ICIQ 2012, the 17th International Conference oroinfation Quality

TOWARDS THE USEOF MODEL CHECKING FOR
PERFORMING DATA CONSISTENCY EVALUATION
AND CLEANSING

(Completed-paper)

Mario Mezzanzanica
Department of Statistics and Quantitative Metho@RISP Research Centre — University of Milano-
Bicocca
Mario.Mezzanzanica@unimib.it

Mirko Cesarini
Department of Statistics and Quantitative Metho@RISP Research Centre — University of Milano-
Bicocca
Mirko.Cesarini@unimib.it

Fabio Mercorio
CRISP Research Centre — University of Milano-Bi@cc
Fabio.Mercorio@unimib.it

Roberto Boselli
Department of Statistics and Quantitative Metho@RISP Research Centre — University of Milano-
Bicocca
Roberto.Boselli@unimib.it

Abstract: This paper explores the application of formal rodgh(specifically, model checking) to the fielddzfta
quality. A model expressing the consistency of lardinal data is derived from the domain knowledgais
model is used (1) to automatically verify the catecy of the data stored on a database and @)ttonatically
generate a universal cleanser, i.e. a cleanserhw$ienmarises all the feasible corrections for amd kof
inconsistency which may affect the data (as fathay can be guessed from the formal consistencyethotihe
universal cleanser represents a repository of ctivee interventions useful to develop cleansingtires. We
applied our approach to a real world scenario: renéb verification has been performed on labour readata
evaluating the consistency of people working careEhne results show that the proposed approacimgznove the
data quality evaluation and the development ofrdewy activities.
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1 INTRODUCTION AND CONTRIBUTION

The ongoing relations between citizens and pubtimiaistrations generate a lot of data and the
administrative archives store a relevant portia@rebf. Such data can be very valuable for supppttia
decision making processes in several contextsgdesnplementation, and evaluation of active pekci
service design and improvement, etc. Some archieesd also data along time, therefore they can be
considered a source of longitudinal data (alscedaflanel data), i.e. a set of (repeated) obsensatib
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the same subjects along the time. For more detailongitudinal data see [14]. Several studies nepo
that thedata quality of enterprise and public administration databdsegery low, e.g. [12, 2]. The
organisations are getting more and more awareefttmsequences and costs, therefore several plans,
strategies, and actions have been implementedag described in [15Data qualityis a broad concept

(a complete survey can be found in [2]). Here wau$oon theconsistencydimension which refers to the
violation of semantic rules defined over a setathdtems.

In this paper, a data consistency model is bwilinfthe domain knowledge, then a model checker ean b
used for verifying the consistency of longitudimiatta and for generating the possible cleansingragti
An example is provided: the dataset in Tab. 1 shewruise ship travel plan. The ship usually travsi
sea and stops at the port of calls (intermediastirtdgions), making aheckinwhen entering a harbour
and acheckoutwhen exiting. The reader will notice that the déy@ date from Lisbon is missing, since
acheckouts necessary before entering the subsequent hafBarcelona). In this respect, the dataset is
inconsistent.

Eventld ShipID City Date Event Type
€ S01 Venice 12th April 2011 checkin
€ S01 Venice 15st April 2011 checkoul
€3 S01 Lisbon 30th April 2011 checkin
€4 S01 Barceona 5th May 2011 checkin
€5 S01 Barcelone 8nd May 201 checkoul

Table 1: Travel Plan of a Cruise Ship

Data cleansing can be performed in several waygrtieeless when no different (and more trustedd dat
source is available, the only feasible solutiontaisexploit business rules, i.e. to implement clézms
algorithms fixing inconsistencies using domain dedi knowledge. The uncertainty affecting the data
can impact on the aggregate data and on the infanmderived for decision making purposes, therefor
the inconsistencies should be appropriately managed

The comparison among archive contents and realidadéten an unfeasible or very expensive option
(e.g. due to the lack of alternative data sourttescost of collecting the real data, etc.). Ondbetrary
data assessment and cleansing based on businesssrirequently an effective and valuable solution

In this paper we show how longitudinal data comesisy can be modelled and verified through explicit
model checking techniques. Once a model has befamedea model checker can be used for deriving
the set of possible errors and the set of posgibteective actions. These can be exploited: (1) for
verifying the data consistency of real world ar@sivand (2) as a foundation to partially automage th
development of cleansing routines. It is worth ttenthat the approach presented in this paper sound
the effort of consistency checking to the formdima of a suitable consistency model. Then, th& tds
performing the consistency check and the clearsitigities can be automatically executed.

We successfully applied model-checking-based teglda to assess the quality of an administrative
archive.

