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C ognitive Uncertainty in Syllogistic R easoning:
An A ltemative M entalM odels Theory

Jerem y D .Quayl (d quayle® derby acuk)
Cognitive and B ehavioral Sciences R esearch G moup,
Tnsttute of B ehavioural Sciences, University ofD etby,
M ickleover,Detby, DE3 5GX , UK

Lnden J.Ball (lballe lancaster acuk)

Psychology D epartm ent, LancasterU niversity,
Lancaster, LA1 4YF,UK

Abstract

Tn this paper we propose a mental models theory of
syllogistic reasoning which does not mcorpomate a
falsification procedure and clearly specifies which
conclusions will be generated and in what order of
preference. Tt is assum ed the m odels constmicted vary in
tem s of the num ber of uncertain representations of end
tem s, and the directmess of the representation of the
subkcts of valid conclusions. These key factors
determ e w hich quantified conclusion w illbe generated,
as well as the varying tendency to regpond that "nothing
follow s". The theory is shown to provide a close fit to
m el@-analysis data derived firom pastexperim ents.

Introduction

The categorical syllogism is a deductive reasoning
problem com prising tw o prem ises and a conclusion (see
exam ple below ).

Som e artists are beckeepers
A llbeekeepers are carpenters
Therefore, som e artists are carpenters

The prem ises feature three term s which refer to classes
of iem s or mdividuals: an end term In each prem ise,
and am ddle term w hich appears in both prem ises. The
form al stucture of a syllogiam is determ ined by its
mood and is figure. The term mood refers to the
different com binations of quantifer that can be featured
I the premises and conclusion. Four stendard
quantifiers are used in Englich language syllogiam s: A1,
Some, NoMNone, or Some.. are not. The tem figure
refers © the four possble anmangem ents of the temm s
w ithin the premises:AB,B-C;AB,CB;BA,CB;
and BA,B-C Wwher A rfers to the endtem In the
first prem ise, C rfers o the endtem in the second
prEmise, and B refers © the middle term ). As each
prEm ise can contai one of four quantifiers, and there
are four figures, 64 standard prem ise pairs are possible.
The logically valid conclusion t© a syllogism is a
statem ent w hich describes the relationship betw een the

two end term s In a way that is necessarily true, given
that the prem ises are true.

The principal challenges for a theory of syllogistic
masoning are: (1) o explain how people ar ablk t
wach the right conclision for the right reason (ie.,
Jogical competence), and ) © explain the system atic
variations in difficulty and responding between
different forms of syllogism (@{e., performance).
Responses to syllogism s vary both In term s of the form s
of quantified conclusion generated, and In the tendency
o respond that there is no valid conclusion. O ne theory
that provides a good fit for the data, and that has
weceived considermble support and attention I the
literature is the mental models theory (g., Johnson-
Laid & Byme,1991).

This theory, which can be said to have is woutes n
early Euler circles, setbased acoounts €g., Exrickson,
1974,1978), is one of the m ost com prehensive theories
of syllogistic reasoning com petence and perform ance. Tt
assumes that the reasoning process begmns with the
constriiction of a m ental m odel of the prem ises w ithin
working memory that makes explicit the m ininum
amount of nformation. From this nnidal model a
parsim onious conclusions is form ulated, the validity of
which is tested In a search for counterexampls- a
process which may nvolve fleshing out' the initdal
m odel. If a fBlsifying m odel cannotbe consticted, then
the conclusion is generated (shce it must be vald),
otherw ise it is rejcted. Reasoners who experience
difficulty whilst reasoning will be nclined either t©
respond wih an nconect quantified response that is
consistentw ith cunrentm odels, orto say that there isno
valid conclusion.

A central assum ption of the m ental m odels theory is
that syllogism s vary 1 temm s of the num ber of mental
models it is necessary t© constuct in oxder to test
putative conclisions. W ith some syllogisn s a single
model is sufficient for a valid conclision t© be
generated (Emm ed one-m odel syllogism s), w ith others it
is necessary t© constict two or three models (em ed
m ulbple-m odel syllogism s) . M ultbdple-m odel syllogism s



place greater, and less m anageable dem ands on lim ied
workIng m em ory resources than one-m odel syllogiam s,
and consequently, yield the am allest proportion of valid
conclusions and the largest proportion of enoneous no
valid conclusion NVC) responses.

