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Abstract: Self-Adaptive systems (SASs) are required to be capable of adjusting their behaviors in response to changes in operational
contexts and themselves. To implement automatic adjustment, SASs must be endowed by abilities of monitoring changes in contexts and
themselves, analyzing changes of requirement satisfaction and reasoning about adaptation decisions. The behavior of online
decision-making needs to assure functional requirements as well as certain non-functional requirements such as reliability and
performance. This paper proposes a verification-based optimal decision-making approach for SASs, for assuring the satisfaction of
non-functional requirements. This approach models adaptation mechanisms by identifying adjustable goals and maps goal models to
corresponding behavior models expressed by label transition systems. It takes reliability requirements as examples and utilizes tagged

goal models to specify reliability of tasks. Then, the system behavior model and reliability specifications are integrated into discrete-time
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Markov chains with variable states while adaptation candidates are characterized by combinations of different variable states. Via online
verification of related requirements, the system derives the optimal decision of configurations under a certain type of contexts. The
feasibility and effectiveness of the approach are illustrated through a mobile information system.

Key words: self-adaptive system; optimal decision-making; requirements modeling; model-driven; requirements verification
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s

MobIS.MobIS

) (BR2).
(preference),
(P2), (P3),
(P3).
VADEM e 22 ,
(actor) ,
i (goal)
; (decomposition link)
7 or ; - (means-ends link)
“7 ; (task dependency)
(ordered link) “ o»
, 2 MoblIS
.MobIS ,
? . 2
{t1,t2,19,13,t12,t13,t14}; i »
, t1 t5 6 12
To ,t13 B ,
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TS2
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TS1;TS2,
TS1|TS2,

[
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Vol .28,

TS1, TSI

TS1;TS2  TS2;TSI.
(LTS, >TS2)

TS2.

TS2.
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Table 1 Mapping from relation patterns to behavior patterns
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TS1=11—>(TS2[]TS3)
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TS2=t2>TS

H

TS=(1—>TS)[](1>TS2)
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TS2=25t1>TS
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TS=t—>(TS1[]TS2)
TS1=tI>TS
TS2=125TS

e oia
0
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TS1=tI>TS
TS2=125TS
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ec.:
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. s 1 ,TS1,TS2
TS3 gl,g2 g3 TS1=71—>(TS2;TS3) TS1 7l TS2  TS3
. gl 902 g3 TS2=22>TS3 TS2 2,
TS3. 02 93 .TS3=713—->TSI1 TS3 73, TS1.
g3 gl ,
(process analysis toolkit, PAT)[24] CSP#(communicating sequential programs)
(labeled transition system, LTS). LTS=(S,s0,2,—s), S ,S0€S
) ,—>sCSx XS . LTS
4.3
5 3 PAT
(1) , n!,n

Fig.4 Transformation of relation patterns in goal models
4

toupper( ) R . findNext( )

s 10 n! s .
> s o). 1 R
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4.4

(github.com/ZhuoqunYang/TreeTransToCSP),
1. Generate formal description.

Input: GoalModel;

Output: DescriptionFile.

1for w;eGM//GM  goal model

2 if relation of w; is ordered-AND //w;
3 write toupper(W;=wy) to DescriptionFile //wy 1 ,
4 record W; //w;
5 else if relation of w; is OR //w;
6 write toupper(Wi=wy[]...[]Wk:n) to DescriptionFile //Wy... W1 W;
7 record W; //w;
8 else if relation of w; is unordered-AND //w; ( )
9 tail«—findNext() //tail Wi 1 s
10 Multi write toupper(w;=wx—...—>W.,—>toupper(tail) to DescriptionFile //Wy... Wy
11 record Wj,Wy,...,Win //W;
12 else if wjis leaf & wj is not recorded //w;
13 tail«findBrother()
14 write toupper(w;)=w;—toupper(tail) to DescriptionFile
15 record w;
16 end if
17  end for
18 return DescriptionFile //
Lapouchnian B! s
, 1 ,
.
.
5 MobIS .
> . , 6
(github.com/ZhuoqunYang/PATForSAS)
s 126(=3!+5") . s

