
Activation

Re gardle s s  of th e  origin of a s tate  ch ange , it is  de te cte d 

th rough  th e  h e lp of s e ns ors  and th e  s ys te m  m us t re s pond to 

th e s e  ch ange s . W e  dis tinguis h  th re e  diffe re nt activation type s  

or re s pons e  type s , i.e ., re active , pre dictive  and proactive . To 

de s cribe  th e  diffe re nce s  be tw e e n th e  activation type s , w e  us e  

pe rform ance  as  an illus trative  e xam ple  s ys te m  attribute :

Re active : Th e  s ys te m  adapts  only afte r th e  pe rform ance  of 

th e  s ys te m  h as  droppe d unde r a ce rtain le ve l.

Pre dictive : If a ce rtain s tate  or a ce rtain obs e rvation occurs  

be fore  a drop of pe rform ance , th e n th e  s ys te m  m igh t adapt 

to th is  at once  rath e r th an w aiting for th e  actual drop.

Proactive : Th e  s ys te m  h as  a norm al pe rform ance  le ve l but th e  

s ys te m  de cide s  to adapt its e lf to gain a be tte r pe rform ance . 

Th is  m ay als o be  te rm e d goal-dire cte d s e lf-adaptation, and 

is  clos e ly re late d to s e lf-optim iz ation. It m ay occur at any 

tim e .

Origin

Th e  origin is  th e  location of th e  s tate  ch ange  th at trigge rs  an 

adaptation cycle . In biology, th is  is  calle d th e  s tim ulus  (s tate  

ch ange ) and th e  re s pons e  (adaptation ope ration). Th e  

s tim ulus  can e ith e r originate  from  ins ide  th e  s ys te m  or from  

th e  e nvironm e nt.

Th is  s e paration be tw e e n s ys te m  and e nvironm e nt can be  

m ade  m ore  s pe cific: In a particular s ys te m , it can be  

be ne ficial to m ode l e le m e nts  of th e  e nvironm e nt e xplicitly if 

th e y are  th e  s ource  of m any ch ange s . For ins tance , in a 

s ys te m  w ith  a lot of h um an inte raction, it can be  h e lpful to 

m ode l th e  pos s ible  ch ange s  th at a us e r m igh t de s ire .

Ope ration

W e  us e  an Arch ite ctural De s cription Language  (ADL) vie w  on 

th e  adaptation ope ration. Multiple  com pone nt ins tance s  can 

be long to a com pone nt type , and th e  im ple m e ntation of a 

com pone nt ins tance  can ch ange  w ith out affe cting th e  

as s ociate d com pone nt type . W e  dis tinguis h  s ix type s  of 

adaptation ope rations  according to th e  arch ite ctural 

pe rs pe ctive : 

Data adaptation: Data value s  are  ch ange d in th e  s ys te m  data 

m ode l w ith out e ffe cting th e  control flow  w ith in or be tw e e n 

th e  s ys te m  com pone nts  

Intra-com pone nt be h avior adaptation: Ch ange s  th e  be h avior 

(control flow  or q uality of s e rvice ) of a com pone nt w ith out 

dire ctly affe cting com pone nt e xe cution s e q ue nce s   

Com pone nt re s ource  m apping adaptation: Ch ange s  th e  

as s ociation of s oftw are  com pone nts  and re s ource s  (data 

s ource  are  h e re  not cons ide re d as  re s ource s ) 

Inte r-com pone nt protocol adaptation: Ch ange s  th e  dynam ic 

com m unication be tw e e n com pone nts  in a fixe d s tructure  

Ins tance -le ve l adaptation: Ch ange s  th e  s tructure  by adding or 

re m oving com pone nt ins tance s  (but not com pone nt type s ) 

Type -le ve l adaptation: Ch ange s  th e  com pone nt type s , w h ich  

allow s  to de fine  ne w  com pone nt type s  (th e  com pone nt 

de pe nde ncy graph  is  affe cte d)

Controlle r Dis tribution

Th re e  controlle r dis tribution s tyle s  can be  dis tinguis h e d 

according to th e  arch ite ctural localiz ation of s e lf-adaptation: 

ce ntraliz e d, de ce ntraliz e d, and h ybrid. Th e  controlle r 

dis tribution s tyle  is  ce ntraliz e d if th e  adaptation is  controlle d 

and e xe cute d from  a ce ntral point in th e  s ys te m . A 

de ce ntraliz e d s ys te m  h as  no s uch  s ingle  point of failure  and 

e xe cute s  s e lf-adaptation (all activitie s ) locally. Mos t s oftw are  

age nt arch ite cture s  w ould be  cons ide re d as  de ce ntraliz e d. 

