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Abstract 
While uncertainty is ubiquitous, not all uncertainty is the same. In this review, we dissociate 
between uncertainty in aspects of known problem spaces (e.g. how long are hospital waiting 
times; “parameter uncertainty”) and uncertainty arising from unknown structure or even the 
nature of a problem (e.g. how do I get medical help in a new country; “structural uncertainty”). 
We suggest that much everyday uncertainty is structural: uncertainty about which model of the 
world applies in the first place. We bring research on uncertainty and structure learning together 
through the concept of hypothesis spaces - sets of candidate generative structures that an 
individual considers plausible, together with distribution of beliefs over their likelihood. We 
propose that properties of these spaces, including their size, complexity and entropy, provide a 
systematic framework for understanding structural uncertainty and may help explain 
characteristic features of anxious thought such as worry, overthinking, catastrophizing and 
overgeneralization. This perspective also offers a way to refine broad constructs such as 
intolerance of uncertainty by linking them to specific representational and inferential processes 
and their properties. We suggest that revisiting the role of uncertainty in anxiety from the 
viewpoint of structural inference holds the key for mechanistic understanding of clinical 
observations and closer alignment with fundamental research in cognitive neuroscience. 
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Introduction 
Successful learning, decision making and planning require us to internally represent structures 
of the external world, such as sequences of actions that will lead us to a specific goal. For 
example, when needing to visit a doctor after moving to a new country, we first have to register 
with the insurance provider and receive an insurance card, before booking an appointment at the 
doctor’s office, and finally, attending the appointment. Building adequate internal 
representations which reliably predict and map onto external events is critical for abstract 
thought and flexible behaviour. 
However, we often do not know which internal representation best captures the true structure of 
the external world. Instead of a single option we must consider a number of hypothetical 
scenarios to make sense of limited knowledge. This generates structural uncertainty – 
uncertainty over structural rules (see Fig. 2 A-C for an example). This type of uncertainty differs 
from parameter uncertainty, which refers to an uncertain aspect of a known world model.  
 
Here we review the recent literature on uncertainty and structural inference and argue that a 
large proportion of  everyday uncertainty is structural rather than parametric: the challenge is 
often more about inferring which generative structure applies, than managing unpredictability 
within known structures (Fig. 1). Arguably, the first is also more anxiety-provoking. We bring 
uncertainty and structural inference together through the concept of hypothesis spaces - 
probabilistic beliefs over candidate structures, and consider how their properties may constitute 
a useful framework for conceptualizing structural inference, as well as its implications for 
anxiety. We suggest that viewing uncertainty from the perspective of probabilistic hypothesis 
spaces can provide a mechanistic account of distinctions already recognized 
phenomenologically in clinical settings, thereby bridging cognitive neuroscience research with 
anxious thought in clinical settings as well as  daily life.  

 
Figure 1 Schematic depiction of parameter and structural uncertainty. Blue points represent abstract events, black 
arrows depict directed causal relationships. Superimposed opaque blue points represent uncertainty about the value 
or outcome of that node, i.e. structural uncertainty (bottom row). Multiple chains in the same area represent the 
agent representing multiple causal explanations at once (structural uncertainty). Both types of uncertainty can be 
present (bottom-right) or absent (top left). 
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Not all uncertainty is the same  
Acting adaptively requires dissociating signals from noise(s). A surprising event, for example, 
may reflect a genuine change in the environment or merely stochastic variability in 
observations. While we should update our beliefs when an outcome arises due to a signal, we 
should disregard events due to chance. This problem maps onto two complementary sources of 
uncertainty: aleatoric uncertainty arising from stochastic variability in observations, and 
epistemic uncertainty arising from lack of information (not knowing). These dimensions are 
commonly operationalized by varying two properties of the process generating outcomes: its 
stochasticity, the spread of outcomes around a fixed contingency, and its volatility, the rate at 
which that contingency changes [1–4]. A related line of research has focused on analyzing 
behaviour in temporally structured environments [5–7]. In such switching environments, the 
learner must dissociate whether a surprising event occurred due to chance (oddball) or a 
context shift (increase in epistemic uncertainty). While this approach introduces hidden 
structure into the task, the main focus lies in estimating parameters of adaptation to a single 
hypothesized structure (e.g. the rate of state switch, known as a hazard rate). Together, these 
approaches are helpful in understanding how individuals infer hidden parameters of the 
environment where a generative structure is known. 
 