A lthough good support has been found for mental
m odels acoounts of perform ance e g., ohnson-Laid &
Bara, 1984), the theory does have some notable
weaknesses. First, the theory does not clearly specify
how conclusions ar fomulted, and = cannot
adequately explain the clear preference for some
conclisions over others. For example, according to
Johnson-Laird and Steedm an (1978), the theory predicts
an average of 3 3 different responses per syllogism .
Second, there is ncreasing evidence to suggest that
reasoners construct only a single m ental m odel and do
notengage In a falsification process atall eg., Pok &
Newell, 1995; Bucciarelli & Johnson-Laid, 1999;
New stead, Handley & Buck,1999).

Ihn soite of these weaknesses, we find many
assumptions of the mentl models theory t© be
htuitvely plausible, and believe that there is scope for
a new Eulercicle nspired mental models account
which retains som e of these assum ptions, specifies the
mamer In which conclusions are genermted more
precisely, and ncorporates the idea that conclusions are
generated after the construiction of a single m ninal
m ental representation .

A Cognitive Uncertainty Theory

I accordance wih the mental models theory, we
popose a theory that assumes people reason wih
syllogism s by constmucting abstract enalogical m odels
of the logical relationships betw een the term s described
T the prem ises wihih working memory. W e would
argue that the goal of reasoners when constucting
m odels of syllogiam s is to represent m entally both the
gem antic m eaning of each prem ise and the order of the
tem s w ithin each premise In the smmplest and most
probable form . Sinple models are those which do not
explicitly represent all of the different possble
rlhtionships between the end tems. These are
constimicted for reasons of cognitive economy, since
they should not place such high loads on lim ited
w orking m em ory capacity aswould the consideration of
more complex altermative m odels. Probable m odels are
those which represent the most lkely or bvaikbble!
situation w here a num berof altematives are possible.

Just as the written and spoken fomm s of term s w ithin
prem iges are read orheard in a particular serial order, so
the m ental representations constructed of temm s w ithin
prem ises are ntended t© be scamned mentlly in a
direction which conesgponds with these foms of
presentation. For ease of explanation we shall refer to
this intended scanning direction as leftto right".

The R epresentation of Q uantifiers

If a Universal' quantifier @11 or nofione) precedes a
tem , then the complete class of iem s or ndividuals to
which the term refers w ill be represented n the m odel.
For exampl, In our notaton, "A1l A" would be
represented as: A

W hen a prmise has the universal, affim ative
quantifier all eg., "AI1 A ar B"), we suggest that
reasoners reprecent the prem iseas: A B

This mpresentaton @nd the wepresentations
constructed for all other form s of prem ise) is ntended
o rEpresent both the meaning of the prem ise and the
order of the terms wihin the prem ise. It features a
description of the class A (the subjectof the prem ise) In
terms of the class B. This is the simplest most
econom ical way of representing this prem ise, since it
avoids the need to represent members of the B class
who are not also members of the A class. The
1Epresentation is equivalent to the conditonal satem ent
"IfiisanA,then tisaB".Justasthe satement "A LA
are B" is mtended t© be wad fiom lkft to right (r
goken In a ocomesponding serial orer), so this
Epresentation is intended to be scamned fiom left to
right. When scanned from lkft to rght this
1Epresentation is unambiguous. H ow ever, w hen scanned
from right o left, the representation is ambiguous,
suggesting a fAllcious dentity Iterpretation of the
pEmise ({e., ambiguity n the representation leads to
the assim ption that "A 1A areB" alsomeans "A 1B are
A Il) .

Twenty eight syllogisn s have at least one prem ise
featuring the ALl quantifier. Eighteen of these are
determ nate syllogisms. For fourteen of these, the
am biguity of this representation does not affect valid
conclision generation. Howevey, the assumption that
participants construct am biguous representations of A1l
prEm ises can acoount for all prefened conclusions for
the re@m aining fourteen syllogism s.

