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1. Literature review 
 

1.1 Temporal estimations: properties  
 

Time perception provides humans the ability to sense the initiation, duration and 

termination of sensory signals. This means that estimates can be made according to 

when an event or time interval might occur or how long it may last. As a result, humans 

have the ability to navigate through the world and participate in activities such as 

sports, music, dance. Time perception also has a specific role in processing and 

integrating signals from multiple sensory modalities (Vroomen & Keetels, 2010). 
Humans rely on multi-sensory integration for interacting with objects in space and 

judging the movement of these objects in relation to themselves (Matthews & Meck, 

2016). The perception of time intervals is therefore crucial for many daily activities 

where multiple sources of sensory information must be integrated, for example when 

crossing the road or comprehending speech (Burr & Morrone, 2006). 

 
Overall, implying that timing is crucial for perceiving and moving through a coherent 

world. Due to its importance, researchers have used psychophysical methods to 

understand the way in which the brain represents time.  

 

 

Scalar property  
The relationship between the physical magnitude of a time interval and the perceived 

quality of that temporal stimulus has been described as scalar (Allman, Teki, Griffiths, 

& Meck, 2014; Church, 1984; Gibbon, Church, 1984). There are two key properties of 

scalar timing as defined by Wearden and Lejune (2008) and Wearden (2003). The first 

property of mean accuracy refers to the first feature of estimates that conform to scalar 

timing that is, estimates are correct on average. This is shown in a temporal 

generalisation task where participants are more likely to be correct in estimates of 

equality when the standard and the comparison become increasingly similar in value 
(see Figure 1a). The second property of duration estimates that conform to scalar 

timing is referred to as the scalar property of variance. This is produced from Weber’s 

law because this property requires that as the physical stimulus increases, there is a 

proportional increase in the standard deviation of the estimate (Wearden, 2003). As a 
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result, the coefficient of variation (SD/M) can be plotted as linear to demonstrate this 

property (Wearden & Lejeune, 2008). 

 

The presence of the scalar property is exemplified by the process of the superposition 

(Wearden & Lejeune, 2008). The superposition of temporal data can be seen once 

two different data sets are collected and plotted against relative time. Participants 

experienced a temporal generalisation, a task where a standard value is presented 

before a comparison value, and they were asked to judge whether it was the same 

value as the standard. This allowed for a temporal generalisation curve to be plotted 

that is, the stimulus duration of the comparison plotted as a function of the proportion 

of ‘yes’ responses. The property of scalar timing predicts that the proportion of ‘yes’ 

responses will increase until the comparison duration is equal to the standard and then 

decrease again at longer durations. The result is a peak in this curve at the standard 

duration (See Figure 1a). The process of superposition is revealed when sets of 

durations with different standards are plotted together on a figure where the x axis is 

relative time (comparison divided by the standard), but the y axis remains as the 

proportion of ‘yes’ responses. In the example shown here (see Figure 1b) they used 

one set of durations with a standard of 400 and steps of 100, another set of durations 

with a standard of 400 and steps of 50 and a third set of durations with a standard of 

800 and steps of 200.The scalar properties of timing are demonstrated by 

superposition in this figure because the peaks align when plotted against relative time, 

despite different sets of physical durations being used. Although the research 

described here pertains to animal studies, there are some studies evidencing the 

scalar properties of timing in research with children (Droit-Volet, Clément, & Wearden, 

2001) and with adults (Wearden, 1991; Wearden & Lejeune, 2008). 
 
Violations of the scalar property of timing have been demonstrated when 

pharmacological dopaminergic interventions led to altered timing (Buhusi & Meck, 

2002; Meck, 1996). Other potential extraneous sources of non-scalar noise arise from 

the motor noise present in responses (Fulcher, 2017). This type of noise has a larger 

influence at short durations but it is negligible compared to other sources of variability 

at longer durations, therefore it may interfere with the scalar property (See 

supplementary information in Roach, McGraw, Whitaker, & Heron, 2017).  

 



 13 

Some violations are interesting in themselves because they signal stable individual 

differences in time perception. Individuals with Parkinson’s disease, show systematic 

overestimation of short durations and underestimation of long durations (Malapani et 

al., 1998). Furthermore, developmental disorders such as autism, have been 

associated with differences in weber ratio and quality of superimposition in bisection 

performance (Allman, 2011). Additionally, differences in this property have been 

demonstrated in major affective disorder and schizophrenia (Penney, Meck, Roberts, 

Gibbon, & Erlenmeyer-Kimling, 2005).  
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Modality effects 
Psychophysical methods have been used to understand explanations as to why 

human perceptions of time are not identical to their physical magnitude. For example, 

the ventriloquist effect occurs when sounds appear closer in space to the visual 

stimulus than they are in actuality because the locations of the auditory stimuli become 

biased towards the location of the visual stimuli (Alais & Burr, 2004; Chen & Vroomen, 

2013; Warren, Welch, & Mccarthy, 1981). This is thought to occur because spatial 

resolution is higher for visual stimuli.  
 
In contrast, in the temporal domain, auditory signals were judged as longer than visual 

signals of the same physical durations (Burr, Banks, & Morrone, 2009). In contrast to 

the spatial domain, the temporal resolution is greater for audition than it is for vision. 
As a result, locating the start and end of the auditory signal in time would be easier 

than locating the start and end of the visual signal. Penney and colleagues (2000) 

raised the issue that several between-subjects studies failed to show larger estimates 

for visual temporal stimuli compared to auditory temporal stimuli. They claimed this 

may occur due to within-subjects designs allowing participants to form a composite 

memory representation, which included both modalities for reference. Whereas 

between-subject’s participants only have one modality stored in reference memory, 

depending on which condition they were in (Penney, Gibbon, & Meck, 2000).  

 

To explain this effect the memory mixing model was proposed by Penney and 

colleagues (2000) and it uses the components of the pace-maker accumulator clock 

models found in the scalar theory of timing as a basis. These internal clock models 

will be explored in more detail in section 1.2. The internal clock is able to count more 

auditory tones than it is visual flickers due to the higher temporal acuity of the auditory 

system relative to vision (Burr, Banks, & Morrone, 2009; Welch, DutionHurt, & Warren, 

1986). This means that auditory tones appear longer than they truly are. Memory 

mixing is given its name due its claim that reference memory within the pace-maker 

accumulator models, does not distinguish between modalities. Instead, it states that 

the memory representations, coming from short term memory and being compared to 

reference memory, are only defined as being short or long term memory distributions 

(Gu & Meck, 2011). Auditory tones are more likely to be learned as long durations 

relative to the standard duration because the number of ticks will be most similar to 



 15 

the ‘long’ reference memory distributions. Likewise, that visual flickers are more likely 

to be learned as short durations because they share a more similar number of ticks to 

the durations found in the ‘short’ reference memory distributions (Penney et al., 2000) 

 

 

Magnitude effects  
One of the earliest demonstrations of non-temporal magnitude influencing perceived 

duration was demonstrated by Goldstone and colleagues (1978). When brightness of 

an LED and loudness of a tone increased, so did the length of the duration estimates 

(Goldstone et al., 1978). The magnitude of the pitch of the audio stimulus has also 

been shown to influence the size of participant responses, such that higher pitched 

auditory stimuli were judged as longer than lower pitched stimuli (Yu, 2010). 

 

Investigations beyond manipulating the audio and visual modalities include the use of 

vibrotactile stimulation, which led to duration estimates increasing logarithmically with 

the amplitude of the vibrotactile stimulus (Ekman, Frankenhaeuser, Berglund, & 

Waszak, 1969). Similarly, when presented with heavier weights, this led to increased 

estimates of how long the weight was in their hand for (Lu, Hodges, Zhang, & Zhang, 

2009). 

 
The impact of magnitude effects could also spread beyond the sensory modalities and 

act via a general scale of magnitude. The theory positing this scale has been called A 

Theory of Magnitude (ATOM; Fabbri, Cancellieri, & Natale, 2012) and it incorporates 

the relationship between number, space and time. It has been argued to account for 

increases in size (Xuan, Zhang, He, & Chen, 2007) such that larger squares appeared 

to last longer than smaller ones. Numerosity had a similar effect, whereby arrays of 8 

or 9 dots lasted longer than one or two dots (Xuan et al., 2007). It also has the potential 

to explain the difference in judgements for filled and empty durations. Filled durations 

are produced using one continuous stimulus whereas empty durations use two clicks 

or flashes of light to mark out the start and the end of the stimulus (Matthews & Meck, 

2016). Filled durations were perceived as longer than empty ones (Plourde, Gamache, 

& Grondin, 2008). According to the predictions of ATOM, this could occur because we 

perceive magnitudes as related across time and space. Therefore, if it appears to take 

up a large space, it will seem to last longer temporally. 
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Other biases of temporal magnitude estimation  
Taken together, the research presented in the ‘Modality effects’ and ‘Magnitude effects’ 

sections suggests that psychophysical measurement lends itself to understanding the 

relationship between the physical properties of the stimulus and its perceived temporal 

extent. More specifically, the research in sections described up until this point has 

demonstrated how temporal perception may be influenced by the scalar property, the 

modality of the stimulus and the size of surrounding non-temporal magnitudes. It could 

be the case that durations were perceived relative to the context in which they were 

learned, due to the influence of modality and non-temporal magnitude upon the size 

of estimates. These contextual effects upon duration estimates, imply that our 

perception of time is not absolute but, varies according to the context in which the time 

interval was perceived. Historically, magnitude estimation was considered to be 

influenced by context, for example in the form of regression effects where responses 

were towards the mean of previously presented stimuli (Cross, 1973; Holland, & 

Lockhead, 1977; Hollingworth, 1910). 

 

More recently, magnitude estimation processes have shown regression effects and 

other related contextual effects. For example, during path integration, regression of 

responses to the mean was shown and the magnitude of the group of stimuli (short, 

medium or long) influenced the amount of this drift towards the mean (range effect). 

This was such that larger stimulus magnitudes produced stronger regression 

(Petzschner, Glasauer, & Stephan, 2015).The final type of systematic biases were 

found in relation to the sequence of the stimuli. These sequential effects showed the 

importance of relative stimulus history upon estimates, because estimate sizes 

increased when the stimuli shown previously were larger relative to when they were 

smaller (Petzschner et al., 2015).  

 

 In the area of timing specifically, Vierordt’s law states that when presented with a set 

of durations, longer durations will be underestimated and shorter durations will be 

over-estimated, which was the first suggestion of these regression effects within time 

perception (Lejeune & Wearden, 2009). Regression and other related effects have 

been studied in relation to timing for example; regression effects (Jazayeri & Shadlen, 

2010; Glasauer & Shi 2019), range effects (Hollingworth, 1910) and sequential effects 
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(Narain, Mamassian, van Beers, Smeets, & Brenner, 2013; Fischer & Whitney, 2014). 

A distinction that has been made within sequential effects is the influence of the local 

and the global context upon the estimates, such that the local context incorporated the 

effect of the most recent trials (where N=1 is one trial previous to the current trial) 

whilst the global context referred to the range of the stimuli magnitudes used (Hallez, 

Damsma, Rhodes, van Rijn, & Droit-Volet, 2019). However, it is challenging to study 

these influences in isolation. For example, in the case of central tendency effects, 

properties of these effects may be influenced by the global impact of the range of trials 

used, whereas the formation of these effects may also be related to the local 

mechanics of trial by trial updating (Glasauer & Shi, 2019). 
 
Biases of magnitude can also be produced when a pair of successive stimuli are 

presented and compared according to size. One such bias is the time order error 

(TOE) effect which predicts the over or under estimation of the first duration. Negative 

TOEs occur when the first stimulus is underestimated relative to the second stimulus 

and positive TOEs occur when the first stimulus is overestimated relative to the second 

(Fechner 1860, as cited in Hellström, 1985).  
 
The bias involved in the time order error is often described as a bias towards the centre 

of the distribution such that the first duration is often overestimated at small values of 

D1 and underestimated at larger values of D1 leading to worse discrimination for 

D1<D2 in the former case and improved discrimination for D1<D2 in the latter (see 

Figure 2). This is because If the bias towards the mean is in a direction that makes the 

difference between the two stimuli larger, then discrimination performance will be 

improved. Conversely, if the bias towards the mean is in a direction that reduces the 

difference between the two stimuli, then discrimination performance will decrease 

(Jaffe-Dax, Raviv, Jacoby, Loewenstein, & Ahissar, 2015; see Figure 3). The sensation 

weighting (SW) model is the most commonly used to interpret time order errors and 

does so by assuming that it is not objective stimulus durations that are compared. It is 

the comparison of 2 weighted compounds. These weighted compounds incorporate 

the subjective magnitude of each stimulus and some associated reference level.  
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1.2 Temporal estimation: theoretical framework and models 
 

The most well-established model of time perception is the scalar expectancy theory, 

which proposes that an internal clock mechanism is used to measure elapsed time 

(Gibbon, Church & Meck1984;  Kononowicz, Van Rijn, & Meck, 2016, see Figure 4). 

The first component of the model is the pacemaker. It produces regular ticks, allowing 

for a linear measure of time passing because it acts like a metronome (Church, 1984). 

A switch, or a switch and gate mechanism as suggested by Block and Zakay in 1995, 

controls when the tics pass through to the accumulator in order to be counted (Zakay 

& Block, 1995). The accumulator then holds the total pulse count. Finally, when the 

current interval length is passed through to the comparator it is compared to reference 

memory (a long-term memory store of all of the previous trial durations). As a result, 

the model can be broken down into three stages: clock, memory and decision (see 

Figure 4; Allman, Penney, & Meck, 2016).  

 

Block and Zakay’s (1995) model provided additions to the scalar expectancy theory 

(SET) model and other models, making it the most recent version of the internal clock 

model available. The other models which were consulted in the production of Block 

and Zakay’s (1995) model were Treisman’s (1963) clock model and Thomas’s and 

Weaver’s (1975) attentional model. Whilst Treisman’s model was an early 

predecessor of SET, sharing many of the same functional components (Treisman, 

1963), Thomas’s model was centred around the role of attention (Thomas & Weaver, 

1975).  
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Other models of time perception have included the striatal beat frequency model, 

which intended to show how neural mechanisms could account for a timing 

mechanism in the brain but this representation was not necessarily linear, as it was in 

the clock models (Grondin, 2010). Striatal spiny neurons are thought to integrate 

activity from cortical oscillators to produce beats. The beats have periods which span 

a wider range of durations compared to the original cortical oscillators (Oprisan & 

Buhusi, 2011). A handful of other models refute the idea of an internal clock or 

oscillator mechanism entirely and suggested that time is an inherent part of neural 

firing. Stating that there would be no need to refer to an internal clock because timing 

is a pre-existing property of the neuro-cognitive processes (Grondin, 2010). One such 

group of theories includes state dependent networks (SDN’s). These theories suggest 

that all active regions of the brain are able to encode time in the form of the difference 

in time between their resting state (t = 0) up until their finishing state of the firing. This 

difference in time between the two states corresponds to the length of the interval, 

thus creating a spatial to temporal transformation of the neural firing (Karmarkar & 

Buonomano, 2007).  

 

Despite the existence of a large number of models, and their varying success, there 

is no unified model of time that explains the wide range of findings. The large 

complexity in the environment means that the brains measurement of time and any 

limitations accompanying this, will likely take place in multiple brain areas, given the 

range of potential perceptual and cognitive operations involved in time perception. As 

described in this section, the internal clock models have provided some theoretical 

explanations for systematic biases such as changes in clock speed and memory 

mixing. However, one of the contextual effects mentioned in this section could 

potentially be explained by the increased weight placed upon prior knowledge within 

the Bayesian framework of perception. For example, central tendency biases could 

occur due to the inherent uncertainty contained within sensory receptors and 

processing when estimating time. As a result, more weight is placed on a Bayesian 

prior, which in this case, is the mean of the stimulus distribution. The following section 

will explain how Bayesian inferences can increase reliability of estimates by weighting 

the relative uncertainty of prior and current sensory inputs. This will lead into how 
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central tendency biases specifically have been explained in terms of a Bayesian 

framework. 
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1.3 Bayesian inference as a theoretical framework for magnitude 
estimation 
 
The history of the Bayesian observer model  
The Bayesian observer model is rooted in Helmholtz’s (1876) suggestion of 

unconscious inference. This unconscious inference as he described, involved 

automatically perceiving the most likely state of the object of perception, on the basis 

of experience and images upon the retina (Pellicano & Burr, 2012). Bayesian models 

build upon this by suggesting that these inferences provide perceptual estimates that 

reflect the most probable interpretation of the world. The Bayesian observer model 

has since successfully explained a range of human behaviour, including the previously 

described contextual effects found in magnitude estimation (Petzschner et al., 2015). 

It has achieved this by explaining that weights are given to both prior knowledge and 

sensory input signals when making perceptual judgements. Therefore, it is able to 

account for experimental findings such as the influence of previously presented 

information upon current sensory estimates (Glasauer & Shi, 2019).  

 

 

The need for a mathematical framework 

The advantage of this model is that it provides a quantitative explanation of the 

contribution of prior and current perceptual information. This mathematical framework 

is necessary in order to quantify and understand how the combination of current 

sensory signals, and perceptual a priori knowledge was possible mechanistically (Rao, 

Olshausen, & Lewicki, 2002). This also meant that the process of weighting these 

sensory signals and prior knowledge was now able to be studied, with specific 

predictions being made about the size of the weights under different conditions 

(Palmer, Lawson, & Hohwy, 2017). This process provides the value with the smallest 

uncertainty with the largest weight (Kersten, Mamassian, & Yuille, 2004). Moreover, 

the quantitative nature of this theory allows for numerical predictions to be simulated. 

This means that the model has not only explained that these biases exist, but also 
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expanded on this by measuring the extent to which they occur under different 

conditions of uncertainty. 

 

  

Where do priors and likelihoods in the model come from?  
Consider that you must make an inference about X (the current state of the external 

world) based on a given sensory input Y. However, it is not the case in human 

perception that any single input Y maps onto any one specific inference (X) to be 

detected. Many states of the world could be inferred from the same input. This is due 

to the level of inherent noise within neurons, and so they may respond differently to 

the same stimulus. Therefore, all of the different outcomes and their relative 

probabilities must be considered if an optimal estimate is to be made.  

 

The resulting conditional probability of observing sensory estimate Y given state X of 

the world P(Y|X) is called the likelihood. When only this probability is used to make 

predictions, this is the action of the maximum likelihood estimation model. However, 

there are situations where only taking into account likelihoods, inferred purely on the 

basis of sensory information, may not produce the most reliable estimate. For 

example, in environments where sensory inputs are ambiguous, it can be 

advantageous to also rely on our prior sensory experience. For example, this may 

involve referring to a priori perceptual knowledge such as: I have seen this chair many 

times, and I know that it was 3-dimensional from the action of sitting. This is where the 

formation of the prior, or P(X) occurs. 

 

Analysing observer behaviour with Bayesian statistical theory is made possible 

because Bayes theorem provides a principled way to combine multiple sources of 

information. According to Bayes theorem, the posterior probability of X given Y is 

proportional to the product of the likelihood and the prior: 

 

 

 P(X|Y) = !(#|%).!(%)
(())
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Bayesian inference strategies 
As mentioned above the primary goal of the maximum likelihood (MLE) strategy is to 

maximise the likelihood function that is, the probability of these estimates being 

produced given the state of the world. It does not incorporate the prior distribution.  

 

The maximum a posteriori (MAP) strategy builds upon the MLE by still acting to 

maximise the likelihood, but whilst doing so, takes into account the prior. This means 

that it is able to balance maximising the likelihood function with minimising the cost 

function, when it is mapping posterior distribution onto estimates. The mapping rule to 

do this involves using the mode of the posterior and the likelihood. Although, it is only 

able to penalise all erroneous estimates in terms of how they differ from the most 

common value and not the average value (Jazayeri & Shadlen, 2010).  

 

A Bayesian inference strategy known as the Bayes Least Squares (BLS) uses a prior 

and maps the posterior to the estimate using the mean of the posterior distribution. It 

then specifies a cost function that penalises errors (deviations from the true value) by 

the square of their magnitude (Jazayeri & Shadlen, 2010).  