The paper is organised as follows: in Sec. 2 tletad works are surveyed; in Sec. 3 we shortlyuhice
model checking on finite state systems and how #netiecking can be used for verifying data
consistency; Sec. 4 introduces the concept of thigetsal cleanser and provides an algorithm to
compute it; in Sec. 5 we show some experimentallte®btained working on a big administrative
archive managing labour market information; finalty Sec. 6 we report the conclusions and the éutur
work.
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2 RELATED WORK

Data quality has been addressed in different resedomains including statistics, management, and
computer science as reported in [27, 4]. For the sd clarity, the works surveyed in this secti@vé
been classified into three groups according to (hein) goal pursuedrecord linkage error
localisation and correctionand consistent query answeringhe classification adopted is not strict
since several works could be classified in sevgmalips.

Record linkage (known asobject identificationrecord matchingmerge-purge problejraims to bring
together corresponding records from two or mora datrces or finding duplicates within the same. one
The record linkage problem falls outside the scagethis paper, therefore it is not further
investigated.

Error localisation and correction works can be further classified in: 1) those expigi machine
learning methods and 2) those exploiting data depecies (formalised by domain experts) to detedt an
correct errors. Considering the latter, the effifrtlomain experts is required to formalise rules.

1) Machine learning methodsan be used for error localisation and correctiRwssible techniques and
approaches are: unsupervised learning, statisticathods, data profiling, range and threshold
checking, pattern recognition, clustering methodms [23]. It is well known that these methods can
improve their performance in response to human bfaeks, however the model resulting from the
training phase can't be easily accessed and imtieghby domain experts. In this paper we explore a
different approach where the consistency modelg®apécitly built and validated by domain experts.

2) Dependencies based methofisveral approaches focus on integrity constréamt&gentifying errors,
however they cannot address complex errors or geusronsistencies commonly found in real data
[18, 21].

Other constraint types have been identified in fiterature: multivalued dependencies, embedded
multivalued dependencies, and conditional funcliaiggendencies. Nevertheless, according to Vardi in
[33] there are still semantic constraints that cdrtre described.

In [3] a context-free-grammar based framework igduso specify production rules (e.g., Uniw
University), to reconcile the different represeitas of the same concept. Such approach mainly
focuses on the attribute level, whilst the work sgreted in this paper focuses on set-of-records
consistency.

Works on database repairfocus on finding a consistent amdinimally different database from the
original one, however the authors of [11] statd t@mputational issues affect the algorithms used f
performing minimal-change integrity maintenance.

Deductive databases [25] add logic programmingufeat to relational systems and can be used for
managing consistency constraints. To the best ofkaowledge, few works in the literature focus on
deductive databases and data quality: [29, 19]thEtmore, scalability issues have to be investdjate
when dealing with large sets of data.

In [10] database triggers are derived from dynaotostrains expressed in a time (first-order) logic
variant. However triggers can raise computatiossliés when processing large datasets.

Consistent query answeringworks, e.g. [6], focus on techniques for findingt @onsistent answers

from inconsistent data, i.e. the focus is on aut@rguery modifications and not on fixing the saurc
data. An answer is considered consistent when [teafs in every possible repair of the original
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database. Semantic constraints are expressed fusictipnal dependencies. Basically already with two
Functional Dependencies the problem of computingsident Query Answers involving aggregate
gueries becomes NP-complete [6].

Other works and tools not included in the previous categoriesreow briefly surveyed. The applica-
tion of automata theory for inference purposes desply investigated in [34] in the database domain.
The problem of checking (and repairing) severaédnty constraint types has been analyzed in [1].
Unfortunately most of the approaches adopted cad fe hard computational problems. Formal verifi-
cation techniques were applied to databases, toalbyr prove the termination of triggers [9], fomsis-
tructured data retrieval [24], and to solve quedesemistructured data [17].

Many data cleansing toolkits have been proposedniglementing, filtering, and transforming rules
over data. A detailed survey of those tools is idetdhe scope of the paper. The interested reader
can refer tg21].

3 FROM DATA CONSISTENCY VERIFICATION TO MODEL CHECKING

Model checking [6] is a hardware/software verifioattechnique to verify the correctness of a sijtab
modelled system. The model is described in termstate variableswhose evaluation determines a
state, andransition relationsbetween states, which specify how the system aarerfrom a state to the
next one as a consequence of a given input adoecusing orexplicit model checking techniques, a
model checker verifies if a state transition sys{em, the model) satisfies a property by perforgnan
exhaustive search in the system state-spacetfieset of all the possible system states). Theeinod
checker exploits techniques to reduce or comprksssystem state-space to be analysed, e.g. the
reachability analysis: the state variable valueg dan be actually reached are identified, thehaiale
ones are analysed while the others are not (althbemg in the range of the admissible values).

The system model to be verified is expressed bynsyed a model checking language. Then the model
checker generates a corresponding Finite State@y&tSS) where the desired consistency properties
can be evaluated. For the sake of completeneskiglikght that model checking languages can describ
both an FSS and amplicit representation(i.e. abstract and general) of some FSSs. An aipli
representation can be translated into an FSS,renderification is always performed on the latRue

to the space limitations, we do not formalise sunsplicit representation of FSSs. However, the reade
can see [4] where such concept is expressed byswéEmtended-inite State Machines.