The prem ise "No A are B" (featuring the universal,
negative quantifier) would be represented as: B ] B]

If an Existential' quantifier precedes a tem , then an
nhoomplete class of iem s or ndividuals to which the
term refers will be represented in the model. For
example, "Some A " would be represented as: A ) or @

Grcel (1975) maxin of quantity sates that speakers
should be as inform ative as possible, and should not
delbemately withhold inform ation which they know t©
be tue. It ollows from this notion that it would be
wrong for speskers to use the word "some" when they
know "all" to be true (see also Begg, 1987; N ew stead &
Griggs, 1983). W e awue, therefore, that although a
Jogician s definition of the quantifier some is "at least
one and possibly all', complete classes of iems or
ndividuals are not represented when a term  is preceded
by "some". Hence, we suggest that the prem ise "Some



A ar B" (Eaturng the exisental, affim ative
quantifier) would be represented as: ) B]

W ih this prem ise, the possibility that there could be
A s that are not B ks is not represented n the model,
although thism ay be understood in plicitly .

The pramise "Some A are not B" (featuring the
existential, negative quantifier) would be 1epresented
as: & BI

In this mstance, the possibility that there could be A s
that are B k is not represented In the m odel, but again,
thism ay be understood in plicitly.

M odelC onstruction

Tt is suggested that the construction of m odels occurs as
follow s:

1) One of the two pram ises is picked t© be the first
prem ise represented n the m odel.

2) A model of the first prem ise is constructed in
which the first term 1 the prem ise is described n
r=lation to the second temm .

3) Themodelof the firstprem ise is augm ented o that
it features a representation of the first term in the
second prem ise described in relation to the second
term In the second prem ise. W hen a universal set is
represented I the m odel of the first prem ise, and
the term referring to that set is preceded by some n
the second prem ise, the universal representation is
rduced t© an exisential representation in the
combinedmodel eg., syllogism s3 and 5).Asw ith
the firstprem ise, the m odel is constructed such that
the semantic meaning of the quantifier and the
serial orer of terms In the second prem ise are
retaned w ithin the m odel (see exam plesbelow ) .

1. 2. 3.

SomeA areB SomeA arrB NoA ar=B
AIlB areC NoC arrB SomeB arC
[A)BC] [c] [A)B] [a] [B)c]
SomeA areC NoC arA NoA areC
(valid) (Irvalid) (Invalid)

4. 5. 6.

SomeA arenotB  NoB arA ATlB arr A
ATIC a=B SomeB areC NoB areC
(A [cB] [B)c] [a] [BA] [C]
SomeA arenotC Some C arenotA NoA areC
(valid) (valid) (Irvalid)

Syllogism 1 exemplifies a situaton in which it is
necessary to represent mem bers of one end+em class
who are also members of the other end+em class n
orer to constuct a model n which the semantc
m eaning of each prem ise and the order of the tem s

wihin each premise is rmEpresented. In contwast,
syllogism s 2 t© 6 exem plify sitiations  which it isnot
necessary o represent mem bers of one end4em class
who are also m em bers of the otherend-em class.

W e acknow ledge that the m odel shown for syllogism
5 is not the only possble model that could be
constiicted. For example, the possble ntersection
between the A t&m and C tm, or the possble
conteinm ent of the A tem within the C tem could be
Epresented I a model. W e would suggest, how ever,
that if it isnotnecessary to representan overlap in class
membershlp In a model In oer to rEpresent the
m eaning of each prem ise and the order of the tem s,
then no overlap will be represented. The model for
syllogism 5 chow s no overlap between the A term and
the C temm , and =0, the relationship betw een these temm s
shown In the model is equivalent to "No C are A" or
'No A are C". This may be considered a mtional
apprach to m odel construction, since the situation "N o
XarY" Where X and Y are two properties picked at
andom ) is almostalways true (cf. Chater & O aksford,
1999). Hence, the model shown for syllogism 5
represents the m ost probable situation out of a num ber
of possible altermmatives.

