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Abstract

In computational social choice, the complexity of chanding outcome of elections via ma-
nipulation, bribery, and various control actions, suchduireg or deleting candidates or voters,
has been studied intensely. Endriss et al. [13, 14] indigie complexity-theoretic study of
problems related to judgment aggregation. We extend tasuits on manipulation to a whole
class of judgment aggregation procedures, and we obtaingar results by considering not
only the classical complexity (NP-hardness) but the paterized complexity (V2]-hardness)
of these problems with respect to natural parameters. &umibre, we introduce and study the
closely related concepts of bribery and control in judgnaggiregation. In particular, we study
the complexity of changing the outcome of such procedurgsaeitrol by adding, deleting, or
replacing judges.

1 Introduction

Decision-making processes are often susceptible to \atimes of interference. In social choice
theory and in computational social choice, ways of influrgdhe outcome of elections—such
as manipulation, bribery, and control—have been studiezhsely, with a particular focus on the
complexity of the related problems (see, e.g., the earlykvadrBartholdi et al. [2, 1, 3] and the
recent surveys and bookchapters by Faliszewski et al. []1,Brandt et al. [5], and Baumeister
et al. [4]). In particular, (coalitionalinanipulation[2, 1, 7] refers to (a group of) strategic voters
casting their votes insincerely to reach their desiredauts inbribery [17, 20] an external agent
seeks to reach her desired outcome by bribing (without elingea given budget) some voters to
alter their votes; and igontrol [3, 23, 16] an external agent (usually called the “Chairglseto
change the structure of an election (e.g., by adding/dgjggartitioning either candidates or voters)
in order to reach her desired outcome.

Decision-making mechanisms or systems that are susceptibtrategic behavior, be it from the
agents involved as in manipulation or from external autiesrior actors as in bribery and control,
are obviously not desirable, as that undermines the truiawe in these systems. We therefore have
a strong interest in accurately assessing how vulnerahtstara for decision-making processes is
to these internal or external influences. Unfortunatelynamy concrete settings of social choice,
“perfect” systems are impossible to exist. For example,Glitebhard—Satterthwaite theorem says
that no reasonable voting system can be “strategyproof,’ 222 (see also the generalization by
Duggan and Schwartz [11]), many natural voting systems atéimmune” to most or even all of
the standard types of control [3, 23, 16], and Dietrich arst [9] give an analogue of the Gibbard—
Satterthwaite theorem in judgment aggregation. To avoigl abstacle, a common approach in
computational social choice is to apply methods from thié@akcomputer science to show that
undesirable strategic behavior is blocked, or at leastdrew] by the corresponding task being a
computationally intractable problem.

Here we focus on judgment aggregation, which is an importearhework for collective
decision-making. In a judgment aggregation process, wetsd@d a collective judgment set from
given individual judgment sets over a set of possibly lofydaterconnected propositions. For fur-
ther information on judgment aggregation, we refer the eetalthe surveys by List and Puppe [26]

1This paper extends the results that appeard@taceedings of the 2nd International Conference on Algarit Decision
Theory pages 1-15. Springer-VerlddNCS #69922011. This work was supported in part by DFG grant RO 1262/15
NRF (Singapore) grant NRF-RF 2009-08, an SFF grant from Hitld,a DAAD PPP/PROCOPE grant.



and by List [25]. This paper follows up the study of manipigatin judgment aggregation initiated
by Endriss et al. [14] and it is the first to study bribery andtcol in judgment aggregation.

In particular, Endriss et al. [13, 14], defined the winnerdetination problem and the manip-
ulation problem in judgment aggregation and studied thainglexity for two important judgment
aggregation rules. We extend their complexity-theoretiestigation for manipulation and also in-
troduce various bribery problems in judgment aggregaftamthermore, we introduce and motivate
three types of control in judgment aggregation (namelytrabiy adding, deleting, or replacing
judges), and study their computational complexity. Thesblems are each closely related to the
corresponding problems in voting, yet are specificallyotaitl to judgment aggregation scenarios.

2 Formal Framework

We follow and extend the judgment aggregation frameworkidlesd by Endriss et al. [14].

Let PSbe the set of all propositional variables a&s the set of propositional formulas built
from PS where the following connections can be used in their usugdning: disjunction\(),
conjunction (), implication (—), equivalence ), and the boolean constants 1 and 0. To avoid
double negations, leta denote the complement af, i.e., ~a = —a if a is not negated, and
~a = B if a =—-f. The judges have to judge over all formulas in #genda®, which is a finite,
nonempty subset a¥/ps without doubly negated formulas. The agenda is requiredetalbsed
under complementation, i.eva € @ if o € ®. A judgment set for an agendhiis a subseld C ©.

