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1. Introduction.

v Engineeving (MDE) has shown to be elfective in
the development and maintemance of Linge scale amd enbed-
ded systems [Hutchinson et al, 2001b: IJelic o al. H14) MDE
typically puts medels a3 a central artifact in the various phases
of the development process [ Hutchinson n al 20114z Schowidt,

sourte code, with the benefits of increased productivity

duced time to market (Whittle et al. 2004 Anastasakis et al,

2007; Ciechetth et al., 2008). These benefits, hwn!r hinge on the
nsistens

A repae i typically 3 st of medel changes Mt together
fix 3 gren inconsistency, Laeranse diszinguishes abstracr and
concrete repairs {Mestwich et al, 2001, 2003}, An abstroct repair
identifies & model element to repair {4 ocation i model) bt
dovs Nt reveal how ta change it A concrety repair additianally
ientifies how ta change the model element (with a concrete
waluel. A cancrere repair can thus be execused automatikcaliy on
the inconsistent model to eliminate the mconsistency.

A an exanple, imagine hat 4 message i passed among (o
components i the mame of this MEskge i ICorsient. per-
haps beciuse 45 name was not declaned. One possible replr of

assumption that
This is abwiously a problem during evolution when changes hap-
per Chasges may cause inconsisbenckes and subsequens

\F engieer do not recognize These inconsistencies in a timely
munner. Moreover, if models are imconsistent. all auteenatian

mately be repaired (Frakes and Kang, 2005; Whittle et al_ 2014
remurh e al, 20061
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comstitutes
an abtract repair because it |dmlﬁﬂ the location (i, the name
of the messape that needs repiring L bt aot the concreme valse
0 i e mesige shoild be mummmm:m: concrere

providing comcrete values o sbmract repairs s turm theen o

COMKCTELE TEQUrs i3 4 non (rivial Lk, because 4 large set of values
mmay exist and ietifying all that would Fix the isconsistency
& difflcult. Contiming on the pmuuu example, the problem is

that message.
Ths, there are practically infinite mn repuirs and it is infea-
sl 1o comypute and impractical o list then all. The challenge &5
thus 1 idencily 4 sabet of names that could form acrual useful
repairs. Whereas abstract tepairs for model inconsistencies are
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coenpulable in a scalable manmer [Hiong et al, 3009; Jackson,
n0z; 2012h; Mens et 2L, 20061

to deal with concrete reqairs in a scalabibe manser and provide o
sufficient amount of e, do not

addresses these very nlmndir challenges.

St amw -ul idessifies v kinds of uram huomwm
comcrete repairs for model inconsistencies. The first kind relies
o m repair srategics tailored 1o specific models o
mm:ﬂeﬂ!iﬂl\:!landaSihadal_Nm: Kolovoy
et al., 2008), Deriving these srateghes can be time coruming
and lhnmmmlr'mm The second kind mmgutes
repairs for Inconsistencies relying on sobvers (g, SAT or CSP
solvers Hegedils et al, 20112 Shah et al, 2000). However, their
downside is that not all refevant repair combinations may be ex-
mwmm hrogh the use af heuristics for geserating
FEpair vakoes.

Our approach inroduces 4 thind kind of rasaning. We
that there are situations where exhaustive exploration of a]l pos-
sl Tepasr values is usmecessary, The premise of our waek Liys in

fior their repairs. The idea in asell & not wwllu exiszing
informution for fixing inconsistencies hus already shown 1o be
effective in fixing hugs (Martines ot al, 2114) or programming

a developer changeg ane diagram of 2 model may carie incon-
sissencies between this dugram and other diagrams that remain,
as of yet, unchanged. Hence, these changes may be treated as

name siach that it does: nat match any declararion then a repalr
s likely about adding or changing an existing declaration in the

midels sach that it mabches the new message name. Hence. the
mame of the mh walue) bevomes a repain choice for the
creation; a declaration.

The idea ualwlo e the Iann‘onalmdr present in the
model for comsistent change propagation. In conssstent cl
Peopagation an In(omlsnm': is Ium by an mv‘m
change performed should have

meanmﬂliMMI wtmmwﬂﬂl
entirely. As oar the models” values, imcluding
mlumnysw‘umg Inconssssencics. Dur ap-
proach, hence. can be used to compeste repairs in the context of
coeaEnt changr propagation.
Mmmwlmhlmm
limits the number of possitile repair choices. However. limiging
the repais chowes in this manner does ol remedy the combi-
patcrial effects of 2 sequence of changes. So, if there are n model
elements and m concrete vakaes for each model ehermsent to repiir,
then we need to mmnmlmmnlldlhﬂemnﬁbe
wxpbared o abitain a complere overdew over all possible repairs
mlhmﬂ!nnhnui!xkﬂdblh:nﬁ'mrllheui

this im turn
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L An algorithm (o transfonm #etrac nepass 1 concrete re-
pairs using the concrete values from the geseratar func-
tions. Ouar algorithm takes each abiract repais and a set of
generator functions, and transforss the sbetract repuir it
nultipde corect concrete repairs. The algorithm is peneric
-»d can easily be exvended with sew generator fusctions.,

and keeps
lhr ooes that fix the moonsistency mluh In particular,
when sevesal values must be combined to form an entire

concrete repair, we only present to the user conbana-
tions of waboes that ame able to fix entire imconsistencies
automatically. This way the user is not overwhelmed.

A scalable exporadion of combinations af repais [ie, pos-
sible ") Several key observations make this possible,
Wien multiple vakots are combined to foem oacnete re-
puairs. ome invabid value would result in many invald com-

on their awn may contradict each othes when combined,
An examiple of am obvious imvalid combination is, if the
aburve message name was 1o be changed 1 a valid dec-
taration name but at the sise time the name of that
declaration i changed a5 well. Hemoe, making the resamed
messape instankly inconsistent again. Mareover, if two val-
s hanvie the same implication onto the inconsitency then
they can be grouped. Our apprach combines groups af
wabues if they have similar effircts an the nepair of incon-

stencies. valid
Eoalean combinations [ie. validating to true) are the only
s that are meeded B comgule CONCTELE repuirs.

4 our rerieving
actul separs oo theee versioned modets. I 3 incon-
uislmu in an earlier version of a medel was not found
1 a larer wersion then wee idestified the moded changes
that pesclved these mconsistencies, We then companed
theese retrieved actual replirs with e ones cur approach
would generate, Among the incossistencies in ouar ver-
soned madels. our approach identified all actual concrene
repains applied mamally by the user, W s evaluated

comcrete repairs for mcansistencies foand. For this part of
the evaluation. we complemented the abov three models
with an addiional seven, langer models b cover a wider
range of model sizes. This evaluation showed that we were
able to discover concrete repuirs within a few milliseconds
o0 average,

owuanmn[nlpmnwkllmsdm

et al, 2017,
aldﬂmthemmmmlsmrmmadded
fovar addinoeal
I thes pager.
This paper i structured as follows. Section | presenns. the
mtroductian and contexs for thes paper. Section 2 Introdeces 3

e i Eeeving i of

scalability
wurk of
mgmpwmmmnm“mnmmmne
comsadered in isolation. Our paper proposes:

1. Various generator functions
for changing model clements. The generatnr fancrions e
designed independemly from amy abstract repair, mounsis-
teny, or mcedel and are thus reasable.

h sed im this paper. Section 4 peesents the of how to
transdorm abstract to concrete repaies. with the help of genesaie
functions. Sectiom 44 extends and mmproves this algorithm by
imroducing 3 value filtering mechasesm befoce the Transforma-
slon. Secrian 5 shows the evaluation and gives promising results.
Section & presents the threats 1o validay. Secticn 7 discussed the
eelated work. Seczion & summarizes this paper and gives ideas an
Future work,
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(4] Clios dingrass
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(li} Socpiraun dngrum

g 1 1ML madel usppess of secuse msbile sy,

2. Rumning cxample

To lllustrate our appmach, we use 3 motivating example of
a secure mobile phone esvironment (g, for managers of com-
panies) Fig. | depicts example snippets of two different LML
nu,am types of this sysem: a class diagram and 3 sequence

mmum.u.; 1o initiates mmmomﬂnrmlm
a secure call 10 anorher phone. Class MobiLe Phone handies the
user mferaction, eg. receiving user input and ensures a seoure
workilow while Being active. The sequence diagram in Fiz. 1h

then enables security by calling eperation inite and notifies the
Eanager = wia operation notify. Manager = then performs a
secure call via calling operation doCalls.

The models shown im Fig. | are extended with a UML Profile
b fit Vher dhomasin of & mabide phone, The profile adds the iSecure
ateribuite tn messages et operations. If the kSecure anribute is
enablesd (L. 36t bo true} the correspanding operation or message
bas an appended asteriski®) in its name.