Definition 3.1 (Finite State System)A Finite State System (FSS S) is a 4-tuple (S)l,AuRere: S is a
finite set of states,dS is a finite set of initial states, A is a finget of actions and Fx&—S is the
transition function, i.e. F(s,a) = s’ iff the systérom state s can reach state s’ via action a.

Hence, a trajectory is a sequencetate, actionr = spagS1815:8;...$-18.-15 Where, Wi €[0, n-1, § €Sis
a state, & Ais an action an#é(s,a)=Si:1-

Let S be an FSS according to Def. 3.1 and leé an invariant condition specifying some propsrto be
satisfied (calledsafety propertiesn the model checking domain) a state=& is an error state if the
invariant formulag is not satisfied. Then, we can define the sedrodr statesECS as the union of the
states violatingp. We limit the error exploration to at mos$tactions (the finite horizon), i.e. only
sequences reaching an errpe€ within the finite horizon are detected. Note ttias restriction has a
limited practical impact in our contexts althougtirty theoretically quite relevant.

Model checking is traditionally used to explore amdify all the feasible execution paths of a syste
Then, informally speaking enodel checking problers composed by a description of the FSS to be
explored, an invariant to verify, and a finite fzom. Afeasible solutior{if any) is a trajectory leading the
system from an initial state to an error one.
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3.1 Finite State Events Database

In an event-driven architecture, amogenous evemepresents a change that may occur in the system
configuration due to an external occurrence. A eation can be established between event-driven
systems and databases containing longitudinal dadatabase record (or a subset thereof) can beasee
aneventarriving from the external world, and an orderetddf records can be seen asearnt sequence
(or action sequence). More precisely:

Definition 3.2 (Event, Event Sequence, and Finitet&e Event Dataset) Let R=(R,...,R) be a

schema relation of a database, let ex(r.., ) be an event wherg €Ry,---,r, €ER,, then e is a record
of the projection (R ..., R) over R with ng n.

A total orderrelation ~ on events can be defined such thate~...~ 6. An event sequend@r action

sequencgis a ~-ordered sequence of evestts,, ..., 6. A Finite State Event Datasét alongitudinal

dataset extracted from a database that can bessgut@s an event sequence.

ETypej = checkout A Cityj = city ‘e“

in the harbour 2% IMc Engme S 4

pos = harbour ,7%
pos = sea city = City; I('@ms.
ETypej = checkin -

@) (b)

Figure 1: (a) A Graphical representation of the Cruse Ship Travel Plan model. The lower part
of a node describes how the system state evolvesawtan event happens. (b) A Graphical
representation of a process where the model checkirused to verify an FSEDB consistency.

Intuitively, the application of model checking tatd quality problems is driven by the idea thatedel
describing the consistent evolutionfefsibleevent sequences can be used to verify ifatieal data
follows a consistent behaviour.

An FSS can be used to formalise the domain busin#as and to check the consistency of Finite State
Event Datasets. Although the whole content of alatde could be checked by an FSS, it is advisable t
split the database in several subsets (each beiagarate FSED) and to check each of them separatel

Definition 3.3 (Finite State Event Database)l et $ be an FSED, we define a Finite State Event
Database (FSEDB) as a database DB whose cont@®Bis UL, 5; where k> 1.

How can an actual database be verified by a mdasgker? A schematic representation of this approach
is depicted in Fig. 1(b):
1. A domain expert codifies the evolution of the sgstas well as the consistency properties
using the model checking tool language (i.e., tioeleh).
2. An FSED S is retrieved from the database (i.e., the FSEDB) #he model checker
automatically generates an FSS representing tHaterof the model caused Isy
3. The model checker looks for an error trace on tB&.FA solution (if any) represents an
inconsistency affecting the database event seqund®therwise the event sequence is
consistent.
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Any model checker can be used to perform the watifon. In our case, we used the CMurphi tool [7]
which allows one to use C/C++ functions to intenaith the database.

The concept of Consistency Failure Point (CFP)aw imtroduced: a CFP is an event of a FSED from
which the sequence becomes inconsistent. The CERt éy not necessarily the responsible of the
consistency failure, but it is the point where thiture emerges. The FSED is labelled as inconsiste
CFP is discovered. The remaining of the event secpiean be hardly tested (or cannot be test at all)
since the inconsistency might hinder the FSS-statddtion identification thereafter. Consideringe th
example of Tab. 1, the missing Lisbon departurergmes the exploitation of the FSS (Fig.1(a)) stnaig
after the Lisbon checkin (the subsequent Barcetdreckin is the CFP), since other events could be
missing, not only the Lisbon checkout. Generallgadpng, the uncertainty originating after a CFP can
prevent the execution of the consistency checlsdone or all the subsequent events. Consideringhagai
the example of Tab. 1, the uncertainty doesn’tfiastong time: the Barcelona harbour checkin event
enough to guess the FSS state and to resume thistemcy check. In other cases, e.g. the one pegsen
in Sec. 5, the uncertainty can last longer. Thestjoie is how to detect the points where the coesist
check can be safely resumed. For this reason wedinte theeset actionsA reset actioris an action so
that the FSS state can be determined with certahwyeafter, even though the previous history is
unknown. It can be observed that a reset acticisléze FSS always to the same state, independsntly
the previous history. More formally:

Definition 3.4 (Reset Actioh Let S (S,I,A,F) be a Finite State System accorthnDef. 3.1, an action
a €A is areset action iffis, €S s.t.vs €S either F(s,a)=sor F(s,a) is not defined.