 
 

1.4 Evidence for Bayesian integration in the temporal domain  
 

The following sections will cover the evidence for Bayesian integration in temporal and 

spatial domains, focusing predominantly on the central tendency effects produced by 

weighting of the prior. Central tendency effects may be produced where a series of 

magnitudes estimations become biased towards the mean of the stimulus distribution 

and therefore displaying the influence of prior knowledge of the stimulus (Jazayeri & 

Shadlen, 2010; Sapey-Triomphe, 2017). This provided a reason to believe that the 

Bayesian framework applies here because the current sensory information (likelihood) 

is influenced by previous statistical regularities in the sensory environment (priors; see 

Figure 6). 
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Jazayeri & Shadlen (2010) were the first authors to use Bayesian models to examine 

time perception mechanisms. They investigated how several different Bayesian 

estimators may reflect participants method of reproducing time intervals. This included 

the maximum likelihood estimation (where a uniform prior was assumed) and two 

Bayesian models where the Bayes least squares model and maximum a posteriori 

model used the mean and the mode of the posterior respectively. Firstly, this research 

supported the existence of central tendency effects when reproducing time intervals. 
Then by fitting these models to participants responses, it was found that the Bayes 

least square model best accounted for the bias towards the mean (Jazayeri & Shadlen, 

2010). This meant that using the mean as the prior and the scalar variability to model 

noise, best explained how participants were making these judgements. Therefore, 

they not only demonstrated the presence of these central tendency effects, but they 

also modelled priors and noise in order to understand how these effects occurred (see 

Figure 7).  
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All the Bayesian models tested by Jazayeri and Shadlen (2010) incorporated a static 

prior, which involved setting the prior to be an unchanging value throughout all trials. 

As a result, the extent to which the prior developed over time was not considered. 

Therefore, this research allowed for understanding why these central tendency effects 

occurred that is, to account for uncertainty in sensory estimates, but it was not able to 

acknowledge how these priors were learned over the course of the experiment. To 

assess this process of prior updating, an iterative model may be needed because it is 

designed to understand the influence of trial history on a Bayesian prior. Petzschner 

(2012) compared static and iterative prior models and found support for an iterative 

model of distance estimation. It was shown that when compared to a model that used 

the same prior throughout the trials (the one-stage model as used by Jazayeri & 

Shadlen 2010), an iterative model (a two-stage model) was better able to explain the 

data.  

 

 The two-stage model was composed of a first stage that was equivalent to the one 

stage model. Subsequently, the second stage was able to update the prior continually, 

and therefore considered how the prior changed  in order to support the next estimate 

(Petzschner, 2012). This demonstrated that the iterative quality of the model showed 

strength in explaining the mechanisms involved in path integration. To gain insight into 

the influence of the previous trial, the two stage model from Petzschner (2012) uses a 

Kalman filter. Kalman filters have been used to understand a wide range of estimation 

behaviour such as, human distance and angle estimation (Petzschner & Glasauer, 

2011), reaching behaviour (Verstynen & Sabes, 2011) and numerical estimation 

(Cicchini, Anobile, & Burr, 2014). 

 

This led authors from the same research group to explore the merits of an iterative 

Bayesian model in explaining the mechanisms of time perception. Glasauer & Shi 

(2019) suggested that human perceptual strategies were driven by statistical learning 

that occurred throughout the duration of the experiment. They used a random walk 

stimulus sequence (a variation on fully random presentation) to produce small and 

gradual (one step randomly in the positive or negative direction) magnitude changes 

in duration. Therefore, the current duration magnitude could be predicted by the 
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previous trial more easily. Random presentation led to large central tendency effects, 

due to the large amount of uncertainty in the size of the duration that follows the current 

duration (Glasauer & Shi, 2019). In contrast, for stimuli containing reduced 

randomness (random walk sequences), a Bayesian Kalman filter model would predict 

smaller central tendency effects because magnitude changes between each 

successive trial were more gradual. Their findings supported the idea that ordering 

stimuli according to a ‘random walk’ reduced the size of central tendency effects, 

meaning that priors may be updated via a Kalman filter model (see Figure 8; Glasauer 

& Shi, 2019).  

 

 

 

 
 

 
 
 
 
1.5 Evidence for Bayesian integration in the spatial domain 
 

1.5.1 Visual perception of spatial stimuli 
 
Light from above 
It has been suggested that a Bayesian prior may be formed  in response to how visible 

light illuminated different surfaces (Adams, Graf, & Ernst, 2004). The process of ‘shape 
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from shading’ involves inferring the concave or convex appearance (three-dimensional 

shape) according to how light illuminates the two-dimensional object on the screen 

(Symons, Cuddy, & Humphrey, 2000).This inference, due to the ambiguous 

information provided by the incident light direction, is influenced by the light from above 

prior. The stimuli used in Adams and colleagues (2004) may appear as either convex 

if the assumed direction of incident light is from above and concave if the incident light 

is assumed to be illuminating the stimulus from below. The light from above prior is 

produced as a result of the sensory knowledge that light sources usually appear above 

objects. This is often (but not always) the case for natural and artificial light (Adams et 

al., 2004). Although it is worth noting that natural light from the sun will vary in position 

according to the time of day. 

 

A Bayesian account would explain that when the sensory likelihood is more uncertain, 

prior knowledge is used to disambiguate the signals. Prior knowledge would indicate 

that light sources usually come from above and so this is what is used to form a ‘light 

from above’ prior. Although this prior has been sensitive to short term malleability such 

that haptic feedback allowed for a change in reported direction under ambiguous 

lighting conditions (Adams 2004). A more recent paper explored how a change in the 

direction of the incident light and the resulting texture percept (convex versus 

concave), could be learned according to context (Kerrigan & Adams, 2013). This was 

such that during test trials red and green spheres were used to indicate a different 

prior distribution. Participants learned this contingency successfully (red indicated one 

distribution and green signalled the other distribution) after not having any prior 

association according to colour during the training trials. Bayesian modelling was able 

to reveal how learned prior distributions may have a role in responses to different 

contextual stimulus cues. 

 
Visual orientation. 
The oblique effect, present in estimates of visual orientation, is the finding that cardinal 

directions show more accurate discrimination than oblique directions (Appelle, 

1972).This effect is thought to occur because cardinal lines present themselves more 

commonly in nature (Coppola, Purves, McCoy, & Purves, 1998). Bayesian inference 

could be a potential mechanism for this because cardinal orientated lines are more 

frequently perceived than oblique directions in natural environmental statistics. The 
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Bayesian observer model would explain that a stronger prior  would be associated with 

sensory aspects that occur more frequently in the learning environment (Adams et al., 

2004). Research examining this possibility showed that participants displayed biases 

towards the cardinal directions and, this was evident in their prior distributions 

(Girshick, Landy, & Simoncelli, 2011). Overall, their research implied that a Bayesian 

model was able to account for a bias towards the statistics of natural environments. 

Although the necessity of priors in explaining this difference can be debated due to 

the selectivity of V1 orientation neurons for cardinal directions (Furmanski & Engel, 

2000). 

 

 
Visual motion 
Biases in other fundamental aspects of spatial perception, such as visual motion 

perception, have also been explained by the process of Bayesian integration.  For 

example, Weiss, Simoncelli and Adelson (2002) concluded that biases in speed 

perception occur as result of optimal Bayesian perception. This likely occurred 

because human measurement of motion is noisy (due to inherent sensory noise), so 

prior knowledge was weighted more heavily. This prior reflects the statistics of the 

natural environment where slow speeds are more frequent that high speeds, therefore 

biases towards slower speeds occur as a result of a Bayes-optimal judgement (Weiss, 

Simoncelli, & Adelson, 2002). In another experiment, Stocker and Simoncelli (2006) 
presented moving gratings to participants, and they had to respond according to which 

of the 2 gratings was faster. Whilst other Bayesian models existed at this time, their 

model was unique in that it accounted for the internal noise of measurements. This 

meant that it accounted for trial-to-trial variability in the likelihood distribution. Overall, 

they showed a good fit to the data and also performed well compared to other models, 

which had many more free parameters (Stocker & Simoncelli, 2006). 
 
1.5.2 Self-motion cues in the spatial domain 
 
Path integration  
The Glasauer group has used a virtual reality environment to explore Bayesian prior 

updating during path integration. Participants were moved through a virtual 

environment either by propelling themselves a certain distance through the 
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environment or via rotation in the same spot. The existence of Bayesian integration 

was supported by a regression towards the mean of the distribution of distances, and 

of the orientations they had experienced during the experiment (regression effect; 
Petzschner & Glasauer, 2011). Moreover, the ‘large’ set of stimulus magnitudes gave 

rise to larger biases than the shorter set of stimulus magnitudes (range effect; 
Petzschner et al., 2015). Finally, as the mean duration reproduction length increased, 

the standard deviation of participants reproductions increased (Petzschner & 

Glasauer, 2011).  
 

Computational modelling was used to fit a Bayesian model (where the mean and 

standard deviation was used to form the prior) and a simple iterative model (two stage 

model) allowed for the prior updating process to incorporate the prior on the previous 

trial into the current prior. The model fits suggested that the central tendency effects 

seen in the empirical data were best described by a simple iterative model, as opposed 

to a static model. Therefore, the origin of the central tendency bias in this case was 

shown to have a prior updating mechanism that uses information from the most recent 

trial. More details on how these models, and models from other research groups, will 

be expanded on in a later section of the literature review. Overall, this research 

demonstrated that central tendency effects in the path integration can be explained by 

a simple iterative Bayesian model.  

 
 
1.5.3 Cue combination (visual and auditory stimuli in the spatial domain) 
 
Combining cues from multiple senses is incredibly important for navigating a 3D 

environment. Studies have shown integration of visual and haptic cues (Ernst & Banks, 

2002), texture and motion cues (Jacobs, 1999), audio and visual cues with both simple 

stimuli (Alais & Burr, 2004; Körding et al., 2007) and speech stimuli (Arnold, Tear, 

Schindel, & Roseboom, 2010; Bejjanki, Clayards, Knill, & Aslin, 2011). For integration 

of visual and audio cues this often involves presenting the audio and the visual signals 

in varying locations and asking participants where they perceived the audio or visual 

stimulus to be located. Then it can be said that audio visual integration has occurred 

when the audio and visual stimuli are perceived as possessing the same source 

location. 
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One such experiment by Körding and colleagues (2007) aimed to determine which 

model could best explain this cue combination behaviour. The experiment involved 

displaying simple visual stimuli on the screen and auditory stimuli through 

headphones. Using this equipment, they were able to vary the spatial location of the 

stimuli either in terms of their position on the screen and loudness through the 

headphones. Participants were able to respond using two rows of buttons to indicate 

the perceived location of the audio and visual signals (Körding et al., 2007).  
 
They proposed a Bayesian causal inference model, and it was able to predict 1) 

participants behaviour during cue combination more successfully than previous 

models and 2) whether single or multiple sources of the sensory signals would be 

perceived. The Bayesian element of this model indicates how much we can trust each 

signal according to its relative uncertainty and provides information about about joint 

or separate causes. When perceiving speech stimuli, a Bayesian explanation has 

been supported because they made decisions according to sensory uncertainty that 

were in line with a Bayes optimal observer (Bejjanki et al., 2011). Therefore, there is a 

clear advantage in being able to combine visual cues with cues from other modalities 

(sound), according to their uncertainty, when trying to reliably determine the location 

of something that could be the source of both cues.  
 

Up to this point, the current section has covered the combination of two sensory cues. 

However, it may also be possible, during the estimation of sensory magnitudes, for 

sensory information to be combined with information from symbolic verbal cues 

(Petzschner, 2012). Three different behavioural conditions were used to determine 

whether the integration of sensory and verbal cues was possible. The first two out of 

the three conditions acted as controls because their purpose was to intentionally 

produce scenarios where: 1) the stimuli appeared as two separate blocks, one with 

short intervals and one with long intervals or 2) the long and short intervals were 

presented in the same block.  

 
The third condition was similar in presentation to the second condition (interleaved 

instead of blocked), but it also involved the participants being verbally cued before 

each stimulus presentation as to whether it was going to be a short or a long stimulus. 
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If the participants data appeared like the first control condition, then this finding would 

have supported the idea that the symbolic verbal cue was integrated into their 

estimate. However, if the participants still treated the intervals as one continuous 

range, as they demonstrated in the second condition, then the symbolic verbal cue 

was not integrated. This research supported the integration of the symbolic cue with 

the sensory cues because participants were able to distinguish long and short 

distributions without the need for separate blocks. 

 
There have also been demonstrations of  the combination of two cues from the same 

sensory modality to improve the confidence of sensory judgements (Bejjanki, Knill, & 

Aslin, 2016; Berniker, Voss, & Kording, 2010; Kiryakova, Aston, Beierholm, & Nardini, 

2020). The experimental paradigm of spatial localisation, which will be elaborated on 

in the following section, aimed to understand how visual cues may be combined with 

previous knowledge of the location of a target stimulus (prior). An experimentally 

manipulated amount of noise was necessary in the spatial location of the visual cue 

due to the ability of the human eye to estimate spatial positions with high accuracy. 

During spatial localisation, the visual cue (noisy indicator of the target) and prior 

(where the target location was revealed to be on previous trials), may be combined 

according to their relative uncertainty using Bayesian inference (Berniker et al., 2010).  

 
 
1.5.4 Evidence for Bayesian integration in spatial localisation  
 
Spatial localisation research has presented two virtual coins, one after another to see 

whether humans use Bayesian inference to estimate their location. This is known as 

the ‘Catch The Coin’ task (Tassinari, Hudson, & Landy, 2006). The task involves a cue 

coin being presented first, shortly followed by a net which needs to be dragged by the 

participant to where they think the hidden target may be. Finally, the position of the 

hidden coin is revealed, and it provides to some extent, prior knowledge of the hidden 

coin position for future estimates.  

 

The cue coin positions, however, formed the likelihood because they provided current 

sensory knowledge at the time of responding. This is because the cue coin positions 

were drawn from a Gaussian distribution (a normal distribution where the mean was 



 35 

equal to the target coin on that trial) and so acted as a noisy cue for the actual target 

position. According to Bayesian theories, when the standard deviation (variability) of 

all the possible cue coin positions is large, the weight given to the cue coin will reduce 

and the weight given to the prior will increase (Bejjanki et al., 2016; Berniker et al., 

2010). 

 

 

 

 

 

 

Initial research using the catch the coin task (Berniker et al., 2010) demonstrated that 

participants weighted the prior and likelihood according to their uncertainty. More 

specifically, as the prior variance decreased (became more certain), the participants 

net position moved towards the prior mean. Whereas when the likelihood variance 

was lower, participants beliefs about the target location drifted closer to the cue coin 

(likelihood), meaning that they were weighting the likelihood more heavily. This was 

shown visually using a linear regression where a decreased slope in the line indicated 

a move towards weighting the prior and a increased (steeper) slope conveyed a move 

towards weighting the likelihood (see Figure 9). Overall, Bayesian integration was 

likely to have occurred because the likelihood distribution (cue locations) was 

combined with the prior (prior knowledge of the target location) to estimate the current 

location of the target. 
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In experiment 1 they manipulated prior variance (participants were presented with a 

prior variance of 0.05 or 0.2) whereas in the experiment 2 the prior variance switched 

between two values (one prior variance was chosen randomly at start and after half of 

the trials had been presented, the prior variance switched). For experiment 3, the 

target position distribution could be centred on one of two positions (after 10 trials the 

mean would change, and this pattern repeated for 50 trials). To account for this, they 

were told at random times the imaginary person throwing the coins will move.  

 

The findings from experiment 1 and 2 demonstrated that irrespective of whether prior 

variance was constant, or it switched half-way through the blocks (from 0.2 to 0.05), 

participants learned the prior mean very quickly. They also learned the prior variance, 

but over a slower timescale closer to 200 trials (Berniker et al., 2010). Experiment 3 

aimed to understand if participants could learn as prior means changed independently 

of variance (variance remained constant). As in experiments 1 and 2 participants 

learned both prior means quickly whereas they found it much more difficult to learn 

the prior variance than in the previous experiments. This could have been due to the 

frequent switching of the prior mean, combined with the variance for both prior means 

being within one SD of the likelihood and the prior (Berniker et al., 2010). Taken 

together this means that the prior mean can be learned in various contexts, even as 

the mean or variance of the target stimuli distribution changes.  

 

Berniker and colleagues (2010) simulated the experiment thousands of times with a 

human net response being replaced with the model response. It was assumed that 

the model could accurately know the likelihood variance. The Bayesian model was 

then compared to participant responses from the first experiment in order to examine 

the difference between them. There was a good fit to the data in experiment 1 and 

subsequently, the model successfully predicted the results of experiment 2. Whereas 

a simple non-Bayesian model, which used a constant learning rate, demonstrated a 

much poorer fit to the data in experiment 1. Then for experiment 3 this model was 

adapted to estimate 1 of 2 possible prior means. The model knew both the location of 

the two means and the correct possibility of switching between them when making 

estimates. In contrast to the previous experiments, participants found it more 

challenging to make estimates of the prior variance in experiment 3. It is likely that 
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regular switching interfered with participant estimates because the size of the prior 

variance (uncertainty) was considered the source of the variable prior mean (and not 

the existence of 2 distinct means), leading them to over-estimate the certainty of the 

likelihood. This increased weighting of the likelihood, relative to optimal Bayesian 

weighting was shown in the data for experiment 3. 

 

However, this earlier exploration of spatial localisation used only single Gaussian 

distributions. Complex generative models based on several Gaussian distributions 

would be more likely to reflect natural environments (Bejjanki et al., 2016). Bejjanki 

and colleagues (2016) set two different prior distributions (bimodal) to form the 

complex generative model. The target position on any one trial would be drawn from 

the two Gaussians, always centred on two different locations. To create this in the 

stimuli, the two target coin positions were produced from both x and y co-ordinates 

and the sensory likelihood was shown in the form of a dot cloud (see Figure 6). The 

dot cloud had a set variance that produced variability (low, medium or high) in the 

distribution (likelihood variance). The dots in the cloud were drawn from a distribution 

that was centred on the true target location. It was shown that participants were able 

to learn the prior means of the two different Gaussian distributions (always centred on 

2 different locations of the screen) and the prior variances but the variances were 

learned more slowly than has been observed with single prior distribution models. 

Therefore, Bayesian integration can occur in more complex environments where there 

are multiple distributions to be learned. 
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Kiryakova and colleagues (2020) explored variability in the likelihood by using a dot 

cloud (representing the sensory likelihood) and referred to it as a splash in the lake.  

 

The procedure operated similarly to Berniker and colleagues (2010) in relation to the 

‘catch the coin’ goal of the task but with a few modifications (see Figure 10). Their aim 

was to investigate transfer of Bayesian weights to new contexts. Transfer in this 

context refers to how participants  may be able to immediately (without any training at 

this new likelihood variance) give less weight to a more uncertain likelihood. The 

authors were motivated to use Bayesian transfer due to its ability to distinguish the 

existence of Bayesian mechanisms from a reinforcement style learning of prior and 

likelihood pairs. 

 

In experiment 1 the authors tested transfer to higher variability likelihoods. To achieve 

this, participants were trained on likelihoods with low and medium variances and then 

subsequently experienced testing blocks with high variances. Bayesian transfer 

predicts that they should have weighted this new likelihood to a lesser extent than the 

previously learned likelihood (as a result of it being more variable than training 

likelihoods even though they had not fully experienced it yet). There was weak 

evidence for this effect because the participants were suboptimal in their weighting of 

the new likelihoods (high variance) by weighting them more heavily than would be 

predicted by Bayesian models. 

 

The second experiment was identical in procedure, other than the addition of an 

explicit instruction of different variabilities in the prior. This was done by saying “one of 

the octopuses moves around a lot and the other stays still”. It was found that there 

was some evidence for Bayesian transfer because participants did place less weight 

on the new and more variable likelihood that is, from post-hoc analyses there was a 

significant difference in the weight placed on the likelihood when the trials incorporated 

low likelihood variance compared to the medium and high likelihood trials. They also 

produced closer to optimum likelihood weights as shown by the graphs of likelihood 

weight but did still not reach the recommended optimum weights. Experiment 3 was a 

purposeful replication of Bejjanki and colleagues 2016, this meant that all likelihood 

variances (low, medium and high) were presented throughout all blocks. Transfer was 

not relevant here as they wanted to see how optimal participants could be in the 
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absence of transfer. They continued to make less optimal estimates than would be 

predicted by Bayesian models (Kiryakova et al., 2020). The participant estimates 

remained suboptimal because they placed too much weight on the likelihood. This 

suboptimality has been demonstrated multiple times in research (Bejjanki et al., 2016; 

Kiryakova et al., 2020) and the reasons for this may include participants taking into 

account internal noise of their own estimates (Kiryakova et al., 2020). 
 

 
1.6 Models of magnitude estimation: static  
 
Generative models provide the basis for different prior updating strategies because 

they incorporate assumptions about how stimuli are generated, and how prior 

acquisition should respond as a result. Current research has described static models 

as assuming the stimuli were drawn randomly from the distribution, with a mean and 

the standard deviation that are relatively stable. Whereas iterative models assume that 

the stimulus fluctuates through small random variations over the time course of the 

experiment. Most recently the two state model (Glasauer & Shi, 2021a) has begun to 

include the assumptions of both models. A review of these models and their key 

findings will be detailed in this section. 