Certainty and Uncertainty w ithin M odels

Tn som e nstances, the representation of one end term n
relation to the otherend term h amodelis bertain'. By
this w e m ean that the class represented by one end term
eg. the As In syllogian 4) cannot incorpomate
m em bers of the class represented by the other end term
eg. the Cs n syllogism 4) unless members of one
end+tem chss Eeg., the A s syllogism 1) are already
m embers of the other endtem class eg., the Cs
syllogism 1). In other instances, however eg. In
syllogisms 2, 3 4 and 5), the representation of one end
tem is Uncertain'n =lation t© the otherend term . That
is, members of one endtem class who are not
represented as being members of the other end-term
class could possibly be m em bers of that other end-term
class— In our notation, werase lters denote
uncerain representation of a tem . For exam ple, In the
m odel for syllogism 2, as the possibility that there could
be some A5 that arr not BE is not explicitly
represented, it is possible that some or all of the C &
represented could be A 8- hence, the C t&m is
epresented by a bwercase letter. h the models for
syllogism s 3 and 5, the only certain representations are
ofthe B sthatare C 5s.Assome orallof the A s thatare
represented could be C 5, and some orallof the C s that
arenotBscould be A s, both the A 5and the Ck are
shown In Jow excase.



Suggested C onclusion G eneration

The conclusion that is inibdally suggested 'by a m odel is
the one that follow s the serial oxder n which the temm s
are rpresented  (eftto-right I our notation). The
subject of this conclusion w ill be the end term on the
left. The quantifier that is chosen is determ ned by the
Epresentation of that termm . If an existential set is
represented, then the conclusion w ill have an existential
quantifier either some or some.. are not) , otherw ise the
conclusion w il have a universal quantifier eitherAllor
No). If the first end tBrm in the model is represented
outside the second end term , then the conclusion w illbe
negative (itherNo orSome.. are not), otherw ise twill
e affim ative (eitherAllorSome).

A Tthough conclusions that are suggested by a m odel
w ill be the preferred responses, the mital conclusion
suggested by leftto-right scanning is not always the
one that is generated . The inital conclusions suggested
by leftto-right scanning of the m odels constructed for
the six example syllogisms are shown beneath the
models.

W ith some syllogians the mwpresentation of the
subject of the conclusion suggested by leftto-right
scaning is uncertain eg., the C term I syllogism 2
and the A tem iIn syllogism 3). Uncertamnty of this
nature 1 a model should cause reasoners o lack
confidence or certainty over the validiy of an initial
conclusion, and should m otivate them to scan the m odel
from rightto-left in search of an altemative conclusion.
If the subject of the conclusion suggested by right+to-
kft scanning has a certain mepresentation, then this
conclusion will be favoured over the conclusion
Tnitially suggested (when scanned fiom right to left the
model for syllogism 2 suggests the valid conclusion
"Some A are not C" and the model for syllogism 3
suggests the valid conclusion "Some C are not A").
Since two stages of conclusion generation are required
wih these problems, they load cognitive resources
m ore heavily than those w ith m odels w here the subject
of the conclusion suggested by keftto-right scanning is
certain g., syllogian 1). Consequently, they should
yvield more Iogical enors— in particular, the generation
of invalid conclusions that are consistent w ith leftto-
right scanning Which should be the second most
common quantified rsgponse)— ower feelings of
ceramty I partcipants, and high levels of fallacious
NVC responding.

W ih some Ideterm nate syllogism s, the subjects of
conclusions suggested by both lefi-to-right and right+to-
kft scanming have uncertain mpresentations (see
syllogism s 8 t© 12). W ih these problem s we suggest
that the conclusion suggested by lefito-right scanning
will be genemted mor firquently than the one
suggested by righto-left scanning. This is because
some reasoners will &il o genemte a conclusion

through right-to-left scarming due to the extra cognitive
dem and Involved, while m ost reasoners w ill be able to
genemte an inital conclusion through Ileftto-right
scanning . These syllogiam s should yield low er feelings
of certainty In participants and more NVC responses
than syllogiam s wih models containing one or no
unceran representations.

D irect and Indirect representation of the subject
W ih most determ nate syllogism s the subject of the
valid conclusion is represented Hirectly 'in the m odelby
m em bers of the class referred to by the subject of this
conclusion. For example, the subjct of the valid
conclusion t© syllogism 2 is "Some A", and the
epresentation of this n the model is also "Some A ".
W ih some determ mate syllogisms, however, the
subjectof the valid conclusion is represented 'indirectly’
I the m odelby m em bers of the m iddletemm class who
are also m em bers of the class referned t© by the subject
of this conclusion . For exam ple, the subject of the valid
conclusion t© syllogism 3 is "Some C", although the
representation of this n the model is "Some B ". Tn this
stence it is necessary t© oconvert mentlly the
representation of the subject of the conclusion fiom

"SomeB " t© "Som e C " before a valid conclusion can be
generated. As this additonal sep In the masoning
process isnecessary, w e suggest that these problem s are
more difficult than those where the subjct is
represented directly. Hence, syllogism 3 should yield
more logical enors (ncluding a greater proportion of
NVC regponding) and ower feelings of cerainty
participants than syllogism 2.