Since events can be mapped to actionstdbet eventan be defined in a similar way: it is the evdnattt
lead the FSS always to the same state, indepegadnkie previous history. The reset events candael

for partitioning a dataset into small event segmentiose consistency can be evaluated independently.
An example is showed in Sec. 5. In this way, a @blihd within a segment does not prevent the
consistency evaluation of the subsequent segments.

Running Example. The following example should clarify the matteetlus consider the Cruise Ship
example as introduced in Tab. 1.

The whole dataset is the FSEDB whilst a FSED is ttheel plan of a single ship. Aavent gis
composed by attributeShiplD, City, Date, andEvent Typenamelye = (ShiplD, City,, Date, Event
Type). Moreover, the total-order operator ~ could be tinary operatox defined over the event’s

attributeDate, henceve,g €E, e< g iff Dateg < Datey. Finally, a simply consistency property could be
“if a ship checks in to the harbour A, then it ma$teck out from A before checking in to the next
harbour”. We can model this consistency property as a mathelcking problem. An implicit
representation of the domain is given in Fig. L@pur settings, the system state is composed Jothé
variablepos which describes the ship’s position, and (2)heablecity describing the city where the
ship is harboured. The consistency property oftaliise events sequence, e.g., the travel planbofiTa
can be expressed as a model checking problem.dh aucase, a solution (i.e., the error trace) is
represented by the event sequengeeg e, € which generates an inconsistent trajectory on the
corresponding FSS.
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4 DATA CLEANSING VIA MODEL CHECKING

In the previous sections we described how the stersty of a database event sequence can be modelled
and verified through model checking. Looking fordiaone can wonder if the consistency model can be
used as the basis to identify cleansing activitienely, once the FSS describing the dataset densis

is generated, can the FSS be exploited to idetitiéy corrective actions that can make such dataset
consistent? Let us consider an inconsistent evegtience having an action ai that applied on a
(reachable) state si leads to an inconsistent sgalauitively, a corrective action sequence esgnts an
alternative route leading the system from statto & state when the action ai can be applied (witho
violating the consistency rules). In other words;leansing action sequendd any) is a sequence of
actions that, starting frors, makes the system able to reach a new state arhwiné actiors; can be
applied and results in a consistent state. Momaddly we can define the following.

Definition 4.1 (Cleansing Action Sequencd)etS= (S,I,A,F)be anFSS E be the set of errors states
(i.e. inconsistent states) afde the finite horizon. Moreover,

- LetQ =U;.; Reach{) be the set of all the states reachable fromrthiali ones;

- lLetn =5a ... 585 be aninconsistent trajectoryvheres €Q is an inconsistent state (i.6& E

and andy, ..., $&¢E.
Then, aT-cleansing action sequender the pair(s,a) is a non-empty sequence of actions

A° =@, -1, GEA, such that exists a trajectoty= s ... S.18-1 SCo S+1C1 ... S+nCn & ON S with
|A®|< T, where all the states, ..., % are consistent.

In the Al Planning field &niversal Planis a set of policy, computed off-line, able torlgrithe system to
the goal from any feasible state (the reader car[kg 5, 9] for details). Similarly, we are intsted in
the synthesis of an object, which we ddliversal Cleansel(UC), which summarises for eagair
(state, action) leading to an inconsistent stdte,setA’ of all the feasible cleansing action sequences.
This UC is computed only once and then appliedhasracle to cleanse any kind of FSEDB.

To this aim, we proceed as follows:

Step 1A consistency model of the system is formalisednigans of a model checking language as
described in Sec. 3.

Step 2 A database domain model is formalised, descritegattribute domains from which all the
possible record subsets (i.e. event subsequencegjosed by at mogtevents can be guessed (both
the consistent an the inconsistent ones). Thefqatssible subsets will be callegbrst case FSEDB
hereafter. E.g., for the cruise ship example anraektof the model is:city={City,, City}
EType={checkin,checkout} Note that the City attribute cardinality (althéugotentially unbounded)
can be I;gnited by a finite and small number thattkshe number of state variables and to the FSS
diameter.

Step3 The model checker is used to generate the FS®s@qting all the inconsistent sequences,
starting from the database domain model (step &) the consistency model (step 1), the whole
process is shown in Fig. 1(b).