 

Static Bayesian models typically assume that the prior is learned from the distribution 

of the stimuli (Glasauer & Shi, 2021b). One of the early static models was used in a 

temporal reproduction experiment conducted by Jazayeri and Shadlen (2010). In this 

case, the priors had a uniform distribution meaning that the prior was assumed to be 

a one to one mapping of the entire stimulus distribution and not a Gaussian shaped 

approximation of the stimulus distribution based on the mean and standard deviation. 
In Jazayeri and Shadlen (2010), it was assumed that participants learned the 

distribution, and this was reasonable, given they trained the participants on the 

distributions using thousands of trials. However, the question of how priors were 

learned over time remained and this will be covered in the following section. 

 

Jazayeri and Shadlen (2010) found a clear central tendency bias (over and 

underestimation) was shown, and this was such that the central tendency bias was 

stronger for longer durations compared to short durations. The authors then fitted 
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several models including a Maximum Likelihood (MLE; which uses sensory likelihood 

and no prior, therefore the most likely value). Then they also fitted the maximum a 

posteriori (MAP; this model uses the peak of the likelihood) and the Bayes Least 

Squares (BLS; which mapped the mean of posterior distribution onto the estimate) 

models. The results demonstrated MLE to be a poor fit because it didn’t take prior 

dependent biases (central tendency) into account. The MAP provided a slightly better 

fit of the variance and bias. Finally, the BLS model demonstrated the best fit of the 

bias and variance. The improved fit of the Bayes least squares model could also not 

be attributed to over fitting because all 3 models each had 2 free parameters. 
 

Cicchini and colleaugues (2012) also fitted Bayesian models to temporal estimation 

data by assuming a static prior. They measured temporal reproduction and temporal 

bisection (a task which involves training participants to learn the pairing of a certain 

stimulus with a short duration and one with a long duration. Then on subsequently un-

trained durations they must select which stimulus they thought was longer or shorter 

in line with the trained pairing. The number of ‘long’ responses were recorded) on non-

musicians and two types of musicians (drummers and bow string players). In the case 

of auditory stimuli, responses were highly accurate in all groups, providing support for 

the increased temporal resolution of the auditory system and as a result increased 

accuracy.  

 

For the visual stimuli, the non-musicians and the string musicians showed a clear 

central tendency bias, similar to the levels seen in Jazayeri and Shadlen (2010). 

However, the drummers demonstrated almost veridical temporal reproductions. By 

partitioning the error in the reproductions from these groups, the authors were able to 

show increased bias in the line with a measure of individual variability (coefficient of 

variation). This indicated that the central tendency bias provided a worthwhile 

compromise in accuracy when variability of responses was high (non-musicians and 

string musicians). However, when variability was low, in the case of the drummers, 

central tendency bias was reduced because any advantage provided by the bias was 

no longer necessary under less variable (more certain) conditions. This occurred 

because there was less reliance on the prior and sensory information was more 

precise (Cicchini, Arrighi, Cecchetti, Giusti, & Burr, 2012). They fitted Jazayeri and 

Shadlen (2010)’s model which assumed that the prior comprised of a uniform 
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representation of the entire stimulus distribution. In addition to fitting a uniform 

distribution they also fitted their own model that used the standard deviation and the 

mean to represent learned characteristics of the distribution as parameters for the 

Gaussian curve prior. The uniform prior model used in Jazayeri and Shadlen (2010) 

showed some ability in predicting increased bias for increasing variability, however 

their own model (Gaussian curve) provided a better model fit. 

 

Roach and colleagues (2017) continued to assume a static prior distribution. Although 

a Gaussian curve was selected over a uniform distribution as it was suggested to 

provide a better fit by Cicchini and colleagues (2012). The authors modelled temporal 

reproduction estimates to explore prior acquisition in different contexts. For instance, 

they presented subjects with interleaved presentations of long and short durations and 

a single prior distribution was learned. In contrast, blocked presentation of each 

duration type (short and long) produced distinctly different priors. For different motor 

response types, including button press and speech based responding, two different 

prior distributions were shown, even when the two response types were interleaved in 

a single block. This meant that information about the stimuli could be incorporated into 

the same prior distribution, but this was not true when they were paired with a different 

motor output (passive viewing, active reproduction or reproduction of  a speech sound 

such as ‘ba’). Taken together, priors may be formed generally when there are produced 

from sensory input and formed more specifically when they are learned for different 

motor output.  
 
As shown in earlier models, the authors assumed a static Bayesian prior model when 

fitting participants responses. A logarithmic relationship between the perception of time 

and physical time was also assumed and as a result, the model produced the inherent 

scalar property of timing. For conditions where participants were presented with 

interleaved short and long durations the model fits demonstrated that participants 

assumed a Gaussian shaped distribution where the mean and standard deviation 

were estimated. More specifically, one large prior was learned rather than short and 

long as would be seen in blocked presentation. This was emphasised by the fact the 

mean of their prior existed in the medium range, where no stimuli were presented. 

This meant that participants may initially learn an approximation of the entire 
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distribution (a prior mean and standard deviation), before being trained on all possible 

magnitudes within that range (Roach et al., 2017).  

 
 

1.7 Models of magnitude estimation: iterative  
 
In the case of iterative models, the properties of the prior update according to the most 

recent stimuli. In doing so these models consider how priors must update over time to 

successfully provide information about short term changes to the stimulus. This means 

that the model has different assumptions about how the stimuli were generated 

(generative assumption) and as a result, a different prior updating process in response 

to the assumptions it makes about the properties of the stimuli. 

 

Petzchner and Glasauer (2011) found that central tendency effects were produced in 

angle and distance estimation in a virtual environment. They also found that the central 

tendency effect size increased with the size of the stimulus magnitude. A further finding 

was that as the mean duration reproduction length increased, the standard deviations 

of the reproduction length also increased such that longer distances showed more 

variable responses. In addition to the empirical data collected during angle and 

distance estimation, the authors were also comparing the fits of a static model (where 

the mean and standard deviation was learned) and a simple iterative model (a Kalman 

filter). The Kalman filter was able to iteratively update the prior by incorporating 1) the 

prior on the previous trial and  2) a certain level of random noise associated with trial 

to trial variation. 
 

The iterative and static models were set up using Bayes rule and the assumption that 

the internal noise of magnitude estimates was logarithmic.  Therefore, in a given trial, 

the stimulus duration (𝑑*) was assumed to produce a log spaced internal 

representation and that the internal representation of the stimuli (𝑥*) would be equal 

to the natural log of the duration divided by a constant (𝑑+) plus some additional noise 

(𝑛*). 

 

𝑥* = ln	(𝑑* 𝑑+) + 𝑛*⁄  
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The noisy sensory inputs can be integrated with a Bayesian prior (prior mean, prior 

SD) to improve estimates. Bayesian integration then determines that the sensory 

likelihood and the prior would then produce the posterior distribution with the following 

equation: 

 

 

𝑥, = 𝑤-,.+,	. 𝑥-,.+,	 +𝑤*	. 𝑥* 

 

 

The weights used as part of Bayesian integration account for the uncertainty 

associated with the likelihood and prior because they use the inverse of the variance 

(precision): 

 

𝑤-,.+,	 =	
1/𝜎-,.+,0

		 1𝜎*0
+ 1
𝜎0 	-,.+,

, 𝑤* = 	1 − 𝑤-,.+, 

 

 

 

Iterative model updating 
The iterative model updates its prior over time via the Kalman filter process and so the 

mean of the prior at a given trial (i) is: 

 

𝑥-,.+,,. = (1 − 𝑘.)	.		𝑥-,.+,,.23 + 𝑘. 	. 𝑥* 

 

Where the Kalman gain is:  

 

𝑘. =.
𝜎-,.+,	4230 +	𝜎5650

𝜎-,.+,	4230 +	𝜎5650 +	𝜎*0
		 

 

 

Additionally, where: 

 

  𝜎5650   is the variance of the system noise. 
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𝜎-,.+,,4		0 = 𝑘.			.		𝜎*0   is the variance of the prior. 

 

 

Petzchner and Glasauer (2011) used computational modelling to show that central 

tendency effects were best explained by the iterative updating of the prior in line with 

the current stimulus. They found that an iterative model provided a better fit than a 

static model. The iterative model was more able to account for small variations in 

participants’ data over the course of the experiment. This could be because it included 

the sensory measurement of the most recently presented stimulus within its prior, 

whereas a static model did not (Petzschner & Glasauer, 2011). This means that 

relative to models that initially assumed a static prior distribution, a model that 

iteratively updates the prior distribution over time was more successful in describing 

human behaviour in distance and angle estimation. 

 

Subsequent studies conducted by Glasauer and Shi (2019;2021b) aimed to re-

evaluate how task order relates to central tendency effects. In this case, they were 

referring to the central tendency effects described by Vierordt's law as they studied 

temporal reproduction specifically. It is possible that the random sequences used in 

stimulus presentation may have been responsible for central tendency effects. In 

contrast to experimental conditions, It is likely that many changes in the real world 

occur gradually between a relatively constrained range of values. For example, the 

change in speed of a moving car is gradual and continuous and not produced by 

sporadic fluctuations in speed. In light of this, they predicted that an iterative model 

like those described so far may be more accurate in describing human magnitude 

estimation behaviours than a model that learns only the characteristics of the 

distribution (static). To explore these differences, they conducted a temporal 

reproduction experiment with two different types of stimulus sequence: fully random 

and random walk.  
 

Random walk stimuli, produced by a Wiener process in the case of this experiment, 

follow an autocorrelated sequence that may better reflect the gradual changes that are 

seen in nature. The stimulus sequence produced by this process contained temporal 
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duration magnitudes with a small amount of variation from trial to trial. During random 

walk sequences an iterative model predicts reduced central tendency effects. This is 

because an iterative model is well suited to estimating the small amount of trial to trial 

variability present in the random walk sequence specifically.  Whereas for a static 

model, there would be the same amount of central tendency for fully random and 

random walk conditions because this model does not predict anything in relation to 

the stimulus sequence. 

 

To investigate their hypothesis that central tendency effect arose due to random 

stimulus presentation, they simulated the original data (Glasauer & Shi, 2021b). This 

simulation demonstrated the ability of their model to reproduce data almost identical 

to the participant data collected by Vierordt in 1868. Subsequently, they modelled the 

data to show what responses to random walk stimuli would have looked like. As 

predicted, there was a very large decrease in central tendency bias in the iterative 

model for random walk sequences. This corroborated their prediction about the 

importance of experimental protocol.  

 

Glasauer and Shi (2019;2021b) also fitted the static and iterative models described in 

(Petzschner & Glasauer 2011) to their empirical data. For this experiment there were 

two highly relevant assumptions of iterative two stage model in relation to the amount 

of central tendency expected. Firstly, some serial dependency that is, the error in the 

current trial (k) depends on the stimulus difference between trial k and k-1. Secondly 

that the strength of the central tendency effect depends on the order of the stimuli 

(Glasauer & Shi, 2019, 2021b). The iterative model assumes a certain amount of error 

depending on the trial to trial variability (order) of the stimulus. If stimulus differences 

are small and serially dependent, the iterative model predicts the size of the error will 

be small and the amount of central tendency bias will be reduced in random walk 

conditions (see Figure 8).  
  

Taken together, the empirical findings demonstrated a reduction in central tendency 

for the random walk condition indicating that the iterative model could be contributing 

to this reduction in uncertainty. Additionally, the iterative model provided the best fit for 

both types of stimulus condition Glasauer and Shi (2019; 2021b). This was surprising 

considering a static model may have been better suited to a fully random stimulus 
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sequence. The success of the iterative model emphasised that by investigating how 

priors change over time, unexpected mechanisms of human perception could be 

revealed. 

 

 

 
 

1.8 The Two-State model  
 
Generative models contain assumptions about how the stimuli were generated. The 

construction of the two state model involved combining the generative models of static 

and iterative prior updating processes. This is because like a static model, it holds the 

assumption that any given stimulus (𝑥) was drawn from a distribution with a certain 

mean (�̅� ) and standard deviation that can be approximated based on a series of 

stimulus observations: 

 

𝑥 = 	 �̅� + 𝜀7 

 

Where 𝜀7 is the amount of noise associated with the process of drawing a single 

stimulus from the Gaussian distribution. 

 

 

In line with the assumptions of iterative models, the two state model also assumes that 

there is some small random shift to the values of the stimulus from trial to trial (see 

Figure 11). More specifically, in purely iterative models, the current stimulus (𝑥) is 

thought to be equivalent to the previous stimulus (𝑥.23), with some random change 

(𝜀*): 
 

𝑥 = 	𝑥.23 +	𝜀* 

 
The two state model therefore uses generative assumptions from both static and 

iterative models to combine their abilities (see Figure 11). As a result, the two-state 

model has two equations governing the generative assumptions: 
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�̅� = 	 �̅�.23 +	𝜀* 

 
𝑥 = 	 �̅�.23 +	𝜀7 

 

The outcome of this is that the generative model now has two states 1) the randomly 

changing mean of the stimulus distribution as in the first equation 2) the current 

stimulus that is assumed to be drawn from this distribution, as in the second equation 

(see Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

In research conducted by (Glasauer & Shi, 2019) iterative models provided a better fit 

to the data than static models because they predicted a reduction in compression 

magnitude (central tendency bias) in response to random walk sequences. This 

reduction was shown in participants data, but it was a smaller reduction than that 
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predicted by the iterative model. Initially, the reason for this was unclear. Glasauer and 

Shi (2021a) used a two state model on the same temporal reproduction data and 

demonstrated a better approximation of the participants reduction in compression than 

the iterative model. Therefore, a two-state model provided a better fit for participant 

data relative to static or iterative models. In the current research, a two-state model 

will be fitted in addition to static and iterative models with the aim of understanding the 

merits of this type of model. Further detail from the Glasauer and Shi (2021a) will also 

be provided in Chapter 2. 

 

1.9. Development of magnitude estimation abilities 
 
1.9.1 Time perception and development  
 
The neurotypical development of time perception 
Early research into the development of time perception has shown that the variability 

of estimates decreased with age (Goldstone, Boardman, & Lhamon, William, 1958; 

Goldstone & Smythe, Elizabeth, 1957). According to research using a child friendly 

temporal bisection task, the sensitivity to time intervals as measured by the steepness 

of psychophysical functions also increased with age. The steeper functions indicated 

a decrease in variability and hence an increase in sensitivity (Droit-Volet, 2003). Upon 

further inspection, there appeared to be stages of this development such that 5-year 

olds showed lower sensitivity to intervals than 8-year olds (Droit-Volet, 2003; Droit-

Volet, Clément, & Fayol, 2003; Zélanti & Droit-Volet, 2011) and that children overall 

showed less sensitivity than adults (Droit-Volet, Meck, & Penney, 2007). Although it 

has been argued that 9-year olds may show equivalent sensitivity to adults at short 

durations (Zélanti & Droit-Volet, 2011). Furthermore, it has been found that between 

the ages of seven and eight may be a marked transition phase, where the level of 

variability in children’s estimates becomes more adult like (Espinosa-Fernández, de la 

Torre Vacas, García-Viedma, García-Gutiérrez, & Torres Colmenero, 2004). 

 

It has been proposed that attentional capacity, and how it develops, is likely to be the 

reason for the developmental patterns described so far (Droit-Volet & Gautier, 2002). 

For intervals up to 2.5 seconds, 9 year olds showed adult levels of performance, 

demonstrating how children’s time perception may be similar to adults once the 
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attentional processes for longer intervals have been refined (Zélanti & Droit-Volet, 

2011). Therefore, certain attentional factors, such as the length of time they were 

required to attend for, may be able to modulate this low sensitivity in children. 

Research has shown an attentional modulation effect when a ‘click’ cue preceding the 

stimulus was used to capture attention. It was found that sensitivity improved for the 

youngest groups (3 and 5 years old) as they received the most benefit from the ‘click’ 

cue. Taken together, this research emphasised the need to account for children’s 

attentional capacity, as determined by their age, when researching the differences in 

temporal sensitivity. 

 

The tasks used to show the decrease in children’s variability as they aged usually 

involved temporal bisection and or temporal reproduction. The temporal bisection task 

was used to measure the discrimination of, and hence sensitivity to, time intervals. As 

part of a pre-training phase participants were asked to view a short and long interval 

(Rattat & Droit-Volet, 2001). For the benefit of the children, the experimenter would 

indicate the size of the interval being presented by saying “look it’s the short circle, it 

stays on for a short time” and adjust this speech accordingly for the long interval. They 

were then presented with a series of intervals that included the long and short trained 

intervals, along with several intermediate durations. Participants were then asked to 

report whether the duration they were presented with was either closer in size to the 

long or short duration. The training phase involved feedback as to whether they were 

correct (with the use of a clown image when the participants were children) and the 

final test phase was conducted in the same way but without feedback (Droit-Volet & 

Wearden, 2001). A psychophysical function was then produced by plotting the 

proportion of times the ‘long’ response was made against the true length of the stimuli 

durations. The bisection point was the point where the x axis that corresponds to half-

way along the y axis. It indicated the duration at which it was equally likely that 

participants were to make the ‘long’ response as they were to make the ‘short’ 

response. 

 

On the other hand, temporal reproduction tasks require children to recreate the interval 

they had just experienced using a button press. An advantage of a temporal bisection 

task was argued to be its suitability for children’s attentional capacities (Droit-Volet & 

Wearden, 2001). However, it seems the authors in this case were comparing bisection 
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of millisecond intervals to reproduction tasks in the range of seconds. Reproduction 

tasks in the range of seconds have been commonly used for studying developmental 

disorders such as ADHD (Smith, Taylor, Warner Rogers, Newman, & Rubia, 2002). 

Difficulties in attending to durations of more than two seconds could explain poorer 

performance in these individual (Kerns, McInerney, & Wilde, 2001; Luman, 

Oosterlaan, & Sergeant, 2008; Mullins, Bellgrove, Gill, & Robertson, 2005). On the 

other hand, reproduction tasks in the range of milliseconds provided a cognitive load 

that was arguably smaller than temporal bisection because there is no decisional 

element. Furthermore, reproduction tasks at the millisecond level have been 

successful in examining children’s time perception in recent papers (Karaminis et al., 

2016). Considering the suitability of these tasks on the basis of their duration length 

and associated cognitive load further supports the notion that subsecond and 

suprasecond timing may be served by different mechanisms. 

 
1.9.2 Modelling the development of time perception.  
 

Bayesian modelling has shown that children’s duration estimates may contain larger 

central tendency biases, due to larger levels of sensory noise. In the to be described 

study, children showed larger central tendency effects than adults and these effects 

decreased with age (Karaminis et al., 2016). According to Bayesian inference theories 

of perception, the purpose of this is to reduce overall error when sensory inputs show 

high levels of uncertainty. This was supported here because as sensitivity to time 

increased into adulthood, central tendency effects decreased. 

 

For children with autism spectrum disorder (ASD), their central tendency effects were 

smaller than expected, given the large amount of variability in their estimates. Their 

variability levels were more similar to slightly younger typically developing (TD) 

children (8-9 years) whilst the autistic children were aged between 9 and 14 (M=12). 

This effect was highlighted due to the ability of the Bayesian model predict the size of 

the central tendency effects expected, given the amount of variability in the estimates. 

For children with ASD, it appeared that the central tendency effects did not increase 

in order to fully compensate for their lowered sensitivity because their central tendency 

effects were smaller than the model predicted. The build-up of regression in the 

estimates over the course of the experiment was investigated by doing a split half 



 51 

analysis. In typically developing children and adults, the regression increased from the 

first to second half. The same was true of the autistic children. Therefore, those with 

ASD seem to learn a prior at the same rate but there may be differences in how it is 

acquired. The Bayesian model was able to gain insight into the development of optimal 

mechanisms for time perception because it incorporated noise (variability) and bias 

(central tendency effects), and how they varied across different developmental groups. 

 

 

The mechanism of time perception in children has also been examined using an 

analytical approach which operated similarly to a multiple regression. Its purpose was 

to provide an analysis of how well the recent history of task performance predicted the 

duration reproductions on a given trial. It incorporated the previous objective durations, 

the previous subjective durations and as predictors. This fixed-factors model used an 

n-back analysis, where the n refers to the previous trial number, to find that children’s 

reproduction estimates relied heavily upon their previous subjective reproduced 

durations. This was such that their estimation of the duration that preceded the current 

trial (N-1) was the largest predictor of their current reproduction length (Hallez et al., 

2019). Analyses were also carried out upon the previous six trials with each trial having 

slightly less influence than the last, as distance from the current duration increased. 