Beliefs about structure determine uncertainty estimates 
Critically, while signal and noise are given by the environment, the agent’s beliefs may not 
always map on the ground truth: a meaningful event can be dismissed as noise or, vice versa, 
noise can be treated as signal, both leading to miscalibrated beliefs. In many daily life and 
experimental contexts, evidence is compatible with multiple causal explanations (i.e. the 
data-generating process itself is uncertain). As illustrated in Fig 2C, each possible pathway 
embodies a different assumption about how the system operates. Whether observed variability 
is treated as noise (aleatoric) or signal (epistemic) depends on the model used to explain it [8]. 
The same surprising observation may signal stochastic noise under one model but a change in 
the underlying state under another. Parameter estimates are consequently conditional on 
structural assumptions. Whether an observation warrants inferring environmental change (and 
adapting action accordingly) is thus conditional on the generative model an agent considers 
plausible in the first place [9]. Because observations can only be interpreted relative to an 
inferred generative structure, structural beliefs sit at the core of most cognitive problems. Yet, 
while parameter uncertainty has received ample attention in the literature, investigations of 
uncertainty over possible structures are less common.  
 
Structural Inference 
Cumulative evidence suggests that categorization is ‘baked’ into the brain [10]: we infer task 
rules by sequentially testing hypotheses [11] to construct future behavior compositionally from 

3 

https://www.zotero.org/google-docs/?Jx9NFB
https://www.zotero.org/google-docs/?UeSCsb
https://www.zotero.org/google-docs/?5O5sTf
https://www.zotero.org/google-docs/?604hfw
https://www.zotero.org/google-docs/?KVQNK6
https://www.zotero.org/google-docs/?umSksA


Hypothesis spaces, uncertainty and anxiety ​ ​ ​ ​ ​ ​   Senfft & Zika 
 

existing building-blocks [12], implying that multiple candidate generative structures are 
maintained and evaluated over time.   

Critically, structure learning is fundamentally under-constrained by environmental evidence 
alone: indefinitely many structures remain compatible with any finite set of observations. Recent 
work thus reframes structure learning as a constraint-satisfaction problem: plausible structures 
emerge from the joint satisfaction of environmental and prior constraints [13]. Which structures 
are considered plausible at all is conditional on structural expectations driven by priors [14,15]. 
Demonstrably, people bring structured expectations even to simple learning tasks [16].  

Cognitive neuroscience has formalized a number of mechanisms to capture structure learning, 
including Bayesian latent cause models [17,18,14] or model-based learning within the 
reinforcement learning framework [19]. Recent accounts employed Bayesian models that 
capture how individuals learn temporal structures in terms of transition matrices over latent 
states, corresponding to inferring the hyperparameters of a generative process [20]. This 
statistical learning can be flexibly adjusted based on uncertainty [21], reflecting the active 
adaptation of learning strategies conditional to the degree and complexity of structural 
information available in uncertain sequences.      

Furthermore, neural studies provide converging evidence for the representational capacities 
required by structure learning. Research on cognitive maps, latent-state representations, and 
belief states suggests that the brain maintains representations of latent task structures 
extending beyond immediate observations [22–24]. The orbitofrontal cortex (OFC), ventromedial 
prefrontal cortex (vmPFC), and the hippocampal formation (HPC) encode latent task structure 
as abstract state spaces that support flexible behaviour [25–27]. Contextual information shapes 
task-specific representational geometry: frontoparietal cortex represents distinct contexts on 
orthogonal manifolds, while states linked by a shared structure become compressed along 
structure-relevant dimensions, keeping the operative structure separable from its alternatives 
[28,29]. Compositional representations of abstract task structures function as building blocks 
that can be constructed, recombined, and reused through compositional learning and generative 
replay, enabling flexible generalization [12,30–35].  