« 2 « 2

c 2
[

GaugeBandwidth—>GaugeBuffer—AnalyzeREL1—>AnalyzeREL2—>MakeDecision—SelectConfig—SetRegist
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—SetLocate—SetForm—SetT—>SetB
i »

GaugeBandwidth—>GaugeBuffer—AnalyzeREL1—AnalyzeREL2—>MakeDecision—SelectConfig—SetRegist
—SetLocate—SetSearch

, 5 ,  —BTSI1GetInfo —ATSAdapt. s
, —ATSAdapt —BTS1GetlInfo.
, , 8

BTT3ChooseForm=BTT I0ChooscMedia| |JETT 1 1 ChooseText;
BTT4Scarch= BTTI’-Scamh\-’moellBﬂlﬁSeathul i) ST RN AL
BTT5Logi inBy SMS->BTSSF AWﬁOnlllr-\'lTﬁClnlmc]|]ATT"CIMHEZ[|A'J'I"|0l|l|nc1[|.l\'l'l’50||]1ml‘[l

BTToLoginINT=loginBy1 =BTS5Py I ATT30nline=se(Logind IForm-=se1T->selB->ATS Adapt.
BTS2RecordU=BTS4SuccessLogin; BTTTLocGPS=| IDcach\(:PSJBT‘a‘JId.cnllf\ [lm:rcsBTS ATTSOnline Acthod-> Acthod->sc1B-=set T->setForm->ATS Adapt,
BTS3UAccessI=BTS60nline| |BTS T0Mine: BTTSLocGSM=localeBy GSM->BTS91dentily InicnesB TS, ATT50nline3=sei T-setlocateMethod- >sc[Fonn->sc[Lug|nMclmd selB-> ATS Adapt.
BTS4SuccessLogin=BTTIULogin BTTICheckimeresBTS=checkInteresBTS->BTS3U Accessl: ATT50nling] 20=5¢1B->5¢1T->s¢1F Method-=seiLoginMethod
BTS5Preparcinfo~BTSSLocatel; BTTIC hooseMedia=chooseMedia-=BTS 1 58end Timely: .
BTS60nline=BTS10SendReq: BTT11ChooseTexi=choose Text->BTS 1 5SendTimely: iz
BTSTOMine~BTS12SearchDE; BTTI12Send=sendReq-~BTS11Load: GOMine3 || ATTOOMined| | ATTEOMines|]
BTS&ldentifyLocate=BTT2Loca, BTTI3Load=loadInfo->BTS 1 TRecordl: ]
BTSHdentify Interes BTS=BTTH e BTS,  BTT14Pemsist=persisBTToDB->BTS1Getlnfo; ATTHOMI i =setLoc selScarchMethod->ATS Adapt;
BTS10SendReq=BTS14ChooseForm: BTT13SearchVoice=scarchBy Voice-=BTS 13UFindI: ATTHOMine2=seiloginMetlod Iiviethod->sell Method->ATS Adapt.
BTS11Load=BTS l6Load ToBulTer, BTTI6SecarchText=scarchBy Text-=BTS I 3UFindl; ATTGOMine3 Method-=scilogi Acthod-=>ATS Adapt;
BTS12ScarchDBE=BTT45cacch: BT‘T‘!‘.‘Fillcr—'ﬁllcrlnu'n-r*B’TSIGc:luro: ATTHOMined=se1l Method hMethod-=seiLoginMethod-=> ATS Adapt:

: £ i sellocateMethod->ATS Adapt;

BTS13UFindI=BTT17Filicr, TR

Method->setLoginMethiod - ATS Adap

J\1TIMon:|or— ATT IMonitor | [|ATT IMonitor2: v amaly e REL 1-=ATT2 1 Analy zeRel2:

BTS16Load ToBuffer=BTT13Load: A'lTlMDmlﬂll—L.lll‘gEB andwidth-=gangeMemory-> ATT2 Amalvee; ialy. #eREL2->ATT3Plan;
BTS17Recordl=BTT14Persist: ATT IMonitor2 Bandwidih-=ATT2 Amaly e, akeDecision-=ATT32SelectConlig:
BTT1ULogin=BTT5LoginSMS||BTT6LoginINT:  ATT2Amalyze=ATT21 AnalyzeRell; ATT32SclectConfig=sclectConfig-> ATT4Exccute;
BTT2Locale=BTTTLocGPS||BTTSLocGSM. ATT3Plan= ATT3 1 MakeDecision;

Fig.5 Formal descriptions of system behaviors

5
loadInfo 7] sendReq
. L
persistToDB chooseText
loginByInternet  10cateBYGSM  checkinterests ThooseMedia
| hByVoicc
loginBySMS locateByGPS searchBy Text

filterInfo

Fig.6 Business behavior model
6

setLoginMethod |—| setlocateMethod @ setForm @ setT 73

setT, _JW setlocateMethod Hal setForm Shsctl-oginMethoy

B
setlocateMethod set]ncaleMelhncL@ setB @ setT 79
setB Ml setT 3 setForm z clB

el setlocate hod setForiy

setSearchMethod setLocateMethod _S€U2 etho .
I _ setloginMethod gaugeMemory gaugeBandwidth

setlLocateMethod

16 setSearchMethod
setLoginMethod 3

glSearchMethod setLocateMethod ﬂ

seiCoginMethod gaugeBandwidth = gaugeMemory
St.lLGcathcthc 5] setSearchMethod analyzeRELI
selectConfig setLoginMethod
makeDecision Il analyzeREL2
7 fe} 5

Fig.7 Adaptation behavior model
7
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setLoginMethod setlocateMethod

1686
gaugeMemory analyzeREL] analyzeREL2 makeDecision selectConfig
5 [ 3] 7l
2 13 14 Bl 161 7
gaugeBandwidth setL.oginMethod
filterInfo searchBy Voice
! warchB\ checkInterests locateByGSM loginBylInternet
persistToDB éhooscl\ilcdi
2 7 'scTcxt locateByGPS
loadInfo sendReq
Fig.8 System behavior model
8
VADEM ,
VADEM
[26]
chains, DTMCs)
7 DTMCs
[28]
8 bl
DTMC >
5.1
model).
TGM=(GM,TAG(T ear)),
,GM S TAG(T jeat) .
TAG(t)={(ci,FP(ci,p))IcieC},
,Ci C i ,FP(cip) p t
probability). p
[29] [30]
MobIS , 2
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19

loginBySMS

,VADEM

(discrete time Markov

(tagged goal

(failure

http:// Www. jos. org. cn

© PEBEEG T



9)  9(b).

C,(BindwidthRate>100kbps).

12: Locate [U]

100kbps)

-
BindwidthRate<100kbpsL, BindwidthRate<100kbps [N\
FailureProbability= 0.0125 \ FailureProbability= 0.0375 |
Y

Network

1687

>

:C(BindwidthRate=

13:Claim buffer size B to
load [I] from server

<

7N\

Bindwid
FailureP

thRate<100kbps
robability=1/B

~ N
al

BindwidthRate=100kbp:
FailureProbability= 0.05

BindwidthRate>100kbps
FailureProbability= 0.005

BindwidthRate>100kbps
FailureProbabilitv=1/B

(b)

S

”

DTMCs,

(variable DTMC)

DTMC
DTMC

s

Si

Si

(a)
Fig.9 Reliability specifications of locating task (a) and loading task (b)
9 (a) (b)
5.2
DTMCs >
DTMCs s . s
> ,DTMC
,VADEM «“
DTMCV:(S|,SV3503P9L)’

L4 S| N

* Sy 5

L] 50€S|USV 5

o P:(S,USy)x(SuSy)—[0,1] P(si.s) Sj

>ZS'ESP(S’SI)=1’vseslus\/;
o L:(S,USy) 24 AP
seS, P(s,s)=1, (absorbing state),
, DTMC(absorbing DTMC).
2. Generate variable DTMC.