H ybrid approach e s  com bine  th e  advantage s  of a ce ntraliz e d 

and de ce ntraliz e d arch ite cture  by applying parts  of th e  

activitie s  locally and oth e r parts  globally.

Sys te m  Laye r

It is  com m on to dis tinguis h  at le as t four fundam e ntal laye rs  of 

com puting s ys te m s : h ardw are , ope ration s ys te m , m iddle w are , 

and application. Se lf-adaptation is  a ge ne ral conce pt th at can 

be  applie d at any laye r, e .g. re garding th e  adaptation of non-

functional s ys te m  attribute s  s uch  as  tim ing be h avior. For 

s im plicity, th e  s ys te m  laye r clas s ification s h ould focus  on th e  

laye rs  w h e re  th e  adaptation ope ration is  applie d.

Th e  oth e r as pe cts  of s e lf-adaptation, e s pe cially obs e rvation, 

are  re late d to one  or m ore  s ys te m  laye rs , as  w e ll, and 

additionally, m igh t e ve n ope rate  on diffe re nt laye rs  th an th e  

adaptation ope rations . For ins tance , application be h avior 

could be  m onitore d on th e  application laye r, w h ile  th e  

re configuration follow s  on th e  h ardw are  laye r. H ow e ve r, th e  

adaptation activity re q uire s  us ually m ore  e ffort during 

de ve lopm e nt and ope ration th an jus t obs e rvation. 
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Th e  Adaptation Cycle

Se lf-adaptation can be  s tructure d as  a cycle  of th re e  

activitie s : Obs e rvation, analys is , and adaptation.

1. Obs e rvation

To pe rform  m e as ure m e nts , a trade -off be tw e e n inform ation 

q uality (de tail and tim e line s s ) and caus e d pe rform ance  

ove rh e ad m us t be  m ade . De taile d and fre q ue nt m onitoring 

is  ofte n com putationally too e xpe ns ive  for norm al ope ration. 

Additionally, a large  ove rh e ad of re dundant or us e le s s  data 

can m ak e  th e  e valuation m ore  com ple x. For a s oph is ticate d 

m aintainable  s e lf-adaptive  s ys te m , it is  re q uire d to de s ign a 

m onitoring m ode l in a s ys te m atic proce s s  to e ns ure  th at th e  

righ t m e as ure m e nts  are  m ade . Th e  m onitoring m ode l 

s h ould pre s cribe  w h e n, w h at, and w h e re  data is  acq uire d, 

as  both  for th e  inte rpre tation of th e  m onitore d data and for 

th e  im ple m e ntation and m ainte nance  of th e  s oftw are , it is  

im portant to k now  th e  conte xt of m onitore d data. 

W h e n: Tim e  of m ode l update . 

W h at: Obje ct of m e as ure m e nt in te rm s  of m e trics  (e .g., 

s e rvice  re s pons e  tim e  in m s ). A s ys te m atic w ay to de rive  

m e trics  is  th e  Goal-Que s tion-Me tric (GQM) approach .

W h e re : Points  of data colle ction in th e  s ys te m  arch ite cture  

(or e nvironm e nt). 

In practice , m onitoring logic is  ofte n m ixe d w ith  prim ary 

application logic. As  th is  re duce s  th e  m aintainability of th e  

s ource  code , th e  ins trum e ntation m e th od s h ould h onor th at 

m onitoring is  a cros s -cutting conce rn of s ys te m  be h avior. 