It is said to be arnindividual judgment seif it is the set of propositions in the agenda accepted by
an individual judge. Acollective judgment sés the set of propositions in the agenda accepted by
all judges as the result of a judgment aggregation procedijedgment setl is completeif for
alla e ®, aeJor~a € J;itis complement-fred for no a € ®, a and~a are inJ; and it is
consistentf there is an assignment that makes all formulad true. If a judgment set is complete
and consistent, it is obviously complement-free. BY(®) we denote the set of all complete and
consistent subsets df.

The famous doctrinal paradox [24] in judgment aggregatliows that if the majority rule is
used, the collective judgment set can be inconsistent éwahindividual judgment sets are con-
sistent. One way of circumventing the doctrinal paradoxigripose restrictions on the agenda.
Endriss et al. [13] studied the question of whether one camaguee for a specific agenda that the
outcome is always complete and consistent. They estallisheessary and sufficient conditions
on the agenda to satisfy these criteria, and they studiedaimplexity of deciding whether a given
agenda satisfies these conditions. They also showed thidirdgehether an agenda guarantees a
complete and consistent outcome for the majority rule iménactable problem.

Endriss et al. [14] studied the winner and manipulation pabfor two specific judgment ag-
gregation procedures that always guarantee consistetroes. In the premise-based procedure,
this is achieved by applying the majority rule only to themiges of the agenda, and then to derive
the outcome for the conclusions from the outcome of the pgesaiWe will study the complexity of
manipulation and control also for the more general class@hpse-based quota rules as defined by
Dietrich and List [8].

Definition 1 (Premise-based Quota Rule)The agendab is divided into two disjoint subsets =
®p 0 D¢, wheredy, is the set of premises ard; is the set of conclusions. We assume bbth
and @ to be closed under complementation. The premigsre again divided into two disjoint
subsetspy = P1 W Py, such that eithe € d; and~¢ € P, or ~¢ € ®; and¢p € @,. For each
literal ¢ € ®,, define a quotagle Q, 0 < gy < 1. The quota for the literalg € d; is d¢ =1-0p.
A premise-based quota rule is then defined to be a function P@R®)" — 2% such that, for



® = ®pW D, each profile = (Jy,...,Jn) is mapped to the judgment set

PQRJ) = AquU{¢p € D¢ | Aq =@}, where
Nqg = {¢pecd||{i|¢cd}>ng}u{pecd|[{i]dec}>][nd—1]}.

To guarantee complete and consistent outcomes for thigguoe, it is enough to require thét
is closed under propositional variables and thatonsists of all literals. The number of affirmations
needed to be in the collective judgment setrisy + 1| for literals ¢ € ®; and [ng ] for literals
¢ € ®,. Note thatngy + 1] + [ndy] = n+ 1 ensures that eithgr ¢ PQRJ) or ~¢ € PQRJ) for
everyg € ®. Note that the quotg, = 1 for a literal¢ € @1 is not allowed here, as+ 1 affirmations
were then needed faf € @, to be in the collective judgment set, which is impossible wiwer,
gp = 0 is allowed, as in that cagle € ®; needs at least one affirmation andp € ®> needsn
affirmations, which is possible. In the special caseiform premise-based quota rujebere is
one quotay for every literal in®y, and the quota’ = 1 — g for every literal in®,. We will focus
on such rules and denote themWBRQR,. Forq= 1/2and the case of an odd number of judges, we
obtain the premise-based procedure defined by Endriss[gédland we will denote it byPBP.
Furthermore, we will consider yet another variant of prexxbased procedure, which was in-
troduced by Dietrich and List [8] and is callednstant premise-based quota raled is defined by
CPQRJ) = AqU{¢ € @c | Ay [= ¢}. Here, the number of affirmations needed to be in the'get
is a fixed constant. Thugy € N, 0<qgg <n,andAg={pc®y | [{i | p €I} >qp}U{¢ € D7 |
II{i| ¢ E_Ji}H > Oy }- Again, to ensure that for eveyec @, elther¢_€ CPQRJ) or_~¢ E_CPQRJ),
we require thatyy +qy = n—1 for all $ € ®;. The uniform variantJCPQR,, is defined analo-
gously. If the number of judges who take part in the proceBgas, both classes represent the same
judgment aggregation procedures. However, we will studytrod problems where the number of
judges can vary. The constant premise-based quatn then be seen as an upper bound on the
highest number of judges possibly participating in the pesc This definition is closely related to
(a simplified version of) a referendum. Suppose that theadileed number of possible participants
who are allowed to go to the polls, and there is a fixed numbeffofnations needed for a cer-
tain decision, independent of the number of people who arealy participating. Of course, this
number may depend on the number of possible participanmtextomple 20% of them.