However, these effects differed across age groups even among children. The 

youngest children (5 years) showed the strongest reliance upon their previous 

objective durations with the weight value for N-2 to N-4 diminishing steeply. Whereas 

older children (7 years of age) did not show a clear pattern of diminishing reliance on 

the previous objective durations to the same extent (see Figure 12). 

 

Hallez and colleagues (2019) speculated that the reason for the different findings in 

adults relative to children was immature executive functioning, demonstrated by the 

children’s’ reliance on the most recent environmental statistics. This is because they 

were not yet capable of utilising internal representations to correct errors and reflect 

on their personal performance (Hallez et al., 2019). Error correction was the strategy 

used by adults because their current estimate was most heavily predicted by the size 

of the error they produced for previous durations. Whilst this provided preliminary 

evidence for children’s’ use of environmental statistics in order to learn about the world, 

how their priors may develop differently to adults warrants further study.  
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 Taken together this research gave reason to suggest children rely on perceptual 

mechanisms, more so than cognitive mechanisms, in early development. This means 

that their prior formation and subsequent response to timing stimuli may differ from 

adults because they may have different, and constantly evolving neural obstacles 

(slow maturing timing sensitivity and executive function) to overcome. Future 

directions for this area of research could include the study of trial by trial prior 

development in children. Preliminary findings in this area include Hallez and 

colleagues (2019) demonstration that children relied so heavily on the previous 

duration (see Figure 12). A further challenge would be to investigate how this reliance 

on recent trial history related to Karaminis and colleagues (2016) finding of larger 

central tendency effects in children (and therefore greater reliance on prior knowledge 

of the stimulus compared to adults).  
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1.9.3 Autism and time perception   
Time perception in autistic individuals has been demonstrated as possessing more 

variable motor timing (tapping), larger thresholds for duration discrimination and for 

simultaneity judgements. Additionally, they showed differences in temporal 

perspective as reported by parents in terms of sense of time and time management 

(Isaksson et al., 2018). As a result, researchers have proposed that their repetitive 

and or routine behaviours may present in order to compensate for this poor time sense 

(Boucher, 2001, as cited by Germanò & Curatolo, 2012) or be related in some way to 

executive functioning (Allman, 2011). Although with one study using supra-second 

timing showed equivalent performance in temporal production and estimation, with 

improved timing performance for reproduction (Wallace & Happé, 2008). In spite of 

this, there has been a growing consensus that autistic individuals show a large amount 

of variability in their estimates (Allman & Falter, 2015). This was supported in a recent 

experiment when children with ASD showed more variability in their responses to free 

tapping tasks and in their thresholds for simultaneity judgements. Although auditory 

discrimination thresholds were higher than neurotypical controls (Isaksson et al., 

2018). Unanswered questions remain however in relation to both autistic and non-

autistic development of time perception. The next section of this essay will explore the 

spatial domain and Bayesian theories of autism before progressing onto the empirical 

chapters. 
 

 
1.9.4 Spatial perception: models and development 
 
Neurotypical development of visuo-spatial abilities 
The study of the spatial perception development has used many different paradigms. 

However, for this discussion of how visual abilities develop, vernier acuity will be a 

particular area of interest as it is required for successful spatial localisation 
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performance (a task that will be used in Chapter 4 and 5). The development of visuo-

spatial processes has been shown through studies with infants, by testing core 

fundamental aspects of visual perception such as grating acuity (the finest resolvable 

detail; Skoczenski, 1999) and stereo acuity (the ability to detect depth from the 

smallest possible angle disparity between objects; Held, Birch, & Gwiazda, 1980). 

Another type of acuity, vernier acuity, is the ability to distinguish different shapes or 

stimulus elements (Skoczenski & Norcia, 1999).This type of acuity that is especially 

relevant to this thesis because the spatial localisation experiment in chapter’s 3 and 

4, involves detecting and predicting the location of visual stimuli. Therefore, the ability 

to view the stimuli as separate objects would be necessary for accuracy of perception 

of the stimuli locations in the spatial localisation task. Vernier acuity is reduced relative 

to grating (visual) acuity up until around 3 months of age (Shimojo, Birch, Gwiazda, & 

Held, 1984). It becomes equivalent to grating acuity at 15 months and reaches a level 

comparable to adults at around 5 years old (Zanker, Mohn, Weber, Zeitler-Driess, & 

Fahle, 1992). Therefore, development of this ability at 5 years old means that sensing 

the space between different objects becomes possible and the spatial localisation task 

can be attempted. Further questions remain about the extent to which young children 

can predict the locations of different objects during spatial localisation and will be 

discussed in the following section. 
 

1.9.5 Modelling spatial localisation 
 

Using an adapted version of the spatial localisation task (as described in section 1.5.4) 

Chambers and colleagues (2018) explored how children’s priors may develop in the 

spatial domain. The difference in the children’s version involved the dots that formed 

the likelihood remained on the screen to account for any working memory or executive 

functioning differences. After completing the task children under the age of 8 showed 

evidence of learning the prior mean but not the standard deviation. However, children 

aged 9 years and older were able to learn the mean and the standard deviation, in a 

way that was akin to the adults. Therefore, learning about the variability of the 

environment (and its priors) occurs during development. It will subsequently be 

important to understand exactly how these mechanisms develop throughout childhood 

and into adulthood. Future research could work to determine the factors necessary for 
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this ability of prior mean learning to become fully developed by the age of 9 

(Chambers, Sokhey, Gaebler-Spira, & Kording, 2018). Furthermore, exploring these 

questions may reveal other conditions that influence prior formation over a shorter 

time scale (experiment duration), in addition to the longer time scale of psychological 

development.  

 

 
1.9.6 Neurodivergent visuo-spatial development in autistic perception 
 
Research has suggested that autistic people may experience the spatial world 

differently due to a detailed oriented style of visual perception. Weak Central 

Coherence (WCC) theory suggests that autistic people have a local, detail-oriented 

style. Evidence for this idea has been drawn from findings where autistic people have 

an advantage in processing the local details when typically developing individuals are 

automatically pulled into global processing (global superiority) and so find it harder to 

view local features of the stimulus (Happe, 1999; Happé & Frith, 2006).These 

suggestions were supported in the embedded figures (De Jonge, Kemner, & Van 

Engeland, 2006; Jarrold, Gilchrist, & Bender, 2005; Pellicano, Gibson, Maybery, 

Durkin, & Badcock, 2005; Ropar & Mitchell, 2001; Shah & Frith, 1983) and block 

design tasks (Lockyer & Rutter, 1970; Shah & Frith, 1993; Venter, Lord, & Schopler, 

1992). In the case of block design and embedded figures tasks, autistic individuals 

showed enhanced processing of local detail and less interference from global 

processing. It then follows logically that if they are less influenced by the top down 

imposed meaning on the stimuli, they should be less susceptible to illusions that are 

produced by top down processes. On the contrary, this has not been consistently 

supported as Ropar and Mitchel (2001) found the performance of autistic individuals 

on visuospatial tasks did not predict susceptibility to illusions. This finding was in 

contrast with the strong correlation between performance in the visuospatial tasks 

(embedded figures, block design and Rey test; Ropar & Mitchell, 2001). 

 

In parallel to the above research, other researchers focused on enhanced local 

perception, in the absence of a global perception deficit. Visual search tasks, where a 

target must be searched for in a grid full of distractors, aimed to understand attention 

and detail focus in autism. In both feature (where the colour and shape of the target 
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and the distractors were different) and conjunctive search (where the colour of the 

target and distractors was the same, but the target has a unique shape) autistic 

participants performed better (Baron-Cohen, O’Riordan, Plaisted, & Driver, 2001; 

Plaisted, O’Riordan, & Baron-Cohen, 1998). Furthermore, in a triple conjunctive task, 

where the target was uniquely defined by a combination of 3 features, autistic 

individuals were better at discriminating targets and distractors than typically 

developing individuals (O’Riordan & Plaisted, 2001). This evidence led to the 

development of a theory based on superior discrimination to rival WCC (Mitchell & 

Ropar, 2004).  
 
This theory was termed the enhanced perceptual functioning (EPF) theory and it 

explained that autistic individuals experienced superior processing of stimulus 

elements. However, in contrast with the WCC theory, there is no suggestion that there 

is a failure of global processing. Support for the enhanced perceptual functioning 

theory comes from the demonstration of a global advantage, but not global 

interference, in the Navon figures task (Bellville & Mottron, 1993). The mixed findings 

surrounding a global motion deficit in autism also make it difficult to conclude that an 

entire dysfunction of the global processing system exists in autistic perception. Initially 

increased motion coherence thresholds were seen in autistic groups relative to (verbal 

age matched) controls (Spencer et al., 2000) and IQ matched controls (Milne et al., 

2002). However, other conflicting findings suggested that their motion coherence 

thresholds were much worse than controls (Pellicano et al., 2005), and Del viva and 

colleagues (2006) found no significant difference (Del Viva, Igliozzi, Tancredi, & 

Brizzolara, 2006). Curiously, studies which showed conflicting findings were equally 

thorough in the process of selecting an autistic (diagnosed) sample. 

 

Other ways of measuring the amount of meaning inferred from global motion has 

involved the use of optic flow stimuli. This is the visual presentation of stimuli 

contracting or expanding to produce a subjective feeling of movement. Previous 

research has shown some posture differences in participants with ASD compared to 

controls (Gepner, Mestre, Masson, & de Schonen, 1995). Del viva and colleagues 

(2006) however, found no difference (Del Viva et al., 2006).Similarly, perception of 

biological motion, the ability to distinguish human motion from point light displays, has 

also received mixed support. Initially it was found that autistic participants could 
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identify biological motion from point light displays (Moore, Hobson, & Lee, 1997). 
Although performance on these tasks has showed a negative correlation with autistic 

severity, implying that there may be some association between biological motion 

processing and autistic symptoms (Blake, Turner, Smoski, Pozdol, & Stone, 2003). 

Furthermore, differences in the brain networks activated when completing biological 

motion task were found, such that there was no superior temporal sulcus (STS) 

activation in autistic participants (Herrington et al., 2007). Taken together, this 

evidence suggested that the role of global processing in autism aetiology remains 

unclear and further investigation is needed to determine the reasons for these 

discrepant results. 

 

Early research on the Navon task partially explained why a global deficit in autism 

seemed possible in certain contexts. Navon (1981) found that when participants were 

presented with a series of large letters, made up of smaller letters called Navon figures 

and were asked to identify the smaller letters, global interference (the global elements 

of the stimuli interfere with the global leading to slowed reaction times). Additionally, 

that global precedence was shown because global elements were processed more 

rapidly. More recently, however, the Navon task has been presented either in the form 

of a selective attention task (participants were asked to identify either the global and 

local stimuli in different blocks) or as a divided attention task (where the target could 

either be in the local or global features of the stimuli in any one trial). It was found that 

when autistic participants were given a selective attention task, global interference 

was shown as it was in TD individuals (Plaisted, Swettenham, & Rees, 1999). The 

authors concluded that the deficit in autism was therefore likely to be a combination of 

two factors, the enhanced local processing without overt priming and a difficulty 

switching from global to local features. This research expanded on the idea of global 

processing challenges and enhanced local processing because it showed that the 

specific difficulty highlighted by this task was switching attentional resources. This 

could explain why embedded figures and block design seemingly shows support for 

the WCC theory, whilst investigations of global processing deficit in isolation have 

demonstrated conflicting findings.  
 
An issue with current theories of autistic perception (WCC and EPF) is that they only 

explain one element of autistic symptoms and whilst there have been attempts to link 
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themselves to social theories such as theory of mind, the exact mechanisms behind 

such links are unclear (Happé, 1997). Therefore, even if these theories successfully 

explain some perceptual processes underlying autistic experiences, they do not 

explain how they come to be this way (Plaisted, 2015), leaving the consequences of 

complex sensory differences (such as under and over sensitivity to stimuli within the 

same individual) unexplained (Sapey-Triomphe, 2017). 
 
In contrast, the Bayesian framework focuses on the balance of current and prior 

sensory knowledge. As a result, this theoretical framework could account for a wide 

range of autistic perceptual differences (Pellicano & Burr, 2012). Initial research 

suggested that typically developing individuals use prior knowledge to help them make 

more reliable sensory estimates (by combatting the inherent uncertainty of incoming 

sensory information; Pellicano and Burr (2012) and this becomes even more essential 

during unpredictable events. If autistic individuals are less able to weight prior 

knowledge in these circumstances, this could lead to sensory overload and challenges 

with unpredictable social environments (Van de Cruys, De-Wit, Evers, Boets, & 

Wagemans, 2013). 
 

1.10 The Bayesian observer model as a theoretical framework for 
understanding autistic experience. 
 
Bayesian explanations of autistic experience have focused on a few different aspects 

of the model: 1) how the prior or likelihood is weighted (Pellicano & Burr (2012), Brock 

(2013), 2) how priors may be updated with highly precise and inflexible prediction error 

(Van de Cruys et al., 2013, 2014; Van de Cruys, Vanmarcke, Van de Put, & 

Wagemans, 2018) and 3) increased learning rate in response to volatility; (Sapey-

Triomphe, Weilnhammer, & Wagemans, 2021). Initial theories suggested that autistic 

people have wider (less precise) priors and that this would be in line with the 

preference for local detail at the expense of global information described in WCC 

theory (Pellicano & Burr, 2012). As described in the previous section, the WCC 

predicted enhanced local processing at the expense of global processing and has 

been supported through embedded figure tasks (Frith & Happé, 1994), Navon figures 
(Plaisted et al., 1999) and block design (Shah & Frith, 1993). Bayesian interpretations 

of autistic perceptual experience have suggested that reduced weighting of Bayesian 
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priors (learning previously perceived statical regularities of sensory input) could be the 

cause of the difficulties in using previous knowledge in these cognitive tasks (Pellicano 

& Burr, 2012). 
 
Brock (2012) replied to Pellicano and Burr (2012) and considered that precise 

likelihoods could be the source and appear with a similar outcome to wide priors 

(Brock, 2012). This is because weights are given to both the likelihood and the prior 

where the weight on the prior is w and the weight on the likelihood is 1-w, so a very 

precise and certain likelihood could also have the same impact on the resulting 

posterior as a wide prior. This can be seen from the posterior mean remaining the 

same value in an example where the prior has double the variance (uncertainty) as an 

example where the sensory likelihood variance has been halved (see Figure 13).  
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Nonetheless, Pellicano and Burr were the first to suggest a Bayesian interpretation to 

explain that autistic people view the world in a way that is “too real” because they are 

less able to weight prior knowledge. They argue that their Bayesian interpretation can 

go beyond the explanations of atypical perception put forward by WCC and EFP by 

explaining how the mechanisms work computationally. Evidence to support reduced 

prior weighting comes from Karaminis and colleagues (2016), who found that the 

autistic children showed reduced bias to the mean compared to the typically 

developing children who showed similar temporal discrimination performance. The 

autistic children (9-14 years old) also showed similar amounts of bias to children that 

were slightly younger than them (8-9 year olds). On the contrary, there is a 

considerable body of evidence accumulating which appears in conflict with the wide 

priors (hypo priors) account. This evidence seemed to suggest priors can be used and 

weighted to some extent in autistic perception. For example, autistic participants were 

able to follow a visually moving target that would disappear at set intervals with similar 

predictive eye movements to that of typically developing participants suggesting that 

sensory predictive abilities were intact (Ego et al., 2016).  
 
Similarly, an experiment, carried out by Van de Cruys and colleagues (2021) provided 

evidence to suggest that the priors were not less precise in autistic children compared 

to non-autistic children. They accomplished this through the exploration of contextual 

(short time scale) and structural (long time scale) priors. In the case of structural priors, 

both groups demonstrated that they were faster at responding to cardinal orientations 

than oblique in visual search (Van de Cruys et al., 2021). To study contextual priors, 

the primed participants with a distractor distribution which meant that for the first few 

repetitions, there would be a target to find within a group of distractors drawn from a 

certain distribution. Then on test trials the target would now be presented in 

orientations that approached the orientations of the distractor distribution. Difficulties 

arising as the difference between the target and the mean of the distractor distribution 

demonstrated the formation of a prior because targets now had orientations that were 

expected from the distractors. It was found from the implementation of Bayesian 

modelling that there were no differences in the prior variance between autistic and 

non-autistic children. However, they both showed larger variances than adults when 

carrying out the same task (Van de Cruys et al., 2021). 
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As further evidence against autistic individuals showing weaker priors, Sapey 

Triomphe and colleagues (2021), demonstrated that autistic participants were able to 

learn strong priors in a time order error task (see Figure 2 for description), but that the 

challenge was flexibly updating the prior according to a new context. This task involved 

giving participants a 2AFC magnitude estimation by posing the question which was 

larger: the first stimulus, or the second? The time order error is a bias where the first 

stimulus is often overestimated (positive TOE) or underestimated relative to the 

second (negative TOE; Hellström, 1979). It has been referred to as a contraction bias 

by Ashourian and Loewenstein (2011) because the perception of the memorised (first) 

duration becomes biased towards the mean of the distribution. Autistic participants 

were able to form a strong prior, as evidenced by the production of a visible time order 

error. However, compared to neurotypical participants, they were less able to adapt 

their prior as the tactile stimulation experiment changed to include a stimulation range 

centred on a new frequency (Sapey-Triomphe, 2017). Sapey-Triomphe and 

colleagues (2021) went on to replicate this finding of prior formation but it was 

accompanied by a lack of flexible updating. In this experiment participants were asked 

to estimate the size of a disk as smaller or larger than the interval that followed. The 

size on any single trial would be taken from either a broad or narrow distribution and 

when the distribution switched, again participants with ASD did not update their prior 

to take into account the new distribution width (Sapey-Triomphe, Timmermans, & 

Wagemans, 2021). 
 
Given the above criticisms of weak priors as a theory, an alternative explanation of 

autistic prior formation was proposed by Van de Cruys and colleagues (2013). It has 

been named the Highly Inflexible Precision of Prediction Error (HIPPEA) account (Van 

de Cruys et al., 2013; 2014). In typically developing individuals when prediction error 

is used to update their model according to novel but systematic changes in the sensory 

environment, the precision of that prediction error will be high. However, the precision 

is lowered when random noise is observed that is, when new learning does not need 

to occur (Van de Cruys et al., 2014). However, according to HIPPEA the prediction 

error of autistic people would remain inflexibly high. As a result, model updates occur 

according to every small change as if it were relevant, even in cases where this would 

mean learning about noisy, random changes. Priors this precise would lead to trouble 
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with generalisation because it is unlikely that the exact same sensory environment 

would appear more than once (Van de Cruys et al., 2014).  
 

Another experiment by Sapey-Triomophe and colleagues (2021) provided partial 

support for this account by finding inflexibility of precision, but not higher precision of 

prediction error (Sapey-Triomphe et al., 2021). The research was able to demonstrate 

however that prior acquisition is just as possible for autistic people as for neurotypicals 

as they both learned the contingency (one sound would play before a dot moved 

counter clockwise and another tone would play when the dot rotated clockwise), 

however the contingency was learned to a lesser extent in autistic people and was 

less flexibly adjusted to the new context when the contingency switched.  Other related 

theoretical accounts have explained that priors in autism are also less able to adjust 

to the context with no specific neural implementation (Robic et al., 2015) and also that 

volatility (regular changes to the prior mean or standard deviation) may be a particular 

challenge (Palmer et al., 2017). Van de Cruys and colleagues (2017) also went on to 

construct a ‘signal in the noise theory’, whereby it is a difference in the ability to 

determine which sensory regularities are signal and which are noise as a key 

component of autistic experience (Van de Cruys, Van der Hallen, & Wagemans, 2017).  
 
Lawson and colleagues (2017) suggested that volatility, the expectation for how 

causes of sensory input to change over time, was overestimated in autistic adults. A 

volatile environment contains more frequent changes to sensory regularities. This 

increased level of surprise often produces an increased learning rate due to a change 

in expectations about the stability of the environment. Similarly, when an environment 

becomes less volatile, it is likely that the learning rate decreases again.  However, 

Lawson and colleagues (2017) found that autistic adults overestimate volatility and 

hence show an increased learning rate. This overestimation may occur as a result of 

how the external world appears as highly unpredictable to autistic people. Therefore 

they overestimate volatility and the result is an increase in learning rate to combat this 

perception (Lawson, Mathys, & Rees, 2017). However, other research conducted in 

the same year found typical learning rates in response to volatility in autistic children 

(Manning, Kilner, Neil, Karaminis, & Pellicano, 2017). This raises the question as to 

whether displays of overestimating volatility (and increased learning rates) could be a 

compensation strategy developed by autistic adults as they learn to cope with 
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unpredictable sensory information over the duration of their life span. This area of 

research could also offer insight into the features of autistic experience that become 

more challenging with age (Happé et al., 2016; Manning et al., 2017). Taken together, 

this evidence provided evidence for some difference in the ability to adjust to volatile 

contexts in autistic adults. 
 