Im plied C onclusion G eneration

Not all individuals respond w ith a conclusion that is
suggested directly by a model. A an all proportion w ill
respond w ith a conclusion that is Implied by a model.
W e suggest that In plication affects regponding In the
follow ngway:

e Ags some and some.. are not are given similar
nterpretatons e€g., see Begg & Harrds, 1982),
whenever a some conclusion is suggested by a
model, a some.. are not conclusion w ill often be
generated, and whenever a some..are not
conclision is suggested by a model, a some
conclision w ill often be generated.

e Conclusions w ith universal quantifiers @11 and no)
Inply that existential altematives are also twe
(some and som e... are notrespectively) .

C ategorising Syllogism s

When models ar oonstucted and conclusions
generated according t© the assumptions we have
outlined, five types of determ nate syllogian (assigned



BEbels D1 to D5 I Tablke 1) and four types of
hdeterm nate syllogism  @ssigned Bbels 1 to ¥ in
Table 1) can be dentified. Exam ple syllogism s 1 and 4
are clascsified as D1 problems, syllogism 6 is a D2
problem |, syllogism 2 isa D3 problem , syllogism 5 isa

D 4 problem , and syllogism 3 isaD 5 problem .
Examples of indeterm nate syllogism s together w ith
m odels and suggested conclusions are given below .

7.
AIlA a=B

8.

9.

SomeB arenotA  SomeA arenotB
SomeB are C NoC aeB SomeC areB
[AB)C] [c] (B [a] (alc)B1]
SomeA areC NVC NVC
NoC areA SomeA arenotC
10. 11. 12.
NoB arA SomeB arenotA SomeB areA
NoB aeC SomeB areC SomeC areB
[B] [a] [c¢] (B IlalllB)c] [B)al [c)B]
[a] [B] [c] (a[B)cl [c)B)al
or or NVC
[c]1[B]I[a] ((cB [a] SomeC arrA
NVC NVC
NoA areC SomeA arenotC
or or
NoC arA Some C arenotA

Example syllogism 7 isan X problem , syllogism s 8 and
9 arr I pwblms, syllogians 10 and 11 are B3
problem s, and syllogism 12 isan D2 problem . W ith two
of these (ypes 4 and 1), it is possble to constuct a
model n which the sem antic m eaning of each prem ise
and the order of tem s In the prem ises are represented
w ith little difficulty. W ith the rem aining two, how ever,
the oconstuction of a Unified' model is Iless
staightforward, as either: (1) the premises suggest
models w ith a split representation of the m iddle temm
(ype 2 and some 1), or R) the prem ises do notdictate
the order n which the end term s should be r=presented
n amodel (ype B). W ih type 2 and I3 problems,
masoners may feel highly confident that there is no
necessary relationship between the end tem s, and =o,
regpond that there is NVC. However, as reasoners
display a bias towards the generation of quantified
responses where NVC responses are appropriate €g.,
Johnson-Laird & Steedman, 1978; Johnson-Laid &
Bara, 1984), wih 2 and B syllogisms we have
considered strategies reasoners m ay adopt n order that
models might sdll be oconstucted and quantified
conclusions generated. W ith 2 syllogiam s a quantified
conclusion may be genermated if reasoners construct a
model n which a representation of the end term which
form s the subjectof a some prem is= €g., "Some C are

B" In syllogian 12) is contained wihi the class
referred to by the m iddle term in the otherprem ise (s=e
second m odel forsyllogism 12) . There are good reasons
forassum ng thatm odels of this nature are constructed:
1) they are able to represent the sem antic m eaning of
each prem ise and the order of the term s within each
prEmise, and Q) they feature a representation of a
highly probable relationship betw een the end term s.

W ih B syllogisms, a unified model may be
consticted  after epplylng a siple conversion
procedure to one of the pram ises (ie., by sw irhing the
two tem s I a prem ise arvound w ithout changing the
quantifier). Once conversion has taken plce, it is
possible for reasoners to construct models ke those
constiucted for I1 or 2 syllogisms (depending upon
mood) and to generate quantfied conclusions (see
second m odels forsyTlogism s10 and 11).

