , is no t a c c o unte d  fo r. 
To  a vo id b ia s o f subje c ts to wards tre a tme nts, sub je c ts ne ve r ha ve  a ny d ire c t c onta c t 
with the  ma in a utho r o f Mac o do , and stud e nts a re  no t a wa re  o f the  e xpe rime nt. In 
additio n, e xpe rime nt se ssio ns a re  exe c uted b y e xte rna l instruc to rs,  and  stud e nts a re  
gra d e d (and a ware  o f this) on b o th e xp e rime nt  se ssio ns e q ua lly. 

 

7.7.2. Threats to Internal Validity. Fo r a ll subje c ts, the  e ffe c t o f the  first tre atme nt (re - 
fe renc e  app roa c h) is o b se rve d  in e xpe rime nt se ssio n I (we e k 5), and the  e ffec t o f the  
sec ond tre atme nt (Ma c o d o ) is o b se rve d  in e xpe rime nt se ssio n II (we e k 9). This intro - 
d uc e s thre e  p o te ntial  thre a ts: 

 

Inc re a se d  Unde rsta nding . A sub je c t’ s und e rsta nd ing  o f c e rta in c o nc e p ts  c a n  in- 
c re ase  b etwe en the  first and  the  sec ond o bse rvatio n. In e a c h e xpe rime nt se ssio n, sub - 
je c ts ha ve  to  c re ate  a n a rc hite c tura l  d e sig n a nd  a  d e ta ile d  d e sig n o f ind ivid ual mod- 
ule s/ pro c e sse s. This thre a t ma inly affe c ts the  d e ta ile d  d e sig n, fo r w hic h subje c ts use  
the  sa me  sta nd a rd   p ro c e ss no ta tio n in b o th e xpe rime nt se ssio ns. The  a rc hite c tural 
de sign is le ss affe c te d, sinc e  subje c ts  use  d iffe re nt te c hnique s in e a c h e xpe rime nt se s- 
sio n. As a  re sult, it is ma inly fa ult d e nsity and p o ssibly pro d uc tivity tha t a re  affe c ted 
b y this thre a t, sinc e  the  le ve l o f re use  a nd  the  c o mp le xity p e r mo d ule  a re  la rg e ly d e ter- 
mine d  in the  arc hite c tural  de sign and  the  d e c o mp o sitio n o f the  syste m into  ind ivid ual 
p ro c e sse s. To  re duc e  this thre a t, the  stud e nts ha ve  five  we e ks to  le a rn the  p ro c e ss no - 
ta tio n b e fo re  the  first e xpe rime nt se ssio n. The y a re  a ske d  to  fully ma ste r this no ta tion 
and a re  a wa re  tha t the y will  b e  g ra d e d   o n it. Afte r the  first e xpe rime nt se ssio n, the  
c o urse  c o nsid e rs the  no ta tio n to  b e  kno wn a nd  no  lo ng e r sp e nd s a ny time  on it, limiting  
additio nal le a rning  e ffe c ts. 

 

Ma turing . Subje c ts  c a n ma ture   b e twe e n the  two  o bse rvatio ns, fo r e xa mp le , b y ta k- 
ing  the  e xpe rime nt mo re  se rio us. This thre a t is re duc e d b y ke e p ing  the  subje c ts un- 
a wa re  o f the  e xpe rime nt (d uring  the  e xpe rime nt), b ut a wa re  tha t the y w ill  be  g ra d e d 
o n e a c h e xpe rime nt se ssio n. 

 

Le a rning  the  typ e  o f Que stio ning . Subje c ts c a n le a rn the  typ e  o f q ue stio ning ,  ma king  
the m b e tte r p re p a re d  in the  se c ond e xpe rime nt se ssio n. To  re duc e  this thre a t, we  use  
a  ho me  a ssignme nt  fo r e a c h p a rt o f the  c o urse . This ho me  a ssig nme nt  use s the  same  
q ue stio ning  a s the  ac tual e xpe rime nt a ssig nme nts. The  ho me  a ssig nme nt  se rve s a s a  
‘ dry run’  and  a llow s subje c ts to  g e t a c q ua inte d  w ith the  way the  assignme nts  w o rk. By 
using  the  sa me  ho me  a ssig nme nt  twic e , sub je c ts a re  le ss like ly  to  get a ny a d d itional 
insig hts re late d  to  the  a ssignme nts b e twe e n the  two  o b se rva tio ns. 

