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Abstract: Twokinds of formal semantics for negation canhelp us understandpuz-
zles in thepsychologyof reasoning: theAustralianPlan semantics, whichgeneralises
the account of negation found in frame semantics for intuitionistic logic, relevant
and substructural logics; and negation-as-failure, found in logic programming and
default logic. We provide a framework where the two kinds of negation coexist,
mapping them to the celebrated distinction between System 1 and System2 think-
ing. We use the framework to target the phenomenon of Matching Bias: specifi-
cally, to explain why reasoners fare differently in card selection tasks, depending
on whether the target property is phrased positively or negatively.

1. SCENE SETTING

‘Logical theorizinghelps inunderstandingandmodelingobservedbehavior in rea-
soning tasks’ (Stenning and van Lambalgen, 2008, p. xiii). We agree and we will
put formal logic, and its model-theoretic semantics, to work to investigate how
people reason with negations.

There are many ways to understand formal models for a logical system. We
could think of them purely instrumentally, as devices we employ to calculate truth

*Both authors contributed equally to this research. ¶ Thanks to audiences at the Arché Meta-
physics & Logic Group, the Italian Society for Analytic Philosophy Conference 2023, and at the Uni-
versity of Stirling Philosophy Seminar for feedback on earlier presentations of this work. ¶Thanks,
too, to the referees whose critical comments and questions helped us improve the presentation con-
siderably.
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values. Or we could think of them as better or worse representations of reality,
where the ideal standard is a model giving us an accurate representation of what
is Out There in the Real World. On one reading of that realist view, this is taken
to mean that there’s only one correct way to model logical phenomena. Opposed
to this kind of logical monism is logical pluralism (Beall and Restall, 2000, 2006),
according to which there is more than one correct logical consequence relation.

Thispaperbrings together twoways tomodel thebehaviourofnegation in logi-
cal semantics. But rather than seeing these as representingdifferent, equally good
accounts ofwhat follows fromwhatwhennegation is involved, it uses them tohelp
us understand something ofwhatwe dowhenwemake inferenceswith negations.
So these differentmodelswill be put towork, not to give objective truth conditions
for negated sentences, but to shed light on the cognitive processing that might be
going on when we reason using negations.

Here is the plan of the paper: in Section 2 we provide the logical background
for the work, moving from classical bivalent negation to many-valued semantics;
we then present the Australian Plan negation and negation-as-failure. Besides in-
troducing non-specialists to the relevantmodels, we explain how they can be (and
have been) given a natural cognitive reading. In Section 3, we present a classical,
Wason (1968)-style selection card task and map negation-as-failure to (negation-
involving) reasoning in System 1mode, Australian Plan negation to (ditto) reason-
ing inSystem2mode. InSection 4, the account is put towork to explainhowpeople
get the task wrong by sticking with negation-as-failure in System 1 mode, while
they get it right by considering information not explicitly given in the task, which
is how Australian Plan negation works. In Section 5, we show how the Matching
Biasphenomenon,wherebypeople tend to look forpositive informationwhile they
are given the corresponding negative, is modeled by the asymmetry between pos-
itive and negative information encoded in Australian Plan semantics. Section 6 is
a short discussion considering the interaction between conditionals and the pro-
cessing of negation. We end the paper with Section 7, a methodological coda on
how formal modeling can shed explanatory light on empirical results.

2. LOGICAL BACKGROUND

2.1 BOOLEAN TRUTH CONDITIONS

The so-called Australian Plan for negation is motivated by considerations in philo-
sophical logic and the semantics for relevant and paraconsistent logics (Berto and
Restall, 2019; Meyer and Martin, 1986; Restall, 1999). Negation-as-failure is moti-
vated by considerations in logic programming (Clark, 1978; Shepherdson, 1984,
1985). We introduce the two by contrasting them with the traditional truth con-
ditions for negation from classical logic:

• ¬A is true if and only ifA is not true.

These can be stated by bringing semantic values to the forefront:
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• v(¬A) = 1 iff v(A) ̸= 1

Here, v is an interpretation function assigning truth values to formulas of a lan-
guage. The Boolean truth conditions assign exactly one of two truth values (here,
1 and 0, but we could equally use T and F, ◦ and •, or whatnot), in such a way as
to ensure thatA and¬A always are assigned different values. One of these values
only (here, 1) is taken to stand for truth, and according to any Boolean evaluation
v, exactly one ofA and¬A counts as true.

Butmakingsemantic values explicit foregroundsanotherpossibility: wemight
think of there being different values a claim can take, beyond the traditional 1 and
0 for truth and falsity.

2.2 THE AMERICAN PLAN AND THE COGNITIVE READING OF MODELS

A well-known change is to add a third value, say n, for neither 1 nor 0, and revise
our evaluation clauses to say:

• v(¬A) = 1 iff v(A) = 0

• v(¬A) = 0 iff v(A) = 1

• v(¬A) = n iff v(A) = n

If having the semantic valuen is taken to represent being neither true nor false, we
have truth value gaps. If, on the other hand, it is taken to represent being both true
and false (so 1 represents being true only, and 0 represents being false only), the
three-valued logic allows for truth value gluts.