Input: LTS, TGM;

Output: DTMCV.

1 for w;eS,1s find next state wj,

2 if (Wi |==1 // ks

3 it | 2wi,wi)==1//

4 add s; to S;, label 2{w;,wj.,) to s;, add fSI toS, // LTS

Si
5 Else
6 add s; to Sy, label {2{w;,wi;)} to s;, add fSi toS, //
end if

http:// Www. jos. org. cn
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8 if w; is the last state of LTS
9 add s;j;; to S, labeled with “success” //
10 end if
11 else
12 for each branch performs 2/ R 2
13 end if
14  end for
15 for s;eSUSy
16 if s;is not the last state
17 find task t performing L(s;) in TGM //
18 add T(s;, f, ) with P(s;, f, )=TAG(t).FP // , sieSy, P, fg)
19 add T(s;,Si+1) with P(s;,8i+1)=1-TAG(t).FP  //
20 add T( f,, f, ) with P(f, , f.)=1 // 1
21 else
22 add T(s;,si) with P(s;,s)=1 // 1
23 end if
24 end for
25  classify failure states with same labels // ,
26  return S, Sy, S, P,L // DTMCY
DTMCY ,
1 DTMCY ,
) DTMCY ,
(3) , .
C)) ( / )-
2! . LTS , DTMCY

2 1 ~ 14 , 15 ~ 24

LTS N O(n+e), ,n LTS ,e LTS

,DTMC" LTS , LTS :

.DT™MCY TGM , FP

1-FP.
MobIS , 10 DTMC".

Gauge Gauge SetLogin] [SetLocate “hoose
Bandx%idlh Memgo ' Mcthﬁd I | Method || SetForm | [ SetT SetB SendReq

Analyz Mak SetLogin| [SetLocate | [SetSearcl i c 5 “ilterInf S
| ]lgg szfel [Deczilsi?) I1| [ r\?ictgg::lnl | ‘Iid e?}:'gde H i{ e?ﬁga h l Login] [Locate Search | [Filternfg  [Success |

Fig.10 Reliability analysis model of MobIS
10 MoblIS
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10 4 823,524 Sps 3S26
S14,815,S17  S21 5 S18 Sio . )
»Ss Si6 > > )
2 10 . Si FP, 1-FP.
) FPSO =0.0005 P(s¢,523)=0.0005, P(S0,51)=0.9995. ,
, 3. o B To
9 b bl 'B b bl
Table 2 Failure probabilities (FP) of invariable states
2
S FP S FP S FP S FP S FP S FP
So 0.000 5 S 0.000 5 S, 0.000 2 S; 0.000 2 S, 0.000 3 Ss 0.000 3
Se 0.000 3 S; 0.000 3 Sg 0.000 3 So 0.000 3 Sio 0.000 3 S 0.000 3
Si» 0.000 3 Si3 0.000 3 Sie 0.000 5 Sso 0.000 5 Sy 0.000 2 - —
Table 3 Failure probabilities (FP) of variable states
3
Context=C,; (Bandwidth==100kbps)
S Sis Sis Si7 Sig Si9 S
Option SMS Internet GPS GSM Media Text To B Voice Text
FP 0.005 0.025 0.012 5 0.037 5 0.02 0.012 5 0.05/T, 1/B 0.01 0.005
Context=C, (Bandwidth>100kbps)
S Sis Sis Si7 Sig Si9 S
Option SMS Internet GPS GSM Media Text To B Voice Text
FP 0.037 5 0.012 5 0.05 0.005 0.005 0.002 5 0.05/T, 1/B 0.01 0.005
5.3
17.18] DTMCs
(probabilistic computation tree logic,
PCTL)BY .PCTL :
O:i=true|a|OADQ | DR, (V)
Y:i:=XD|DdU='D
,pe[0,1],p<e {<,=,>,=},teR=p,a . X U « (next)” “ (until)”,
@ .
¥ s X
u, « (eventually)” 0=t trueU='®, D
t. JU="
PCTL DTMC R
s (reachability). P oap(OD),
>ap . D
, =X, X ; , =X,
,X
” ,PCTL > ~pd
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= ~< . .2 « » e
o RELI. P_=j9o(“GaugeBandwidth” U “Success”) “ 5 S 0.90”.
o REL2. P_<(5(“Login” U “FailedAccess”) “ Sy S 0.05”.
, REL1 REL2
VADEM (probabilistic model checking)®*?
)] :
2 : ,
3) : ) ( )
“) : , ,
(5)
3 , 3 9
DTMC=(S,s,,P,L) PCTL [OJ |D|
s IS| B :
DTMCY , 2 , O(m+e), .0 e
DTMCY .8 for ,
O(n),n S .12
> n >
o(n).