Table 1:N ne types of syllogism asa function of
figure, togetherw th NVC rankings.

AB BA AB BA NVC
Type | BC CB CB BC | Toml| Rank
D1 4 4 4 4 16 1
D2 1 1 0 3 5 2
D3 0 0 2 0 2 3
D4 0 0 0 2 2 3
D5 1 1 0 0 2 4
i 5 5 2 0 12 5
n 2 2 0 0 4 6
B 0 0 5 7 12 6
1 3 3 3 0 9 25

Rank values have been assigned to each type of
syllogism I Tabl 1 according to the level of NVC
regponding that chould be aswochted wih them
acoording to the theory @ 1 ranking denotes a ow level
of NVC responding). W ih the exception of 2 and B
syllogisms where high levels of NVC responding
should be associated w ith stong feelings of certamty),
these rankings should conelte negatively wih the
kevels of cetanty aswociated wih each type of

syllogism .

Predicting perform ance

W e have used Chater and Oaksfords (1999) meta-
analysis data (on conclusion quantification and NVC
responding) together w ith Johnson-Laird and Steedm an
1978, Experiment 1 and 2), and Johnson-Laid and
Bamak (1983, Experiment 3) data (on conclusion temm
oer) n oder to test how well the ocognitive
uncertainty theory explins syllogistdc reasoning
pexrform ance.



Q uantification

The theory m akes ranking predictions form ost com m on
conclusions, as well as second, third and fourth most
common conclisions. Predicted rankings match data
rankings in 175 outof 256 cases. W hen the proportions
of quantified responses associated w ith correct m atches
are simmed, the theory accounts for nearly 91% of
quantified responses In exactorderof comm onality .

Term O rder in Preferred C onclusions

The theory m akes a definite prediction about the order
of tem s I preferred conclusions for 50 of the 64
prEm ise pairs. & matches the term order for prefered
conclisions In 47 of these, and therfore, directly
predicts the term oxer for over 73% of prefened
quantified regoonses n the date—although the theory
can accom m odate over 95% of these.

NVC responding

Rank values have been assigned to each syllogism
based on predicted feelings of certainty in participants,
and how much NVC regponding would be expected
according to the theory (see Table 1). There is a
significant correlation between these rankings and the
percentages of NVC responses In the m eta-analysis data
(Speamm ansRho = 885, p< .001).The theory, therefore,
accounts for78%  of the variance n the NVC data.

D iscussion

A new theory of syllogistic reasoning, Ingpired by early
Euler cicles, setbased, explnations has been
proposed. The theory has been shown to provide a good
fit to m eta-analysis data derived from past experin ents,
n tems of: (1) predicting orer of preference for
quantified responses, () predicting tem -order in
preferred conclusions, and @) accounting for the
varyIng tendency to give NVC responses.

The new theory was developed In response t© an
creasing awareness that key assumptions of the
m ental m odels acoount proposed by Johnson-Laird and
oolleagues were failng t© meoeive support i the
literature . Tn particular, serious doubts have been mised
conceming the conclusion falsification and fleshing out
processes outlined in the mental models theory. The
new accountovercom es this problem by suggesting that
only a single model is constucted based on an
Iterpretation of the sem antic m eanings of the prem ises.
M odels may be lgically accumte, or suggest a
fallacious oram biguous nterpretation of A1l quantifiers.
D ifficulty is said not to be caused by cognitive loads
associated w ith m odel construction, but nstead by the
cognitive loads associated with Searching'a model in
orer to dentify a conclusion that does not feature an
uncertain representation of the subject.

The m entalm odels acoountm ay also be criticised for
not adequately specifying the mamner I which
conclusions are form ulated, and hence, not explaining
why clear orders of preference for different quantified
conclusions are evident n the data g., see Chater &
0 aksford s m eta-analysis of past experin ents) . The new
theory clearly specifies which conclusion will be
dentified first from a m odel, w hether other conclusions
w ill be dentified that are also suggested by a model,
and which conclusions will be generated to a lesser
degree after being Inplied by a model. Importantly,
clear psychological justifications are given for the
predicted orders of preference for these quantified
1egoonses.
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