The HIPPEA account, and related theories, have the potential to explain a range of 

differences in autistic perception. The HIPPEA account could explain the origin of 

autistic experiences such as sensory overload occurring because they treat noisy 

signals as more relevant than non-autistic individuals do when adjusting prediction 

error. Similarly, HIPPEA could also explain any discomfort with unpredictability as 

occurring because learning is less filtered and less flexible. The secondary impacts of 

are likely to be the elevated levels of stress, anxiety, mood problems and sensory 

avoidance seen in autistic individuals (Herry et al., 2007; Sapey-Triomphe, 2017). As 

a result, these accounts appear much more successful in explaining the wide range of 

differences in autism relative to earlier perceptual accounts such as WCC and EPF. 

 

 

1.11 Applying a Bayesian framework to individual differences trait 
research. 
As a first step in exploring autistic differences, some researchers have considered that 

autistic perceptual experience may be viewed as an individual difference at the trait 

level (Chrysaitis, Jardri, Denève, & Seriès, 2021; Karvelis, Seitz, Lawrie, & Seriès, 

2018; Powell, Meredith, McMillin, & Freeman, 2016). The aim of trait research is to 

explore differences in the general population that relate to the diagnostic criteria of 

certain conditions either instead of, or in addition to, studying individuals from that 

population. Relating the degree of, or number of these traits to individuals experience 

of the condition can be an oversimplification. However, it can also provide an initial 

exploration of behavioural or perceptual features believed to be a component of the 

condition and how these features may correlate with the number of traits present in 

that individual. These studies can, and often do, include individuals diagnosed with 

the condition. 
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Karvelis and colleagues (2018) found that autistic traits correlated increased weighting 

of sensory information. The authors also collected schizotypal personality trait data 

but found no such connection to likelihood weighting. They used a motion estimation 

task where participants were required to estimate the direction of the randomly moving 

dots. To allow the sensory statistics of the stimuli to inform the prior, they increased 

the frequency of dots appearing at the -32 degrees and  32 degrees directions. This 

increased the probability of a motion in these directions appearing on screen, resulting 

in the direction of 32(positive and negative) degrees as the prior. There was evidence 

of prior acquisition because attractive biases towards 32 degrees were seen in motion 

direction estimations and estimations of this direction were less variable. It was found 

that those with high autistic traits demonstrated weaker biases towards the prior 

direction. Reduced bias under a Bayesian framework could have indicated wider priors 

or narrower likelihoods. However, because this bias was displayed in conjunction with 

reduced variability of direction estimation, then narrower likelihoods can be assumed 

here.  

 

Powell and colleagues (2016) aimed to explore motion estimation priors and autistic 

traits and considered the flatter prior hypothesis to predict that autistic traits could 

correlate with reduced weighting given to the prior.  The focus was on the visual motion 

prior of speed where slower speeds are more common and therefore, speeds are often 

underestimated as a result. More specifically they induced the Aubert-Fleischl 

phenomenon (where smooth pursuit eye movements decrease the reliability of 

estimates leading to increased motion sensitivity thresholds and decreased speed 

estimates) in their first experiment and lowered contrast in their second in order to 

induce the slower speeds prior in both cases. In Experiment 1, two types of stimuli 

were designed to produce different types of eye movements (and hence the Aubert-

Fleischl phenomenon) during speed discrimination responses. For the fixation stimuli, 

the annulus window and the fixation remained stationary and only the dots moved 

(creating the appearance of the dots moving over the window like a sheet). Whereas 

during the smooth pursuit conditions, the dots, the fixation and the window all moved 

at the same velocity. 

 

In Experiment 2 participants were also asked to discriminate the stimulus speeds but 

this time, they were asked which of the horizontal gratings moved more quickly. One 
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stimulus was low contrast and the other was high contrast in order to induce slower 

motion perceptions, and higher thresholds for the low contrast stimuli. In experiments 

1 and 2, the predicted phenomena were demonstrated such that smooth pursuit eye 

movements produced higher thresholds and slower speed estimates than fixation. 

Similarly, low contrast stimuli produced higher thresholds than high contrast stimuli 

(Powell et al., 2016). 

 
The purpose of the model fitting was to answer the question of whether the differences 

in thresholds could predict the individual differences in the phenomena shown. They 

compared the fit of their Bayes model to two other models, one with sensory thresholds 

only and one with autistic traits only. Through this process, Powell and colleagues 

(2016) found that the Bayes model fit was much more successful in explaining the 

data than the other models. Additionally, the autistic traits were able to explain a large 

proportion of the variance in the data. Although the authors postulate that other factors 

might be influencing the individual differences in these motion phenomena such as 

how priors were learned and the shape of the prior distributions. 

 
Overall trait research demonstrated key behavioural and perceptual differences 

according to how many traits the individual possessed. This is useful for initial 

exploration of these effects or if behavioural tasks are early in development and may 

need certain modifications before being used with certain populations. It is also 

important for instances where large numbers of individuals with a diagnosis may not 

be accessible for the research. Then more participants with measured traits can also 

be included in correlation based research 

 
From the findings of Glasauer & Shi (2021a), it also seemed possible that participants 

could have different beliefs about the relationship between stimuli. This is because 

participants assumed different amounts of serial dependence in the stimuli and 

therefore demonstrated potential individual differences in generative assumptions 

when viewing the same duration stimuli (see Chapter 2 for more details). This could 

be a consequence of how prior distributions are inferred from stimuli and how this 

drives different models to be selected (Glasauer & Shi, 2021a). Although how and why 

individuals may vary in the selection of generative models remains to be seen.  
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1.12 Thesis aim 
The overall aim of this thesis was to add to recent explorations of Bayesian prior 

acquisition in the literature (Glasauer & Shi, 2021b, 2021a; Petzschner & Glasauer, 

2011) and to provide additional insights into how priors are updated over time. Another 

motivation of this research was to see which prior acquisition strategy was most 

commonly used and whether the prior acquisition process can be flexibly influenced 

by certain stimulus features. The following chapter (Chapter 2) describes an 

investigation of how priors are formed during temporal reproduction in relation to 

different stimulus features. Chapter 3 aimed to answer the question of whether prior 

formation in the temporal reproduction tasks differed according to autistic traits.  

 
In Chapter 4, the ability to update priors whilst predicting the spatial position of the 

stimuli was tested via a spatial localisation task. The possibility of switching between, 

or showing flexibility in, prior updating strategies was also considered. Chapter 5 

explored how priors may be updated during spatial localisation throughout childhood 

and into adulthood. Chapter 6 investigated the possibility of using a Bayesian model 

to explain biases when comparing two stimuli. As a consequence, Bayesian 

mechanisms were considered as a potential explanation of a time order error like effect 

during the reproduction of a single temporal interval. Chapter 7 provides discussion of 

the conclusions drawn from this research and suggestions for future work. 
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2. How do priors for interval reproduction update over time: 
comparing simple iterative, static, and two-state Bayesian models? 
 
 
2.1 Introduction 
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1*)%"*$)%*&&/$4.'2%(/%/3$%-#6.#0+%*-/3(%5/7%+#'+/$)%#'".$/'1#'(+%*99#*$:%G5#$#0/$#,%
4.00#$#'(%1*'.0#+(*(./'+%/0%9$./$%394*(.'2%+($*(#2.#+%1*)%/&&3$%.'%$#+9/'+#%(/%4.00#$#'(%
#'".$/'1#'(*6%&/'4.(./'+:%;'%(5.+%&*+#,%(5#%.4#*6%9$./$%394*(.'2%+($*(#2)%7/364%.'"/6"#%
(5#%9$./$%-#.'2%394*(#4%*&&/$4.'2%(/%(5#%"*63#%/0%(5#%1/+(%$#&#'(%+(.136.,%(5$/325%(5#%
*&(./'%/0%*%+.196#% .(#$*(."#%1/4#6% BH#(@+&5'#$%R%J6*+*3#$,%CDEEF:%O%9$./$%394*(.'2%
+($*(#2)%+3&5%*+% (5.+%7/364%-#%1/+(%3+#036% .0% (5#%+(.136.%&/'(*.'#4%+/1#%4#2$##%/0%
+#$.*6%4#9#'4#'&#:%%
%

O'%.(#$*(."#%9$./$%394*(.'2%1#&5*'.+1%/0%(5.+%M.'4%7*+%#>96/$#4%-)%(5#%J6*+*3#$%2$/39%
.'%$#6*(./'%(/%*'26#%*'4%4.+(*'&#%#+(.1*(./'%BH#(@+&5'#$,%CDECF:%8#5*"./3$*6%0.'4.'2+%
0$/1% (5#.$% +(34)% 4#1/'+($*(#4% (5*(% EF% &#'($*6% (#'4#'&)% #00#&(+%7#$#% 0/3'4% .'% -/(5%
4.+(*'&#%*'4%*'26#%#+(.1*(./'%CF%5.25#$%+*196#%$*'2#+%B*%+#(%/0%6/'2%43$*(./'+F%2*"#%
$.+#%(/%6*$2#$%-.*+#+%*'4,%[F%(5*(%*+%(5#%4.+(*'&#%*'4%*'26#%"*63#+%.'&$#*+#4,%+/%4.4%
(5#% +(*'4*$4% 4#".*(./':% G5#% 8*)#+.*'% 1/4#66.'2% 9$/&#++% $#"#*6#4% (5*(% *% +.196#%

.(#$*(."#%1/4#6%BI*61*'%0.6(#$F%7*+%1/$#%+3&&#++036%.'%0.((.'2%9*$(.&.9*'(+%4*(*%(5*'%*%
+(*(.&% 1/4#6:% O+% *% $#+36(,% (5#.$% $#+#*$&5% 5*+% (*M#'% .'.(.*6% +(#9+% .'% *'*6)+.'2% 5/7%
8*)#+.*'%9$./$+%394*(#%/'%*% ($.*6%-)% ($.*6%-*+.+% BJ6*+*3#$%R%A5.,%CDEcL%H#(@+&5'#$,%
CDECL%H#(@+&5'#$%#(%*6:,%CDE]F%
%

;'%*%(#19/$*6%$#9$/43&(./'%#>9#$.1#'(,%J6*+*3#$%*'4%A5.%BCDEKF%"*$.#4%(5#%/$4#$%.'%
75.&5% (5#% +(.136.% 7#$#% 9$#+#'(#4:% ;'% 4/.'2% +/,% (5#)% 1*'.936*(#4% (5#% ($.*6U-)U($.*6%
4)'*1.&+,%*%9/(#'(.*6%&3#%0/$%(5#%9$./$%394*(.'2%+($*(#2.#+%(5*(%5*"#%-##'%4#+&$.-#4%
+/%0*$:%O%$*'4/1%7*6M%9$/(/&/6%7*+%3+#4%(/%9$#+#'(%+(.136.%(5*(%"*$.#4%2$*43*66)%/"#$%
(.1#%*&&/$4.'2% (/%*%X.#'#$%9$/&#++%B$*'4/16)%+*196#+%"*63#+% 0$/1%*%4.+($.-3(./'F:%
J6*+*3#$%*'4%A5.%BCDEKF%9$#4.&(#4%(5*(%43$.'2%0366)%$*'4/1%9$#+#'(*(./',%(5#%+9/$*4.&%
'*(3$#%/0%(5#%+(.136.%/$4#$%1#*'(%(5*(%#Q3*66)%6*$2#%&#'($*6%(#'4#'&)%#00#&(+%B43#%(/%
/"#$%*'4%3'4#$%#+(.1*(./'F%&/364%*$.+#%0$/1%-/(5%9$./$%394*(.'2%+($*(#2.#+:%N/7#"#$,%
43$.'2% $*'4/1% 7*6M% &/'4.(./'+,% *% I*61*'% 0.6(#$% B.(#$*(."#F% 1/4#6% 7/364% 9$#4.&(% *%
4#&$#*+#% .'% (5.+%&#'($*6% (#'4#'&)%-.*+:%G5.+% .+%-#&*3+#%(5#%2$*43*6%&5*'2#+% .'% (5#%
+(.136.%7/364%-#%7#66%+3.(#4%(/%.(+%9$./$%394*(.'2%+($*(#2),%*'4%(5.+%6#4%(/%(5#%$#43&(./'%
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7*+%+5/7',%)#(%4.4%'/(%4.+*99#*$%&/196#(#6),%0/$%(5#%$*'4/1%7*6M%+(.136.%BJ6*+*3#$%
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#19.$.&*6% 4*(*% 0$/1% 9$#"./3+% $#+#*$&5% .'(/% 4.+(*'&#% *'4% *'26#% $#9$/43&(./'%
BH#(@+&5'#$% R%J6*+*3#$% CDEEF% *'4% 43$*(./'% $#9$/43&(./'% BJ6*+*3#$% R% A5.,% CDEKF:%
W#+9.(#%-/(5%+(*(.&%*'4%.(#$*(."#%1/4#6+%9$#4.&(.'2%(5#%+*1#%6#"#6+%/0%&#'($*6%(#'4#'&)%
0/$% $*'4/16)% 9$#+#'(#4% .'(#$"*6+,% (5#)% *.1#4% (/% +#9*$*(#% (5#1% -*+#4% /'% (5#.$%
9$#4.&(./'+% /0% +#$.*6% 4#9#'4#'&#:% G5.+% .+% -#&*3+#% +(*(.&% 1/4#6+% 9$#4.&(% '/% +#$.*6%
4#9#'4#'&#%%75*(+/#"#$%75#$#*+%+/1#%6#"#6%/0%+#$.*6%4#9#'4#'&#%.+%.'(#2$*6%(/%(5#%
/9#$*(./'+%/0%(5#%+.196#%.(#$*(."#%1/4#6%BJ6*+*3#$%R%A5.,%CDCE*F:%J6*+*3#$%*'4%A5.%
BCDCE*F%9$#+#'(#4%*%(7/U+(*(#%1/4#6%(5*(%&/364%.'&/$9/$*(#%-/(5%#>($#1#+%/0%(5#%+(*(.&%
*'4%(5#%+.196#%.(#$*(."#%1/4#6%-)%.'&634.'2%(7/%0$##%9*$*1#(#$+%B"g$%*'4%Qg$F:%G5#%"g$%
9*$*1#(#$%4#0.'#+%(5#%*1/3'(%/0%"*$.*-.6.()%*++/&.*(#4%7.(5%(5#%9$./$%4.+($.-3(./'%*'4%

(5#%Qg$%9*$*1#(#$%4#0.'#+%5/7%13&5%(5#%1#*'%.(#$*(#+%B+5.0(+F%0$/1%($.*6%(/%($.*6:%;(%&*'%
.'&/$9/$*(#%(5#%9/++.-.6.()%/0%*%+.196#%.(#$*(."#%1/4#6,%75#$#%'/%"*$.*-.6.()%.+%*++/&.*(#4%
7.(5%(5#%4.+($.-3(./'%B+/%"g$%h%DF%*'4%&*'%*6+/%*&&/3'(% 0/$% (5#%9/++.-.6.()%/0%*%93$#6)%
+(*(.&%1/4#6%B75#$#%Qg$%h%DF:%G5#%"*63#+%/0%#*&5%9*$*1#(#$%*6+/%*66/7%0/$%*')%9/++.-.6.()%
.'% -#(7##'% -#&*3+#% *% &#$(*.'% 4#2$##% /0% "*$.*-.6.()% &/364% -#% &*9(3$#4% -)% (5#% "g$%
9*$*1#(#$%*'4%*%4#2$##%/0%.(#$*(./'%&/364%-#%&*9(3$#4%-)%(5#%Qg$%9*$*1#(#$:%
%
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*-6#% (/% 4#1/'+($*(#% (5*(% (5#% (7/U+(*(#% 1/4#6% 9$/".4#4% -#((#$% 9$#4.&(./'+% /0%
9*$(.&.9*'(+%+#$.*6%4#9#'4#'&#%(5*'%#.(5#$%*%+(*(.&%/$%+.196#%.(#$*(."#%1/4#6%BI*61*'%
0.6(#$F:%G5#%+*1#%7*+%($3#%0/$%(5#%43$*(./'%$#9$/43&(./'%#>9#$.1#'(%*'4%(5#)%+3+9#&(#4%
(5#%(7/U+(*2#%1/4#6%7/364%#>96*.'%9*$(.&.9*'(+%43$*(./'%$#9$/43&(./'%4*(*%.'%-/(5%(5#%
$*'4/1%7*6M%*'4%0366)%$*'4/1%&/'4.(./'+%BJ6*+*3#$%R%A5.,%CDCE*F:%O+%*%$#+36(,%(5#)%
9$#4.&(#4%(5#%.'&$#*+#%.'%+#$.*6%4#9#'4#'&#%0/$%(5#%$*'4/1%7*6M%&/'4.(./'%7/364%-#%
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%
G5#.$%9$#4.&(./'+%7#$#%&/'0.$1#4%-)%5/7%+3&&#++0366)%(5#%.'4.".43*66)%0.((#4%9*$*1#(#$+%
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/$4#$:%G5#$#%.+%*6+/%(5#%9/++.-.6.()%(5*(%(5#%(7/U+(*(#%1/4#6%9$/".4#4%(5#%-#+(%0.(%0/$%(5#%
4*(*%3+.'2%.(+%(7/%9*$*1#(#$+%(/%*66/7%0/$%*%5)-$.4%/0%(5#%+.196#%.(#$*(."#%*'4%+(*(.&%
1/4#6+:%
%
;'% /$4#$% (/% #>96/$#% /(5#$% &/'(#>(3*6% &3#+% (5*(% &/364% 6#*4% 9*$(.&.9*'(+% (/7*$4+% *'%
.(#$*(."#% +()6#% /0% 394*(.'2% B-#)/'4% +(.1363+% +#Q3#'&#F,% (5#% &3$$#'(% $#+#*$&5% *6+/%
*.1#4%(/%3'4#$+(*'4%(5#%.19*&(%/0%9#$&#.".'2%+(.136.%*+%+.'26#%*'4%136(.96#%/-a#&(+:%%
G5#$#%.+%$#*+/'%(/%-#6.#"#,%(5*(%0/$%+9*(.*6%Q3*'(.(.#+%B+3&5%*+%6/&*(./'F,%9$#4.&(./'%".*%
*%I*61*'% 0.6(#$%1*)%-#%3+#4% (/% ($*&M%*%+.'26#%/-a#&(% 0/$%#>*196#,% (5#%531*'%-/4)%
43$.'2%9*(5%.'(#2$*(./'%BH#(@+&5'#$%R%J6*+*3#$,%CDEEF,%*'4%(5#%5*'4%43$.'2%$#*&5.'2%
-#5*"./3$% B<#$+()'#'% R% A*-#+,% CDEEF:% O(% (5#% &3$$#'(% (.1#,% 6.((6#% .+% M'/7'% *-/3(%
75#(5#$%".#7.'2%(5#%+(.1363+%*%+.'26#%/$%136(.96#%/-a#&(+%7/364%.'063#'&#%#+(.1*(#+%.'%
(5#%(#19/$*6%4/1*.':%O6(5/325,%.0%(5#%0#*(3$#+%/0%(5#%(.1#%.'(#$"*6%+(.136.%+.2'*66#4%(5#%
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'##4%0/$%+#'+/$)%.'0/$1*(./'%(/%-#%($*&M#4%/"#$%(5#%&/3$+#%/0%(5#%#>9#$.1#'(,%+3&5%*+%
*99#*$.'2%*+%*%+.'26#%/-a#&(,%(5#'%.(%&/364%-#%1/+(%+3.(*-6#%0/$%9*$(.&.9*'(+%(/%394*(#%
(5#%9$./$%2$*43*66)%*&&/$4.'2%(/%(5#%1/+(%$#&#'(%+(.1363+%1*2'.(34#:%%
%

;'%&/'($*+(,%.0%(5#%+(.136.%*99#*$#4%1/$#%6.M#%136(.96#%/-a#&(+,%.(%&/364%-#%*4"*'(*2#/3+%
0/$%(5#%9$./$%(/%&/'(*.'%+/1#%+(*(.+(.&+%/0%(5#%4.+($.-3(./'%B1#*'%*'4%+(*'4*$4%4#".*(./'F%
(/%+311*$.+#%(5#%$#6*(./'+5.9%-#(7##'%(5#%/-a#&(+:%G5#%9$#4.&(#4%.'063#'&#%/0%/-a#&(%
()9#%7*+% *'% #>96/$*(/$)% 5)9/(5#+.+% -*+#4% 39/'% (5#% 0.'4.'2+% /0%J6*+*3#$% *'4% A5.%
BCDEKL% CDCE-F% .'% $#6*(./'% (/% I*61*'% 0.6(#$+:% G5#% &3$$#'(% $#+#*$&5% *6+/% 3+#4%
&/193(*(./'*6% 1/4#66.'2% (/% +##% 75.&5% 9$./$% 394*(.'2% +($*(#2)% -#+(% $#06#&(#4%
9*$(.&.9*'(+%4*(*%.'%$#+9/'+#%(/%4.00#$#'(%+(.1363+%0#*(3$#+:%%
%
%
%