A slightly more involved scheme allows for two intermediate values, one for a
gap between truth and falsity, and the other for a glut (Dunn, 1976). A straight-
forward way to implement a scheme with both gaps and gluts is to understand an
evaluation as not supplying a function from sentences to truth-values (whether
there are two, three or more of them), but a relation to the original values 0 and 1.
We have:

• ¬Aρ1 iffAρ0

• ¬Aρ0 iffAρ1

This is to be understood as saying that the negation¬A is true (it is related by ρ to
1) if and only ifA is false (it is related by ρ to 0) and ¬A is false if and only ifA is
true (Priest, 2008). A is both true and false ifAρ1 andAρ0 holds and it is neither
true nor false ifAρ1 andAρ0 both fail.

This way of modeling negation has become known as the American Plan (Rout-
ley, 1984). One popular interpretation of the four values takes them to be epistemic
or, if one likes, cognitive. This means that we don’t take a sentence that’s related
to both 1 and 0 as telling us about a contradiction that’s out there, realized in the
world; or a sentence that’s related toneither1nor0 as tellingus about someunder-
determinacy of reality. Rather, we take such sentences as marking inconsistent
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and/or incomplete data or information. Given some database of evidence available
to an agent, represented in a mind, stored in some artificial system, or whatnot
– especially evidence which may come from disparate sources –, it is natural to
classify declarative sentences in four ways. The database may declare a sentence
A true (only); it may declare A false (only). But the database may also stay silent
on the issue of whetherA or not. Or, the database may contain conflicting infor-
mation, and declareA both to be true and to be false (Belnap, 1977a,b; Hazen and
Pelletier, 2019). We won’t proceed with three- or four-valued logics from now on;
but we will retain an insight from this work: that some logical formalisms can be
used to represent, not (only) the workings of truth and falsity as such, but what is
supported by a state of information.

2.3 THE AUSTRALIAN PLAN

We can state the Boolean truth conditions also by bringing scenarios to the fore-
front:

• s ⊩ ¬A iff s ̸⊩ A

Read ‘s ⊩ A’, in general fashion, as ‘scenario s supports A’. A scenario is for-
mally represented just as a point in a model, at which formulas are evaluated, but
soon we will say more on what scenarios could be. When we evaluate statements
with respect to each scenario, the traditional Boolean conditions for negation are
straightforward: a negation holds at a scenario if and only if the thing negated
does not hold. But making the scenario parameter explicit foregrounds another
possibility: we might think of there being different scenarios where formulas can
be evaluated, allowing our models to contain more than one.

Now the Australian Plan semantics for negation analyses the truth of ¬A at
a scenario s in terms of whether A holds at other, related scenarios (Berto, 2015;
Berto and Restall, 2019). The idea has a long and venerable heritage. In Beth or
Kripke semantics for intuitionistic logic (Beth, 1956; Kripke, 1965), scenarios are
taken as constructions of some kind, e.g., proofs produced by Brouwer’s ‘creating
subject’ or idealized mathematician. A construction c supports ¬A if and only if
there is no construction c ′ extending c, which supports A. So, if c does not yet
have the power to verifyA, but some extension c ′ of c doesmanage the task, then
c neither supportsA nor¬A.

Intuitionistic logic is but one example of a system that fits the Australian Plan
semantics framework. The terminology was introduced in the semantics for rele-
vant logics, with an idea due to Richard Sylvan andValerie Plumwood (thenwriting
as Richard and Valerie Routley) (Routley and Routley, 1972), according to which
a scenario s (they called them ‘set-ups’) supports ¬A if and only if its star-mate
s∗ does not support A. Provided that s and s∗ differ, we could have incomplete
set-ups, supporting neitherA nor¬A, and inconsistent ones, supporting bothA

and¬A. (What’s the star-mate of a scenario? Well, we’ll soon have more to say on
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what scenarios could be; but an intuitive idea of the relation between s and s∗ is
that the star-mate of a scenario reverses the relevant scenario in-and-out (Dunn,
1994): either gives inconsistent informationwhere the other gives incomplete one,
so if either supports bothA and¬A, the other will support neither.)