 

 



 

 
7.7.3. Threats to External Validity and Conclusion Validity. We  use  fina l ye a r stud e nts o f a  

Ma ste r in So ftwa re  Eng ine e ring  pro gra m a s sub je c ts fo r o ur stud y. Altho ug h the se  
stud e nts d o  no t re pre se nt e xpe rt so ftware  e ngine e rs, the y a re  the  ne xt ge ne ratio n o f 
so ftware  p ro fe ssio na ls and  a re  re la tive ly c lo se  to  the  po pulatio n o f inte re st [Kitc he n- 
ha m e t a l. 2002]. 

The  e xpe rime nt re lie s on a  se t o f two  assignme nts.  To  a vo id a  b ia s to wards Ma c o d o , 
the  assig nme nts we re  re vie we d  b y two  ind e p e nd e nt c o urse  instruc to rs. 

In a d dition,  we  ma d e  a  numb e r o f d e c isio ns o ut o f p ra c tic a l ne c e ssity tha t sho uld  be  
ta ke n into  ac c ount whe n ge ne ralizing  o ur finding s: 
— using  pen and p ap e r to  w rite  d o wn d e sig ns; 

— allo wing  sub je c ts to  make  c e rtain assumptio ns  a b o ut the  syste ms and the ir c o nte xt; 

— using  a  simplifie d  no tatio n fo r p ro c e ss d e finitio ns; 

— using  pre d e fine d  We b  se rvic e s  to  d e fine  e xte rna l e ntitie s. 

 
7.8. Conclusions of Study 

Give n the  p ra c tic a l c o nstra ints, the  e xpe rime nt wa s d e sig ne d  a s a  q uasi-e xpe rime nt. 
Ta king po te ntial thre a ts to  va lidity into  ac c ount, the  re sults  g ive  a  stro ng  ind ic a tion 
tha t, within the  re stric tio ns o f the  e xp e rime nt, Ma c o d o  pro vid e s  a  sig nific a nt imp rove - 
me nt o ve r the  re fe renc e  a p pro a c h in te rms o f fa ult d e nsity, de sign c o mple xity, le ve l o f 
re use , a nd p ro d uc tivity. 

 
8. CONCLUSIONS AND FUTURE WORK 

In  this  a rtic le , w e  a rgue d  tha t so ftwa re  arc hite c ture  sho uld  p la y a  mo re  p ro minent 
ro le  in the  d e ve lo p me nt o f c o lla bo rative  a pplic atio ns. This c a n he lp  to  b e tte r manage  
d e sig n c o mple xity b y mo d ula rizing  c o mp le x c o lla b o ra tio ns  a nd  se p a ra ting   c o nc e rns. 
Sta te  o f the  a rt so lutio ns d o  no t pro vide  pro pe r suppo rt to  mo d e l c o lla b o ra tio ns  a t ar- 
c hite c tura l le ve l, o r d o  no t re ify arc hite c tural a b stra c tio ns a t do wnstre a m de sign a nd 
imple me ntatio n le ve l. To  a d d re ss the se  p ro b le ms, we  p re se nte d  Ma c o d o . Ma c o d o  sup - 
p o rts the  d e ve lo p me nt o f c o lla b o ra tive  a p p lic a tio ns  a t a rc hite c tural leve l b y intro d uc - 
ing  a  m o d e l,  a  se t o f view s, and a  pro o f  o f c o nc e p t midd le ware. The  Ma c o d o  mod e l 
intro d uc e s a bstrac tio ns to  d e c o mp o se  c o mp le x c o lla b o ra tio ns  into  re usa ble  units. The  
Ma c o d o  a rc hite c tural views re ify the  Ma c o d o  mo de ling  a bstrac tio ns a t a rc hite c tural 
leve l and a llow  to  d e sign, d o c ume nt, a nd re a so n a b o ut c o lla b o ra tio ns  a nd the ir q uali- 
tie s in te rms o f so ftwa re  e le me nts. The  Ma c o d o  mid dle ware   p ro vid e s  a  pro o f o f c o nc e pt 
p la tfo rm to  imple me nt  c o lla bo ratio ns de fine d  using  the  Ma c o d o  a rc hite c tural views. 
The  e valuatio n o f Ma c o d o , a n e xte nsive  e mp iric al stud y, sho w s tha t Ma c o d o  c a n in- 
d e e d  impro ve  the  arc hite c tural suppo rt fo r d e ve lo p ing  c o lla b o ra tive  a p p lic a tio ns. This 
impro ve me nt is e vide nt fro m a re duc tio n  in fa ult d e nsity a nd d e sig n c o mp le xity, and 
a n inc re a se  in re use  a nd p ro d uc tivity. 