3 Motivation for Control in Judgment Aggregation

We study three types of control for judgment aggregationfa8aontrol has been studied exten-
sively for voting systems (see, e.g., [3, 23, 4, 16]), whenetiol is normally perceived as dishonest
and thus as an undesired behavior. Therefore, this reséarubes on finding ways to avoid it.
Looking at real-world examples, this point of view is not als justified; in fact, some “control”
attempts may be justified by fairly decent consideratiors. (excluding children from elections is
some reasonable kind of exerting control). Nevertheless,ie well advised to be aware of con-
trol attempts, since their objective is indeed frequentigwegh abusive (e.g., excluding voters from
elections based on racial or gender grounds, as is still ammimcertain countries, is abusive and
unacceptable). If control is generally possible, one wagimumventing it is to study the compu-
tational complexity of the underlying decision problemit turns out to be NP-hard, the desired
control action can, in general, not be performed in polyradtiine, unless P- NP. For practical
purposes, showing hardness in appropriate typical-caskelfics even more useful, but also more
challenging [28]. As motivation for studying control in jgchent aggregation, we will now illus-
trate the three different control types for judgment aggtiem considered in this paper with some
examples from the American jury trial system and intermatl@rbitration.

Adding Judges: This first control type is analogous to control by adding vete elections.
An example for this control setting can be found in the fieldntérnational arbitration, which is
becoming increasingly important as an alternative dispagelution method to litigations conducted



by national courts. Parties of arbitration proceedings otaose to entrust a single arbitrator with
deciding their dispute. They might, however, also opt ferdippointment of several arbitrators and
thereby control the arbitral decision-making process jiragljudges: Mostly they do so because

they feel that due to the complicated nature of the matteoosdme other reason, a tribunal with
several arbitrators is better suited to arbitrate theiecd®eir action may also be motivated by the
hope of being able to appoint an arbitrator sympatheticedr tirguments.

Deleting judges: Also very natural is the problem of control by deleting jud@es it is a com-
monly applied method in both jury trials and internationddiation. The empaneling procedure
of a jury for a trial is basically a control process via deaigtjudges and works roughly as follows.
First, a certain number of potential jurors is summoned atpiace of trial. In the next stage of
the selection procedure, all or part of them are subjectéldetso-called “voir dire” process, i.e., a
guestioning by the trial judge and/or the attorneys aimanghitain information about their person.
Admittedly, the purpose of collecting this information sdetermine whether they can be impar-
tial, which is a well-justified purpose; but again, attorea@yay use it for another reason, namely to
indoctrinate prospective jurors laying a foundation fayuanents they later intend to make. Driven
by good or bad intentions, the lawyers may then challengeguior cause, that is, by arguing that
and for what reason the juror in question is impartial. Thel fudge decides over the attorneys’
challenges for cause, moreover she may excuse furthesjdrar to social hardship. Finally, the
lawyers may challenge a limited number of potential jur@semptorily, i.e., without having to jus-
tify their reason for doing so. Peremptory challenges agiifeate and useful means of eliminating
such jurors that are either presumably biased but the biasotde proved to the extent necessary
for challenging them for cause, or are for some other reasdesirable. Because their use does not
require any explanation, such challenges can also be edmised; especially until the introduction
of the Batson rule, peremptory challenges were often esedan discriminatory ways, mostly on
racial grounds, violating the equal protection rights abjis. As we can see, deleting judges/jurors
is a central part of the empaneling procedure. Howevergdine total number of jurors is fixed, a
new juror needs to be appointed for each deleted juror, whiativates the next scenario.

Replacing judges: Control by replacing judges is used in international asibn when the
parties successfully challenge an arbitrator leading todisgualification and the subsequent ap-
pointment of a substitute arbitrator. The institution oaltbnge is designed to serve as a tool for
parties of arbitral proceedings to remove arbitratorsmpsi possible threat to the integrity of the
proceedings. It may be based on several grounds; arbirateimost commonly challenged because
of doubts regarding their impartiality or independeAd@hallenges are, however, occasionally used
as “black art” or “guerrilla tactics” with a view to achievéstionest purposes, such as eliminating
arbitrators that are likely to render an unfavorable awarth @elay the proceedings to evade, or at
least postpone, an anticipated defeat.

Control by replacing judges can be seen as a combined adtmontrol by deleting judges and
control by adding judges. For a related general model imgotheory, we refer to the work of
Faliszewski et al. [19] on “multimode control attacks.”

4  Problem Definitions

Bribery problems in voting theory, as introduced by Falezld et al. [17] (see also, e.g., [12, 20]),
model scenarios in which an external actor seeks to bribe sirthe voters to change their votes
such that a distinguished candidate becomes the winneeddléttion. In judgment aggregation it
is not the case that one single candidate wins, but theredsiaidn for every formula in the agenda.