Tw o m ajor alte rnative  ins trum e ntation te ch niq ue s  are  

m iddle w are  inte rce ption and s ource  code  ins trum e ntation 

(e .g., via as pe ct orie nte d program m ing (AOP)). Middle w are  

inte rce ption m anipulate s  or e xte nds  th e  m iddle w are  

platform  (for ins tance , th e  application s e rve r or th e  virtual 

m ach ine ), s o th at  com pone nt inte raction is  autom atically 

obs e rve d.

2. Analys is

Th e  analys is  activity s um m ariz e s  s e ve ral s ub-activitie s  

re late d to th e  proce s s ing of th e  obs e rvations  and th e  

ide ntification and s e le ction of adaptation ope rations . A 

s traigh tforw ard de s ign could us e  s im ple  rule s  (e .g., “if dis -

conne cte d, th e n re conne ct”). Such  rule s  contain cons traints  

th at s pe cify adaptation ope rations  for a particular s ubs e t of 

obs e rvations . W h e n an obs e rvation violate s  one  of th e  

cons traints  th e n a pre de fine d ope ration w ill be  e xe cute d. 

H ow e ve r, e ve n s im ple  rule s  can caus e  com ple x and 

unpre dictable  be h avior.

3. Adaptation

Th e  adaptation activity is  e xe cute s  th e  s e le cte d adaptation 

ope ration(s ). It m ay h appe n th at non-te s te d s ys te m  

configuration re s ult from  an adaptation. Th is  introduce s  

ris k s  for une xpe cte d s ys te m  ope ration. Th e  e xe cution of th e  

ope ration its e lf can be  te ch nically ch alle nging for th e  

e xe cution e nvironm e nt as  it is  ofte n de s ire d th at th e  

adaptation tak e s  place  trans pare ntly. Th is  m e ans  th at th e  

adaptation is  e xe cute d during runtim e , w ith out an 

inte rruption of prim ary s ys te m  ope ration. To provide  

s ufficie nt de pe ndability, it is  a good s trate gy to de s ign th e  

s ys te m  unde r cons ide ration of adaptation faults . Th is  could 

involve  th e  s upe rvis ion of th e  e xe cution of th e  adaptation 

ope ration, th e  cre ation of re cove ry points , or th e  s te p-w is e  

adaptation on a re dundant copy of th e  s ys te m .

Th e  Ne e d for a Clas s ification Sch e m e

Re s e arch  on s e lf-adaptation in com pute r s cie nce  is  dis tribute d 

acros s  m any s ubdis cipline s . Each  s ubdis cipline  re gards  s e lf-

adaptation from  a re s tricte d point of vie w  and fundam e ntal 

cros s -dom ain re s e arch  is  e s s e ntially m is s ing. Th is  le ads  to th e  

re inve ntion of conce pts  and im pairs  th e  ability to e s tablis h  a 

s tructure d re s e arch  program  on s e lf-adaptation. Th e re fore , w e  

introduce  a clas s ification s ch e m e  th at allow s  to s tructure  s e lf-

adaptation re s e arch , to com pare  approach e s  from  diffe re nt 

dom ains , and to ide ntify re late d re s e arch . 

W h at is  Se lf-Adaptation?

A s oftw are  e ntity h as  th e  capability of s e lf-adaptation if it can 

ch ange  its  s tructure  or be h avior, bas e d on obs e rvations  of th e  

s ys te m  or its  e nvironm e nt. Th e  figure  s h ow s  th e  s e paration 

be tw e e n th e  adaptable  s ys te m  and its  controlle r. Th e  controlle r 

obs e rve s  th e  s ys te m  or th e  e nvironm e nt by s e ns or and adapts  

th e  prim ary ope ration unde r ce rtain circum s tance s  by us ing 

actuators .

Goals

Typical goals  are  to m aintain or im prove  th e  Quality of Se rvice , 

de pe ndability, de s ign e fficie ncy, inte rope rability, or to re duce  

m ainte nance  cos ts .

Ris k s

Se lf-adaptation can s ignificantly incre as e  th e  s ys te m  com -

ple xity and th e  ris k s  for uninte nde d be h avior. 
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