2 Due to the limited space we provide only the itibmi about how this task can be accomplished. Eieevis computed by the model checker
as thediameterof the FSS, i.e. the largest number of states lwiriast be visited in order to travel from one statanother excluding trajecto-
ries which backtracks or loops.
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Step4 Explore the FSS to synthesise the Universal Glean
More formally, we define the Universal Cleansinglitem (UCP) and its solution.

Definition 4.2 (Universal Cleansing Problem and Sation) A Universal Cleansing Problem (UCP) is
a triple D ={S, E, T} where S (S, I, A, F) is an$SE be the set of error (or inconsistent) states
computed by the model checker, and T is the fivdteon.

A solution forD, or aUniversal Cleansefor D is amapK from the set2 XA to a subsef' of the power
set of A, namerA'QZA, where for each inconsistent trajectarsea, ... $a § if A'= then A" must
containall the possibler-cleansing action sequences for the (R&).

It is worth to highlight that, while on the one laithe UC generated domain-dependente. it can deal
only with event sequences conforming to the motlat generated it, on the other hand idata-
independensince, once the UC is computed on a worst-caseDBSH can be used to cleansay
FSEDB. The pseudo code of the algorithm generatibiiversal Cleanser is given in Procedures 1 and
2. It has been implemented on top of the UPMurphl [8]. The Procedure 1 takes as input the FSS of
the domain, the set of error states given by thdahohecker (to identify inconsistent trajectoriasyl a
finite horizon T. Then, it looks for a cleansingtian sequence (according to Def. 4.1) for each
inconsistent (state, action) pair. This work isursévely accomplished by the Procedure 2 which engsl

the FSS through a Depth First visit collecting asitirning all the cleansing solutions.

Running Example. Consider again the Cruise Ship example of TalVé.recall that arevent eis
e=(ShiplD, City;, Date, ETypg) and each event sequence and subsequence iscvddreespect to the
event dates. It is worth to note that the finitgizan T = 2 is enough to guarantee that any kind of
inconsistency will be generated and then correagiolg no more than 2 actions. Note that the calitina
of the city attribute can be potentially unboundeut, since a state can store only one city infoionaat

a time, we can use two elemen@ity, andCity,) to represent any feasib(gity; value in the system.
Consider that the main elements of an even&dige &{checkin, checkout}, Cit{City,,City,}, i.e., 4
possible events. Then, we representwiost-case=SEDB by considering into our model all the pokesib
2-step event subsequences (i.e., simply enrich radk of the graph in Fig. 1(a) with all the poksib
edges).

Table 2 shows the Universal Cleansing for our examphich isminimal with respect to the number of
event variable assignments, i.e., the missing flpos=sea], (checkout,Ci{}) fits on ([pos=sea],
(checkout,City)). The UC, once generated, is able to cleanse ary & FSEDB compliant with the
model from which it has been generated.

([state],(action)) list of corrective actions
([pos=sea], (checkout, Cily (checkin, City)
([pos=harbour/\ city=City,], (checkout, City)) (checkout, City),(checkin, City)
([pos=harbour\ city=Cityy], (checkin,City)) (checkout, City)
([pos=harbour\ city=Cityy], (checkin,City)) (checkout, City)

Table 2: Universal Cleanser for the Cruise Ship Exaple.
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Procedure 1 UNIVERSALCLEANSING Procedure 2 AUXUC
Input: FSSS ., Input: s,a,s5",level
set of error states E, Output: list of correction sequences cs]
finite horizon T 1: es[]e« @ /Nist of correction scquences
Output: Universal Cleanser K 2 CSausl]< @ //aux list of correction sequences
i: level « 0; /fto stop when T is reached 3. 1 ¢ 0/Nocal ¢s[] index
» for all s €F do s if level < T then
3 for all s €S,a €A s.t. F(s,a) =s5" s forallad €A st F(s,a)=s withs €F do
do « if F(s,a)=s st s EE then
& K[s,al« AUXUC(s,a, s, level) 7 cslile a
s. return K 8: i—i+1
9 else
10: CSausl] < AUXUC(s , a, 5", level +1)
1t: for all seq Ecsgyy do
12: cslil« d Useq
13: i—i+1

1 return cs[]

5 THE CASE OF “THE WORKERS CAREER ADMINISTRATIVE
ARCHIVE"

The Italian Law No. 264 of 1949 requires the emgets to notify the public administration whenevar a
employee is hired, dismissed, or her/his workingtiact is modified. Those notifications are called
Mandatory Communicationg'Comunicazioni Obbligatorie” in Italian). Sincée 1997, the Ministry
developed an ICT infrastructure, called tl System”[16], for recording data concerning mandatory
communications, employment, and active labour nigribcies. Some administrative archives useful for
studying the labour market dynamics [11] are geteerand calledCO Archives’or “Job Registries.
Extracting the longitudinal data by the CO archia#lews one to observe the overfilw of the labour
market for a given observation period, obtainingightful information about worker career paths,
patterns and trends, facilitating the decision mglarocesses of civil servants and policy makeds [1
Unfortunately the archive quality is very low, te@ore cleansing is required before deriving infotiora

for decision making purposes (see, e.g. [3]). Thpr@ach presented in this paper has been used to
perform data consistency evaluation and cleansinthe real data extracted from the CO archive of an
Italian Area.