ﬁuxmmwwwmamwmmallullm
st have 3
g class. This Ires:
rule, asmmusﬁuimmmmrwmruw
foce Iuw:.. 2014} 3 decharative based on first arder
Ingic, to define consstency rides (CRs) for UML models [Keder
and Lﬂuﬂ. 20!1. 0136 Kiong et AL, DOOS: Shah et al, 2009

The condition of this CR1 is 10 ensure that every message
0 the sequence diagram has an operation in the cormesponding

+ in the sequierce diagran. Doing 5o vie-
¥ rule and g

T Visilatin of CRY Message iult‘ has i comresponding secun
‘operation i class Mobile

This inconsistency ocoars because the two diagrams are in-
erconmecied and danging om Adfects the ocher, 1‘n resabee this
enamiple, to |n|r' in the sequence m.nmm\m
mray think n( the inconsistency the develaper caused with the
First change |5 an itermittent inconsissency of a correct, albes
incomplete larger change [invohing multipke model slements of
different disgrams).

IF theere are multiple, alternasive chasges that pegair an in-
consistency then we speak of repair choices. The Icansistency
above has at least one repair choice: an.iunul!ien-wd
the dnite message in the sequence disgram. This repeesents an
abstract chaice, since it does not reveal to which name
(value) the message should be renamed to. To provide 4 concrene
repain choice for this inconsistency we need concrete values,
In this wark, those values ane previded through gmeramr fane-

ware vineieines ipionts Telaion azacy: Teovieh
elements that can range from well-Tormedness conditions. non-
functioeal properties such as maisainability or usabiliey (Tame
et al. 2054; Brand et al, 2003}, or domain-sperific noles such

Far example, this CR applies to lifefines which means that every
lifiefimer s 1 sarisfy its condition.

r et al. aul?;ow.ppm:immmmm
their attributes
wach s IINllmumﬂ me#w aperations, 61, To reaame
message inite, we thus nesd to find values tha are
meaningful names {regardless of whether they are able to repair
e Imm:\ A an examgle, coosider 3 valoe genevator
for message inite, For simplicity, let ws take
mames hm khe class Mobile Phome which the lifeline phone
Enstantiates. These values are! [login. doCall”. wuenOn, wuenir,
encrypt’]. All method names are vaiid ames but are all
of them valid concrete repair choices?
cnmlm again the inconsistency L On clser inspection, we

Eo ba sacers s wsil.

Listing 1: OCL consiseency rules far the models in Fig. 1

nditions in the CR in Lining | which are combined
|Wa logical and. Both conditions are violases (“nname =
mname” and “oisSecure implies misSecane = troe") All pro-
wided values from (e above value generator fusction repair
the fir condition, but only some af them repair the second
condition. Thus, cay a subset of the values are abie to fix the
mmlm [, [soall”, wmr - encrype” ). This is 3 simple
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muame) of an but not for another

plies misSecure = truel, Among & the possibie values, we thus
meed 1o find the ones which actually do repair the inconsistency.

is  exponential  with:
[Bvalypy ") Blvlnhnl these combinations is made even
meee complicated, because walues for one model element
al
privious work [Reder and Egynd, 2013 Keetschmer et o, 2017},
Inconsistencies often have midel elements which need
o be repaired, and cherefore an efficient way of exploring value
commbinatians s needed.

This paper propases & nowel approach for computing conerete
repairs in . Our values
and thes efficientty combines them inlo concnene nepain.

3. Rackground
This section provides definitions and examples of relevant
terms used In the paper. ur terminology dffers substantially
ﬁnm our previows work {see Reder and Egyed, 2012a; Egyed et al,
2008 Recler anit Egyed, 20131 which we adopted and extended

as follows:

11, Definitions

Definition 1 [Mode!l. A model M consists of model elements
[ce Hiwmmldmunnn«mw«mn A priperty

element & referred to by element dot () propeny
nlme.u.w narme”, A diagran is simply o suteet of model
elements from the model. We also define the set of all possible
mwodels a3 My whene b€ M.

for model elements are classes, associations, mes-
wages, elc. Examples for properties ane a name of a cliss, the
miltipliciy of an association, the ieline of 3 meszage.

L mmo Ralel. A consistency rube i @ conditian
‘The condition itzelf is a hierarchically ce-

conresgond b0 parts of the (ondition, An expression ihentifies
an operation, has a single parent and one or mare children and
vaboes 1o be validated.

For example, CR1 from Section 2 defines a condition that
every lifeline has m saisty. Recall that the abowe CR has two
hawmmmmhnucml-
dren: o, s = fuSacurs inplisan. 1
.(mmnm--msmmmmsm
with two lesf expression o.nase and =, mame.
expressinns either access model elements or constants.

Definition 3 {Expressionl. An expression is 3 part of 4 cosdition.
Each expression has ane ar more childres, zer ta one parents,
and an opesation over the chikdren,

=, chilven, parenr, selvi
Wi define the following special kinds of expressions:

£ The oot  which is expected 1o validate 1o trae
not. there & an incansistency].

Measage in [logn. ink", notty, doGa)
=

o:Operation in logn. ..., encrypt')
peencrypt”

2L
se e

m.nameiit™] conamelencrypt™]

=3

A
nlﬁnun[:nlﬂ /-\m

&, The property cofl expression [without children) provides
e waues (... the name of operation Turn0nl

#; The constomt expression, which returns a constant value,

y The baak o

(5. MOT, AND, etc.) and resurns troe o false based on ifs
s

"
&, The vaiue comparisen expression, which Is used to dever-
ein il a value is sustabie for fixing an inconsistency,
and expression in (K1 m the logical
and of its two dma expressions. Oewiously, thess two child
(unmhmumnlldqenhmmmhnll -formedness.

Definition 4 [Valdution Treel. A consistency rule validated on a
model lement i5 3 validaticn. A validazion tree mimors

e tree-strtiare f the corssgency rule conditee, fowever. in

case of repetitions [e.x, forAll quantifier above) their (subjiree-

Sructures rpeat for every fteratin. Hence, the validation tree is

an exact log of each operation computed during the validation of

a condision,

For example, there are two lifelines in Fie. 1(b): m:Manager
and Hence, ih cae

Bor each Wielne, Each validation checks # 4 consissercy
‘candition valida mmmfnrludmmmﬂmcmbem

mat expression of 4 Mﬂmﬂnﬂmwvddﬂkwlm
however, as earbier work has shown, this. may change
with subexpeessions (¢4, because of negations Reder Jod Fyyed,
20131 As an example, Fig. I shows a validation tree for CR. This
walidarion tree will be explained in detail in the nex section.

Definision 5 (Scape Flemenrl, A clement is a model cle-
m and ils properties (e} nEEJTﬁm the watidation of

rule. A set of
Wlnmm Tram thet various property call experss
validatian tree.

ehements is called a scope. The
of the

Definitien § [Causel A o n[mlmmlunllh
cxpresions whose valiiion. caused the root expression (1he
comdition] 1o validate 10 false. Only Mtwslnm auwm
Emcansistency and only these expressions need repaining. A ciuse

5 3 sabset of the scope.
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Definition ?[kﬂﬂmnﬂl 4!!0"«“1“ defines ldlll!l!d
resalves ar

e ol of Sputeas B Sty (75 (200 136405
m-wnlnnlmmamm Mﬂuumlﬂn be e

a model elemess property thar
or full (often multiple repairs mmmﬂdhmnhm
Incemsistency]. A repair aczion idenzifies the model clement (u]
and the propesty (p) it applies to (that it will change), the type of
operation (epl, and a4 value (v, which can be 3 medel element
v © M, or a primitive vale v € v}nr-najua:mawﬂud

\-l-ﬁmmnnllmmdamduh: the value of @ nm

#*. =,
mmammmhdlm from the 'llm! less
ma-mg vadus, o Freates than the value. Pl b5 the power set

repair
unume same as the aperation of an expression.
o= e op vloep € BLS G R L
e RV
execute - (M WA) — [M € M, [, 0p. v]] ==
fpuepUy Wopis@d

dp=rpie Hopho

xe Mgt = My AIUE Pp=u Wop it & and » is not &
f=e opis & orfor)
LT} Weis e

Parthenmore we defime the function execnte, which perfarms
a given reqalr action by applying the above madel changes 10
the model. This fanction maps from a huple of repair action and
o] “Nr-aklk whene BA i the set of all possible repair
actions and My all passible models) by defining a rew model
Malnﬂwnmwmmlﬁmnnm a pew
model element ¢ ((M | e} U 'L For this new model element
¢ its comrespanding property is changed based on the provided
Fepair action operation op (&, £, &1 W no value (& |5 &) has been
Mmlheuwudmud‘umk[!lmmizlwlm
thae { =] narhing changes in the model (¢ = ¢

Definition 8 |Abstroct fvpair Action). An sbatracy !oalrmhn i
a repair action, withont values (i2). We also define the function
iAhstrm which checks if a given nepasr action is absera, Le. o
the value is equal to @ (e e @) or the operation is exher #,
= of <, This henction renems 4 boolean vabae [B), whese trus is
abstract and talae & not abstract.

isbstract : BA ~+ 0,/ re mLE 6 @V mop e @, =, ]

s am example the inconsistency T discussed In Section 2 can
be Fined by chasging the mame of messige inits. Expressed as
an ahstract repair action this leads to: (it » nome, =, ). Note
rhat this abstract repair action is a it aml & not ssomatically
executable yet, because we do not have 3 value for inive. nass,

Definition 9 | Concrene Repair Acion). A concrets ropair action s

a mu axctin with abways a concrete vabee (v & PIV) L FIM))
asn define an operaaion ellminare (o] which takes a

mc set of coacrete fepair mkms lm: and removes their

tion {eeerune ). mwm:umwmmm(mmr
Fepair action’s comespanding scope element and not the entire
cause

0 = 1 € RAIisAIT () A execurra) o e

To elminate the cause for 1 {from Section 2) we have fo exe-
CHE Ehe CONCTELE Tl Ao o7 = (Ll Neme, =. “eocrypt e}
that fenames messige inite to encrypte. Afler cm has been

h‘nflhll purpose, mmmm nfﬂn.tmlomn[olkm!