Reformulating structural uncertainty as inference over branching hypothesis spaces  
Having seen that humans represent and use structural knowledge in the form of cognitive maps 
or contextual beliefs, how do they manage competing or simultaneously plausible hypotheses? 
We outline the idea of hypothesis spaces: sets of candidate generative structures a learner 
currently considers plausible. Coming from the angle of psychopathology, we highlight the 
subjectivity of such spaces, as they do not constitute normative probabilistic beliefs (as belief 
states; [36,37]. Hypotheses may differ qualitatively in their internal organization, ranging from 
simple linear causal chains to hierarchically nested and branching causal processes (Fig. 2 A-C). 
Structure learning involves maintaining and updating beliefs over these competing generative 
structures. While established accounts of structure learning, such as cognitive map learning, 
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can update a representation of environmental structure [22], hypothesis-space inference can 
further represent uncertainty over alternative structural explanations, including alternative 
explanations for structural change. In particular, the learner maintains a probability distribution 
over possible structures [38], similarly to Markovian belief states [37,39] or probabilistic 
successor representations [18].   
 

 
Figure 2 Hypothesis spaces and their properties, Panels A-C depict a hypothetical scenario of taking a real-world 
action, planning a doctor visit. (A) lists the possible steps that might be taken; (B) presents three possible chains of 
actions, i.e. (hypotheses) varying in complexity (from top to bottom). (C) Then presents a hypothetical set of 
hypotheses one may hold. Panels D-F exemplify different properties of hypothesis spaces. (D) presents three 
scenarios, an individual hypothesis space with just one option under consideration (top/green), a hypothesis space 
with three scenarios under consideration (middle/blue), and a full hypothesis space of seven scenarios 
(purple/bottom). Structural uncertainty plot (vertical bars) symbolically highlight how the amount of structural 
uncertainty increases with the size of a hypothesis space. (E) highlights how the same-sized hypothesis spaces can 
differ in their weighing in terms of their complexity, top row depicting an individual assigning more probability to low 
complexity, and lower row showing someone assigning more probabilities to more complex hypotheses. (F) depicts 
different distributions of beliefs (i.e. probabilities) across hypotheses, so called entropy.  
 
Structural inference and anxiety 
Anxiety has been consistently linked to increased sensitivity and aversion to uncertainty 
[40–43]. Common cognitive symptoms and behaviours in anxiety such as excessive worry, 
overthinking, overgeneralization or catastrophizing have close links to uncertainty [44]. For 
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example, the object of pathological worry is often hypothetical rather than real. Similarly, 
catastrophizing is about overweighing the probability of unlikely scenarios. In experimental 
tasks involving learning under uncertainty, research has found that anxious individuals select 
uncertainty-reducing choices over reward maximization [45]. Trait anxiety has also been linked 
to misestimation of aleatoric and epistemic uncertainty, including altered adaptation to volatility 
and changepoints [46–49], a tendency to attribute stochasticity to volatility [50], and elevated 
volatility priors [51–53]. However, replication has proven inconsistent [4,6,54]. While these 
results broadly point to alternations in learning under uncertainty in anxiety, the evidence 
remains mixed and inconsistent. Interestingly, research has largely operationalized uncertainty 
as inference over parameters, assuming known generative structure of the task, or inducing 
structure without accounting for it in the analysis [55].  

Recent work has identified links between anxiety and aberrant inference of latent structures 
[7,56,57]. Anxiety in non-clinical populations has been linked to increased propensity to infer and 
switch between hidden states [7], altered model-based control [57], and rigid choice behavior 
[58]. Furthermore, anxiety has been linked to differences in acquired higher-order 
representations determining which behavioural strategies are considered [56]. Collectively, 
these empirical results hint that anxiety impacts structural inference (or vice versa). This has led 
to a number of theoretical proposals reformulating anxiety in terms of altered internal 
representation of structures [59,60]. These accounts closely align with clinical accounts of 
anxiety. Psychological treatments such as Acceptance and Commitment Therapy (ACT) or 
Cognitive & Behavioural Therapy (CBT) emphasize understanding of structural beliefs and (in 
some cases) their modification [61–63].  