23ee, for instance, Articles 3740 of the ICSID Conventiod Rales 1-4 of the ICSID Arbitration Rules, Articles 11-12
of the ICC Arbitration Rules, or Articles 7-10 of the UNCITRArbitration Rules.

3For rules regarding the challenge, disqualification, amglacement of arbitrators, see Articles 56-58 of the ICSID
Convention, Rules 9-11 of the ICSID Arbitration Rules, 8ldgs 14—15 of the ICC Arbitration Rules, and Articles 12—-14 o
the UNCITRAL Arbitration Rules.



So the external actor might seek to obtain exactly his or ksirdd collective outcome by bribing
the judges, or he or she might be interested only in the dbsinecome of some formulas ib. The
exact bribery problem is then defined as follows for a givegragation procedure.

F-EXACT BRIBERY

Given: An agenda®d, a profileT € 7 (®)", a consistent and complement-free judgmentlset
(not necessarily complete) desired by the briber, and dipesantegerk.

Question: Is it possible to change up toindividual judgment sets iff such that for the resulting
new profileT’ it holds that] C F(T')?

Note that ifJ is a complete judgment set then the question is whetkeF (T”).

Since in the case of judgment aggregation there is no wimreealso adopt the approach Endriss
et al. [14] used to define the manipulation problem in judgneggregation. In their definition,
an outcome (i.e., a collective judgment set) is more delgirfdy the manipulator if its Hamming
distance to the manipulator’s desired judgment set is emalhere for an agenda the Hamming
distanceH (J,J') between two complete and consistent judgmentddtss 7 (®) is defined as the
number of positive formulas i on whichJ andJ’ differ. The formal definition of the manipulation
problem in judgment aggregation is as follows, for a givegragation procedure.

F-MANIPULATION

Given: An agenda®, a profileT € f(d:)“*l, and a consistent and complete judgmentJset
desired by the manipulator.

Question: Does there exist a judgment séte _# (®) such thaH (J,F(T,J')) <H(J,F(T,J))?

A specific judgment aggregation procedure is calldtegyproofif a manipulator can never
benefit from reporting an insincere preference. Now, we ¢amthe formal definition of bribery in
judgment aggregation, where the briber seeks to obtainlactioke judgment set having a smaller
Hamming distance to the desired judgment set, then thenadigutcome has. In bribery scenarios,
we extend the above approach of Endriss et al. [14] by allguwlat the desired outcome for the
briber may be an incomplete (albeit consistent and compieiinee) judgment set. This reflects
a scenario where the briber may be interested only in someopdhe agenda. The definition
of Hamming distance is extended accordingly as follows. ®die an agenda] € 7 (®) be a
complete and consistent judgment set, dhd ® be a consistent and complement-free judgment
set. TheHamming distance KJ,J') between J and'Js defined as the number of formulas frdm
on whichJ does not agreed (J,) = ||[{¢ | § € I A ¢ ¢ J}||. Observe that i is also complete,
this extended notion of Hamming distance coincides withibigion Endriss et al. [14] use.

F-BRIBERY

Given: An agenda®, a profileT € 7 (®)", a consistent and complement-free judgmentlset
(not necessarily complete) desired by the briber, and dipeantegerk.

Question: Is it possible to change up toindividual judgment sets it such that for the resulting
new profileT’ it holds thatH (F(T’),J) < H(F(T),J)?

Faliszewski et al. [20] introduced microbribery for votiagstems. We adopt their notion so as
to apply to judgment aggregation. In microbribery for judgraggregation, if the briber’s budget
is k, he or she is not allowed to change upktentire judgment sets but instead can change up to
k premise entries in the given profile (the conclusions changematically if necessary). We will
denote this problem blf-MICROBRIBERY, and the exact variant By-EXACT MICROBRIBERY.

We will now formally define the underlying decision problefosthe complexity-theoretic study
of control in judgment aggregation, closely related to theesponding problems in elections. For
a given judgment aggregation procedérethe problem of control by adding judges is defined as
follows:



F-CONTROL BY ADDING JUDGES

Given:  Anagendab, complete profile¥ € _# (®)"andSe _# (®)ISl, a positive integek, and
a consistent and complement-free judgmentl§ebt necessarily complete).
Question: Is there a subs& C S, ||S'|| <k, such thaH (J,F(TUS)) < H(J,F(T))?

If we consider the variarfi-EXACT CONTROL BY ADDING JUDGES, we ask if there is a subset
S cS |S] <k suchthat CF(TUS).
Control by deleting judges is defined as follows for a givedgjment aggregation procedufe

F-CONTROL BY DELETING JUDGES

Given: An agendad, a complete profild € _# (®)", a positive integek, and a consistent and
complement-free judgment s&{not necessarily complete).