We do not need to go into the detail of the Routley star here (Dunn, 1994; Re-
stall, 1999; Routley, 1984), except to note that it, as well as the semantics for intu-
itionistic logic, can both be generalised as the Australian Plan semantics for nega-
tion. The key notion at work is a binary compatibility relationC on scenarios:

• s ⊩ ¬A if and only if for each twhere sCt, t ̸⊩ A

A scenario s supports¬A iff every scenario t compatiblewith s does not supportA.
Or, in other words:

• s ⊩ ¬A if and only if for any twhere t ⊩ A, not sCt

A scenario s supports¬A iff any scenario that supportsA is incompatiblewith s.
The core idea behind the Australian Plan is obvious: we utter negations to ex-

press incompatibilities, i.e., to rule out that something is the case (Kinkaid, 2020).
The way we experience the world tells us that it’s full of incompatibles: given the
physics of light wavelength reflection, being red all over rules out being blue all over at
the same time. The way numbers are, Being odd rules out being even. Given the na-
ture of spacetime, being here is incompatible with being there at the same time, for
suitable ‘here’ and ‘there’. So to say that, e.g., the chair is not red is to rule out that
it is red. What dowe knowwhenwe know, of a chair, that it’s not red? Presumably,
that it has some feature or other such as a different colour, incompatiblewith being
red. To say that Fred is not in the kitchen is to rule out that Fred is in the kitchen.
What do we know when we know, of Fred, that he’s not in the kitchen? Presum-
ably, that he has some feature, such as being somewhere or other, incompatible
with being in the kitchen. It stands to reason that humans and other sentient be-
ings might naturally develop systems of representation with a device designed to
record and communicate to each other such incompatibilities. ‘Not’ is what does
the trick for us. For think about howdysfunctional a languagewouldbe, if it lacked
an exclusion-expressing device:

Me: ‘Fred is in the kitchen.’ (Sets off for kitchen.)
You: ‘Wait! Fred is in the garden.’
Me: ‘I see. But he is in the kitchen, so I’ll go there.’ (Sets off.)
You: ‘You lack understanding. The kitchen is Fred-free.’
Me: ‘Is it really? ButFred’s in it, and that’s the important thing. (Leaves
for kitchen.).

Your problem is to get me to appreciate that your claims are incom-
patible with mine. (Price, 1990, p. 224)

5



Now this makes sense given a wide range of interpretations of what counts as
a scenario. Say, we restrict our attention to taking scenarios as classically possible
worlds (i.e., in the interpretation of standard modal logic, maximally consistent
ways things could be or have been). Then we recover the original Boolean seman-
tics, because any two different worlds are pairwise incompatible.

But the Australian Plan clause makes sense for richer collections of scenarios.
One can take these as restricted parts of the world, like the situations of Barwise
and Perry’s situation semantics (Barwise and Perry, 1983); or as constructions, as
in constructivist and, in particular, intuitionistic logic; or as information states,
as in (certain interpretations of) relevant logic; or as bodies of evidence, etc. If a
scenario s supports¬A and another scenario t supportsA, then because negation
records incompatibilities, s and t are incompatible: one rules A in and the other
rulesA out. On the other hand, if s does not ruleA out, then if our family of sce-
narios is rich enough, it is plausible to take there to be some scenario, compatible
with s, that supportsA. Otherwise, it seems that the original scenario did indeed
ruleA out after all.

One salient feature of thePlan is itsmodal character, in the sense ofmodal logic
(and as recorded in the modal flavour of ‘incompatible’, i.e., ‘such that it can’t be
together with’): evaluating a negation at a scenario s can involve considering other
scenarios, different from s, (in)compatible with the original one. Asked whether
the chair is red, wemay say: I know it’s blue, and that’s incompatiblewith its being
red. Asked whether Fred is in the kitchen, we may reply: Well I see him in the
garden, so there’s no way he’s in the kitchen.

In thisway, the semantics of negation is intensional in character, and is not best
characterised as ‘truth-functional’ or extensional evenwhenwe expand the range of
possible truth values beyond the traditional ‘true’ and ‘false’. The intensional ap-
proach to negation parallels the intensional treatment of the conditional, which
has a long history, going back, inmodern times, at least to Lewis’ calculus of strict
implication (Lewis, 1914). Here, however, the core issue is not whether negation
might be objectively extensional (here, we take no issue with the traditional view
that¬A is true if andonly ifA is not true), but howweprocess conditionals in real-
istic epistemic scenarios: a limited scenario thatdoesnot supportAmightwell not
support¬A either, and our reasoning in such a scenario is properly intensional.

If one takes thinking about alternative scenarios to have some cognitive cost,
the task of assessing anAustralian Plan negationmight be cognitively demanding,
in that it may involve considering a range of alternatives: we may conclude that
¬A is supported at our s, only after considering that various scenarios which we
find compatible with s are such that A fails at them; or, equivalently, only after
considering that other scenarios which we find incompatible with s are such that
A holds at them.

Now there is an amount of empirical evidence from the psychology of reason-
ing, showing that the consideration of a plurality of scenarios is indeed a cognitive
cost. Such evidence, reported e.g. in (Johnson-Laird and Byrne, 1991), is used by
mentalmodel theorists like Philip Johnson-Laird and Ruth Byrne to explain errors
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of reasoning with conditionals, like the ones we will meet later when we come to
card selection tasks. As Ruth Byrne has it, ‘Multiple possibilities tend to exceed
working-memory capacity’; and ‘the greater number of possibilities increases the
difficulty of the inference’ (Byrne, 2005, pp. 21 and 25). This feature will pay a cru-
cial role when we reflect on the difficulties of reasoning with negations.