%
2.2 Experiment 1: Unfilled intervals reproduction task 
%
2.2.1 Methods 
 
H*$(.&.9*'(+%%
G5#$#%7#$#%C^%BE[%0#1*6#F%9*$(.&.9*'(+%0$/1%*2#+%CD%(/%\[%BYhC[:cE,%AWh%]:\cF:%!'#%
9*$(.&.9*'(%5*4%(/%-#%#>&634#4%43#%(/%/3(6.#$+%Bi[%AWb+%*7*)%0$/1%(5#%1#*'F:%j/$1*6%
/$%&/$$#&(#4%(/%'/$1*6%".+./'%7*+%*%$#Q3.$#1#'(%/0%*66%9*$(.&.9*'(+:%
%

A(.1363+%4#(*.6+%
G5#% +(.136.% 7#$#% 9$#+#'(#4% (/% 9*$(.&.9*'(+% /'% *% V*1-$.42#% d#+#*$&5% A)+(#1%
W.+96*)kkZVW%1/'.(/$:%G5#%9.>#6%$#+/63(./'%7*+%EKCD%>%EDcD%7.(5%*%0$*1#%$*(#%/0%ECD%
Nf:%G5#%".#7.'2%4.+(*'&#%7*+%^C:`&1:%O(%(5.+%4.+(*'&#%E%9.>#6%+3-(#'4#4%C%*$&1.'%/0%
".+3*6%*'26#:%G5#%4.+96*)%7*+%2*11*%&/$$#&(#4%(/%#'+3$#%6.'#*$%/3(93(:%
G5#%(*$2#(%+(.1363+%7*+%*%&.$&36*$%4.+M%(5*(%1/"#4%/'%*%9+#34/U$*'4/1%9*(5%43$.'2%
.'(#$U($.*6%9#$./4+:%G5#%+9##4%.(%1/"#4%*(%43$.'2%(5#+#%.'(#$U($.*6%9#$./4+%7*+%\%4#2g+:%
O(%(5#%+(*$(%/0%#*&5%(#+(.'2%+#++./'%(5#%+(.1363+%B7.(5%*'%.'.(.*6%4.*1#(#$%/0%[%4#2$##+F%
7*+% $*'4/16)% 9/+.(./'#4%7.(5.'% *% CD% 4#2$##+% 4.*1#(#$% &.$&36*$% $#2./',% &#'($#4% /'%
0.>*(./'% *'4% *++.2'#4% *% $*'4/1% 4.$#&(./'% B+##% _.23$#% E`*F:% G5#% 4.$#&(./'% /0% (5#%
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+(.1363+%7*+%a.((#$#4%-)%]%4#2$##+%*(%(5#%#'4%/0%#*&5%0$*1#,%7.(5%*'%#Q3*6%9$/-*-.6.()%
/0%&6/&M7.+#%/$%&/3'(#$&6/&M7.+#%&5*'2#:%;0%(5.+%+(.1363+%9*(5%7#$#%(/%$#*&5%(5#%#42#%
/0%(5#%&.$&36*$%$#2./',%.(%7*+%$#/$.#'(#4%-*&M%(/7*$4+%&#'($*6%0.>*(./'%B+##%_.23$#%E`-F:%
;'%*44.(./',%/'%#*&5%0$*1#,%(5#%4.*1#(#$%/0%(5#%(*$2#(%7*+%$*'4/16)%a.((#$#4%-)%C%*$&1.'%
7.(5%*'%#Q3*6%9$/-*-.6.()%(5*(%.(%&/364%.'&$#*+#%/$%4#&$#*+#%.'%+.@#:%N/7#"#$,%(5.+%7*+%
.'%(5#%-/3'4+%/0%*%1.'.131%4.*1#(#$%/0%E%4#2$##%*'4%1*>.131%4.*1#(#$%/0%\%4#2$##+%
B+##%_.23$#%E`&F:%%
%
X5#'%0#*(3$#+%+3&5%*+%+.@#%*'4%9/+.(./'%&/"*$)%2$*43*66)%7.(5.'%(5#%+*1#%+(.1363+,%
(5#%+(.1363+% .+%1/$#% 6.M#6)% (/%-#%($#*(#4%*+%*%+.'26#%/-a#&(%B*'4% 6#*$'.'2%*-/3(% (5*(%
+(.1363+%7/364% -#% &/'(.'3*66)% 394*(#4%*+% /99/+#4% (/% *++.2'.'2% 063&(3*(./'+% (/% (5#%
9$#+#'&#%/0%*%'#7%/-a#&(F:G5#$#0/$#,%(5#%+.@#%*'4%9/+.(./'+%/0%(5#%(*$2#(%7#$#%"*$.#4%
43$.'2% (5#% .'(#$U+(.1363+% .'(#$"*6% .'%/$4#$% (/%9$/".4#%*44.(./'*6%4.+(.'&(./'+%-#(7##'%
#*&5% &/'4.(./'% B+(.1363+% ()9#F:% G5#+#% 4.+(.'&(./'+% -#(7##'% (5#% &/'4.(./'+% 7#$#%

4.+96*)#4%&6#*$6)%-)% (5#% (*$2#(% $#1*.'.'2%/'%+&$##'%43$.'2% (5#% ;A;% 0/$%+.'26#%/-a#&(%
&/'4.(./'+%75#$#*+%0/$%(5#%136(.96#%/-a#&(%&/'4.(./'%(5#%(*$2#(%4.+*99#*$#4%43$.'2%(5#%
;A;:% N/7#"#$,% G5#% +.@#% *'4% 9/+.(./'% /0% (5#% (*$2#(% 4.4% '/(% &5*'2#% 43$.'2% (5#%
9$#+#'(*(./'%/0%(5#%+(.1363+%.'(#$"*6:%
%

%
%
%
%
%

Y*97)$&Lk%&8J$&5#*.7375&5*b$&2+,&(2#J&-")&#J$&#$.(")23&)$()",71#*"+&#25W%&

 

!"#$%&
2O&8J$&#2)9$#&5#*.7375&U25&2&1*)1732)&,*5W&)2+,".3<&("5*#*"+$,&U*#J*+&2&EF\,$9%&,*2.$#$)&1*)1732)&)$9*"+&
1$+#)$,&"+&-*I2#*"+&2+,&2&,*2.$#$)&"-&P&,$9%&&
&
M@O&8J$&(2#J&#2W$+&@<&2+&$I2.(3$&5#*.7375&-")&2&PF&5$1"+,&($)*",%&f-&#J$&5#*.7375&(2#J&)$21J$,&#J$&
$,9$&"-&#J$&EF&,$9)$$5&1*)1732)&()$5$+#2#*"+&)$9*"+?&#J$+&*#5&,*)$1#*"+&U25&)$5$#&#"U2),5&-*I2#*"+%&
&
M1O&8J$&1J2+9$5&*+&#J$&,*2.$#$)&"-&2+&$I2.(3$&5#*.7375&"117))*+9&"V$)&#J$&1"7)5$&"-&2&PF&5$1"+,&
($)*",%&
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%
%
%
H$/&#43$#%% %
T*&5% /0% (5#% 0/3$% &/'4.(./'+% 7*+% $*'% (7.&#% 43$.'2% (5#% #>9#$.1#'(% (/% 9$/43&#% 0/3$%
+#9*$*(#%(#+(.'2%-6/&M+%&/'(*.'.'2%C%$3'+%#*&5:%G5#'%(5#%/$4#$%/0%(5#+#%\%-6/&M+%7*+%
$*'4/1.+#4% 0/$% #*&5%9*$(.&.9*'(:%O% +.'26#% $3'%/0% (5#%#>9#$.1#'(% .'&634#4%`D% ($.*6+,%
(5#$#0/$#% /'&#% #*&5% &/'4.(./'% 5*4% -##'% 9$#+#'(#4% (7.&#,% (5#$#% 7#$#% E\D% ($.*6+%
9$#+#'(#4%0/$%#*&5%&/'4.(./':%O+%*%$#+36(,%#*&5%&/'4.(./'%6*+(#4%0/$%]%1.'3(#+,%6#*4.'2%
(/%*%(/(*6%(.1#%/0%\D%1.'3(#+%0$/1%(5#%+(*$(%/0%(5#%#>9#$.1#'(%(/%&/196#(./'%-3(%(5.+%7*+%
/0(#'%&6/+#$%(/%]D%1.'3(#+%*0(#$%(*M.'2%.'(/%*&&/3'(%-$#*M+:%%
%
H*$(.&.9*'(+% ".#7#4% *% 75.(#% &#'($*6% 0.>*(./'% 4/(% -#0/$#% (5#% 0.$+(% ($.*6% -#2*'% *'4% .(%
$#1*.'#4%/'%(5#%+&$##'%0/$%(5#%43$*(./'%/0%(5#%#>9#$.1#'(:%G7/%+(.136.%7#$#%3+#4%(/%

9$/".4#%(5#%&/11#'&#1#'(%*'4%&/'&63+./'%/0%(5#%3'0.66#4%(.1#%.'(#$"*6:%H*$(.&.9*'(+%
7#$#%$#Q3.$#4%(/%/-+#$"#%(5#%(*$2#(%+(.1363+%B*%&.$&36*$%4.+MF%*99#*$%/'%(5#%+&$##'%*'4%
(/%'/(.&#%(5#%.'(#$%+(.1363+%43$*(./'%-#(7##'%(5#%(7/%+(.136.:%X5#'%(5#%75.(#%&.$&36*$%
4.+M%7*+%'/%6/'2#$%".+.-6#,%(5#)%7#$#%$#Q3.$#4%(/%9$#++%*%-3((/'%B/'%*%86*&M%8/>%G//6M.(%
SA8%$#+9/'+#%9*4F:%
%
H*$(.&.9*'(+% $#9$/43&#4% (5#% 9$#+#'(#4% .'(#$"*6+% 3+.'2% *% $#*4)% +#(% 2/% $#9$/43&(./'%
9$/&#43$#:%G5.+%9$/&#43$#,%3+#4%-)%?*@*)#$.%*'4%A5*46#'%BCDEDF,%5*+%-##'%'*1#4%
(5#% $#*4)% +#(% 2/% 9$/&#43$#% -#&*3+#% 9*$(.&.9*'(+% 13+(% $#&$#*(#% (5#% (.1#% .'(#$"*6%
-#(7##'% (5#% 0.$+(% *'4% +#&/'4% +(.136.% 9$#+#'(*(./'+% B$#*4)% *'4% +#(% $#+9#&(."#6)F:%
H*$(.&.9*'(+%3+#4%(5#.$%+.'26#%-3((/'%9$#++%(/%4#0.'#%75#$#%(5#)%(5.'M%*%(5.$4%+(.1363+%
7/364%-#%.0%(5#%(.1#%9*++#4%-#(7##'%(5#%0.$+(%*'4%(5#%+#&/'4%+(.1363+,%*'4%(5#%+#&/'4%
+(.1363+%*'4%*'%.1*2.'*$)%(5.$4%+(.1363+,%7#$#%#Q3."*6#'(%B+##%_.23$#%EcF:%%
%

%
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%

%

%

%

G5#% +(.1363+% 43$*(./'+% (5#1+#6"#+% 7#$#% &/19/+#4% /0% E[% 6/2U+9*&#4% 43$*(./'+%
$*'2.'2%0$/1%CC]%1+%(/%EcDD%1+:%G5#%*99#*$*'&#%/0%(5#%+(.136.%.'%#*&5%&/'4.(./'%7.66%
-#%#>96*.'#4%.'%1/$#%4#(*.6%.'%(5#%0/66/7.'2%+#&(./':%
%

%
T>9#$.1#'(*6%&/'4.(./'+%
G7/%0*&(/$+%(5*(%7#$#%1*'.936*(#4%7.(5.'%(5#%#>9#$.1#'(e%/-a#&(%()9#,%75.&5%5*4%(7/%
6#"#6+%B.'(#$1.((#'(%*'4%9#$1*'#'(F%*'4%$*'4/1.+*(./',%*6+/%&/19$.+.'2%/0%(7/%6#"#6+%
B0366% $*'4/1.+*(./'%*'4% $*'4/1%7*6MF:%G5.+% 6#4% (/%*% (/(*6% /0% 0/3$% &/'4.(./'+% 0/$% (5.+%
#>9#$.1#'(e%.'(#$1.((#'(%*'4%$*'4/1%7*6M,%9#$1*'#'(%*'4%$*'4/1%7*6M,%9#$1*'#'(%
*'4%0366)%$*'4/1%*'4%0.'*66),%.'(#$1.((#'(%*'4%0366)%$*'4/1:%O+%*%$#+36(,%(5#%9$/9#$(.#+%
/0% (5#% (*$2#(% +(.1363+% 7#$#% "*$.#4% *&$/++% 4.00#$#'(% &/'4.(./'+% (/% 9$/43&#% 4.00#$#'(%
&/'(#>(3*6% &3#+:%O66% 9*$(.&.9*'(+%7#$#% #>9/+#4% (/% *66% 0/3$% &/'4.(./'+% .'% *% $#9#*(#4%
1#*+3$#+%4#+.2':%
%
%
%

Y*97)$&LG%&;"+,*#*"+&,$#2*35&-")&QI($)*.$+#&L&M7+-*33$,&,7)2#*"+5O%&

 

!"#$%&f+&($).2+$+#&"@D$1#&1"+#$I#&1"+,*#*"+5?&#J$&#2)9$#&U25&@321W&MaL1,X.EO&,7)*+9&*+#$)\#)*23&($)*",5?&
)$.2*+*+9&V*5*@3$&292*+5#&#J$&.*,\9)$<&@21W9)"7+,&M]K1,X.EO%&f+&*+#$).*##$+#&"@D$1#&1"+#$I#&1"+,*#*"+5?&#J$&#2)9$#&
J2,&#J$&52.$&37.*+2+1$&25&#J$&@21W9)"7+,&*+&*+#$)\#)*23&($)*",5?&)$+,$)*+9&*#&*+V*5*@3$%&&
&

`7)*+9&$21J&#)*23?&*+&$I($)*.$+#&L?&#J$&#2)9$#T5&37.*+2+1$&U25&*+1)$25$,&*+&#U"&5711$55*V$&]F.5&(735$5?&
,$.2)12#*+9&#J$&5#*.7375&*+#$)V23%&07@D$1#5&2##$.(#$,&#"&)$()",71$&#J$&5#*.7375&*+#$)V23&@<&@)*$-3<&()$55*+9&2&
@7##"+&2&1"))$5("+,*+9&#*.$&2-#$)&#J$&5$1"+,&(735$%&&
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!-a#&(%()9#%
;'% &/'4.(./'+%75#$#% /-a#&(% ()9#%7*+% 9#$1*'#'(,% (5#% (*$2#(% +(.1363+%7/364% *99#*$%
-6*&M% .'%&/6/3$% B631.'*'&#h%E%&4g1$F%43$.'2% (5#% .'(#$U($.*6% .'(#$"*6:%G5.+%&$#*(#4% (5#%
*99#*$*'&#%/0%*%(*$2#(%+(.1363+%(5*(%7*+%*%+.'236*$%&.$&6#%*6(#$'*(.'2%0$/1%75.(#%B($.*6%
9#$./4F% (/%-6*&M% B.'(#$U($.*6%9#$./4F%&/'(.'3*66)%/"#$% (5#%43$*(./'%/0% (5#% ($.*6% $3'% B+##%
_.23$#%E`F:%G5#%631.'*'&#%/0%(5#%75.(#%(*$2#(%+(.1363+%7*+%EEC%&4g1$:!

%
N/7#"#$,%75#'%/-a#&(% ()9#%7*+% .'(#$1.((#'(,% (5#% (*$2#(% +(.1363+%7*+%+#(% (/%-#% (5#%
+*1#%&/6/3$%2$#)%B631.'*'&#%h%]^%&4g1$F%*+%(5#%-*&M2$/3'4%43$.'2%.'(#$U($.*6%9#$./4+:%
G5.+% 1#*'(% (5*(% .'% -#(7##'% ($.*6+,% (5#% (*$2#(% +(.1363+% 7*+% '/% 6/'2#$% ".+.-6#,% +/% .(%
*99#*$#4%(/%9*$(.&.9*'(+%(5*(%.(%*$$."#4%*(%4.00#$#'(%6/&*(./'+%+9/$*4.&*66),%#"#'%75.6+(%.(%
7*+%+(.66%0/66/7.'2%(5#%2$*43*66)%1/".'2%9*(5%4#(*.6#4%.'%_.23$#%E`-:%
%

d*'4/1.+*(./'%
;'% *44.(./'% (/%1*'.936*(.'2% (5#% /-a#&(% ()9#,% (5#% /$4#$.'2% /0% (5#% 43$*(./'+%7*+% *6+/%
"*$.#4:%W3$*(./'+%7#$#%#.(5#$%9$#+#'(#4%7.(5%0366%$*'4/1%.'(#$"*6+%B+53006#4%+#Q3#'&#F%
/$%.'%*%$*'4/1%7*6M%&/'0.23$*(./':%_/$%(5#%$*'4/1%7*6M%&/'4.(./'+,%(5#%0.$+(%43$*(./'%
7*+%$*'4/16)%+#6#&(#4%0$/1%(5#%CC]%1+UEcDD%1+%$*'2#:%G5#%43$*(./'%(5*(%0/66/7#4%
7*+%#.(5#$%.'&$#*+#4%/$%4#&$#*+#4%-)%/'#%.'&$#1#'(%/'%(5#%E[U9/.'(%6/2U+9*&#4%+&*6#,%
$#6*(."#%(/%(5#%0.$+(%43$*(./':%G5.+%/'#%.'&$#1#'(%&5*'2#%&/'(.'3#4%0/$%*66%+3-+#Q3#'(%
($.*6+:%G5#%4.$#&(./'%/0%&5*'2#%7*+%$*'4/16)%4#(#$1.'#4%#>&#9(%0/$%.'+(*'&#+%75#$#%
(5#%5.25#+(%*'4%6/7#+(%9/.'(+%/0%(5#%+&*6#%7#$#%$#*&5#4%B+##%_.23$#%EKF:%G/%1*>.1.+#%
(5#%$*'2#%/0%43$*(./'+%(5*(%7/364%-#%/-+#$"#4,%(5#%+#Q3#'&#%/0%43$*(./'+%7*+%9$#U
4#(#$1.'#4,%*'4%(5.+%9$/&#++%7*+%$#9#*(#4%.0%(5#%+#Q3#'&#%&/'(*.'#4%6#++%(5*'%K%/0%
(5#%E[%43$*(./'+:%
%
_/$%(5#%0366)%$*'4/1%&/'4.(./'+,%43$*(./'+%7#$#%*2*.'%9$#U+#6#&(#4%0$/1%(5#%+*1#%+#(%
/0%E[%6/2U+9*&#4%43$*(./'+%BCC]%1+%(/%EcDD%1+F%3+.'2%(5#%$*'4/1%7*6M%9$/&#43$#:%
N/7#"#$,% .'%(5#+#%&/'4.(./'+%(5#%/$4#$%/0%9$#+#'(*(./'%7*+%$*'4/16)%+53006#4%+3&5%
(5*(% (5#$#% 7*+% *'% #Q3*6% 9$/-*-.6.()% (5*(% *')% /0% (5#% 9$#U+#6#&(#4% 43$*(./'+% 7#$#%
9$#+#'(#4%/'%#*&5%($.*6%B+##%_.23$#%EKF:%
%
%
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%
%
%
%
%
%
%
%
%
%
%
%
%
%

%
%
%

%

%

%

%

%

%

%
2.2.2 Model details  
%

G5#% 8*)#+.*'% /-+#$"#$% 1/4#6% *++31#+% (5*(% (5#% /-+#$"#$+% &/193(#% (5#% 9/+(#$./$%
9$/-*-.6.()%/0%#*&5%43$*(./'%2."#'% (5#%*"*.6*-6#%#".4#'&#:%G5#%9/+(#$./$%4.+($.-3(./'%
4#9#'4+%/'%(5#%6.M#6.5//4%4.+($.-3(./'%/0%(5#%&3$$#'(%+#'+/$)%#".4#'&#%*'4%(5#%9$./$%
9$/-*-.6.()%BH#(@+&5'#$%R%J6*+*3#$,%CDEEF:%O&&/$4.'2%(/%8*)#+%$36#%(5#%1#*'%/0%(5#%