Question: Is there a subs&’ C T with || T’|| < k such thaH (J,F(T\T')) < H(J,F(T))?

The exact variant is defined analogously to the case of adualifuges.
The new control problem we introduce here is specific to jueigtaggregation. It considers the
case where some judges may be replaced (see our motivatingpées in Section 3):

F-CONTROL BY REPLACING JUDGES

Given:  Anagendab, complete profile¥ € _# (®)"andSe _# (®)ISl, a positive integek, and
a consistent and complement-free judgmentl§ebt necessarily complete).
Question: Are there subsef§’ C T andS' C S, with ||T'|| = ||S/|| < k such that

HQ,F((T\THuS)) <H@,F(T))?

DefineF-ExacT CONTROL BY REPLACING JUDGES analogously to the exact variants of the
adding and deleting judges problems. To study the compumaticomplexity of adding, deleting,
and replacing judges, we adopt the terminology introducef8] for control problems in voting
and adapt it to judgment aggregation. lFetbe an aggregation procedure and ¢ tbe a given
control type.F is said to beammuneto control by¥ if it is never possible for an external person to
successfully control the judgment aggregation procedia&vcontrol. F is said to besusceptible
to control by# if it is notimmune.F is said to beaesistantto control by’ if it is susceptible and
the corresponding decision problem is NP-hdfdis said to bevulnerableto control by% if it is
susceptible and the corresponding decision problem s in P.

We assume that the reader is familiar with the basic conadptemplexity theory and with
complexity classes such as P and NP; see, e.g., [27]. Dowmty-allows [10] introducegba-
rameterizedcomplexity theory; in their framework it is possible to do ama fine-grained multi-
dimensional complexity analysis. In particular, NP-coetplproblems may be easy (i.e., fixed-
parameter tractable) with respect to certain parametafiniog the seemingly unavoidable combi-
natorial explosion. If this parameter is reasonably snadilkxed-parameter tractable problem can be
solved efficiently in practice, despite its NP-hardnessntadly, aparameterized decision problem
is asetl C >* x N, and we say it idixed-parameter tractabl@PT) if there is a constamtsuch
that for each inputx, k) of sizen = |(x,k)| we can determine in tim@(f (k) - n°) whether(x, k) is
in L, wheref is a function depending only on the paramétefhe main hierarchy of parameterized
complexity classes is: FPE W[0] CW[1] CW[2] C--- C W[{] C XP.

In our results, we will focus on only the class[®)/ which refers to problems that are con-
sidered to be fixed-parameter intractable. In order to shiava parameterized problem is[2)¢
hard, we will give a parameterized reduction from th2JAtomplete problerk-DOMINATING SET
(see [10]). We say that a parameterized probfeparameterized reduces a parameterized prob-
lem B if each instancéx, k) of A can be transformed in tim&(g(k) - |x|) (for some functiorg and



some constart) into an instancéx’, k') of B such that(x,k) € A if and only if (X,k') € B, where
k' = g(k). Note thatg(k) = c may also be a constant function not depending.on

In our proofs we will make use of three different problemgsgiwe will use the NP-complete
problem ExacT COVER BY 3-SETS (X3C for short), where an instance consists of a given set
X = {x1,...,Xsm} and a collectiorC = {C,,...,C,} of 3-element subsets of, and the gquestion
is whether there is aexact cover for Xi.e., a subcollectio@’ C C such that every element f
occurs in exactly one member@f. We will also use the DMINATING SET problem, where we are
given a grapls = (V,E) and a positive integds, and the question is whether there id@minating
set for G of size at most ke., whether there is a sub&tC V, ||V| <k, such that for each e V,
eitherv € V/ or there is av € V' with {v,w} € E. DOMINATING SET is NP-complete and, when
parameterized by the upper boukan the size of the dominating set, its parameterized variant
(denoted byk-DOMINATING SET, to be explicit) is W2]-complete [10]. Finally, we will also use
the following problem for our parameterized complexityuiés

OPTIMAL LOBBYING

Given: An mxn 0-1 matrixL (whose rows represent the voters, whose columns reprdsent t
referenda, and whose 0-1 entries represent No/Yes votpe}itive integek < m, and a
target vectox € {0,1}".

Question: Is there a choice ok rows in L such that by changing the entries of these rows the
resulting matrix has the property that, for eg¢ll < j < n, the jth column has a strict
majority of ones (respectively, zeros) if and only if tita entry of the target vectorof
The Lobby is one (respectively, zero)?