We suggest that revisiting the role of uncertainty in anxiety from the viewpoint of structure 
learning holds the key for a closer alignment of clinical observations with fundamental research 
in cognitive neuroscience. In the following section, we suggest how specific biases at the level 
of structural inference readily account for common cognitive symptoms of anxiety including 
worry, overthinking or overgeneralization. Furthermore, we suggest that umbrella terms such as 
“intolerance of uncertainty” can be reformulated using concepts from structure learning such as 
hypothesis spaces.  

Hypothesis spaces in anxiety  
Anxious thought manifests as worry, rumination, overthinking or catastrophizing. These 
symptoms may all reflect distortions in structure and weighing of an individual's hypothesis 
space. For example, worry and overthinking likely relate to persistent generation and retention of 
alternative explanations for what might happen and why. In catastrophizing, even low-probability 
possibilities may remain under consideration rather than being discarded. Paradoxically, 
attempts to anticipate every possible contingency may expand rather than resolve uncertainty: 
as the number of candidate explanations increases, belief becomes distributed across 
competing models of the world instead of concentrating on a small set of plausible structures.  
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Anxious thought may thus become self-reinforcing, with structural uncertainty promoting further 
hypothesis generation, which in turn maintains structural uncertainty. This perspective suggests 
that anxious cognition might relate to properties of the underlying subjective hypothesis space: 
namely its size, complexity and entropy.  

Because indefinitely many structures are compatible with finite observations, structural 
inference is governed by a trade-off between explanatory flexibility and computational 
tractability. Maintaining more candidate hypotheses (i.e. greater size of a hypothesis space) 
increases explanatory flexibility by allowing unexpected observations to be accommodated by 
at least one hypothesis, thereby reducing expected surprise. Yet, considering too many 
hypotheses simultaneously is cognitively demanding and it can lead to rumination and worry, 
factors linked to elevated stress levels [64]. While no study has explicitly looked at the size of 
hypothesis spaces and anxious symptoms, trait anxiety has been linked to increased propensity 
to represent multiple hidden states as potential causes of threat, producing steeper expectation 
switches following reversals while discounting isolated oddballs [7]. This is further supported by 
evidence of choice overload and indecisiveness in anxiety [65]. In Fig 2D we abstract the 
doctor-visit example to illustrate how the size of hypothesis space can lead to different levels of 
structural uncertainty.  

Second, hypotheses differ in their internal causal organization and its complexity (Fig 2E). 
Accessing care might be represented as a simple chain of action-outcomes, or as a branching 
structure in which referral depends on insurance status, insurance status on residency, and each 
step opens further contingencies. Inference ordinarily favours parsimonious models, penalizing 
the excess flexibility of richer models [66]. However, individuals may vary in their tendency to 
infer and weigh simpler versus more complex models, even if this is maladaptive. Shifting this 
prior towards richer models introduces additional latent causes and branching contingencies. 

More complex as well as larger hypothesis spaces both naturally lead to increased probability of 
occurrence of a specific event. More complex candidate hypotheses contain more nodes at 
which a given feature can occur, so a larger proportion of the maintained space contains any 
particular feature somewhere in its causal sequence. Thus, a single aversive event is objectively 
more likely. This has direct consequences for aspects of anxious thought such as 
overestimation of aversive probabilities or catastrophizing. Exaggerated beliefs about aversive 
likelihoods may arise from different size or complexity of hypothesis spaces in anxiety. An 
alternative possibility is that anxious individuals may also specifically construct hypothesis 
spaces that are more likely to contain an aversive event (Fig 3).    
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Figure 3 Likelihood of aversive events in differently sized and complex hypothesis spaces. Each panel shows a 
hypothesis space over the same domain. Each hypothesis (H1 … Hn) is a directed path through events or actions 
(circles); magenta nodes are aversive. The left panel holds four simple, i.e. largely linear hypotheses (14 nodes, mean 
3.5 per hypothesis); the right panel holds seven hypotheses, three of them longer and more branched (35 nodes, 
mean 5.0). The upper summary row in each panel gives the proportion of nodes that are aversive: two of fourteen on 
the left, five of thirty-five in the right, i.e. one in seven in both hypothesis spaces. The lower row shows the proportion 
of hypotheses containing the aversive event, and this is not identical: it rises from two of four to five of seven. In a 
richer hypothesis space (right), a fixed aversive rate is distributed across a larger fraction of the entertained 
possibilities, so aversive events become reachable along more of the paths the agent is holding open. Two 
consequences follow. Elevated threat expectations require no bias in event probabilities: an agent with perfectly 
calibrated parameter estimates can arrive here purely through the shape of its hypothesis space. Second, since 
widening and elaborating the space is the ordinary response to unresolved uncertainty, the increase is self-generated 
by the very inference intended to resolve it.  