9/+(#$./$%4.+($.-3(./'%B𝑥,
̂
)%*+%*%2#'#$.&%#Q3*(./'%7.(5%'/%9$./$%394*(.'2%+($*(#2)%.+%2."#'%

-)e%
%

Y*97)$&Li%&'2+,".&U23W&2+,&-733<&)2+,".&5#*.7375&5$_7$+1$5%&

 
 

!"#$%&0J"U+&J$)$&2)$&#J$&5$_7$+#*23&"),$)*+9&"-&5#*.7375&5$_7$+1$5&(3"##$,&25&2&-7+1#*"+&"-&,7)2#*"+&3$+9#J%&
8J$&-*)5#&,7)2#*"+&U25&5$3$1#$,&2#&)2+,".%&8J$&+$I#&,7)2#*"+&*+&#J$&5$_7$+1$&"+&$21J&"1125*"+&U25&5$3$1#$,&
-)".&2&("55*@3$&LP&3"9\5(21$,&5#*.7375&*+#$)V235&U*#J&2+&$_723&1J2+1$&"-&2&"+$\5#$(&*+1)$25$&")&,$1)$25$&*+&
,7)2#*"+&3$+9#J&)$32#*V$&#"&#J$&,7)2#*"+&#J2#&()$1$,$,&*#%&8"&$+57)$&2,$_72#$&1"V$)29$&"-&#J$&,7)2#*"+&)2+9$?&
#J$&#)*23&5$_7$+1$&U25&()$\9$+$)2#$,&2#&#J$&@$9*++*+9&"-&$21J&)7+?&2+,&)$($2#$,&*-&3$55&#J2+&i&"-&#J$&LP&
,7)2#*"+5&U$)$&*+137,$,%&
&&&
Y")&#J$&-733<&)2+,".&,7)2#*"+5?&#J$&()$,$#$).*+$,&5$_7$+1$&U25&()$(2)$,&75*+9&#J$&52.$&()"1$55&25&#J$&
)2+,".&U23W&1"+,*#*"+?&#J$+&#J$5$&,7)2#*"+5&U$)$&)2+,".3<&5J7--3$,%&8J*5&.$2+#&#J2#&#J$&"),$)&"-&,7)2#*"+5&
U25&#J$&"+3<&-21#")&#J2#&V2)*$,&@$#U$$+&#J$&#U"&1"+,*#*"+5&2+,&+"#&#J$&)2+9$&"-&,7)2#*"+5&()$5$+#$,%&
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𝑥,
̂
= 𝑤*𝑥* +𝑤-,.+,𝑥-,.+,%

%
X5#$#%𝑥*%.+%(5#%+#'+/$)%1#*+3$#1#'(%*'4%𝑥-,.+,%.+%1#*'%/0%(5#%9$./$:%G5#%$#1*.'.'2%
"*63#+,	𝑤*	*'4%𝑤-,.+,,%*$#%(5#%7#.25(+%2."#'%(/%(5/+#%"*63#+%$#+9#&(."#6)%*'4%(5#%+31%
/0%(5#+#%"*63#%.+%#Q3*6%(/%E:%G5#%4.00#$#'(%8*)#+.*'%1/4#6+%0.((#4%(/%(5#%4*(*%.'&634#4%
*% +(*(.&% 1/4#6,% *% +.196#% .(#$*(."#% 1/4#6% *'4% *% (7/U+(*(#% 1/4#6% BJ6*+*3#$% R% A5.,%
CDCE*F:%T*&5%1/4#6%5*4%4.00#$#'(%*++319(./'+%*-/3(%5/7%(5#%+(.136.%7#$#%2#'#$*(#4:%
%
G5#%+(*(.&%8*)#+.*'%1/4#6%*++31#+%(5*(%(5#%+(.1363+%/'%*')%/'#%($.*6%.+%4$*7'%0$/1%*%
4.+($.-3(./'%7.(5%*%&#$(*.'%1#*'%*'4%"*$.*-.6.()%*++/&.*(#4%7.(5%(5*(%4.+($.-3(./':%A(.136.%
*$#%*++31#4%(/%-#%4$*7'%0$/1%(5#%4.+($.-3(./'%7.(5%*%&/'4.(./'*6%9$/-*-.6.()%/0%HB>l1F%
75#$#%>%.+%(5#%+(.1363+%*'4%1%.+%(5#%1#*'%/0%(5#%4.+($.-3(./':%G5#%9#$&#9(3*6%+#'+*(./'%
4#$."#4%5*+%*%&/'4.(./'*6%9$/9#$()%/0%HB@l>F%75#$#%@%.+%(5#%+#'+*(./'%/0%(5#%+(.1363+,%>%
B+##%_.23$#%EEF:%%
%

%
G5#%1#*'% B9#*MF%/0% (5#%4.+($.-3(./'%4/#+%'/(%1/"#%*'4% .+% (5#$#0/$#% $#0#$$#4% (/%*+%
+(*(.&:%G5#%1#*'%/0%(5#%9/+(#$./$%4.+($.-3(./'%B9#$&#9(3*6%$#+9/'+#F%&*'%-#%7$.((#'%*+e%
%

𝑦. = 𝑤𝑥. + (1 − 𝑤)𝑥-,.+, 	%
%
X5#$#%𝑥%.+%(5#%+#'+/$)%1#*+3$#1#'(%/0%(5#%+(.1363+%/'%(5#%&3$$#'(%($.*6,%.,%*'4%𝑥-,.+,%
.+%(5#%"*63#%/0%(5#%9$./$%1#*':%G5#%7#.25(,%w,%.+%(5#%7#.25(%4#(#$1.'#4%-)%(5#%$#6*(."#%
"*$.*-.6.()%/0%(5#%+#'+/$)%1#*+3$#1#'(+%*'4%(5#%9$./$:%
%
G5#%+.196#%.(#$*(."#%8*)#+.*'%1/4#6%5/7#"#$,%5*+%(7/%&#'($*6%*++319(./'+e%EF%(5*(%
(5#%9#$&#9(./'%/0%(5#%+(.1363+%/'%*')%($.*6% .+%(5#%+*1#%*+%(5#%9$#"./3+%($.*6%-3(%7.(5%
+/1#%$*'4/1%'/.+#%*44#4%(/%(5#%+(.1363+%CF%(5#%+#'+/$)%#".4#'&#%*++/&.*(#4%7.(5%
(5#%+(.1363+%.+%&/$$39(#4%-)%1#*+3$#1#'(%'/.+#%*'4%0/$%'/$1*66)%4.+($.-3(#4%'/.+#%(5#%
8*)#+.*'%/9(.1*6%#+(.1*(/$%&*'%-#%7$.((#'%*+%*%I*61*'%0.6(#$%BJ6*+*3#$%R%A5.,%CDCE*F:%
X5#'%(5#%I*61*'%2*.'%BMF%5*+%$#*&5#4%.(+%+(#*4)%+(*(#%*0(#$%*%0#7%($.*6+,%.(+%#Q3*(./'%
&*'%-#%+.196.0.#4%.'(/%*%7#.25(#4%*"#$*2#%+/%(5*(%(5#%9#$&#9(3*6%$#+9/'+#%B)%F%&*'%-#%
2."#'%*+e%
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%
𝑦. = 𝑘𝑥. + (1 − 𝑘)𝑦.23%

%
X5#$#%𝑥%.+%(5#%1#*+3$#1#'(%/0%(5#%+(.1363+%/'%(5#%&3$$#'(%($.*6,%𝑖,%*'4%𝑘%.+%(5#%I*61*'%
2*.':%
%

V/'+.4#$.'2%(5#%2#'#$*(."#%*++319(./'+%/0%-/(5%(5#%+(*(.&%*'4%+.196#%.(#$*(."#%1/4#6+%
.+% #++#'(.*6% .'% 0/$1.'2% (5#% (7/U+(*(#% 1/4#6:% _/$% -/(5% 1/4#6+% 4#+&$.-#4% *-/"#,%
1#*+3$#1#'(+%*$#%&/$$39(#4%-)%+#'+/$)%'/.+#,% +/%*%9$./$% .+%3+#4% .'% (5#%8*)#+.*'%
1/4#6+%(/%$#43&#%(5#%.19*&(%/0%(5.+%3'&#$(*.'():%G5#%7*)%.'%75.&5%(5#%9$./$%.+%0/$1#4%
4#9#'4+%/'%(5#%*++31#4%2#'#$*(."#%1/4#6%B+##%_.23$#%CDF:%_/$%#>*196#,%0/$%(5#%+(*(.&%
1/4#6%(5#%+(.1363+,%𝑥%/'%($.*6,	𝑖,%.+%*++31#4%(/%-#%4$*7'%0$/1%(5#%4.+($.-3(./',%WB1,%"F:%
X5#$#%.+%W%.+%*%'/$1*6%4.+($.-3(./'%7.(5%*%1#*',%1%*'4%"*$.*'&#,%":%O+%*%$#+36(,%(5#%
2#'#$*(."#%1/4#6%B*++319(./'%*-/3(%5/7%(5#%+(.136.%7#$#%2#'#$*(#4F%&*'%-#%7$.((#'%
*+e%
%

𝑥. = 𝑚.23 + 𝜀7%
%
X5#$#% 𝜀𝑥% .+% *% $*'4/1% '31-#$% &/1.'2% 0$/1% *% 4.+($.-3(./',% WBD,% "F% -#&*3+#% (5#%
"*$.*'&#,%",%75#'%&/'+.4#$#4%$#6*(."#%(/%+#'+/$)%'/.+#%4#(#$1.'#+%(5#%-/3'4+%7.(5.'%
(5.+%+(.1363+%"*63#%&*'%-#%4$*7'%0$/1:%
%
G5#%.(#$*(."#%1/4#6%*++31#+%(5*(%(5#%+(.1363+%𝑥.%7*+%(5#%+*1#%*+%(5#%+(.1363+%"*63#%
.'%($.*6%𝑥.23%%-3(%7.(5%+/1#%$*'4/1%&5*'2#%.'%"*$.*'&#:%
%	

𝑥. = �̅�.23 + 𝜀𝑚	
	
	
	
X5#$#%𝜀𝑚%&/1#+%0$/1%(5#%$*'4/1%+5.0(%*++/&.*(#4%7.(5%W%BD,%QF%-#&*3+#%Q%$#6*(."#%(/%
+#'+/$)%'/.+#%4#(#$1.'#+%(5#%*1/3'(%/0%.'(#$($.*6%.(#$*(."#%+5.0(:%
%
%
_$/1% (5#+#% 2#'#$*(."#% *++319(./'+,% (5#% (7/U+(*(#% 1/4#6% &*'% -#% &/'+($3&(#4%
BJ6*+*3#$%R%A5.,%CDEKF:%G5#%&/1-.'*(./'%/0%(5#%2#'#$*(."#%1/4#6+%1#*'+%(5*(%.'%(5#%
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(7/U+(*(#%1/4#6% (5#%+(.1363+%"*63#% .'% (5#%&3$$#'(% ($.*6% 4#9#'4+%/'e%EF% (5#%+(.1363+%
"*63#%0$/1%(5#%9$#"./3+%($.*6%*'4%CF%(5#%+5.0(.'2%1#*'%/0%(5#%4.+($.-3(./'%(5*(%(5#%&3$$#'(%
+(.1363+%.+%*++31#4%(/%-#%4$*7'%0$/1:%G5.+%9/(#'(.*6%0/$%(5#%+(.1363+%4.+($.-3(./'%(/%
+5.0(% .+%&$#*(#4%-#&*3+#% (5#% (7/U+(*(#%1/4#6%*++31#+% (5*(% (5#%+(.1363+%>%/'% ($.*6% .%
&/1#+%0$/1%*%$*'4/1%4.+($.-3(./'%W%B𝑚. − 1,%"F:%G5#%1#*'%/0%(5.+%4.+($.-3(./'%.+%(5#%
+*1#%*+%(5#%1#*'%.'%(5#%9$#"./3+%4.+($.-3(./'%-3(%7.(5%*%$*'4/1%+5.0(% .'%"*$.*'&#%Q%
B(5#%+*1#%Q%*+%4#+&$.-#4% .'% (5#% .(#$*(."#%1/4#6%2#'#$*(."#%*++319(./'+F:%G5#% (7/U
+(*(#% 1/4#6% #Q3*(./'+% *$#% (5#$#0/$#% -*+#4% /'% (5#% 2#'#$*(."#% *++319(./'+% /0% (5#%
.(#$*(."#%*'4%+(*(.&%1/4#6+%B+##%_.23$#%EEF:%%
%
%
%
%
%

G5#%9$/&#++%4#+&$.-#4%.'%_.23$#%EE%*66/7+%(5#%1/4#6%(/%'/7%5*"#%(7/%+.136(*'#/3+6)%
/9#$*(.'2%+(*(#+e%
G5#%+(.1363+%-#.'2%4$*7'%0$/1%(5#%4.+($.-3(./'e%
%

𝑥. = 𝑚.23 + 𝜀7%
%

*'4%(5#%$*'4/16)%+5.0(.'2%1#*'%/0%(5.+%+(.1363+%4.+($.-3(./'e%
%

𝑚. = 𝑚.23 + 𝜀𝑚%
%
f,%(5#%+(.1363+%&/$$39(#4%-)%+#'+/$)%'/.+#%&*'%-#%4#+&$.-#4%*+e%
%%

𝑍. = 𝑥.23 + 𝜂%
%
%

G/%#6*-/$*(#%/'%(5#%*-/"#%#Q3*(./'+,%/'%*%2."#'%($.*6,%𝑖,%(5#%+(.1363+%>%%4$*7'%0$/1%(5#%
4.+($.-3(./'%7.(5%*%1#*'%/0%𝑚𝑖 − 1	*'4%"*$.*'&#,%":%G5.+%$*'4/1%'31-#$,%𝜀𝑥,%&/1#+%
0$/1%(5#%4.+($.-3(./'%j%BD,%"F:%G5#%1#*'%/0%(5#%+(.1363+%4.+($.-3(./'%.+%*++31#4%(/%-#%
(5#%+*1#%*+%(5#%1#*'%/'%(5#%9$#"./3+%($.*6%7.(5%+/1#%$*'4/1%063&(3*(./'%𝜀𝑚%B(5.+%.+%
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$*'4/16)%4.+($.-3(#4%*&&/$4.'2%(/%j%BD,%QFF:%G5#%+#'+/$)%1#*+3$#1#'(,%f𝑖,%.+%#Q3*6%(/%
(5#%*&(3*6%"*63#%/0%(5#%+(.1363+,%𝑥𝑖%*'4%.+%&/$$39(#4%-)%+#'+/$)%'/.+#,%%𝜂:%
%
O+% &*'% -#% +##'% 0$/1% (5#% 2#'#$*(."#% 1/4#6% #Q3*(./'+,% (5.+% (7/U+(*(#% 1/4#6%
.'&/$9/$*(#+%(5#%"*$.*-.6.()%*++/&.*(#4%7.(5%(5#%4.+($.-3(./'%*'4%*%+5.0(.'2%1#*'%/0%(5*(%
4.+($.-3(./'%/'%#*&5%($.*6:%G5#$#0/$#,%.(%&*'%.'&/$9/$*(#%(5#%#>($#1#+%/0%#*&5%1/4#6%*'4%
*')%5)-$.4%/0%(5#%(7/:%G5.+%.+%43#%(/%(7/%/0%.(+%0$##%9*$*1#(#$+,%(5#%"*$.*-.6.()%/0%(5#%
4.+($.-3(./'%$#6*(."#%(/%+#'+/$)%'/.+#%B$*(./%"g$F%*'4%(5#%($*'+.(./'%.'%(5#%1#*'%$#6*(."#%
(/%+#'+/$)%'/.+#%B$*(./%Qg$F:%G5#%#>($#1#+%/0%(5#%+(*(.&%1/4#6%*$#%1*4#%9/++.-6#%-)%
+#((.'2%(5#%Qg$%9*$*1#(#$%(/%@#$/%-#&*3+#%(5#$#%.+%'/%.(#$*(./'%/0%(5#%1#*'%/'%*%($.*6U
-)U($.*6%-*+.+%.'%(5#%+(*(.&%1/4#6:%A.1.6*$6),%(5#%#>($#1#+%/0%(5#%+.196#%.(#$*(."#%1/4#6%
*$#%1*4#%9/++.-6#%-)%+#((.'2%(5#%"g$%9*$*1#(#$%(/%@#$/%-#&*3+#%(5#%.(#$*(."#%1/4#6%
4/#+% '/(% *++31#% (5*(% +(.136.% *$#% 4$*7'% 0$/1% *% 4.+($.-3(./':% G5#% .(#$*(."#% 1/4#6%
*++31#+%(5*(%(5#%+(.1363+%"*63#%/'%(5#%&3$$#'(%($.*6%.+%#Q3*6%(/%(5*(%/0%(5#%9$#"./3+%($.*6%

7.(5% +/1#% $*'4/1% *44.(."#% +5.0(:% G5#% 0.'*6% 9*$*1#(#$% *66/7+% 0/$% (5#% 397*$4% /$%
4/7'7*$4% +5.0(% /0% (5#%1/4#6% /'% (5#% )% *>.+,% -3(% (5.+% .+% 6#++% $#6#"*'(% (/% (5#% &3$$#'(%
$#+#*$&5:%
%
%
%
2.2.3 Results 
%

T19.$.&*6%W*(*%
_.23$#%CD*%+5/7+%1#*'%$#9$/43&#4%43$*(./'+%*+%*% 03'&(./'%/0% .'(#$"*6%43$*(./'% 0/$%
#*&5%/0% (5#%0/3$%&/'4.(./'+:%_/$%&/19*$.+/',% (5#%4/((#4%4.*2/'*6% 6.'#% .'%#*&5%9*'#6%
.'4.&*(#+% (5#% 9*((#$'% #>9#&(#4% 0/$% "#$.4.&*6% 9#$0/$1*'&#:% ;'% #*&5% &/'4.(./',% 2$/39%
1#*'%$#9$/43&(./'+% B0.66#4%-6*&M%+)1-/6+F%+5/7%&6#*$%#".4#'&#%/0%&#'($*6% (#'4#'&)%
-.*+#+%m%9*$(.&.9*'(+%(#'4#4%(/%/"#$#+(.1*(#%(5#%+5/$(#$%43$*(./'+%*'4%3'4#$#+(.1*(#%
(5#%6/'2#$%43$*(./'+:%G/%+311*$.+#%#*&5%9*$(.&.9*'(b+%9#$0/$1*'&#,%7#%&*6&36*(#4%(7/%
1#($.&+:% _.$+(,% (5#% $#6*(./'+5.9% -#(7##'%1#*'% $#9$/43&#4% 43$*(./'% BW&'(&)*+,'*F% *'4%
.'(#$"*6%43$*(./'%BW%-.'&/01F%7*+%0.((#4%7.(5%*%9/7#$%03'&(./'%/0%(5#%0/$1e%%
%
W&'(&)*+,'*%h%*%W%-.'&/01%2%
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%
75#$#%*%*'4%-%*$#%0$##%9*$*1#(#$+%&/'($/66.'2%(5#%"#$(.&*6%9/+.(./'%*'4%2$*4.#'(%/0%(5#%
9/7#$% 03'&(./'% 75#'% 96/((#4% /'% 6/2U6/2% *>#+% $#+9#&(."#6):% H6/((#4% .'% (5.+% 1*''#$,%
+($/'2#$%&#'($*6%(#'4#'&)%-.*+#+%*$#%.'4.&*(#4%-)%*%+5*66/7#$%2$*4.#'(:%O&&/$4.'26),%
(/%&*9(3$#%(5#%+($#'2(5%/0% (5.+%#00#&(,%7#%&*6&36*(#4%&/19$#++./'%1*2'.(34#%*+%/'#%
1.'3+%(5#%#>9/'#'(%/0%(5#%-#+(%0.((.'2%9/7#$%03'&(./'e%
%
V/19$#++./'%1*2'.(34#%h%EU-%
%
;'4.".43*6% *'4% 2$/39% 1#*'% &/19$#++./'% 1*2'.(34#+% *$#% +5/7'% .'% _.23$#% CD-:%
A($/'2#$% -.*+#+% &*'% -#% +##'% .'% &/'4.(./'+% 7.(5% 0366)% $*'4/1% +(.1363+% +#Q3#'&#+%
B1*$2.'*6%1#*'%h%D:]cK,%AT%h%D:D\F%&/19*$#4%(/%(5/+#%7.(5%$*'4/1%7*6M%+#Q3#'&#+%
B1*$2.'*6%1#*'%h%D:[c],%AT%h%D:D[F:%N/7#"#$,%'/%+)+(#1*(.&%4.00#$#'&#%.+%*99*$#'(%
-#(7##'%9#$1*'#'(%*'4%.'(#$1.((#'(%/-a#&(%&/'4.(./'+:%G5.+%7*+%&/'0.$1#4%".*%*%C>C%