Definition 10 (Repairl. A repar & & non empey collecton of

repair acthons (ra) that pesalve a caase of an lnmmlnnelwr [0

where I is the set of all possible inconsistencies and

of all possible repais ac mfanmmmwmm.u
repair actions. If a alsa

ellmisares 5 cause y eancution {fmucx;om 3

e 1w S BAlx € ressAbsiract(x] v ~AbsToT i) =

[eecatein) = cawse, i}

Wi speak of an abstract repain if the set of repair actions
containg 4 least one abstract repair action (ra © RAN3x € RAJS
Adstrctix)) and we speak of a concrete repair o all repair actions

{ra € BAIVE &
only 4 concrete repair is able o elminate o cause entirely and
therefore can fix an inconssstency.

A presented abave, the abstract repale [T, [[inir + mame, =
- @) for the 1
by cha

the Message’s name ta 4 specifc name, L2, ¢, {{inirs
mamme. =, “enerypt o 1.

Definition 11 |Generotor Famction). We define a

Mwnlmmmm:ummnranmma

madel ({SE, M), where SE set of all possible scope el-

mulwmvlmmlmulwrmw

[PIM}U P{V], where P is the power setl.

¢ M) - PUMUPY)
Mnmﬂk.[ﬂ\ﬁ{ﬂmﬂln Mrnwdlmmm

concrete values (i, specific ﬂwum Trom dasses) or mu

abstract repair o become a concrete repais. For this we use

the generator function: giTiind « clisses sperations), M, which

retuns all operations from the model (M login, deCalls,

tarnln, turs0ff and encrypts from class Mebile Phees, and

sotity and answer fram class Manager. A more optimized way
be ly Mobi

erations, n class Mobd 1o call

operations rvvm dass However, this would limit m

wersatility of this generator function to only inconsistencees in-
s Plrcna, We al

0 the type Lifaline and the prmperty mheceived, so
we can ‘mepded operation sames If we discover an instance
of type 1ifeline,

32 Consistency checking

Contstency checking is 2 well-covreed Topic in lieragure, In
this section. we explain one such approach on 2 sample example.
o illustrate the mm-umv checking michasitm we e & simple
consistency rule CR.

CaBTANL: Maseage self clasa. sparations-sexiatale sslf cae
= o.aame) CK2 checks if 2 messages has an operation with the
same name in its cliss.

Fig. 2 shows the instantiation of this comsstency rule for the
nwlnnunwmupnmwmmmm-wu
ment, f [inite:
Passags], The neas expression Is an axiats sxprsssicn (3]
where at least one of its children has 1o fulfill the condition
defined in CR2 [salf . mama = 0. nase).

A1 the exists axprossion we create one subtree for ev-
ery operarios in class Mebile Phoss. For smplicty we only




il Sy

Tig 1 A wrnple vabistion e dor (2.

show the sublree for operation Lagin. Please note that the sub-
trees for the other operations have the same except
with different names for the message and operation. The sub-
tree for eperation legin représents an equals expression (=]
which compares the values returned by their children for equal-
Iy, The comparison is between the message's nanse inits and
the operaion's name lagla.

scope elements of those express in the validation
free i Fig. 3 are all operaions from clasé Mobile Phona: Lluv

Froc

lugrm..-npgnuenl .mama, Message  lnite [mu.-
) -mame, Mobd le Phone:Class and phone :Lifeline.
Together those eight scope elements form the soope for CR2,

In the walidacian tree, the foot expression is expected to val-
idate to true (ie. consistent) and 5o its chikiren expressions.
For example, the 3 aed = eapeessions in Fig 1 are also expeciod
to validate o true. If the ot expression validaies 1o faloe,
i i et ais incossistency. To compute the validation result
of a validation tree, we star from the leafs (bomom| and stam
computing, the walidation mulmnhe subexpressions (parent

The joorna of psieres & Stwery (75 (2031 110805

50 that the direct violated expression is validated. For instasce,
Operation] .pase s used in the

3 the equals
condition = Is not fulfilied, since name logis is unequal to name
Amite. Therefure, the repair action for the scope element tnite
wnuld he b cename it Lo login (st s neme, G, Tagin®), which
s to the repar (12, | it « nome, . “logte} ) that fixes the
mconsistency when executed.

However, changing the name of message Leits 1o Jagin is
ot the only valid repair for fixing 12, Based on the = expres-
won in Fig. 3, another repair can be generated for the soope
clemest Login which |5 1 rename opesation Legin to isite
112, |(fegin.nome, 3, “init  “)]}. This repair also fiees 12,

34 #elarsans of e defined ferms

For a better understandieg of how our defined terms are
elated o each osher we given an overview i Py, 4, This figane
whows 2 UML class diagram of the definstions from the
wection depiched a5 lasses {without attrilunes) and their associ-
atioes. For instance 3 Validation Tean has exacily one Medal
Elesent a3 context element. depicted a3 association from ¥al-
sdaticn Tres tn Model Elemunt with the name contest. In
furn, ane Modal Elasast can be used by multple Validation
Trees ay their context element.

The Bocxes hightighted in gray ane the foundation of our ap-
proach and are peovided by an engineer.

4. Approach
Thit bstract repairs

o concrete repains. It is Imﬁlk o note mll the efficient
in

put

alto “*logta’
the sublrees” vafidation results is false [denoted with 4 ned F).

wmwmemnmmwmsmmm

At the exists expression 3] there bas to exist ar
im ies children with the validated resuit true, but in this example
the name init+, Thus, the exists expression valldates fo fala
which is the same vatidation result of the root expression. This is
how our appraach detects an isconsistency £ in the model.

13 Repair gemerarian

mxdrmslmdmmn mlnhmwm&uun
repar,

41, Dverview

This section describes our appmm and explains the main
dears of our abstract to concrete repair m.
FEHMMM wrrkflow, wn consists af the feliow-
3

In the subsection, npilil i i 2

Jchecks a moded for

In thi ow we can
repair 12, Befone 1o compute the repairs. we first need to identify
the cause of am inconsistency,

Take again the inconsistency from CR2. To identify the couse

o e
soope =] [ ] -masa, [deCal ]
name, ] .naze,

aan,  [encryp 1. maan, age] .
mame, Kobilo Fhone: Class, phone :Lifaline]. We then check
for every scope element, if it i part of 2 violated expression,
ke, validation result # expected result (validation result of those
expressions & false in Fiz 31 we add it to the couse of the
ke n Fig, 1 couse =

{0 1 nua,
‘.nl.l.

¢ 1 .pas, [ aagn] nase).
T pemerate TepSir actions we iterate over every scope

element in the cause and look Sar every vislated expression were

the scope element (5 used. We then generate 3 repar artian

rules. W
besid on the wok of Reder and Egyed (2011, 20124 1o compute
Those.

do not yet have concrete values 35 leaves (g, con-
crete values to repair an inconsistency]. This means that abstract

validation trees Is 1o
maich expected validation mduwnh actwal validation results

the regalr e, Ifﬂ!nx)mlmunm between the expected and
lh:mllmtllhmurluwwln(h madel element and its
covesponding proparty meeds 03 b rapalned.

The second stage (2] then wln generater functions
W reirieve vabot sets (e, w1, vy, o) Kor model clements and
comespanding properties entified
walues are then explored to test whether
worrespanding moonsistency — i part or full, Incarrect vakues ane
remaved from the value sets.