2.4 NEGATION AS FAILURE

When it comes to epistemic, evidential or informational understandings of the
semantics of negation, there is another important tradition: that of logic program-
ming in knowledge representation and database theory. A question tackled in this
tradition is: when we have a database filled with individual pieces of information
(concerning, for example, which student haswhat student number, whatmodules
they have been enrolled in, andwhat grades they have in eachmodule), when does
such a database support a negative judgement?

One influential proposal is negation-as-failure (Clark, 1978; Reiter, 1978; Shep-
herdson, 1984, 1985). Back to the Boolean clause for negation:

• s ⊩ ¬A iff s ̸⊩ A

On a cognitive-informational reading of the semantics, this would seemmore
straightforward to process than the Australian Plan clause, in that to assess the
status of ¬A at a scenario s we only consider the information supported by s it-
self. Suppose s is given by a database. If we take it to contain all of the (salient)
information about the items in question, this makes perfect sense. If the infor-
mation that the student 123456789 is enrolled in PY2010 in 2024 fails to show up
in s, then the right-to-left direction of the biconditional above allows us to con-
clude that, according to s, it’s not the case that student 123456789 is enrolled in
PY2010 in 2024.

The same goes for evidential scenarios and phenomenally salient properties.
If we can see a shape before us, and it fails to appear to be square, then that shape
appears to not be square. In the context of logic programming, one usually speci-
fies that the negation-as-failure ofA is supported by a database when the attempt
to extract A from the database fails in a number of steps (which may be rather
small). When one sees a database as what’s represented by a scenario, the crucial
idea is that we don’t look beyond it, i.e., we stick to whatever, if little, information
is supported by the scenario. Stenning and van Lambalgen (2008) rightly call this
‘closed-world reasoning’; see also the ‘closed world assumption’ known from logic
programming: Reiter (1978); Shepherdson (1984).

So far, so good—but, the negation-as-failure clause might misfire when the
scenario is incomplete. Andonemayclaim that allof our epistemic scenarios (bod-
ies of evidence, available information, etc.) in ordinary life are by default incom-
plete, as they do not contain enough information to decide every issue. Negation-
as-failure could then be seen, cognitively speaking, as a rough-and-ready evalua-
tion strategy that requires none of the process of looking at alternative scenarios.
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(In fact, one way of understanding negation-as-failure is not as a rival to the Aus-
tralian Plan but as an instance of it, in which the search for alternative scenarios is
cut short by considering only the scenario of evaluation.) Negation-as-failure pays
for this simplicity by over-generating, producing false positives (cases where the
negation is regarded as true when it should be regarded as untrue) when applied
to incomplete scenarios, where a more careful evaluation strategy would not.

This does not mean that negation-as-failure is useless. On the contrary, it
may be (and, has been: Stenning and van Lambalgen (2008) again) taken as mod-
elling how rational agents with bounded time and cognitive resources can effi-
ciently extract negative information from limited evidence. When we read the
train timetable and find it lacks notice of trains leaving for Edinburgh between 10
and 11, it would be crazy to refrain from concluding that it’s not the case that some
train leaves for Edinburgh between 10 and 11 until we have complete information
on the status of the whole of reality. Oftentimes, we have no time or resources
to even consider any alternative compatible situations, let alone, to systematically
enumerate them all.

3. TAKING TWO PERSPECTIVES

So from now on, take our scenarios as evidential situations, representing the in-
formation available to a reasoner. Here’s a situation where we see the following
four cards, each of which has a letter on one side and a numeral on the other. The
cards are labelled for ease of reference:

A 6 B 7

a b c d

Two cards show their letter side, card a shows an A, and card c shows a B. The
other two cards show their number side. Card b shows a 6, while card d shows a
7. We cannot see the numerals on the other sides of cards a and c or the letters on
the other sides of cards b and d. We will consider evidential situations like these
as simple, concrete cases, in which our reasoning operates. This kind of situation
is familiar from card selection tasks à la Wason (1968), which Stenning and van
Lambalgen call ‘the mother of all reasoning tasks’ (Stenning and van Lambalgen,
2008, p. 44).

We can ask ourselves whether, in evidential situation s, a judgementA is cor-
rect. But thiswould be tomiss the point of restricting our attention to the evidence
available to the agent. After all, in this scenario there is some face value that card
a has, it is just not known by the agent. Once we have given the basic information
available to the agent, we can ask, what further, logically complex information is
thereby available? This depends on what the agent can do: on their cognitive re-
sources and capacities.
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Nowthere’s a celebrateddistinctionbetween twomodalities of thought, traced
back to the work of authors like Kahneman and Tversky, Evans and Over (Kahne-
man, 2011; Solaki et al., 2019; Raoelison et al., 2021; Evans and Over, 2004): think-
ing in System 1 mode, also popularized as ‘fast thinking’, and thinking in System
2 mode, also popularized as ‘slow thinking’. Quick ways of drawing the distinc-
tion from the literature have it that System 1 does not apply formal rules of logic
or probability, works by associativememory and can import biases and intuitions;
whereas System 2 is at work in logical deductions or probabilistic estimates, fol-
lows precise rules, etc. But perhaps the two most salient differences between the
two are (a) that System 1 is automatic, whereas System 2 can be activated delib-
erately; and (b) that System 1 is cognitively effortless, whereas using System 2 re-
quires paying cognitive costs.