3. Runtime adaptation decision-making.
Input: DTMCV, config,y, req, THRESHOLD;
Output: config,ey-

context<—monitorContext( ) //
invoke model checking module
result<verifyReq(DTMCV, configqq, req, context) //
if (result=THRESHOLD)

confignew<—configog
else

find all alternative configuration config; in DTMC"

for each config; in DTMC"

invoke model checking module

10 ri«verifyReq(DTMC, config;, req, context) //

O 0 9 AN L AW N~
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11 end for
12 select I'opaccording to preferences
13 confignew<—configey; which produces rop
14  endif
15  return configpey
5.2 C,(Bandwidth>100kbps) s
MobIS : , PRISMP*
. 53 . 2 3. s
Ty 5 [5,25] s min; B 50 [50,250] s MB.
Network,MobIS 208(=2x2x(2x5x5+2)) . PRISM (github.
com/ZhuoqunYang/PRISMForSAS)
1
11 12 (To.B) (15,150) , , REL] REL2
. REL1 0.90, 11
0.90 13 . REL2 0.05, , 12 0.050 5
. {SMS,GSM,Offline(Text)},{Internet, GSM,Online(Media)},
{Internet, GSM,Online(Text)}, {Internet, GSM,Offline(Voice)}  {Internet, GSM,Offline(Text)}. 2
P1, s Online . P2,
, . s , {Internet,
GSM,Online(Media)}.

a7

0.950

0925 ¢

Probability

{1,900 +

(875 b

0830 ¢

~o-SMS,GPS.Online(Media) = Internet, GPS,Online(Media) -+ SMS,GSM.Online(Media)-=- Internet, GSM,Online(Media)
—#-SMS.GPS.Online(Text) = Internet, GPS,Online(Text) s SMS,GSM,Online(Text)-»-Internet. GSM,Online(Text)

—= SMS.GPS.OfMfine( Voice) —+ Internet, GPS,Offline(Voice) —= SMS,GSM,OfTline( Voice) = Internet, GSM,OfMfine( Voice)
- SMS,GPS,Offline(Text) == Internet, GPS,Offline(Text) -+ SMS,GSM,Offline( Text)-+- Internet, GSM,Offline( Text)

Fig.11 Probabilities about REL1 under different structural configurations
11 REL1
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0.100 b
P
0.075}
z
g 0050}
(=]
&
0.025
0.000
0 5 10 s 20 25 30 35 40 45 50

T

—+SMS,GPS,Online(Media) -= Internet, GPS,Online(Media) =+ SMS,GSM,Online(Media)=- Internet, GSM,Online(Media)
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