R Ervtaomer, O Welissl and & Fred

The joormat of Sy e ety 75 (2031 115415

Pl 4 UM css dagram for e defiaimon.

w =LY,
@ [P TP
} e
Crrryniing Aritrart Separy f"‘

T f&\ A
o i
‘Q. oy =y ,,--1-».;3& NI \

wm'_ s o *I . m’u’—. i
P 5. Oxerat s

The thind stage (3] explores repairs by starting at the leaf
expressions of the validation tree from stage | and applies the
v 5ets from stage 3. This |-mwmmgmmw|m
Ima true o
in a false set recursively umtil the root expression & reached.
This stage also previdees tao sets, one for vabaes which fix the
Incansistency [referred 10 s tree se1) and one with values thar
do not fix the inconsistency (refered o a5 falue sst) The

respect Wm\nﬁ!hlllﬂ{u‘_iimnhhmnﬂdm
=rings ae needed.

Ifits fallow ooe
dmmtzl e 1, 21 fype 2). Engineers can easily i
additional generator functions if needed. or modil I’lrnﬂh‘lm

elements of those sets are refered 1o as

since we checked theen with the conditions from the validation

autommatically on the inconsistent model.
mmm[&:wmmsmm
stage
memzmeﬁhwhh:uh-:uhk-duhﬂh:rnrm
the vahaes resolve the inconsistency in past or in full. This final
stage Ieads o combinaorial exploration so identify which value
coenbinarions do repair che inconsistency,

42 Generator famctions

Central b oar appeoach ane the generanse functioes, which
wahues model element properties. These values are de-

rived from the moded and not invented. Essentially. we presume
that evgineers already provided the information needed for re-
pairs through previeus changes. The generator fusctions. thus
mine the model for passibie values. Otwiously vatues need to

rge
Evamber of values to validane, For examgde, consider again tha a
mmmnm-dwmmﬂmn- lm-

MHHINLHM«HM M-mmnrm
uﬂmhmlummbﬂslnmmurwmm
time scale to changes the Last days or weeks, there are still
many string. "l mue generanr functions can provide useful
walues,
Algorithm | shows the implementation of a generator function
of type 1 rnumnenyomw mng mmuwmmh
o a speciic type - Type cliss and ixs
Mmlmnllmwalmmwullmwamr
function on all abatract repairs which invohve fixing strings.
Wxnlwhsotnpdkwha_dk
hcu-raulnl!‘ﬂlumm(l\lm is [ype ol svmmr
Functions is tailored ot whmwm.mmumnrm

‘mames for classes,
u;urnrmm|mmmgenrmwa¢mm
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1. fancthon GETALLSTRINGS|M € M, p € M, M) Ptmuﬁ\f)b
m is a model clement, p the cormespanding property and

the model

* voles o @

4 WpisType wring then

* alues <+ MgetElementsDfypel'string] o Uty
function

s endif

b retm vl

7 end fumction

h ubset of values than

WI munw{umlm: For imtance all class names ane a
of all sarings. which leads to a reduced amount of value
\tﬂlm The ciisardvantage of this type of generator functions
5 that In Large software modess this stil can fead 1 many vabees,
fior instamee there can be thousands of classes in a lirge software
penject.

43 Transforming ahsimect repairs [o CONCTeNe repairs
(ll Mﬂwnm

m‘rmwmm
thm 2 shows the pseado code for our approach. The al-
thhuimded it several phases for a hetter
Az inpust and (Limes 141, The input of our
llmm‘hmuunml': inconsistency 1, a specific model element
& B which wee wang a8l abstract repairs o be ransformed, and a
set of pemerator functices g£. The model

The oo of ierms B ety 175 (LT 4188¥5.
genesated: Login, dotalle: login, turnln; Login. tarndffs,

Phase E: Combination of scope elements, validation [Lines
77401 This phase of our algoriehm performs the combination of
scape el [Le. several scupe elements in an abstract mu

concrete repairs. First. the Cartesian product i p-ram: hx aII
soape elements ivolved in the curment abstract repair.

, all the combinations have to be checked if they are
imdeed able to fix (Reder and Egyed. 20125). However, this
PIOCRSS |8 very time consuming in cases where generator func-
tions returm many values and multiple model elements have 1o

Fany mbinarionsl. In the sexr Section wer inroduce a novel
Function are abie 1o fix an incesistency before combining them
i Phase E This means that If the vatoes have 1 be combined for
comcrete repuirs those combinations do ot have 1o be checked
Bar thelr cormectness asy mane,

&12 WM{M N .

m.l\lmnm? For suwlklu.wwlll Eive mmuedlm
functions and one example 1 Wcrace the usage.

Algorithm 1 shows the signature of the getHequiredSize
Punction. The imguts are 3 model tau mmpmpur”
and an inconsistency 1. This function sssumes that property p is
a callection, e, i cam stose MIW s, and retures the e-
aired size of that collection ta fix 1 the fiolicwing con-
Saency fukt  sestest: Class e -pruuln saimail <3 This
rule checks if a class has less than three opesations. The func-
nalkes now 4 class model element and

only on thase abeCract pepairs where & is invalved,
Phase B: main scope ebements |Lines
S—N and Line 35} This ﬂm Weranes et all eelevant abstract
n rst it selects the comesponding
aharact repair actions o which scope clements are collected.
This is needed for the generaie functicos.

Phase C: Iteration over all scope (Lines #i-34)
This phase ierates over all previously acquired scope elements
and retrieves all values from the generator function by calling
£ etValusat). If & property 15 4 colkection then we enter phase

Phase D: Collection type properties (Lines (132 This phise
computes. if vahoes have 1o be added or removed 1o property
P [w‘nkn is & coflection of values), asd perlorms the mecessicy

of combinations. First the actial size of p is calculated
[“tu:sinl.mmmmmmmmmmwﬂ_xm

embedded in the inconsistency itself). I the wﬁrﬂnn op hn
too few elments [acuatsios < rquiredsioe), the algerithm then
caloubates the needed smount of elements 1o be added (digf)
Wie then generae all combinations of size 4 from the value
set. The combination generation process implements the bino-
milal coefficient (7). whene the order of elements & not reevant
and elements are unique. If the collection has too many values
the nmm is analogously executed,

example, consider  the abstract  repair  action
MW- = siel}, 2. 2. which states that phorse has
£0 have a least two message calls {maybe oo to Tum the device
on, el another one 1 furn it off). Fusthermore in this exingle,
plema has no message call from amecher class. To conver this
abstract repair & generator function retarme the vatoe set of all
aperations from class Hobi T Phose: Login, doCalls, ternln,
taralifs and enceypre. Now {™5™) = 10 combinations are

i
5 operation propesty and gets the required size from L. The
imconsistency 1 contains the vadidation tree with :he ecessary
ammdmumumﬂm 4 less than
expression)

AWO!M-IMIM &WM of the haction coebine

repnesents 1 tugie of ane scoge cersent e and it corresponding
walue set valwes. Such 2 tuple can be interpreted a5 2 repalr
action. since it comtaing a scope element and 2 vatue. This input
st Is then set of regair Defini-
tion 71

o example consider the following input ses (4. (1, 2},
B, [X. ¥, Z1}) where o and b are scope elements and 1, 2, X, Y,
T are valid values from the model. This mvurm is then camerted
o the following result with the heip of the Canesian
ilgh@E; 13, dhe X @, 10 b B TR

i@, 20,

the function
B comverts the set of repair actions 1n a regalr by appeading the
mconsistency 1 to the corresponding r!wlr actions.

action: Ml . 1), b3, X)) lunn (8% /1.
Hn 9 23 ez
5 comened  the following repairs: lﬂ lia. @, 7).

b, ﬂ lJI! O e 10, b PR A e 2 2
1B, @, Z31
44 Value filcering

This section presents our atomared sgorithms 1o imaanly

descmer e
(Lt scope elements) bo repair 4 gven inconsistency. The valid
walues can then be immediately used 10 create concrece repairs
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Algorithn 2 Abstract repair i concrete nepa transformation aigorithm

1. Tencthon ComveRTARSTRALTREPAIRSFORMI] € 1, 1 & M. af © GF, M) | Jrix € RA]
«contained in at least ome abstract repair. and gf a set of generacor funcrions, and M 4 model
concretefirpuin «— &

& Cotaing all abstract repalrs from i containing m

n-wr:—kek|l-.d.»\[!uamur--u!\:n-mn]-'\mmrl]l
atrstract | 80 convert therm 1o

x

2

.