In addition, the Kahneman-Tversky narrative has it that we should not take
System 1 as the rationally bad guy, and System 2 as the rationally good guy: we
could not navigate life in System 2 mode all the time, as that’s cognitively unfea-
sible. System 1 gets things right, usually – it is just prone to errors, of the kind
exemplified, e.g., by reasoning fallacies, in specific circumstances. And System
2 can be ‘lazy’, not stepping in to fix the mistaken judgments of System 1 when it
should.

So let’s define two evaluation relations on epistemic scenarios, which we take
as corresponding, respectively, to thinking in System 1 andSystem2mode,⊩1 and
⊩2:

• ‘s ⊩1 A’ says: an agent has the capacity to deriveA in epistemic scenario s,
using System 1, or: s supportsA for an agent via System 1 thinking.

• ‘s ⊩2 A’ says: an agent has the capacity to deriveA in epistemic scenario s,
using System 2, or: s supportsA for an agent via System 2 thinking.

We can assume that System 1 and System 2 operate on the same set of basic
information in each scenario. This is a safe idealization: it will not make any dif-
ference in what follows, since our focus is the behaviour of negation. We have, for
atomic sentences p:

• s ⊩1 p if and only if s ⊩ p

• s ⊩2 p if and only if s ⊩ p

Where ⊩ is the given notion of basic evidence in a scenario. The key difference
between the two support relations is their treatment of negation: (we suppose you
had already guessed that) we propose System 1 support is given by negation-as-
failure:

• s ⊩1 ¬A if and only if s ̸⊩1 A

And System 2 support uses the notion of compatibility between evidential situa-
tions, in Australian Plan fashion:
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• s ⊩2 ¬A if and only if for each s ′, where sCs ′, s ′ ̸⊩2 A.

Thismorecomplicatedsupport relation requiresquantificationover evidential sce-
narios, and the details of how the compatibility relation is to be defined will de-
pend on how those scenarios are specified. To show how this might be done, we
will consider a concrete example in the next section. Before we get there, how-
ever, it is worth reiterating what this formalism represents, and what it does not
represent. First, despite there being two different semantic evaluation clauses for
negation, the formalism is not encoding two different concepts of negation. The
difference between the two systems is represented by the two different support
relations, representing the capacities an agent has using System 1 and System 2,
respectively. It is not that System 1 judgements are about one kind of negation,
and System 2 judgements are about another. Second, wemake no empirical claim
about exactly how System 1 and System 2 processing is cognitively encoded. Itmay
well be that System 1 negation processing is a cut-down version of System 2 (in
which the reasoner does not consider a range of alternative scenarios), and so,
the situation is akin to Egré’s ‘parametric monism’ (Égré, 2021), in which wemove
from one evaluation process to another by varying a parameter.

4. CARD SELECTION TASKS

Back to the card selection scenario discussed above:

A 6 B 7

a b c d

Let’s say this is a scenario swith objects {a, b, c, d} and properties assigned as fol-
lows:

s A B 6 7

a 1 − − −

b − − 1 −

c − 1 − −

d − − − 1

This table is one way to represent the following four basic evidential judgements,
the rawmaterials on which Systems 1 and 2 operate:

s ⊩ Aa s ⊩ 6b s ⊩ Bc s ⊩ 7d

That’s just what we see, looking at the four cards. System 1 operates on this situa-
tion in the expected way. For example, concerning the first card, we have:

s ̸⊩1 ¬Aa s ⊩1 ¬Ba s ⊩1 ¬6a s ⊩1 ¬7a
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The first card does not have a B (indeed, it has a A), and as far as System 1 is con-
cerned, it isn’t a 6 and it isn’t a 7, either. Of course, we know that itmight be a 6 and
itmight be a 7 for all we know. But to say ‘might’ is to gomodal, i.e., to use System
2: that judgement appeals to alternative scenarios. We can consider at least two
different possibilities, where we have seen both sides of the first card, revealing
either a 6 or a 7. Call these scenarios sa6 and sa7, respectively:

sa6 A B 6 7

a 1 − 1 −

b − − 1 −

c − 1 − −

d − − − 1

sa7 A B 6 7

a 1 − − 1

b − − 1 −

c − 1 − −

d − − − 1

We are now considering three different scenarios. Both new scenarios sa6 and sa7

are compatible with the original s, since they just fill in some information that s
left out. But they are incompatible with each other. This is part of our background
knowledge of how these cards are set up: no card can be both a 6 and a 7.