OPTIMAL LOBBYING has been introduced and, parameterized by the nuknbérows The
Lobby can change, shown to be[2fcomplete by Christian et al. [6] (see also [15] for a more
general framework and more [J-hardness results).

Note that a multiple referendum as irr@MAL LOBBYING can be seen as the special case of
a judgment aggregation scenario where the agenda is closkdt ntomplementation and proposi-
tional variables and contains only premises and where therityarule is used for aggregation. For
illustration, consider the following simple example of altiple referendum. Suppose the citizens
of a town are asked to decide by a referendum whether twogispfeandB (e.g., a new hospital
and a new bridge), are to be realized. Suppose the buildiniyazzior (who, of course, is interested
in being awarded a contract for both projects) sets some ynaside to attempt to influence the
outcome of the referenda, by bribing some of the citizenbavit exceeding this budget. Observe
that anPBP-EXACT BRIBERY instance with only premises in the agenda and with a comgiete
sired judgment set is nothing other than an ©rIMAL LOBBYING instance, wherd corresponds
to The Lobby’s target vectdr.Requiring the citizens to give their opinion only for the misesA
andB of the referendum and not for the conclusion (whether botifepts are to be realized) again
avoids the doctrinal paradox. Again, the citizens might alste strategically in these referenda.
Both projects will cost money, and if both projects are @i the amount available for each must
be reduced. Some citizens may wish to support some proggt,sand may be unhappy with
reducing the amount fok due to both projects being realized. They might even prefeerof the
projects being realized over onB/being realized. For them it is natural to consider the pdgyib
of reporting insincere votes (provided they know how theeastwill vote); this may turn out to be
more advantageous for them, as then they can possibly praaiboth projects are realized.

4Although exact bribery in judgment aggregation generalizgtimal lobbying in the sense of Christian et al. [6] (whigh
different from bribery in voting, as defined by Faliszewskak [17]), we will use the term “bribery” rather than “lobimg”
in the context of judgment aggregation.



5 Results

We start by extending the result of Endriss et al. [14] tABP-M ANIPULATION is NP-complete.
We study a parameterized version of the manipulation prolaled establish a Y2]-hardness result
with respect to the uniform premise-based quota rule. Dgpage restrictions all proofs except one
will be omitted.

Theorem 2 For each rational quota g0 < q < 1 and for any fixed number r 3 of judges,
UPQR,-MANIPULATION is W[2]-hard when parameterized by the maximum number of changes
in the premises needed in the manipulator’s judgment set.

Since the reduction is from the NP-complete problemMNATING SET, NP-completeness of
UPQR,-MANIPULATION, 0 < g < 1, for any fixed numben > 3 of judges follows immediately
from the proof of Theorem 2. Note that NP-hardnes8/BQR,-MANIPULATION could have also
been shown by a modification of the proof of Theorem 2 in [14i], this reduction would not be
appropriate to establish \&]-hardness, since the corresponding parameterized vesSiSAT is
not known to be Vi2]-hard.

As mentioned above, studying the case of a fixed total numbjeidges is very natural. The
second parameter we have considered for the manipulatidrigm in Theorem 2 is the “maximum
number of changes in the premises needed in the manipslftdgment set.” Hence this theorem
shows that the problem remains hard even if the number ofipesnthe manipulator can change is
bounded by a fixed constant. This is also very natural, sineertanipulator may wish to report a
judgment set that is as close as possible to his or her sipgdgment set, because for a completely
different judgment set it might be discovered too easily tieawas judging strategically.

In contrast to the hardness results stated in Theorem 2ptlesving proposition shows that,
depending on the agenda, there are cases in which mangufatiUPQR,, 0 < q < 1, is outright
impossible, and thuSPQR,-MANIPULATION is trivially in P.

Proposition 3 If the agenda contains only premises then URQIR< g < 1, is strategyproof.

NP-completeness fddPQR,-MANIPULATION with a fixed number of judges, which is stated
in Theorem 2, implies that there is little hope to find a polynal-time algorithm for the general
problem even when the number of participating judges is fikmlvever, Proposition 3 tells us that
if the agenda is simple and contains no conclusith®QR, is even strategyproof.

Now we will study the complexity of various bribery problefios the premise-based procedure
PBP, i.e., UPQR,, for an odd number of judges. We will establish NP-complessrfer bribery,
microbribery, and exact microbribery, and d2hardness result for exact bribery with respect to a
natural parameter. We start with bribery.

Theorem 4 PBP-BRIBERY is NP-complete, even when the total number of judges Godd) or
the number of judges that can be bribed is a fixed constant.

Next, we turn to microbribery. Here the briber can change aplto a fixed number of entries
in the individual judgment sets. We again prove NP-complets when the number of judges or the
number of microbribes allowed is a fixed constant.