% o Berate over all relevant

& farall r o repairs do

T ‘= iy camvert abstract repair actions

B repairActions +- |x € r.rujisAbstroctx )]
senpeblments « @

n sedp e

o i i an Enconsistency, m a medel elemens
= Contaims all converted repairs in the end

nepas

& Set ol all redevand scope clements
g Siameis i sl G heir o

" - Collect all scope elensents from repairActions to pet mode] valoes.
repamATians

3 for all m &

& Progerty s a collection
= Current sioe of the collection

= A scope element with Its values

3 scopeflements +— scapefléments L rie)

" end for

15 + Prepare values for every scope element depending on property type
15 ﬁf al # E 1 do

" mmum &

15 wl\m < o grue|ie]|

1 W EhuiVolue{ro.e.p] then

a actwaiSise « [Fo.epl

an + Needed size of 7,0 to Teslve |

w requiredSize «— petRequiredSize{m.e 5. i)
7 W acruatSize < requiredSize then

e = Collection has not enough values. calculase difference.
e A+ requinedSize — actustsio

= = Gemerase value combinatices

i vt +— petCosbinations{ vahies, dlf |
= ebse if actsalSize - requiredSize then

m & Collection has oo many values

o - arrualSize - requiredize

3 vales <~ petCombinations{ra.e.p. i |
= el il

n end if

Lo end for

kS sedw - se2v L [se. wolves)

w end for

¥ combinotions - ombineSoopetioments se2u)

m o Comwert combinations into cuncrete mnn

- 5 -

. retarn vafidaeRepuinconcreteRepei. i)

41 end function

while filtering invalid values. First we pve a general overview,
then we describe bow we divide the initial provided values ino
a st of valid and frvalid vatues with the help of the validation

Algorithm 3 et required size
b: function ceTREqUanEDSiEme.p € M, i € 1) - integer
2 o Only sgnanse given

function

e £
44,1, Vafur validaran

n this section, we describe in detail the firse scep from sage  AIRDFMRM & Cambine scope eiements
three of our i ism. In this step, i

itevate over the expressions i the validation tree. and separate

values for the o a true et and a
faln set, e, we atiract from concrese values to boalean value
sty o ased false. Thir trus S6¢ CONTainG 10F every scope element

A,

o e,
abacs whil e, This
step s crucial becawse it sotomatically grospes concrete values
based an their effects on the causes of the inconsistency into

‘trom and lllilmt WMﬁ!MIM amorwr

+ function - o e e e
AR, values + [vly € “arbiteary value“[1) @ 2w - iy €
BAN

T > Oaly sgnatue given

3 end function

Phase 1 liwri—‘ﬂ'lThiiM(hKh.i(ﬂkmm
sion i not able o two vabes {e.g, AND, OR, IMPLIES
expressions, e1c.), I this e validatavalues I calied te.
rursmly o every child of the cument expeession = until 4

a better 5 5pil
nsn three pnm

the parent nodes of
|Mm1mam|mu.mmw|mumnmam
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Algorith 5 Cet separs

I functben cavRERURS[2}x o LrlFlsle « Lyly € RALT € 1)
[afs & R}

= o Only signature given

3 end fusction

Fhe jourmaa of Sputeres - Seftwery (75 (2LIT) 116805

rurnDIT, emcrype®) (where = is 0 Meazagel and for the repair
7, limit » nasme, =, éa}1. Flease note thar for simplicay we do nos
o the whole validation tree. bt only the important parts.
W St at the oot expression «, and see in phase | that
e, i3 ot able o compare twa values [by definition). This means
that we have 10 fierate ever & cuidnen, which is the for all
this example (armow denoted with 1 in Fig. 61

Algorithm an(vdm

h!«allmwmmmw<mkwwlmam

1 fancthen Al expression &, sele s X o (50 ©
SE. vive ’arhlnly walue”|1]) : expression e
I ¢ is-nat-a ValueComparsinnExpression them
+ Eyery other expression bike and. o, ...
Far all child in echildren do
expr = validateValuesichild, se2v)
eRFUE = e.dvue U expriroe
e false = e false U exprialse

end for

Feturn combineValues(e)
end if
for all se i s do

values = geiValues(se, sedv)

for all value in vahaes de

if e 152 epuals them
result = epaalsvalue, ¢ condition¥alue)
neguils e

else il ¢ l5-a
result = uml!(nlne exondition¥ae]
else B ¢ |s-a greacerThan

result = mn‘nml:viw econdstionValue)
el

EUERIFFEER TS mnanany

-mm(nmpmwmu -
end if
if result then
etrue = e.orse U] s, value )
el
efabse = e false | se, value |
end if
uu\-
mmmmamel

HEEUNENELER

falon value sets ane added 1o the paresa exgeession e, AT The
end of phase | we combine the collected value sets. and return
them o the parent expeession {this step is explained in detail in
the next Section 4421

Phase 2: [Line 11-. '.'1 and Lie 20 This phase § -mm e -

MRIHI-WM In the vallue et wav, Hm.l: liM
walkaes ol thy

ression. For
sampliity we show only the iteration for the ruﬂ hand side sub
walidarion for inite jarmw

eree, which represents o
denoed with 2, the edher sub trees are for other messages]. The
which

for every opesation in clss Mobile Phone. Alsa. im the exises
uvmtlnn () we cannat check for valid values and coantini:
he next child expression. Again for simplicity. we focus
Fu.ﬁonmmrm-uenv:-mm{mwmn
Mmr,kmumwdﬂbednuhﬂwnﬂa«mhummh

Band side sab tree o the equals expression |-, steps 4 and 5]
sance the AND expression will only be handled in the nest stage.

Finally, whes we reach the equals e (armw denoted
with 51 we are able to check for valid values, thus we enter
phase 2 of our algorithm, This expression has tws scope ce-

wame). Tis determine which Weﬂmﬂntmuumlm
the value validation we look at the provided values sex
anlv, iummtmnnl! frave values for messages Lamw
dennted with ue for o_nase (which
ommmmm&bnmlhmw} and check
every value from the provided value set . nama=(login, doCal’,
turnOn, tamfT, encrypt®} for equality. Afer validating the val-
sl hee pgquals expression we end up with the following troa
and false sets (denoted with 7 true = |m.nome = {eerypes])
aMM—le—[mMOnmﬂw- ol |

-mu mmmmm«mm e eigails exgression
f the provided aperations are Indeed marked as secure. At uus
additional trus and fal

{m.name = idecnu-.nmim‘ . emcrypre| | and fafse = |m.nome =
g, turnti||

How those Erua and falae sers from the Two sublrees are
then combrined in the function combineValoes (e} {Line 30) s
described in the nest section.

442 Rack prapugation

This section describes in detail the second step from stage
[3] of our value filtering mechanism. 1t combines the vaboe sets
EEnerated in the st step acceeding 1o eapevssion speeific ruln.
After this step, the values (and passible vabue combinatioss) in
the trun set of the root expression containg only those vakoes for

aee}) Then w Is checked IF # is able 10 comgare wo values
while checking s type (e equals(34] wouid retum false)

scope el that indeed fix the cormesponding Incoassiency.
Algorithin 7 shows the peeudu-code of our value combination
almnmm is called i(lheemld 3| of oue appreach.

tn compare two vabues fin contrast bo phase 1]
Phase 3: (Line 23-77 and Line 30 This phase adds the checked
viuslmmﬂmeimvh comesponding troe or false value

coenbined according to expression specific conditions {ie, com-
binations that kead to true for AND, OR, IMPLIES, o

Mmrumﬂkﬂwll!hslmlmmm.l of our ap-

h, consider the validation tree frons tepresents

the instantiation of the inconsistency rule lmm Section 2, and

value sers . nase=(login. doCalr, umon,

Far 4 promge orithen ints three

Phase 1: (Line 3-5) This phase checks if the provided ex-
pression is a negation (lngcal not). and assigns the false set
of s child 1o it5 own trua ser, and (e trom st of i child
to its own false set. This is dome, because every value of the
child which validates 10 false. now validales o thoe afer the

n (Le., swapping the true and false sets). Mease note
that a negation Tas exactly onie child,

Phase Z: {Line 7-20] This phase handles the combination of
walues of & conjunction (logicsl AND). A conanction atways has
exactly two children where every cheld has its own tras and
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Fig. 8. Example of vibie wabdition.

Algorithan 7 Combine Vahues
1 function commsEYALES expression o) ; expression
children = echildren
I ¢ is-2 oegarion then
# Megation has exactly ome child
elilse = childeen| 0] true
etrue = childrenf0}.false
m il ¢ is-2 cemjunction then
nction has exactly two children
" r! = childrenf0)
€2 = childreni 1]

i el == 7 then
etmdsell i) 2 a2l

e.ﬂnhel] - r.lahe|u|| U [(etree(sel] 4
edruelse2])
edrue = r.omae | earuefse]|
end if.
end for
else if e is-a desjunction then
v b meated 35 ~{—~0 A —b)
wlse if ¢ 15-2 Emplication them
£ = boreated a5 —av b
else If ¢ l5-a forall then
+ Same a5 » with n chikdren, see Table 1
else i ¢ 15-a extsrs
" as -y
end il
retum &
il fumction

SEEEYEYRNEEYEYEF

false set. To validate an AND expression to tree, the trus ssts
fiom both chikiren have to be combined. The false values of
the current expression w is the mathematical unification of the
children’s false sets, £g. [1. 210 A, 8] = |12, 4, Bl

Tatte 1
NANT bagic pmtacrion.