In our simple card-based setup, we can say that two scenarios are compatible
if and only if, whenever one scenario takes a card to have one letter [number], the
other scenario does not take that card to have a different letter [number]. (Notice
that on this view, if we have a confused scenario s that takes a card to have two
different numbers, this can be compatible with another scenario t that does not
ascribe any number to that card. This seems right to us: s does not clash with
this t, even though it does clash with itself.) So, we have sCsa6 and sCsa7 (and, of
course, sCs) but we do not have sa6Csa7. With these compatibility facts in hand
we get:

s ̸⊩2 ¬Aa s ⊩2 ¬Ba s ̸⊩2 ¬6a s ̸⊩2 ¬7a

Since s is compatiblewith itself and s ⊩2 Aa, wehave s ̸⊩2 ¬Aa. But any scenario
twhere t ⊩ Bawould be incompatible with s (since s already takes a to beA), so
we do have s ⊩2 ¬Ba, as wewould hope. So far,⊩1 and⊩2 agree. The extra power
of System2 reasoning comes to the fore concerning the judgements¬6a and¬7a.
Since s6a ⊩2 6a and sCs6a, we have s ̸⊩2 ¬6a, and similarly, since s7a ⊩2 7a and
sCs7a, we have s ̸⊩2 ¬7a. By considering alternate scenarios, System 2 is able to
find counterexamples to both negative claims.

5. CARD SELECTION AND THE MATCHING BIAS

TheMatchingBias is a well-documented phenomenon in the psychology of reason-
ing, whereby reasoners tend to look for positive information while what they are
explicitly given is the corresponding negative information. It started with varia-
tionson theWason (1968) selection task: people are asked to test conditional claims
like ‘If there’s an A on one side of the card, then there’s a 7 on the other side’ on four
cards which have a letter on one side and a single digit on the other. Up to 90% of
people tend to select cards withA and 7. But they should choose cards with anA
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and without a 7: a search to falsify the conditional is a search for a situation that
makes the antecedent true and the consequent false.

ButEvans (1972, 1998) andothers found that, if youput a negation in the conse-
quent, people’s performance drastically increases: when the instruction is to test
‘If there’s an A on one side of the card then there’s not a 7 on the other side’, al-
most everyone gets the task right. In this case theMatching Bias, i.e., the fact that
people look for a card with a 7 when they are given the information ‘not-7’ in the
consequent, helps them: ‘adding anegation hasmade the taskmuch easier’ (Evans
and Over, 2004, p. 75).

Oneexplanation for theMatchingBias, advancedbyOaksfordandChater (1994)
and others, is that people have an expected positive information gain. The hypothesis
is that there is an asymmetry between positive and negative information: nega-
tive claims are more difficult to process than positive ones, because they refer to
relatively large contrast classes and so provide low information (and the lower, the
larger the contrast class is). This, as well as the Matching Bias, has received some
empirical corroboration (Yama, 2001).

This asymmetry hypothesis (and its empirical corroboration) fits more natu-
rallywith the Australian Plan semantics for negation thanwith the American Plan,
if these are understood in terms of cognitive processing. In the American Plan,
positive and negative information are perfectly symmetric: negation is just a flip-
flop between truth and falsity, treated even-handedly.

But the asymmetry hypothesismaps neatly to negation on the Australian Plan,
plus the idea that dealingwith negative information in Australian Plan fashion re-
quires System 2 effort. One core idea of the Australian Plan is that we use nega-
tions to express incompatibilities or exclusions. So ‘not-A’ is understoodas ‘Some-
thing is the case, which rules out that A is the case’ or, read more epistemically,
as we should when we want to track cognitive phenomena in the psychology of
reasoning, ‘Some accessible/available information rules out thatA is the case’. In
particular, when we process negations in System 2 mode by the Australian Plan
rule, wemay often have to mentally check a plurality of (in)compatible scenarios.

But then, the Matching Bias effect should be reduced to the extent that the
contrast class (we’d say: the class of incompatible scenarios) one needs to consider
gets smaller in size. When we process negations in System 1 mode, we just look
at the information that’s directly given to us in a scenario and apply negation-as-
failure: we take not-A as true (resp. false) when A is absent (resp., is present)
in the relevant database. Whereas when we process them in System 2 mode, we
put in the cognitive effort required to go beyond the info listed in the scenario by
considering alternatives.

As soon as we add a negation in the consequent of the conditional to be tested
in the standard Selection Task, ‘If there is an A on on one side, then there is not
a 7 on the other’, then the task of searching for a counterexample becomes easy.
That’s because the contrast class (any card with a number different from 7 on it) is
now explicitly given. The original Selection Task asked us to reason thus: ‘Search
for a card with A on one side, and some number incompatible with (having a) 7 on
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the other’. That is a relatively large contrast class, tracked via the notion of incom-
patibility: one has to think through a number of different situations incompatible
with having a 7: having a 1, a 2, a 3, … etc., to extract the information that one is
to select non-7 cards. When a negation is added in the consequent, negation-as-
failure in System 1mode is sufficient to get the right answer: the inference is from
the presence of a 7 in the basic information (the card with a 7 is there to see) to the
falsity of non-7.