Theorem 5 PBP-MICROBRIBERY is NP-complete, even when the total number of judges (h
odd) or the number of microbribes allowed is a fixed constant.

Theorem 6 PBP-EXACT BRIBERY is W[2]-hard when parameterized by the number of judges that
can be bribed.



This result follows from the fact that @ IMAL LOBBYING is a special case ®BP-EXACT
BRIBERY. Note that W2]-hardness with respect to any parameter directly impliehhifiness for
the corresponding unparameterized problemPB&-ExXACT BRIBERY is also NP-complete; all
(unparameterized) problems considered here are easiyjeée in NP.

Theorem 7 PBP-EXACT MICROBRIBERY is NP-complete, even when the total number of judges
(n > 3 odd) or the number of microbribes allowed is a fixed constant.

As for the manipulation problem, Theorems 4, 5, and 7 are eomd with a fixed number of
judges. It turns out that even in this casrIBERY, MICROBRIBERY, and EXACT MICROBRIBERY
are NP-complete fdPBP. Furthermore, we consider the case of a fixed number of jualimsed to
bribe forPBP-BRIBERY, the corresponding parameter for its exact variant, andgalse where the
number of microbribes allowed is a fixed constantP@P-MICROBRIBERY and its exact variant.
Both parameters concern the budget of the briber. Sincertherlaims at spending as little money
as possible, it is also natural to consider these cases. dain,dNP-completeness was shown even
when the budget is a fixed constant and in one cagd-Wardness for this parameter, so bounding
the budget does not help to solve the problem easily. Althahg exact microbribery problem
is computationally hard in general for the aggregation pdocePBP, there are some interesting
naturally restricted instances where it is computatignedisy.

Theorem 8 If the desired judgment set J is complete or if the desiredijuent set is incomplete but
contains all of the premises or only premises, then HBRACT MICROBRIBERY is in P.

In the last part of this section we study control in judgmeggragation. In the manipulation
and bribery problems studied in this paper the number ofgiaating judges is constant and hence
uniform premise-based quota rules and uniform constamhigeebased quota rules describe the
same judgment aggregation procedures. However, this ihaaase if the number of participating
judges isnotfixed, as in control by adding or deleting judges. For theamif premise-based quota
rule the number of affirmations needed to be in the collegtidgment set varies with the number
of judges, whereas for the constant premise-based quadhelnumber of affirmations remains
the same regardless of the number of judges participatinge$he number of participating judges
varies for both control by adding and by deleting judges, tuelysthese problems with respect to
both judgment aggregation procedures.

We will first consider the uniform constant premise-basestguule and show NP-hardness of
UCPQR, for control by adding and by deleting judges in the Hammirggatice based and in the
exact variant.

Theorem 9 For each admissible value of g, UCPQRS resistant toCONTROL BY ADDING
JuDGESand toEXACT CONTROL BY ADDING JUDGES.

Theorem 10 For each admissible value of g, UCP@® resistant toCONTROL BY DELETING
JubGEsand toEXACT CONTROL BY DELETING JUDGES.

Now we turn to the results for the uniform premise-based @uole in the case of control by
adding and by deleting judges. Here we only consldEQR,,, which equals the premise-based
procedurePBP defined by Endriss et al. [14] for an odd number of judges. VWevsNP-hardness
for control by adding and by deleting judges in both problemants.

Theorem 11 UPQR,, is resistant td&EXACT CONTROL BY ADDING JUDGESand toCONTROL BY
ADDING JUDGES

Proof. ~Membership in NP is obvious for both problems. Again, we shéR-hardness for
UPQR,-EXACT CONTROL BY ADDING JUDGES only and UPQR/,-CONTROL BY ADDING



JUDGES at the same time, by a reduction from the NP-complete prob@&€. Given an X3C
instance(X,C) with X = {x1,...,Xsm} andC = {Cy,...,Cy}, define the following judgment aggre-
gation scenario. The agendacontains{ao, a1,...,03m} and their negations. The quotaljz for
every positive literal. The profile of the individual judgntesets initially taking part in the pro-
cess isT = (Tq,..., Tmy1) With Ty = {ag,a1,...,d3m}, Ti = {—00,01,...,03m}, 2<1 <m, and
Tm+1 = {—0do, 01, ...,—03m}. The profile of the judges who can be adde8is (S, ...,S,) with
S = {ao,aj,—a; | Xj €Ci,x €Ci,1<j,¢ <3m}. The maximum number of judges froBwho
can be added im. The desired outcome of the external persod is {ag,q1,...,0a3m}. Then it
holds, that there is a profil® C S, ||S|| < m, such thaH (J,F(TUS)) < H(J,F(T)) if and only
if there is an exact cover for the given X3C instance. Theectilfe judgment set fOUPQR,,(T)
is {—ap,01,...,03n}. Observe thaH (J,F(T)) = 1, since the only difference lies imy. Hence,
F(TUS)) must be exactly, and the reduction will hold for both problems at hand.