Exprrasion Eareatent
T ]
=k vl

Views} 9 gy
L e

element in common. Then, anly the values thase tan. mnm
for the ) are able 1o
nbdlk‘h: AND expression to true. To this end. we iterate over

every ScopsElusestValus of scope chements from the True sex
scope elements. not the values) and

Ieersection of theee two value sets. and assign dhem o the trus
set af the curent ex Wi then add every value which
wias not part of the intersection {symmetric difference 4] to the
falon set of the current expression. Finally, we remove the tnae
walies fram seZ, because (hey are pow either panty in (e trun
or falge stof e,

Phase 3: (Line 21-11] Here we handle the rest of the logical
expression b mummmmu #4c. To simplify the valu

expression o

process, we
megations and conjunction emndmn Table 1 shows some ex-
ampits on how there aperatices are rslaned. For examgie, the
SarAll expression (as shawn in Table 1) is applied 10 3 collection
with and expression expr. The expression expr is then applied
far every clement in the collection, where epey, expry. . ane
the apphicarians for the first, second, .- elemesn in the collection.
Those expeessions are them concatenated with oty Btul 4.

l:pmmmmrpluﬂ! the hack propagation ends at the foot
which now contains valid vabues for scope elements
nlhmumandmlldudw!u‘htmuuL
As an examphe for e buck e, consider The valida-
tion tree shawn in Fig. 7 after the value validation step shawn in
Fig & In both equals expressions we have troe and false values
for thatir conrespanding scope chement alter the vabae validation
phase. AT those expression we do nat have o combine values,
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Far thee evabuation we applied 20 consisbency rules 1o 10 LML
models {consssing of class. i state machine dlagrams,
academia (VODL industry

ammm|r|mmmmmu

iin nus example, messige nite from the Jefl and right nau
sice subtree are the same. so the intersection set of the tree sets
calculated and added 1o the truwe set of the AND saproasion
ldmmmnx;slmlmm:uhmhumm
sscrypte in common this value is added 1o the trus set and
every other value is added to the false set.
The nes step (denated with thiee armows labeled with 2)
Is the exists expression which will be handled as explained in

ane sncepyts, doCalls and tursldffs, Every nﬂm Hmt

from those subtrees are able to fix the inconsistency. Mease

Eoas the Thlng oot aso concains the values frem fhe wu ST,
v, thi

L SUFCes: 36
[dnllmnl\ MVC. Micro, DESL, Dice, oodt) and GitHub (Pro11,
EullAdder, activityMegr) (Hebig et al, 2015, Examples for
applied consistency rules ane: Parent Class showld not kave an
Atzribute referring 10 a Child Class. AssoclationEnds muss have
-Mau\‘ Bames within (he Association, AL most one Nwm
be an ion or Co itiom. However. duri
ewakiathon we applied more consistency rules, which cn
he found in ﬂiemv\ddrd evaluation data. The domains of the

ha N e fed in versioe two by 3 developer. This frther

all
ﬂwmnummrmmwwmwmwm-

mntwldbemaﬁhwiwmﬂwmﬁnn!
ranged elements and the number of

from 300 to 12000 model

the heme secure npraum
are put into the false aﬂdhﬁrﬂmlnm 7 at the axists
wapranaion) We also SWst o remone the valises contained in
lhe:mmﬁmﬂ»m.ummmwwhrlmm
for subsequent expressions (r.g. & subsequent negacion
swaps the talee set with the trwe setl
- Last seep (denoted with 3. the resulting trus and false
seated a the for i i

£ be done, since the other subtrees (which investigate

Al Iklmmulﬂﬂw‘m”lﬂlbmﬂn NM
concrese Tepairs directly {denoted with 21 An
mr-l! for a concrete repaic wosdd be; {1, {{init & nome, =
- "emcrypt « "}, Le, resaming message inite to anerypre.
5 Bvaluation
This section evaluates our sbstract (o concrete repair trans-
mm;:mum:wmnnnumnrm mﬂlmﬂn’

mechanism. We do ¥
and usefulness.

weo of
nec.ul- and WI‘W s

frem 16 to 2000, Table 2 shows details, such as
mumber af model elements, number of inconsistencies. number
of abstracs repairs for all medels wed (m the evaluation, Note
that our uvdnmnm has 4 r.wml&m muodule |mmm
check the syntactical correctness af the OCL consistency rules.
Details about m eaum Mwm rules < b Tousdd on

ous companica weh

I the following Sechons we st evaluate our basic astrac
0 conerete Eransfonmation mechanism o measare how ellicient
it is Then we evabuate our enhanced abstract repair w con-
et ergair transformation with the value filbering mechaism
0 measare its benefits.

1, Resarch questinns: Absenat 10 concrete st frasforsanion

I this secion we define theee research questions to evaluate
our absiract o concrete fepdar tramsformation approach,

R 1: Abstract o concrete transformation. Haw many ab.
SAFACT TerS can B comverted 10 canciete repairs (e.g abstrac
repairs with no concrete repair vs abstract repairs with at least
one concrete repair] for every moder?

P s cormy ST AR s s st
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. 1. Almrac massonmasion.

ll‘ IMH

RQ X Relevant concrete repairs. Are our generated repairs
eelevant fior neal woeld consistency foeg (g, are wi bl to

find repairs a engineer weuld also have applied to the models
manually)?
®Q 3 Are our used generainr

wmm-mmundmnqwmmumu

and type l MM fanctions |7 Limitieg the amount ~|Di IIK
engincer in the end to easily seloct one desired cancrete repal
withonit ferating over 4 Lirge list of epairs.

52 Reslts
LR H mwn;llmm every model, and
weat approach and

applied geverator functians 1w all abstract
Fepairs fwe get fram Reder and Egyed, 20125] o tansform themn
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lakar

(IR SRR R R ]

o0 concrete repairs. On averape we were able to find at least one
comrene repair for mare than 5% {S0% for type 1, BI% for type

abstract repaies that was trans-

I abutracy
e Wwith and witheut concrete repalrs. Note that the nusiber
of sope elements varied from 1 o 7, and we were able fo
nmumemnnmunmwwmm

Monwever,
airs we generated, ABSITIcT repairs for which we could not find
i i ' the moded but

e infmnsarion 0 Be created. This was expected since anly the
gngmur an create new knowledge that only she is aware of.
he Videa on Demand
:bl:mﬂndlluat-mlmm repair for 29 abstract repairs
when applyieg type 2 generator functions, For 14 sbsteact reguins
amy cancrete repa, becazse of the

we could ot find reasan

g
abstract repair for lifeline s: (13, {is.1vpe. @, @}f). This abstract
repair states that 1o resolve 13 the type of 5 bas to be changed
mldﬂm Ilb!h!mmum and also the correct
operation. L

mﬁhhmmmﬁr.ﬂnmﬂhm-mmud
be able m ereaie this cliss. Creating classes hased oo pastern
generation could fix the inconsistency. However. it could also
mmmwmammwﬂmmwwhan 001y
since there might be nomsense generated values. For inatance, 2
PaTIETR gENerator Can Create 3 clavs with an empty name or the
mame eogether with a bidirectional association to
Dimplay, which repairs I3, However, an empry name of the same
12052 s mot guaranterd to be understood by a human and mest
mmwnmmhmumamm

,al we comid rm all absiract repairs in
mmmmwmawwmwumuwmu
repair for every inconsistency Le., there was at least one abstracy
Fepain per inconsistency which could be transformed 10 ar least

one coocrete repair.
lﬂ.znmmmmmmmurwwm«f
medels (pro!1, fallhdder, ummmmhnum
vy
and
hwn&m!{!hmwmmllnmmﬁwr
genesaed concrece repairs for version one, with boch genes,
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Fanctaon types (1 and 2) we wene able (o find every conceete
signer has applied
mmﬂmnde]wmﬂumemnlelhrlm
sistencies I predl were mesages with ot names (no
operations] and incorrect type specifications for
tmllkilmi!mdmwmmmmmnw
Fename mmmmmummmmﬂ:
h approich
wall[bnﬁhly'pelandlypelmln(ﬁum}n“he
ﬁumnﬂdlmmmlllerrwnﬂmmlmwﬂhw
spect tn our
ﬁmlmmlmwmmhdm
flor other madel desi
R Fif. 4 shows the amouns of concrete repairs per abstract
repuir sepasated inte thiee casses. Those dlisses range from 1 to
5,6 0 20 and mare than 20 cuncree repairs. On the y-axis you
can see the amscost of abisiract repaiss

e
walal

E
a0
Ity
[

e
ana 0

5.3 Research questions Vake' filiering

I (heis section, we define three research questions [R0) 1

evaluate our vahse fitermg mechanism.
ﬂt!ﬂmﬂmﬁn_wﬂnmﬂmmmd
that

into one or up
8% have 6-20 and 115 have mare than 20 concrete nepais.
1 was able 10 convert 4% of all abstract repairs into one or up to
fiwe conerete repairs. 11% have 6-20 and 35% have more than 20
coacTete FEpars.