6. CONDITIONALS, PROBABILITIES, AND NEGATION

We now focus on issues concerning negation and the processing of conditional
sentences in general, beyond card selection tasks. While this is such a broad topic
that it would deserve (at least) one separate paper, there is a sub-topic which de-
serves further discussion here.

Experimental results summarizedanddiscussed inOverandEvans (2024) con-
cern the fact that subjects comply with the so-called Ramsey Test in their ‘suppo-
sitional’ assessment of conditionals: they generally take the probability of a con-
ditional, P(A → C), as the probability of the consequent conditional on the an-
tecedent, P(C | A), which one can read as: on the supposition of the antecedent.
Subjects do it, in particular, with all combinations of the presence and absence
of negations in the antecedent and consequent. So people tend to treat condi-
tionals with opposite consequents, A → C and A → ¬C, as complementary,
as if they are contradictories (see Handley et al., 2006). This goes hand in hand
with the phenomenon, acknowledged and discussed e.g. in Chapter 9 of Evans
andOver (2004), whereby people tend to naturally switch between external and in-
ternal negation (in the consequent), treating ¬(A → C) as interchangeable with
A → ¬C.

Now a helpful referee asks: how do negation-as-failure and Australian Plan
negation relate to these results? In particular: what about P(¬C | A) when ‘If
A, then not-C’ is read as saying that, given a construction supporting A, there
is no construction extending it and supporting C? This is a welcome question,
for the aforementioned experimental findings are naturally accommodated by our
mapping negation-as-failure to System 1 and Australian Plan negation to System
2.

Negation-as-failure complieswith complementarity: that thenegation-as- fail-
ure of C, ¬C, holds in scenario s means that the information that C is not sup-
ported in the relevant, task-closed scenario s. When assessing ‘IfA, then not-C’,
by the Ramsey Test the subject will assign to it a probability that’s P(¬C | A).
When scenario s is looked at on the supposition ofA, this will be treated as closed
for the task. Since¬C behaves like the classical complement ofC, we have P(¬C |

A) = 1 − P(C | A), and so the pair of A → C and A → ¬C will be taken as
complementary.

As for the Australian Plan negation, in its general setting it says little on the
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nature of scenarios: it’s a very general, structural framework that can accommo-
date different logical accounts of negation – as soon as one says more on what
one wants a scenario to be. If one wants scenarios to be taken as incomplete-
extendible constructions, as per our helpful referee’s question, there can be such
A-scenarios (with nonzero probability assigned) that support neither C nor ¬C.
We can then have that P(C | A) + P(¬C | A) < 1, and so, by the Ramsey Test,
P(A → C)+P(A → ¬C) < 1, and so complementarity fails in general, although
the Ramsey Test can still hold separately for each conditional.

Now our mapping of negation-as-failure to System 1 and of Australian Plan
negation to System 2 allows for the following story: As remarked in Evans and
Over’s dual-process view of our assessment of conditionals, suppositional pro-
cessing via Ramsey Test oftentimes relies on ‘preconscious heuristic (System 1)
processes’ (see Evans and Over, 2004, 76), rather than analytic System 2 reason-
ing. Sowhen subjects, as they often do, assess in System 1mode a conditionalwith
a negation in the consequent, one can conjecture, subjects aren’t performing the
cognitively expensive universal quantification over a plurality of compatible sce-
narios Australian Plan semantics points at. They are doing, rather, negation-as-
failure-style absence-checking and running the Ramsey Test suppositional proce-
dure with it.

7. THE UPSHOT

This is just thebeginningof an exploration: wehavebeen trackingbut a tiny slice of
the huge amount of empirical literature on selection tasks and the Matching Bias
for negation from cognitive psychology. One important issue we have not dealt
with, for instance, is deontic selection tasks. It is well-known that, in general, peo-
ple fare better with selection tasks when deontic conditionals are involved. With
deontics like (as per a helpful referee’s example) ‘If customers in shops are sold
alcohol, then they must not be under 18 years old’, participants have no problem
choosing the ‘sold alcohol’ card and the ‘17 years old’ card.