A third property of hypothesis spaces is how belief likelihoods are concentrated across 
hypotheses, i.e. belief entropy (Fig 2F). High entropy spaces are characterized by more 
distributed beliefs and higher overall uncertainty, while low entropy of beliefs exemplifies 
commitment to a specific hypothesis. Entropy over hypotheses is directly linked to structural 
uncertainty, which increases entropy leading to more uncertainty. In turn, entropy acts as a prior, 
and, as such, it shapes how much evidence is required before beliefs are revised. Retaining 
several threat structures with belief concentrated on one supports rapid, confident revision 
when that hypothesis is disconfirmed; the same hypotheses with belief distributed across them 
support none strongly and sustain parallel evaluation. In contrast to generally smaller 
hypothesis spaces where some options simply do not exist, entropy accounts for cases where, 
hypotheses retained at low probability remain recoverable, leaving extinguished threat models 
available for reinstatement [7,67], whereas probability sustained across many candidates 
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simultaneously corresponds, phenomenologically, to the proliferation of possibilities 
characteristic of worry.  

Across the three properties, flexibility is purchased at inferential cost. Which candidates are 
sampled is itself determined by prior evidence, so structural inference requires assessing 
evidence across the maintained space, and this assessment scales with how many candidates 
are held, how evenly belief is distributed over them, and how richly each is structured. Under 
such costs people restrict what they evaluate, sampling a limited consideration set rather than 
assessing every option [68]. Information therefore acquires value beyond its immediate 
instrumental utility even where outcomes can no longer be influenced, because it constrains 
what has to be assessed in the first place. Consistently, trait somatic anxiety is associated with 
greater information seeking that reveals whether an event will occur despite being unable to 
influence the outcome [69,70]. Where such information is unavailable, candidate structures 
must be evaluated internally, as in uncertainty-driven exploration during planning [71], offering a 
computational description of overthinking.  

In summary, we suggest that much of the uncertainty encountered in everyday life is structural: 
uncertainty about which model of the world applies, rather than only about unknown parameters 
within a known model. We propose hypothesis spaces as a systematic framework for studying 
this problem by formalizing the candidate structures an individual considers plausible and the 
distribution of belief across them. This perspective may help unpack the broad notion of 
“uncertainty” traditionally captured by intolerance of uncertainty, while providing a closer 
mapping between experimental findings and everyday anxious thought. In particular, properties 
such as the size, complexity and entropy of hypothesis spaces offer testable dimensions 
through which worry, overthinking, catastrophizing and generalization may be examined. Future 
work should therefore manipulate these properties systematically while independently varying 
structural and parametric uncertainty. At present, however, the mapping between specific 
computational mechanisms and particular symptoms remains largely unknown.  

Moreover, hypothesis-space inference is unlikely to provide a complete account of anxious 
cognition: processes such as attention and memory likely influence which hypotheses are 
generated, maintained or retrieved. We have also largely set valence aside, although our 
generalization example makes clear that whether represented outcomes are neutral, rewarding 
or aversive is likely to be critical. A fuller account of anxious thought will therefore require 
understanding how structural beliefs interact with valence and other cognitive mechanisms. 
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