This means that in addition to finding relevant repairs. in 713
Mknmlnf&mw 1] 0f The cases the engineer |

chasces for & M ARNCT FRpAiF to pepair the inconsistency.
Mote: that the very large: number of concrete repairs per model
im Fig. 10 is due to the few abstract repairs for which mare than
20 comcest repairs were 2. 100 in some cases),
Fi. 11} shaws the amoant of generated repairs per generstor

concrete e
RQ 5: Does the true set of our approach lead to relevant
concrete repaiss? This aims bo assess the quality of our approach
whether it ahways propases relevant values in the true sec
RQ & How [ast does our approach sepasate the provided
walues? This aims to measure the beneflt with respect to time
scalability of aur appeoach

54 Resaits

can be gained during the generanen of value combinations for
epairs.

Wie applied the abstract 10 concrese pepair rassinrmation with
o value filter om all 10 medels fram Table 2. With the additional
walue fileving this allows us  run the evalsation on all ¥
moddels. Furthermore, we wied type 2 generator functions. since
they peovide an oprimal berween coeTect an incorrect
walues compared to type § gemerator functions (a3 can be seen in
Fig. 10},

RBQ 4 We applied all comssitency rabes to every model. and

Panction type and medel, This amount bas. been summed up
ower all abstract i i function type
and el [note the lagaritheic scale on the y-axis), This e
shows that type 2 generatar Fanctions have 2 large impact {re-
Mwmmumlm]mmmofwlnmu
u-nud.nuumqmpw performance for the validation

Hw.mum-m lead 10 & redoction of concrete Te-
pairs, simce they do not return every possible value. For examgle,

fioe the prott model and its 16 inconsissencies, npe | geoer-
ator produced around 50 thousand potential repairs,
whereas 1y JM TI00 {his large amasant is the result of

e ecmbiior of multipée scope elemments), which after valida-
tion, it resulted in abowt 1800 {type 1} and 280 (fype 2) concrete
repairs, This results on uerage in 13 concrete repairs per abstract
Fepair far type 1, and bwn concrete repairs per inconsistency for
oype 2.

As we have seen in this section, due to the exponential prob-
bem of mmwm mu TEpAirs, our approach explores all
commbinations of tests whether they fix the inconsis-
mwmmmlnmhlnlsnlhmnmu
waaes. of multipie scope elements. For instance, if we have seven
scope elements to repair in an inconsistency, where every scope
element has just ) valaes froen generatar funcrions, this results
in 107 comsbunations. and thus 1o the same smount of repairs
ta check. This results in the limitation that we also test isalid
wabae combinations due 10 fwo muin reasons, either because (1)
an issvalid vaboe exists for one scogst element af (2] vabaes. from
Twa of more scope elements are contradiciory with each other
(although the values are valid on their own). Our value filtering
mechanisim deals with this particular limitation.

Lamel thesefore, to every moansistency L and execubed the corme-
concrete repairs. Fig. 11 shows the amount of reduction
ﬁuuv‘udmmﬂl[lnﬂlmlmﬁdﬂlh
model The numbers ia the bars show the absolue amous:
0! invalid value combinations of fales sets in hhlle and the
amoust of valid valee combinations of trus sets in
ardy, On average we wene abde o educe te amount of values
by 8% of the theorencal maximum of value combinations. The
thearetical sasiisn of valoe cannbingtions per model has hevn
devermined by the formula ¥ [ |. whize E.""""
nlhemomalllh!mmn w for
of & specific modet 1, [ mmaumd.
ements frem (e abetract I"ﬁlr £, and |vsfurs)| is the amount
of values the scope element | has. Imagine an abstract repair
Bas Ehree scope elementy, and (o Sope Flemnents have v,
eight and nime vabues. This leads 10 7« 8 # 9 = 504 possible
mhw;;:mmwmmmﬁlnﬂrmnwhlr rmm-

By ot approach (it contases only combinazions of valid valuesl.
The imvalid value combinations were determined by sabiracting
ehe amount of valid value combinations fram the maximum. For
11 for the model prol 1 the theoretical maxinmm
(ceenguted with the fommili previeusty shown]

approach reduced that amount to 18 « 107, which is 2
mmmnnnnsx

The percentage of the models sbullition, DGSLl‘lict .md
eodt was reduced by more than SE.09%, For insta
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|

18] &
& B
n 1al

P 18, Beductsn b 3 disoresing v (mee sec] and lovalad (e sei] vahoes.

model sodt in Fig 11, 0ur approach was abe
aminint of value cominations from 5.3 « W™ w 2« 10 [rep-
resenting 10°1% of ait the theoretical maimum values ), which
i a reduction of 14 orders of magnitude.

Table 3 further shows. the amoant of reduction per scope
element (needed to repair an incomsistency) summed wp over
all evaluared models It shows that the more scope elements
e Bave ta repain in combination in a sisgle inconsistency, the
maee efficient the reduction is pe by cur approach. For
mmmahkmnﬂmlﬁrmmdvﬂnﬂhﬁu

all values into true and false sets via baxplots. The x-axis
shows the tiwe in milliseconds, and (he p-axis shows evesy
model we have evaluated. As an example, for the model MVD
wur Emplementation book 1 ms a3 median execution tme. 10 mi
as maximum and 05 ms a5 minmum recorded tiene [nore the
w:lmmm dms}.nhmu! execution time over all models

with 47 ms [outlier]
wuwed for oode mndd We also observed that the values'
size vasted from 2 to 16173 with an average of 1200 values 1o
kmdmwnﬂd-ﬂlmﬂlﬂﬂnﬁwmum

scope elements fram 1.2 = 10' 1 330
orders of magnitade, This i because many isvalid

coupie of ms even for large sets af walues.

e 10 eithes invalid values o imvalid combinations of

walid values (e, from Section 440 with the intersection set).
Our approach wiss able 1o reduce the amaount of combinaions by
79% for one scope elesment (the maximsam was 6.2 + 0%}, while

leading

A8 10" (From 2 maximum of 0™ Ultmately, the tree

set of vaboes are then furned into concree repairs presenting

el hewmts 1 btod 10 b chinged and the chanpa
ues), which is more

This
he dlacouery ofthe e I Zalae K1 6 compued instandy,
which allows oar approach 1o scale to lage sets

& Threats o validity

Im this section we discuss internal. external and comclusion
ehrears mmny after Woblin ¢t &l [2012}
ml‘hinmnr-mw«lhhyhnhm

pantof

for ﬂMIWm and MMIH! ‘exequtable. b contrast to the

of our evaluation (Section 5.1] we do not need to
I«\m" DONCTEDE FEpAirs ConLlinisg invalid walues, since Those
wvabues already have been filtered out (Le. they are contaimed in
the $alam setl Thus wie di nof waste lime

e om the culof ehreshold dmﬁsemwmnm
tion process. This

T repair. With this
it set, the “pairs in
m cases, where an abstract repair contains a karge amoust of

102 5: This research question In this evaliation, we applied our
wwrsicmd models Lpnll. l'u:nudar.
midel contams

Incansistoncies 4re st present anymare]. Hende, we vestiganed
the set of our validated values im the true sers for version 1, and
vt were able ta find every value the developer had used 1o man-

2 This

Tlbvant epalrs {tha ey applind by the engineer in case of the
shree versioned models) are still computed in our case studies.
Thiss, we: doem this thevat o walidity a acceprable heve.

“The intermal f o the ol

wally repair
s that our approach did nor miss valid values (e, did nor

Incarrectly put a valid value in the false set} and movered al of
the developer's needs regarding the repair of incomsisencies. OF

couarse our the tres
et which Mh of imterest for other developers, ie. dehlm-l
alemarives. Example of 2 refere

mmmﬂwnnm and Biehoes n the

For example, in prolt the engineer applied

l reguir by mnuum apevation “search” in the class dagram,
which was 3 Fepair we compesed

R 6: To measure the tinse scalsbabity of our lnpmr.uw:

dueing e | dereczion pi Lmnmedmualn
and then started 1o recond the time for the vaue discovery for
every abstract repair. Fig. 12 shows the time it ok to separate

[the tramsfarmation and vakse validation) e centered on the
gencrator functions. (Egyed ot al, 2008] we used for retrice:
g possibile values for regairing inmonsisoeacies. Those generator
functions only retum existing values in the model, and canmot
create new information. This means. that our evaluation did
e validate values for abstract repairs which state that some
mew informsarce has to be inroduced 1o the model o fix the

inconsistency. Far instance, i an abstract repair
staes that 4 class with specific altribrates has b be added, 1he
wssed generatoe functions would ot be able to retun values for
the mew class same. To further mitigate this threat, in our ool
we allow the engineer 10 provide new values 35 Input o7 use 3
dafferent source for values which are used 1o tuen those abstract
FEpaiFs D concrete repalrs. Moreover, our approach depends
on the expressed OCL comsastency rabes which are specified by
the engmeer. We anly check their syntactic but ot
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Fig. 11 ncoemiseny frpes.

thesr semantic correctness{completeness since anly the engineer
knaws ity intent.

validiey,

all detected mconsistencies 1o identify which type of model

elemi and propertics they Jfect, Le. what rypes of model el-

. Far instance

comsistency nudes, eg. if there i oo consistency rule defined
thar checks names, then there will nos be inconsistencies abour

names.

i ML and

CL althauagh we are confident shat the computarion of concrete
repairs and the af valid values is alsa spplcable o

other modeling and constraint Lnguagrs. we cannot genesalise
modeling constraint Linguages. However,

laeguages
also canmor generalize our results to other soorces of values
(.. from or hewsistic approsches). The seduction

search-based
% would vary depending on the guality of the provided values.