(<) Assume that there is an exact co@rC C for the given X3C instanc€X,C). Then the
profile S’ contains those judgel with C; € C'. The total number of judges is them2-1. The
number of affirmations needed to be in the collective juddgrsenis strictly greater tham+ (1/2),
som+1 affirmations are needed. Note that gets one affirmation from the judges Thandm
affirmations from the judges i§. Everyai, 1 <i < 3m, getsm affirmations from the judges im
and one affirmation from a judge Bi. Hence, the collective judgment setlisas desired.

(=) Assume that there is a profi with ||S|| < m such thatUPQR,(TUS') = J. Since
dp is contained in the collective judgment set it must receiveugh affirmations of the judges in
S. Adding less thamm new affirmations formyg is not enough, sincen— 1 < (2m)(%/2), but since
(2m+1)(Y/2) < m+1, mnew affirmations are enough. As above, if there is a total rermab2m+ 1
judges then the number of affirmations needed for a positivadila to be in the collective judgment
setism+ 1. Since then;, 1 <i < 3m, receive onlym affirmations fromT, they must all get one
additional affirmation fronS. Since||S|| < mand every judge affirms of exactly four formulas,
including ag, the set<C; corresponding to the judges 8 must form an exact cover for the given
X3C instance. O

One important point regarding the proof of Theorem 11 isttitigenda contains only premises.
For UPQR/,-EXACT CONTROL BY DELETING JUDGES the proof of Theorem 12 below also es-
tablishes NP-hardness even if the agenda contains onlyiggemBYy contrast, in Proposition 3
we showed that if the agenda contains only premises tHe@R, is strategyproof (thudJPQR;-
MANIPULATION is in P) for each rational quotg 0 < g < 1, and in Theorem 5 we showed that
UPQR/,-EXACT MICROBRIBERY is also in P if the desired judgment set contains only presnise

Theorem 12 UPQR,, is resistant tdeEXACT CONTROL BY DELETING JUDGESandCONTROL BY
DELETING JUDGES

In contrast toUPQR,,-CONTROL BY ADDING JUDGES it remains open whethédPQR, ,-
CONTROL BY DELETING JUDGES:Is still NP-complete if the agenda contains only premises.

Unlike for manipulation and bribery, we have not been ablalémtify natural restrictions for
which one of our NP-hard control problems can be solved igmpahial time.

Finally, we consider ONTROL BY REPLACING JUDGES In contrast to the problems of control
by adding and by deleting judges, the number of judges heemnistant, just as in the corresponding
manipulation and bribery problems for judgment aggregatidus, there is no difference between
the uniform constant premise-based quota rule and theramiioemise-based quota rule. The fol-
lowing theorem implies NP-completeness for both classesles.

Theorem 13 For each rational quota g0 < g < 1, UPQR, is resistant toEXACT CONTROL BY
REPLACING JUDGESand CONTROL BY REPLACING JUDGES

To conclude, we mention some possible future researchiqusestFirst, we have introduced
some very natural control problems for judgment aggregatiére there any others? Second, it



would be very interesting to complement our NP-hardneasdteeby typical-case analyses, as has
been done for voting problems (see the survey [28]). Thicdnfall W[2]-hardness results we imme-
diately obtain the corresponding NP-hardness resultssaee all problems considered are easily
seen to be in NP, we have NP-completeness results. It reropars, however, whether one can
also obtain matching upper bounds in terms of parameteciaetblexity. We suspect that all |8]-
hardness results in this paper in fact can be strengthen&@ecompleteness results. Finally, note
that we have considered only “constructive” control scarsarFor voting problems, constructive
control means that the Chair's goal is to make some candidimtewhereas “destructive” con-
trol [23] refers to making any other than the most hated adatdiwin the election. Constructive
control in judgment aggregation, however, means that we aeeutcomeloser to the desired out-
come or exactly the desired outcomalote that defining destructive variants of control by addin
deleting, or replacing judges would thus lead to the samaitiefis as for their constructive coun-
terparts: We have an undesired (possibly partial) judgsetdte _# (®) and seek an outcome with
a smaller Hamming distance to the complemend ¢iian from the original outcome to the com-
plement ofd, but replacing the (partial) judgment sktvith its complement leads to essentially the
same question, as the complement of a partial judgmedtisetimply the negation of the formulas
in J. Therefore, it does not make sense to distinguish betwesstremtive and desctructive control.
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