A numb e r o f c halle ng e s  re main to  b e   so lve d  in  o rd e r to  p rovid e  c o mple te  
arc hite c ture -c e ntric  suppo rt fo r d e ve lo p ing  c o lla b o ra tive  a p p lic a tio ns.  A ke y c ha lle ng e  
is a  be tte r inte gratio n o f Ma c o d o  w ith e xisting  de ve lo p me nt te c hniq ue s and  me tho d o lo - 
g ie s. O the r c halle ng e s re late  to  the  c urre nt limita tio ns  o f Ma c o d o . Ma c o d o  fo c usse s o n 
se rvic e  c o lla bo ratio ns tha t ta ke  pla c e  in a  re stric te d  c o lla bo ratio n e nviro nme nt, ma n- 
a g e d  b y a  truste d  third -p a rty. This e xc lud e s c o lla b o ra tive  a p p lic a tio ns whe re  the re  c a n 
b e  no  c e ntra l  c ontro l o r w ith a n e xp lic it ne e d  to  d e c e ntralizatio n. The  middle ware  in- 
fra struc ture  p re se nte d  in this a rtic le  is inte nd e d  a s a  proo f o f c onc e pt fo r Ma c o d o . An 
e sse ntia l ste p  in pro vid ing   c o mp le te  a rc hite c ture -c e ntric  suppo rt is to  b uild  a  ma ture  
middle ware  infra struc ture  tha t fully sup p o rts Mac od o  and its fe a ture s. Fina lly, a n im- 
po rtant trade -o ff o f Ma c o d o  is tha t d eve lop e rs  ne ed  to  le a rn Ma c o d o , the  a b stra c tio ns, 
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Fig. 16.   (le ft) An o ve rvie w o f the  p la tfo rm. (rig ht) 3 typ e s o f ho sp ita l flo o rs a nd  the ir p ro p e rtie s. 

 
the  view s, and the  middle ware . This c an ste ep en the  le a rning  c urve  o f Ma c o d o . Fro m 
the  e mp iric al stud y, ho we ve r, it is c le a r tha t the  Ma c o d o  b a sic s c an be  lea rned  in a 
re a so na b le  a mo unt o f time . 

 
APPENDIX 

A. EXTRACT OF ASSIGNMENT 

This a p p e nd ix p ro vid e s a n e xtra c t o f a ssig nme nt  A. Spe c ific atio ns o f inte rac tio ns,  p re - 
d e fine d We b se rvic e s, and the  re p o sito ry a re  no t inc lud e d , b ut c a n b e  fo und   in [Hae - 
se vo e ts a nd We yns 2012]. 

 
An Orchestration Platform for an Automated Hospital Floor 

A ho spita l ha s se ve ral flo o rs. The re  a re  4 he a lthc a re  p ro vid e rs o n e a c h flo o r tha t have  
to  c o lla b o ra te : 1 Nurse ,  1 He a d Nurse ,  1 Do c to r o n Ca ll, and 1 Do c to r. To  stre a mline  
the  inte ra c tio ns o n e a c h ho sp ita l flo o r, the  ho spita l ha s d e c id e d  to  g ive   ea c h he a lth- 

c are  p ro vid er a  p orta b le   c o mputer  tha t c a n inte ra c t w ith a n o rc he stratio n p la tform 
(Fig . 16, le ft), using  a  se t o f pre d e fine d We b  se rvic e s. The  o rc he stratio n p la tfo rm has 
to  o rc he strate  the  inte rac tio ns b e twe e n the  d iffe re nt he a lthc a re  p ro vid e rs. 
We  c o nsid e r 3 typ e s o f ho sp ita l flo o rs (Fig . 16, rig ht) and fo c us on a  sub se t o f inte ra c - 
tio ns to  b e  sup p o rte d . 

 
— Ba sic :  The  b asic  ho sp ita l flo o r ena b le s 2 inte ra c tio ns: the  Ala rm Inte ra c tio n and 

the  Re po rt Inte rac tio n. A Nurse  c a n sta rt a n Ala rm Inte rac tio n a t a ny time , and a 
Do c to r o n Ca ll c a n sta rt a  Re p o rt Inte ra c tio n  a t any time . 