Now of course, because the referee’s example has a negated consequent, the
matching bias can already be part of an explanation of why the task is easier. But,
because there’s a ‘must’ in the consequent, the relevant logical form is not just ‘If
A, then not-C’, but ‘IfA, thenM: not-C’, where ‘M: …’ is ‘It must be the case that:
…’. We agree with Stenning and van Lambalgen (2008), Chapter 3, that the spe-
cific logical form of deontics should be taken into account in assessing what goes
on here. If one (a) takes deontic operators as modals, i.e., as quantifiers over sce-
narios, as is standard inmodel-theoretic logical semantics, and (b) takes their psy-
chological role in conditionals as that of instructions to look for rule violators, as
Evans andOver (2004) seem to us to suggest (see p. 82–83), then deontic operators
may make the relevant violation condition explicit. Deontic tasks with negations
embedded in the consequent do not challenge our account; rather, they combine
negated-consequent facilitationwithpragmatic andnormative violation-detection
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mechanisms primed by deontic modals.
We have focused on the explanatory value of some formal logical modeling: if

we take on board the System 1/System 2 distinction, andwemap it to our two pro-
posed logical formalisms for negation, our model will explain something about
people’s reasoning behaviour with negations. We even refrained from extracting
testable predictions from the model; although we think this could be done, it is not
us ‘armchair’ logicians who are positioned to do it.

So we would like our reader to see this little paper as a proof-of-concept: a
little (formal) logic goes a long way. That’s because it gives us idealized models
of information processing systems—‘idealized’, as in: ‘simplified’, not perforce as
in: ‘having normative value’, i.e., representing what we ought rationally to do by
representing what an ideal rational reasoner does. That doesn’t rule out that the
models may also have some normative value. But logicians needn’t take a stance
on whether that’s the case: they won’t wait for theorists engaged in the so-called
rationality debate (Stein, 1997) to reach an agreement on the Ultimate Nature of
Rationality, before they start building their models.

As Daniel Greco (2023) has convincingly argued, the opposition between de-
scriptive andnormative for idealizedmodels in formal epistemology is sometimes
a false dichotomy. It stems, for instance, from the idea that logic is normative for
reasoning whereas the psychology of reasoning is merely descriptive of thinking
processes. But on the one hand, it is highly controversial whether logic is nor-
mative (Steinberger, 2022; Russell, 2017); on the other hand, such processes may
sometimes be successfully represented by models that also have normative value,
under the not altogether implausible assumption that what we usually do is also
often what we ought to do, given our limited resources of time,memory, and pro-
cessing powers.

As Evans and Over have it:

In examining psychological evidence, our difficulty will not be lack
of evidence: indeed there is a wealth of studies. The problem is that
psychological experiments are a lot more complex to interpret than
might at first be thought and introducenumerous unexpected andof-
ten perplexing findings. (Evans and Over, 2004, p. 34)

What we sometimes need is explanations for the findings. Formal logical mod-
els, idealized in the relevant sense, are successful to the extent that they filter out
most real-world psychological complexities, and give us a simple representation
unifying a variety of observed phenomena: a core feature of a theory having ex-
planatory value, on one traditional way of understanding explanations (Kitcher,
1976).

So we have offered our two-level analysis of negation-processing as a way to
use simple tools from contemporary logic to understand different ways negative
information might be processed, and to see how this fits with the empirical data
available in the psychology of reasoning. This is something that the theoreticians
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canoffer to the experimental psychologists: we conjecture that someof thesemod-
eling toolsmay have explanatory power. We think the kind of explanationwe have
given here shows that logicians’ work (even work on seemingly exotic formal sys-
tems) can find application not just in the world of semantics, as an account of the
real-world truth conditions of logical concepts, but as a description of a process
that could be followed by a reasoning agent. You do not need to think that two-
valued truth tables are all there is to say about processing negations. We hope that
considerations of this kind may generate more traffic between the formal theo-
reticians and the cognitive psychologists.

Further, the structure of this analysis points to a number of related issues to
explore. On our view the System 2 process for evaluating negations involves a uni-
versal quantification. These are, themselves, notoriously subtle, with their own
scope/domain restriction phenomena. We expect to find some kind of connec-
tion between negation processing and contextually determined quantifier scope
restrictions, when agents attempt to consider different circumstances compati-
ble with their current evidence.

Another related issue is the cognitiveprocessingofothernotions that alsoplau-
sibly involve comparison of alternative scenarios, and how these notions are pro-
cessed in System 1 and System 2. The epistemic ‘might’ modality is a natural can-
didate for future work.

Finally, we think that there are also lessons here for logicians like us. We have
learned something when we took a step back and thought of negation on the Aus-
tralian Plan and of negation-as-failure, not just as accounts of when a negation is
true, but as ways of accounting for how agents assess negative claims relative to
their own information states. This shift of perspective is fruitful—as we hope to
have shown—but it is not one that comes easily. We are trained to read truth con-
ditions as real-world descriptions of what is true, and so, when confronted with
the difference between the Australian Plan and negation-as-failure, for example,
we are trained to think of one of them as correct and the other as incorrect. If they
are understood, instead, as representing different things we might do when rea-
soning with negations, we have the means to see how many different structures
find their place as representations of distinct kinds of cognitive processing. We
expect that if logicians learn to see their work in this way (in addition to all the
other ways logic has been applied, not necessarily as a replacement), then there
will be manymore insights ahead.
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