The joorna of psieres & Stwery (75 (2031 110805

our approach wins able to separate instanthy valid
rcen lowath values elliciently, 3 the pencessing time is inde-
pendent from the total amount of provided values and the ratio
of the vadinvalid values.
wmwnﬁmm n'w!l:ln‘l results
hat repairing
amndswhmh-nmulmhwmumbleuduk-
wantjuseful, thus we achieved all three goals from Section 5.3,
Furthermore, we demanstrated that our vabee validation akgo-
uhm s wery E3st anad seduces the amount M mlnﬂ significanty,

awamdwlmmannmm
evident results, we plan to evaluate on mere models.

7. Related work

This section focases on Whﬂ Ehar nepain medel incon-
smtencies. Finding concrete and evecutable repairs in software
models is an active Geld of research. This section presents and
discusses the works closest to ours.

ebecking: Our approach eelies on validagion
trees and input for
crete values, and theredane concrete Nﬂlls. l\!wlm tha
provide reguirs and an expression based tree structare
may be used as npur for our Approach 1o generate concrene
repairs. For instance Xiong et al. Reder ot al and Jackson et al
s vy similar posacion of absract pepairs [Xiong e AL, 2009
Jackson, 2002; Keder and Egyed, 2012ha) n summary. the oaly

operarian and also expression which can be validated with the
provided values.

Abstract repairs: A5 presested in Secrian 43, nurappnxn
relies on abstract repairs as input for finding comesponding
crete repairs. Absiract sepaies have been shown mkanm\x\m
and easy way of providing inconsistency information (Reder and
Eyedl, 2013, 2002; Xiowg et al, 2008 fackson, 2007} How-
ever, our would also work with triple graph Hlm-
ar rules {iese and Wagnes, 2003) of pain rule

comsistency checking framework for m‘; nconsissencies
Coainog, sbatact sEpie teder e Faeh, 2012y Howertt
!v

that
they penvide affected model clements, their properties and the



R v, L5 el and A, gped
cortesponding repuir operation. Note that the ModellAnalyzer
i ahle to find concrete repairs im rane cases [Reder and Egyed,
A12a), but dods Dot aim entinely ar fnding concrene repairs a5

im o paper.
are multiple appruaches fos repairing
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Giese woed Wagner {3008) wse iphe graph grammar rules fo
lly synchronize madets. In cosrast 1o their approach,
our work is mot based on tramsformation nades, but uses consis-

Comcrete
miodels, For instance, da Silva et al generate concrete repairs
by defining cause detectian rules combined with effect canceling
Banctioes [l Silva et al, 20000 Similarly, the appeoach presented
et al requires engineers to adapt OCL constraists. to
[provide Rsieg information within a consistency rule [¥iong o o,
20091 In contrast our does not require 1 manally
el horw certain inconsisteneies should be fsed, instead it nly

Greenyer and Kindler [anm;mnpm tripie rapn pramenr
sules 1o query view|ran that thase two
sechniques have many common M amﬂm Uit ibrserva-
£iOn they propase 2 mapping berween those twa technigues and
shew rh- 4 trighe graph grammar rale transformation engine can
execute translormations.

Lnxhnn &1 al. | 2010} propose the Jamus Transformation Lan-

model

fo the model elements and their ex.

Nentwich el al. also defime repair actions and repairs, and they
are able to perform an UM madels (Nen-
mi—lmal.mJmeuumwmlnwm

Inconsistencies i thesr UML models and try 1o find concrete
weriions af abstrac ropairs (da Silva el x 2010) Alse Xiong
et al may be used to define es and fix model
Inconsistencies with the Beashag Lnguage (Inn[ ef al, 2009}
hhﬂbﬂlfedl‘!mhdmeldlhkmﬂmﬂihrum
with the empioyed incremental consistency er and
(m 20130 Moreover, this ndmmmwe fixing-

ted statements to be added to the DCL constrants,

i5'5|“’-ﬂ’i«Jl (2000} Neither dos it 1ry 50 execute

s automatically as @ is proposed by da Silva et al.
mmnnﬂxw«u[

Kolwns et al. specify cmas-mode] constraints to define con-
mmmmmmmmmmmu
For therse constraings (Kelovos o ak, J008) However in case of
an mconsistency it is mecessary to massaally select which of the
provided fixing ‘mwm\muumm I CONLFSE 10 our
apps ‘we perform this autnmatically by validating all

mm:u mlu

Ancther relevamt approach for getting concrete repairs for
mexdels &5 shown s Hegedues e al. wnu:ar_mnmn- Sacisfac-
whﬂ*mwﬁm!“? sulver) i used 10 Fepair incomsistencies

Do Lamguage pedils et al,
AT In contrast to this approach we are abie 1o gey oy
repairs not only for DSMLs but any modeling language and
approach i capable of peoviding nor only syncacically mm
waboes, but also semantically correct walues theough generator
m

pmwse repuairs for bags in programs by applying
deductive verification and genetic peo-

specilication,
n’mlu [lr ot al., 20HiL They alsn Turther elaborated nm
th automated example extraction and repair syn-
nm-i bm on those examples (Le of al. 2017 sna-nrly Ma
et al. focus on vulnerability repair in source code by learning
from training sets and deducing repair templates to fox those
wulnerabilities (Ma et al.. szL In comtrast to those approaches,
st Cases OF Erainieg vets 1o check the correct:
essfilness of the generated repairs, sad therefore no sdditional
user input is necessary.
Puissam et &l (2015, 3017 proposed 3 Findq echiigque
inconst while aimang at a

o
mwedils wrl their metamodels, lewlkdennu muded chasge
history which in reducing the amount of repairs and hence
does not explore all pirsible concrete values and fepain. i
i

‘mutti-directional madel synchronizaroe [transtormation.

Buage [JTL) & language . o

prnfagation. This allows. he authars 1o nwm changes fram
oo model tn multiple other medels wishout being rescricted 10
the transformation disetion.

Wimmer and Barguefio [2013) rest medel m code, and code
o model transfrmation by extending a model to moded trans-

erence
mm-wmm KEM-\RM”INMMSM
another

mmm checking and repair based wlﬂl! same mm—cm*t

Finally, In costrass to fuzzing in automated bug detectian, we

o not utilize randomness in our vakse detection.
anm:-mn’m“nmmmw

mmummmuwawrm is :nal wehen trans-
farming abstract to concrete repairs. we abstract from concrete
wilues b bosliesn sets. to rapidly reason about combinations thas
FEpair gven inconsistencies. Another benedit of our approach in
contrast to the existing approaches i that we are able 1o saggest
Fixing incansistencies parially as well This means for instance if
three scope elements have to be fised, but one of them has no
walid value, et appeoach sUll providees valid values for the other
fwa scope elements. To the best of cus knowledge. this is not
sepported by the existing approaches.

& Conclusion and future work

In this paper we presented a novel approach for astomani-
cally groerasing concrete wd executable repairs for models in
softwane

nconsistencies, This mechanism utilized validation trees [ie., in-
szances of consistency rules) that reveal details about the causes
of imconsistency bul also the structan of the consistency rules,
it validaies the provided vaues based on the consistency rule's
candifions. groups them @io true and false sets, and then
cambines theen Based on bookean expressions found In the val-
idation tree. Valid values are then in the troe set 1o be used for
CONCTEE TEpRiTs.

Dur evabsaticn applied 20 consistency rukes to W models.
Tor check he relevance of our generated repairs. we have used

3 versioned from CatHub and showed that we are able
o replicate 100% of the modeler's Fving actions. bn addition,
we have shown that on average we are able w find ar least
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e cancrete tepair for mone than 555 on average, and 655 for

For future work, we plan to further group valid vaboes based
on different cricevia. For instance, group insegers into posite
. or ﬁmmmlhlmm:mmm

as per incomsistency, in Kielladi
ot al. (2017) we progosed one hessistic and evaluated it we plan
v 0 sappeort the developers in

ranking heurisrics
quickly choosing repairs and to evaluate their benefit.
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