5.1 Domain Modelling

This subsection will provide some domain knowledgeeful to achieve an overview of the
administrative archives analysed in this paper.rigtiene an employer hires or dismisses an employee,
or an employment contract is modified (e.g. fromt{iane to full-time, or from fixed-term to unlimed-
term), a Mandatory Communication is notified to #8® System and stored into a job registry. The
registries are managed atrbvincial level” for several administrative tasks, every Italiaavimce has its
own job registry recording the working history tsf inhabitants (as a side effect).

For each worker, a mandatory notification éu@ntin our context) is composed by:
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w_id: it represents an id identifying the person invdlue the event;

e_id: it represents an id identifying the communication;

e_date:it is the event occurrence date;

e_type:it describes the event type occurring to the wodeeeer. The allowed event types are: dtzat

or the cessationof a working contract, thextensionof a fixed-term contract, or a contract type
conversion

c_flag: it states whether the event is related to a folktior a part-time contract;

c_type: it describes the contract type with respect to thieaitdaw (e.g. fixed-term or unlimited-term
contract, etc.).

empr_id: it uniquely identifies the employer involved iretbvent.

The evolution of a consistent worker’s career alttregtime is described bysequencef events ordered
with respect tee_date More precisely, in this settings an FSED is theeoced set of events for a given
w_id, and the FSEDs union composes the FSEDB. Moretivemepresentative element is given by the
w_id. Now we closely look to the consistency of the kesrcareers, where the consistency semantics is
derived from the Italian labour law, from the dom&nowledge, and from the common practice. Some
rules can be identified:

cl: an employee can have no more than one full-tinméraot active at the same time;

c2: an employee cannot have more than K part-timeraot# (signed by different employers); in our
context we assume K = 2 i.e., employees cannot haore than two part time jobs active at the same
time;

€3: a contract extension cannot change neither thstiegicontract typec( typg nor the part-time/full-
time statusq_flag) e.g., a part-time fixed-term contract cannot im@éd into a full-time contract by an
extension;

c4: a conversion requires either thetypeor thec_flagto be changed (or both).

For simplicity, we omit to describe some trivialnstraints e.g., an employee cannot hawessation
event for a company for which she/he does not wamlevent cannot be recorded twice, etc.

The CMurphi model checker allows us to build an K&%:h will be used to check the data consistency.
The system state (i.e., a worker’s career at angiivee point) is composed by three elements: thteoli
companies for which the worker has an active cebf@[] ), the list of modalities (part-time, full-time)
for each contractM[] ) and the list of contract type$[{).

To give an exampleC[0]=12, M[0]=PT, T[0]=unlimited models a worker having an active unlimited
part-time contract with compariz.

The CMurphi model of the domain is showed in Figbire and it outlines a consistent career evolution.
Note that, to improve readability, we omit to reg@et conversionevents as well as inconsistent
states/transitions (e.g., a worker activating twd-tfme contracts), which are handled by the FSS
generated by the CMurphi model.

A valid career can evolve signing a part-time cacitwith company, then activating a second part-time
contract with company, then closing the second part-time and then reatatig the latter again (i.e.,
unempemp, emp;, emp, emp;).
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Figure 2: A graphical representation of an FSS of &alid worker’s career where st=start
cs=cessationcn=conversion and ex=extension

5.2 Data Consistency Experimental Results

We performed the consistency check using the madestribed in Fig. 5.1 on the “CO archive” of an
Italian Area, composed by 1,248,751 mandatory comications. The CO archiveS(from now on)
describes how the labour market has evolved franlthJanuary 2000 to the 3December 2010, by
providing CO events for 214,418 people careershiateer has been modelled as a subselere i€
[1,..., 214,418]. AnS is aFSEDwhile Sis theFSEDBaccording to the terminology introduced in the
previous section.

The consistency check computation was performed 82 bits 2.2Ghz CPU (connected to a MySQL
server through ODBC driver) in about 20 minutesigsibout 50 MB of RAM.

Our results show that the 43.2% of the careersnansistent. More precisely, the 43.2% hatédeast
one inconsistency (i.e., a CFP has been foundYh®mrontrary, only the 56.8% of the total careergeh
proved to be consistent. Clearly, once an incomisist is detected at a given time point, the remaini
part of the career cannot be further evaluatedesthe CFP may have unpredictable effects on the
consistency of the remaining part. To mitigate #ffect, we exploited the consistency model of Bid.

to discoverreset eventgaccording to Def. 3.4) and to partition the caseieto smaller segments. The
following example should help to better clarify theefulness of the reset events. Let us consider a
worker career extracted from the dataset, as pregan Tab. 3(a). According to the record having
e_id=4, the worker w1 starts a new full-time coatri;a date 39504 without closing the on-going part-
time. Due to this inconsistency, the whole careifirbve considerednconsistentalthough only the first
four events have been evaluated.