— Norma l:  The  no rma l ho spita l e na b le s the  sa me  inte ra c tio ns a s the  b asic  ho sp ital 
flo o r (Alarm Inte ra c tio n and Re p o rt Inte rac tio n). But  o n this  flo o r, the  Do c tor o n 

Ca ll is no t fre e  to  sta rt  a  Re p o rt Inte ra c tio n a t a ny time . Inste a d , the  p la tform 
auto matic ally sta rts a  Re p o rt Inte ra c tio n  a fte r e a c h Ala rm Inte rac tio n (if the  He ad 

Nurse  c o nfirme d  the  a la rm). 
— Eme rg e nc y:  The  e me rg enc y ho sp ita l flo o r is simila r to  the  no rma l flo o r (Re port 

Inte rac tio n is a uto matic ally sta rte d ), b ut inste a d  o f the  Ala rm Inte rac tio n, it uses 
the  Fast Ala rm Inte ra c tio n. 

 
The  platfo rm ha s to  sup p o rt multip le  ho spita l flo o rs o f ea c h typ e  a t the  sa me  time. 

Fo r e a c h ho sp ita l flo o r it sup p o rts, the  pla tfo rm ha s to  inte ra c t w ith 1 Nurse , 1 He ad 

Nurse , 1 Do c to r on Ca ll, and 1 Do c to r. 
The  re sp o nsibility o f the  p la tfo rm c a n b e  summarize d  as fo llo ws: whe n a  Nurse  sends 

a n a la rm to  the  p la tfo rm, the  p la tfo rm sta rts  a nd o rc he stra te s  a n Ala rm Inte rac tion 
o r a  Fast Ala rm Inte ra c tio n, dep e nding  o n the  typ e  o f ho sp ita l flo o r, with the  o ther 
he a lthc a re  p ro vid e rs o f the  ho sp ita l flo o r. 

If the  flo o r is No rma l o r Eme rg e nc y, the  p la tfo rm a uto matic ally sta rts  the  Re po rt 
Inte rac tio n a fte r the  Ala rm Inte rac tio n (if the  He a d Nurse  c o nfirme d ) o r Fast Ala rm  

 
 



 

 
Inte rac tio n. If the  flo o r is Ba sic , the  Do c to r o n Ca ll c an send  a  re p o rt to  the  p la tfo rm 
a t any time , and  the  platfo rm sta rts the  Re po rt Inte ra c tio n. 

To  re a lize  this o rc he stratio n, the  platfo rm ha s a c c ess to  a  re p o sito ry, c o ntaining  a ll 
info rma tio n on the  ho sp ita l flo o rs and the  invo lve d  he a lth  c a re  p ro vid e rs. This re posi- 
to ry c an b e  used to  g et the  o the r he a lthc a re  p ro vid e rs  o f a  ho sp ita l flo o r and to  find  out 
the  typ e  o f ho sp ita l flo o r. 

 

B. SAMPLE RESPONSE 

 

 
 

Fig. 17.   Sub je c t x’ s a rc hite c ture  fo r a ssig nme nt A , using  the  re fe re nc e  a p p ro a c h. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 

 
 

Fig. 18.   Pa rt o f sub je c t x’s d e ta ile d  de sig n (Ma in Pro c e ss) fo r a ssig nme nt B, using  the  re fe re nc e  a p p ro a c h. 
No te  tha t the  sub je c t uses the  simplifie d  no ta tio n. Ea c h sw imla ne  rep re se nts a n e xte rnal p a rtne r o f the  
p ro c e ss. Pla c ing   a  se nd  o r re c e ive  a c tiv ity in suc h a s la ne , me a ns the  a c tiv ity se nds to  o r re c e ive s fro m the  

c o rre sp o nd ing  p a rtne r. 
 

 
 
 
 

 



 
 
 
 
 
 
 
 
 

 
 

Fig. 19.   Sub je c t x’s a rc hite c ture  fo r a ssig nme nt B, using  Ma c o d o . 
 

 
 
 
 
 
 
 
 

 



 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 20.   Sub je c t x’s d e ta ile d  de sig n (using  the  simp lifie d  no ta tio n) fo r a ssig nm e nt B, using  Ma c o d o . 
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