Focusing on the system described in Fig. 5.1,ntlmobserved that some events always lead thensyst
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to a specific state regardless of the previous:oags, looking at Fig. 5.1, a full time cessatalways
leads to theinempstate as well as a full time start always leadthéemp state. Indeed, in such cases,
the state reached by the system can be guessegiténas the previous uncertainty. These events
contributing to reduce the uncertainty are riéget events

w_id id |e date] et c_flag c_type em_id
wl 1 38402 st part-time limited empg
wl 2 38679 st part-time unlimited emps
wl 3 39023 cs part-time  limited empg
wl 4 39504 st full-time| unlimited emps
wl 5 39651 cs full-time| unlimited emps
wl 6 39700 st part-time unlimited empx
wil 7 40407, cs full-time| unlimited empx
wil 8 40632 st full-time| limited empg
wl 9 41449  ex full-time| unlimited empg
wil 10 | 41513 cs full-time| limited empg
wil 11 | 41726 st full-time| limited empg
wil 12 | 42089 ex full-time| limited empg
Table 3: (a) An example of a worker career (the dat is not real although plausible).
Seg w_id| id| e date| etc flag | c_type em_id
S1 wlh | 1 38402 st| part-time limited empk
wl; | 2 38679 st| part-timeunlimited| empg
wl | 3 39023 | cs part-time limited empk
wl | 4 39504 st| full-time unlimited| empg
S2 wh | 4 39504 st| full-time unlimited| empg
wl, | 5 39651 cs| full-timgunlimited| empg
S3 wk | 5 39651 cs| full-timgunlimited| empg
wl; | 6 39700 st| part-timeunlimited| empg
wls | 7 40407 cs| full-timgunlimited| empy
S4 wl | 7 40407 cs| full-timeunlimited| empg
wl, | 8 40632 st| full-time limited empg
S5 wk | 8 40632 | st| full-time limited empk
wls | 9 41449 ex full-timeunlimited| empg
S6 wk | 9 41449 ex full-timeunlimited| empg
wlg | 10| 41513 cy full-timg limited empg
S7 wt | 10| 41513 cs full-time limited empg
wl; | 11| 41726 st| full-time limited empg
S8 wlk | 11| 41726 st| full-time limited empg
wlg | 12| 42089 | ex full-time¢ limited empg

Table 3: (b) The segmented career of (a).

Using the UPMurphi tool and the model described bid, we verified that thaull-time events always
lead to the same state, i.e. theyr@set events
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Given a FSED (according to Def. 3.2) describincgaeeer composed of the evenis @, ... g the reset
events g; (corresponding to full time events) are selectéwkm res[re, re,re;,....raJcles,...e). The
career can be splitted into segments as foll(gy$e,, |, [ers,,8re; | [EreysBre )i [Erey.8n]- EXCluding

the last event of each segment (which is repeadidst event of the following one), the segments a
non overlapping. The last event repetition is resfiito carry out the segment consistency check. The
FSS for verifying the segment consistency has Ineadlified by taking into account that a career segme
can start from several states, not only fromuhempone.

Considering the example of Tab. 3(a), the careglesomposed by creating 8 segments which can be
now analysed independently, as showed in Tab. 3. consistency analysis on the segments shows
that S1, S5 and S6 are inconsistent, whilst the remaining segmengscansistentS1 is inconsistent
because the job with employer ems not closed before the beginning of the fulldirmontract with
empe, S5 is inconsistent because the first extension eyenid=9) hasc_type=unlimitedand the
extensions of an unlimited contract is not allowedS6 there is ac_typemismatch. As shown by this
example, the segments can now be evaluated afidirshinconsistency using the career segmentation

We applied this approach on our administrative iaecB, generating an new archi&**"where each
career has been decomposed into segments by uséngeset events previously introduced. The
consistency check has been used to evaluate tmeeség consistency. The results (and a comparison
with the whole career results) are shown in TalWé.highlight that the databaSds largely composed

by reset events (the full time events are abouitté of total events) motivating the big dimensain

the S**9Marchive in terms of segments. For this reasori§°ffi™a segment is now composed by a low
average number of events, less than 2 per segmehtcOnsidering the duplicates). The number of
consistent segments is the 78.3% compared to tl89%6f the consistent careers (analysed as single
entities). Thanks to the use of the reset eventshi&ned a more precisely evaluation of the coescy

of Sin terms of segments. Similarly, looking at thenter of events belonging to inconsistent careers,
the results show that now only the 28.3% of thaltevents ofS belong to inconsistent segments (rather
than the previous 72.2%).

Row Dataset Analysis S(careers) S°¢9" (segments)
1 # Events 1,248,751 2,091,507
2 # Elements 214,418 1,057,090
3 #Consistent Elements 121,853 (56.8%) 828,194 (78.3%)
4 #Inconsistent Elements 92,565 (43.2%)| 228,896 (21.7%)
5 | #Events member of Consistent Element846,553 (27.8%) 895,906 (71.7%)
6 | #Events member of Inconsistent Elemen®902,198 (72.2%) 352,845 (28.3%)

Table 4: A comparison between careers and segmertata

Even tough the use of the reset actions has shawedre limited impact of inconsistenciesSnthe
analysis confirms that the original database Hasvajuality, motivating the need for data cleansing

The discussion about the reasons of such pooraietiity is out of the scope of this paper, nevdetbe

it is mainly related to the data collection procéfesv controls, a lot of manual data entry espécial
before the 2005) and to some trivial errors (egubde entries) that can easily make the careers
inconsistent.

5.3 Data Cleansing Experimental Results

We generated the Universal Cleanser using the nomseiribed in Fig. 4. We generated the FSS from the
worst-casedatabase by choosingTa= 5 finite horizon, which is high enough to guarantbat any
reachable inconsistent state can be consideredh, Hrecedures 1 and 2 have taken as input the FSS

175



ICIQ 2012, the 17th International Conference oroinfation Quality

generated and the error stafgdo detect inconsistent trajectories. Finally,d&dures 1 and 2 have been
used to synthesise the Universal Cleanser. The &ffams288 different (state, action) pairs able to
make consistent any FSEDB (conforming to the modelpo more than 3 steps, avoiding looping
corrective actions. We observed that= 3 is enough to guarantee that any inconsistency bll
corrected, whilst usind = 2 some errors cannot be fixed. To give an examgleus$ consider an
inconsistent trajectory (i.e., a career in suchaaeg in which the last consistent state is jemijth
(M:[PT,PT], T:[Limited,Limited], C:[CompanyCompanyj), then a cessation for a full-time contract
with a new company arrives (i.e, an event as (@s, Limited, Company). In such a case, the UC
suggests to choose between two corrective inteovenisimilar to each other) composed by 3 actions
for each. The first intervention is: to close thestf part-time contract, i.e. (cessation, PT, Ladit
Company) then to close the second one (cessation, PT tédmCompany and finally to start the full-
time contract according to the event received {(st&F, Limited, Company. The second intervention
can be obtained by switching the first two cessagigents.

We applied the UC generated to the dat&kt cleanse the inconsistent careers as follows.eBoh
careerS, when an inconsistency is found: (1) iiet be a CFP (i.e. an inconsistency at a given seguenc
point) for the caree§. (2) Look at the UC evaluating all corrective antisequences able to fie. (3)
Select a suitable corrective action sequence (dotpto a given policy) and apply it. (4) Evaluaigain

the consistency d&. (5) Repeat steps 1-4 until no CFPs for the caiemmerges.

In this work we focus on the UC synthesis. Invesiitgg how to select corrective actions from thesone
proposed by the UC is outside the scope of thiepdgevertheless, for the sake of completeness, we
detail how the UC has been used to cleanse theewadeeer archive. We implemented the step 2 by
always selecting the corrective action sequenceimmsing (maximising) the (per workerverage
working daysindicator. Hence, we obtained two cleansed versbrS, namely S™" and S™,
representing the cleansed versionSafi which inconsistent careers have been cleangedifimising

and maximising their working days respectively.dar settings, these distinct datasets allow us to
perform asensitivity analysion the “working day” indicator with respect to thecertainty due to
inconsistencies. Clearly, once the UC is generatesl user can use any kind of policy for choosing a
corrective action sequence. Finally, the compldgiehds been made available at [1].

6 CONCLUSION AND FUTURE WORKS

In this paper we have shown how (longitudinal dat)sistency verification tasks can be modelled as
model checking problems, then we used the CMurphfigr on some administrative archives to detect
the inconsistent data. The analysed archives #terevorking histories of people living in an ltaliarea.

An anonymous version of the archives has been usechrding to the current law and privacy
requirements. The results showed that the datatguodithe source archives is very low: only abtug
56% of people careers are consistent. To furthezsiigate these results, we exploited the congigten
model to partition the careers into small segmeviiese consistency can be analysed independently,
obtaining a very fine grained evaluation of theadguality: the 78% of the segments turned out to be
consistent.

Finally, we provided an algorithm working on thensistency model that can automatically build a
universal cleansera cleansedomain-dependergt.e., it focuses on the consistency of a spedifimain)
butdata-independer.e., it can cleanse any kind of dataset complmth the model).

Using model checking to evaluate a consistency maglainst actual data put into the hands of domain
experts a powerful instrument contributing to atdretomprehension of the domain aspects, of the dat
peculiarities, and of the cleansing issues.
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As a future work we would like to explore the temgddogic to express consistency rules. Currently o
research goes into the direction of comparing thieeusal cleanser with other approaches.
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