$#9#*(#4% 1#*+3$#+% Oj!<O,% 75.&5% $#"#*6#4% *% +.2'.0.&*'(% 1*.'% #00#&(% /0% +(.1363+%
+#Q3#'&#%B_%BE,%C\F%h%C`:``K,%9%n%D:DE,%#(*%+Q3*$#4%h%D:EcKF,%-3(%'/%+.2'.0.&*'(%1*.'%
#00#&(%/0%/-a#&(%()9#%B_%BE,%C\F%h%D:DD`,%9%h%D:K[\,%#(*%+Q3*$#4%n%D:DDEF%/$%.'(#$*&(./'%
B_%BE,%C\F%h%D:C\],%9%h%D:^C,%#(*%+Q3*$#4%h%D:DD[F:%
%
%
%
%
%
%
%
%
%
%
%
%
%

%
%
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%
Y*97)$&EF%&R$2+&)$()",71#*"+5&-")&*+,*V*,723&(2)#*1*(2+#5&-")&7+-*33$,&,7)2#*"+5%&

 
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

d e 

!"#$%&
2O&R$2+&)$()",71#*"+5&-")&*+,*V*,723&(2)#*1*(2+#5&M"($+&@37$&5<.@"35O&2+,&#J$&9)"7(&M-*33$,&@321W&
5<.@"35O?&(3"##$,&25&2&-7+1#*"+&"-&5#*.7375&,7)2#*"+&-")&$21J&"-&#J$&-"7)&1"+,*#*"+5%&0"3*,&@321W&3*+$5&
)$()$5$+#&#J$&@$5#\-*##*+9&("U$)&-7+1#*"+5&#"&#J$&9)"7(&.$2+&,2#2%&Y")&1".(2)*5"+?&,"##$,&3*+$5&*+,*12#$&
V$)*,*123&($)-").2+1$%&&
&
@O&;".()$55*"+&.29+*#7,$5?&)$-3$1#*+9&#J$&5#)$+9#J&"-&1$+#)23&#$+,$+1<&@*25$5&$IJ*@*#$,&@<&*+,*V*,723&
(2)#*1*(2+#5&M"($+&5<.@"35O%&^2)5&*+,*12#$&#J$&.$2+&21)"55&(2)#*1*(2+#5%&
&
1O&f+,*V*,723&2+,&9)"7(&1"$--*1*$+#5&"-&V2)*2#*"+?&2V$)29$,&21)"55&5#*.7375&,7)2#*"+%&
,O&8J$&2."7+#&"-&1".()$55*"+&.29+*#7,$&2+,&1"$--*1*$+#&"-&V2)*2#*"+&5J"U+&*+&.",$3&-*#5&-")&$21J&.",$3%&
$O&8J$&ZW2*W$&U$*9J#5&-")&233&57@D$1#5&2+,&#J$&.$2+&ZW2*W$&U$*9J#&-")&$21J&.",$3&*5&5J"U+&"+&#J$&)*9J#\
J2+,&5*,$%&
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%
G/%+311*$.+#%(5#%"*$.*-.6.()%/0%#*&5%9*$(.&.9*'(b+%$#+9/'+#+,%7#%(5#'%&*6&36*(#4%(5#.$%
&/#00.&.#'(%/0%"*$.*(./'%B𝐶𝑉.F%0/$%#*&5%.'(#$"*6e%%
%
%

𝐶𝑉. =
𝜎.
𝜇.
%

%
75#$#%𝜇.%*'4%𝜎.%*$#%(5#%1#*'%*'4%+(*'4*$4%4#".*(./'%/0%$#9$/43&(./'+%0/$%(5*(%.'(#$"*6%
$#+9#&(."#6):%_/$%#*&5%9*$(.&.9*'(,%*%+.'26#%𝐶𝑉%"*63#%7*+%(5#'%/-(*.'#4%-)%*"#$*2.'2%
*&$/++%.'(#$"*6+:%G5#+#%*$#%96/((#4%.'%_.23$#%CD&,%*6/'2+.4#%(5#%2$/39%1#*'%"*63#+%0/$%
#*&5%&/'4.(./':%O%C>C%$#9#*(#4%1#*+3$#+%Oj!<O%$#"#*6#4%*%+.2'.0.&*'(%1*.'%#00#&(%
/0% /-a#&(% ()9#% B_% BE,C\F%h%\:cDc,% 9%h%D:D[c,% #(*% +Q3*$#4%h%D:EDKF,% $#06#&(.'2% 6/7#$%
$#9$/43&(./'% "*$.*-.6.()% .'% .'(#$1.((#'(% /-a#&(% &/'4.(./'+% B1*$2.'*6% 1#*'hD:CD],%
AThD:DE[F%&/19*$#4%(/%9#$1*'#'(%/-a#&(%&/'4.(./'+%B1*$2.'*6%1#*'%h%D:CC\,%AT%h%
D:DE[F:%G5#%1*.'%#00#&(%/0%$*'4/1.+*(./'%7*+%'/(%+.2'.0.&*'(%B_%BE,%C\F%h%C:c\E,%9%h%
D:ED],%#(*%+Q3*$#4%h%D:DC\F,%-3(% (5#$#%7*+%*%+.2'.0.&*'(% .'(#$*&(./'%-#(7##'%/-a#&(%
()9#%*'4%+(.1363+%+#Q3#'&#%B_%BE,%C\F%h%]:ECD,%9hD:D[[,%#(*%+Q3*$#4%h%D:DCEF:%O'%
*'*6)+.+%/0%+.196#%#00#&(+%.'4.&*(#+%(5*(%(5.+%$#06#&(+%(5#%0*&(%(5*(%.'%.'(#$1.((#'(%/-a#&(%
&/'4.(./'+,%$#9$/43&(./'+%7#$#%6#++%"*$.*-6#%7.(5%$*'4/1%+#Q3#'&#+%BY%h%D:EK^F%(5*'%
7*6M%+#Q3#'&#+%BYhD:CE[,%_BE,C\Fh^:KCE,%9hD:DE]F,%75#$#*+%(5#$#%7*+%'/%+.2'.0.&*'(%

#00#&(%/0%+(.1363+%+#Q3#'&#%.'%9#$1*'#'(%/-a#&(%&/'4.(./'+%B$*'4/1%YhD:CC\,%7*6M%
YhD:CC\,%_BE,C\FhD:DD\,%9hD:K]DF:%%
%
%
%

V/193(*(./'*6%1/4#66.'2%U%0.>#4%+($*(#2)%
G/%.'"#+(.2*(#%(5#%0/$1%/0%9$./$%*&Q3.+.(./'%+($*(#2.#+%#196/)#4%-)%9*$(.&.9*'(+,%7#%0.$+(%
0.((#4% #*&5% /0% (5#% (5$##% 1/4#6+% +.136(*'#/3+6)% B3+.'2% (5#% o01.'&/'b% 03'&(./'% .'%
YOGZO8F% (/%#*&5% .'4.".43*6b+%4*(*% 0$/1%*66% &/'4.(./'+%*'4%&*6&36*(#4%9#$0/$1*'&#%
1#($.&+%3+.'2%(5#%+*1#%9$/&#++%4#+&$.-#4%*-/"#%0/$%(5#%#>9#$.1#'(*6%4*(*:%8#+(U0.((.'2%
1/4#6+%7#$#%(5/+#%(5*(%1.'.1.+#4%(5#%+Q3*$#4%$#+.43*6%#$$/$%-#(7##'%9$#4.&(#4%*'4%
$#9$/43&#4%43$*(./'+%/'%#*&5%($.*6:%A311*$)%$#+36(+% 0/$% (5#%-#+(U0.((.'2%1/4#6+%*$#%
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+5/7'%.'%_.23$#%CD4,%96/((#4%3+.'2%(5#%+*1#%&/'"#'(./'+%*+%(5#%#>9#$.1#'(*6%4*(*%.'%
_.23$#%CD-%*'4%CD&:%%
%
G5#%.(#$*(."#%1/4#6%*++31#+%(5*(%+(.136.%/'%+3&&#++."#%($.*6+%4.00#$%/'6)%-)%+/1#%+1*66%
$*'4/1% 063&(3*(./':% G5.+% *++319(./'% .+%1/$#% *99$/9$.*(#% 0/$%7*6M% +#Q3#'&#+% (5*'%
$*'4/1%+#Q3#'&#+,%+/%.(%.+%$#*+/'*-6#%(/%#>9#&(%(5#%9#$0/$1*'&#%/0%(5#%1/4#6%(/%"*$)%
*&&/$4.'26)%-#(7##'%(5#+#%&/'4.(./'+:%G5.+%9$#4.&(./'%.+%-/$'#%/3(%.'%(5#%1/4#6%/3(93(%
m% $#9$/43&(./'+%2#'#$*(#4%-)% (5#% .(#$*(."#%1/4#6%#>5.-.(% 6#++% &/19$#++./'%-.*+% 0/$%
7*6M%+#Q3#'&#+%(5*'%$*'4/1%/'#+:%G5.+%#&5/#+%(5#%9*((#$'%+##'%.'%(5#%#>9#$.1#'(*6%
4*(*%B_.23$#%CD-F,%*6(5/325%(5#%4.00#$#'&#%.'%&/19$#++./'%1*2'.(34#%0/$%(5#%.(#$*(."#%
1/4#6% .+%'/(.&#*-6)%1/$#%9$/'/3'&#4:%d#9$/43&(./'+% 0$/1% (5#% .(#$*(."#%1/4#6%*6+/%
#>5.-.(%6#++%"*$.*-.6.()%0/$%7*6M%&/19*$#4%(/%$*'4/1.+#4%+#Q3#'&#+,%*2*.'%&/'+.+(#'(%
7.(5%(5#%$#6*(."#%+3.(*-.6.()%/0%(5#%1/4#6%(/%(5#+#%(7/%+&#'*$./+:%N/7#"#$,%.(%.+%.19/$(*'(%
(/%$#.(#$*(#%(5*(%(5#$#%7*+%'/%#".4#'&#%0/$%*%9$#&.+./'%*4"*'(*2#%0/$%7*6M%+#Q3#'&#+%

.'%(5#%#>9#$.1#'(*6%4*(*%B+##%_.23$#%CD&F:%%%%
%

;'%&/'($*+(%(/%(5#%.(#$*(."#%1/4#6,%(5#%+(*(.&%1/4#6%*++31#+%(5*(%+(.136.%/'%#*&5%($.*6%
*$#% +*196#4% 0$/1% *% 4.+($.-3(./'% 7.(5% 0.>#4% 9$/9#$(.#+,% *'% *++319(./'% (5*(% -#((#$%
1*(&5#+%(5#%+(*(.+(.&+%/0%(5#%$*'4/1%+#Q3#'&#+%(5*'%(5*(%/0%(5#%7*6M%+#Q3#'&#+:%G5.+%
.+% $#06#&(#4% .'% (5#%&/#00.&.#'(+%/0%"*$.*(./'%/0% (5#%1/4#66#4%$#9$/43&(./'+,%75.&5%*$#%
&/'+.+(#'(6)% +1*66#$% 0/$% (5#% $*'4/1% +#Q3#'&#% (5*'% (5#%7*6M% +#Q3#'&#% &/'4.(./'+:%
j/(#,%(5.+%9*((#$'%7*+%*6+/%+##'%.'%(5#%#>9#$.1#'(*6%4*(*,%*6-#.(%/'6)%0/$%.'(#$1.((#'(%
/-a#&(%&/'4.(./'+%B+##%_.23$#%CD&F:%;'(#$#+(.'26),%(5#%+(*(.&%1/4#6%*6+/%&*9(3$#4%+/1#%
/0% (5#% *((#'3*(./'% /0% &#'($*6% (#'4#'&)% -.*+#+% 7.(5% 7*6M% +#Q3#'&#+% +##'% .'% (5#%
#>9#$.1#'(*6% 4*(*:% G5.+% 7*+% *% +/1#75*(% 3'#>9#&(#4% $#+36(,% 2."#'% (5*(% (5#%
*++319(./'+%/0%(5#%+(*(.&%1/4#6%*$#%6#++%&/19*(.-6#%7.(5%7*6M%+#Q3#'&#+%(5*'%$*'4/1%
+#Q3#'&#+:% d#9$/43&(./'+% 0$/1% (5#% -#+(U0.((.'2% +(*(.&% 1/4#6% *6+/% +5/7#4% *% +6.25(%
4.00#$#'&#%-#(7##'%(5#%*1/3'(%/0%1#*'%&/19$#++./'%.'%(5#%0366)%$*'4/1%*'4%$*'4/1%
7*6M%&/'4.(./'+%B+##%_.23$#%CD&F:%%
%
G5#%(7/U+(*(#%1/4#6%*++31#+%*%1/$#%&/196#>%2#'#$*(."#%1/4#6%.'%75.&5%+(.136.%*$#%
4$*7'%0$/1%*%+(.1363+%4.+($.-3(./',%(5#%1#*'%/0%75.&5%&5*'2#+%.(#$*(."#6)%0$/1%($.*6%(/%
($.*6%B+##%A#&(./'%E:cF:%W#9#'4.'2%/'%(5#%&5/.&#%/0%9*$*1#(#$+%(5#$#0/$#,%.(%&*'%/9#$*(#%
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.4#'(.&*66)%(/%#.(5#$%(5#%+(*(.&%B75#'%Qg$%.+%@#$/F%/$%.(#$*(."#%1/4#6%B75#'%"g$%.+%@#$/F%
*6/'#,%/$%*+%*%5)-$.4%/0% (5#%(7/%B75#'%Qg$%*'4%"g$%*$#%-/(5%'/'U@#$/F:%O+%+5/7'%.'%
_.23$#%CD4,% (5#%-#+(% 0.((.'2% (7/U+(*(#%1/4#6% +3&&#++0366)% &*9(3$#4% (5#%4.00#$#'&#% .'%
&/19$#++./'%-#(7##'%$*'4/1%7*6M%*'4%(5#%0366)%$*'4/1%&/'4.(./'+:%N/7#"#$,%6.M#%(5#%
+(*(.&% 1/4#6,% .(% 9$/43&#4% #+(.1*(#+% 7.(5% $#43&#4% "*$.*-.6.()% 0/$% $*'4/1% +(.1363+%
+#Q3#'&#+%&/19*$#4%(/%7*6M%+#Q3#'&#+:%%
%
G/%4.$#&(6)%&/19*$#%(5#%(5$##%1/4#6+,%7#%3+#4%(5#%+31%/0%+Q3*$#4%$#+.43*6%#$$/$+%
B𝑆𝑆9,,F%(/%&*6&36*(#%(5#%OM*.M#%.'0/$1*(./'%&$.(#$./'%B𝐴𝐼𝐶F%0/$%#*&5%1/4#6e%
%

𝐴𝐼𝐶. = 𝑁 log E
𝑆𝑆9,,
𝑁 F + 2𝐾%

%
75#$#% j% .+% (5#% '31-#$% /0% $#9$/43&#4% 43$*(./'+% B($.*6+F% &/'($.-3(.'2% (/% (5#% 0.((.'2%
9$/&#43$#%*'4%I%.+%(5#%'31-#$%/0%0$##%9*$*1#(#$+%B(7/%0/$%+(*(.&%*'4%.(#$*(."#%1/4#6+%
*'4%(5$##%0/$%(5#%CU+(*(#%1/4#6F:%
%
X#%(5#'%&*6&36*(#4%(5#%$#6*(."#%6.M#6.5//4%/0%#*&5%1/4#6e%
%
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑙𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 = 𝑒2:;<= 0> %
%
75#$#%ΔO;V%.+%(5#%4.00#$#'&#%-#(7##'%(5#%1/4#6b+%O;V%*'4%(5#%1.'.131%O;V%/-(*.'#4%
BΔO;V%%U%1.'BΔO;V%F:%
%
OM*.M#%7#.25(+%7#$#%/-(*.'#4%-)%'/$1*6.+.'2%#*&5%1/4#6b+%$#6*(."#%6.M#6.5//4%-)%(5#%
+31%/0%(5#%$#6*(."#%6.M#6.5//4+%*&$/++%*66%(5$##%1/4#6+e%
%

𝑤.(𝐴𝐼𝐶) =
𝑒2

:!;<=
0>

∑ 𝑒2
:";<=

0>?
@A3

%

%
G5#+#%7#.25(+%&*'%-#%.'(#$9$#(#4%*+%(5#%9$/-*-.6.()%(5*(%#*&5%1/4#6%.+%(5#%-#+(%1/4#6,%
2."#'%(5#%4*(*%*'4%(5#%+#(%/0%1/4#6+%&/'+.4#$#4%BX*2#'1*M#$+%R%_*$$#66,%CDD\F:%%
%
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_.23$#%CC%+5/7+%(5#%+#(%/0%OM*.M#%7#.25(+%0/$%#*&5%/-+#$"#$,%*+%7#66%*+%(5#%1#*'%/0%
(5#%2$/39:%O6(5/325%(5#%;(#$*(."#%1/4#6%7*+%0*"/3$#4%0/$%(7/%9*$(.&.9*'(+,%.(%2#'#$*66)%
$#&#."#4%"#$)%6/7%7#.25(.'2%B1#*'%OM*.M#%7#.25(%h%D:D^F,% .'4.&*(.'2%(5*(% .(%7*+%(5#%
6#*+(%+3&&#++036%*+%*'%*&&/3'(%/0%9*$(.&.9*'(+b%9#$0/$1*'&#%*&$/++%*66%&/'4.(./'+:%G5#%
+(*(.&%1/4#6%$#&#."#4%(5#%5.25#+(%7#.25(.'2%.'%(5#%6*$2#+(%'31-#$%/0%9*$(.&.9*'(+%B'hE\,%
1#*'%OM*.M#%7#.25(%h%D:\\F,%75#$#*+%(5#%(7/U+(*(#%1/4#6%$#&#."#4%(5#%5.25#+(%1#*'%
7#.25(.'2%B'hK,%1#*'%OM*.M#%7#.25(%h%D:]EF:%%
%
;(% .+% .19/$(*'(% (/%'/(#%5#$#% (5*(% (5#% (7/U+(*(#%1/4#6%9$/".4#4% (5#%-#+(% $*7% 0.(+% B.:#:%
6/7#+(%1#*'%+Q3*$#4%#$$/$F%0/$%*66%9*$(.&.9*'(+:%G5.+%.+%(/%-#%#>9#&(#4%m%.(%.+%*%5.25#$U
/$4#$% 1/4#6% (5*(% #'&/19*++#+% -/(5% +(*(.&% *'4% .(#$*(."#% *99$/*&5#+% *+% 7#66% *+% *%
&/'(.'331%/0%5)-$.4%*99$/*&5#+% .'%-#(7##'% (5#1:%N/7#"#$,% (5#% $#+36(+%/0% (5#%O;V%
*'*6)+.+% .'4.&*(#% (5*(% 0/$%1/+(%9*$(.&.9*'(+,% (5#%-#'#0.(%/0% (5.+%*44.(./'*6%&/196#>.()%
7*+%'/(%+300.&.#'(%(/%/"#$&/1#%(5#%9#'*6()%*996.#4%0/$%.(+%*44.(./'*6%0$##%9*$*1#(#$:%;0%

7#%*++31#%(5#$#0/$#,%(5*(%9*$(.&.9*'(+%#196/)%*%0.>#4%+($*(#2)%0/$%*66%&/'4.(./'+,%(5.+%
*99#*$+%(/%-#%-#+(%*99$/>.1*(#4%-)%(5#%+(*(.&%1/4#6,%/$%*(% 6#*+(%*%(7/U+(*(#%1/4#6%
(5*(%.+%&6/+#$%(/%(5#%+(*(.&%#'4%/0%(5#%&/'(.'331%(5*'%(5#%.(#$*(."#%#'4:%%
%
%
V/193(*(./'*6%1/4#66.'2%m%06#>.-6#%+($*(#2)%
X#%'#>(%&/'+.4#$#4%(5#%9/++.-.6.()%(5*(%9*$(.&.9*'(+%+7.(&5%(5#.$%+($*(#2)%4#9#'4.'2%/'%
(5#%#>9#$.1#'(*6%&/'4.(./'+:%G/%4/%(5.+,%7#%0.$+(%$#U0.((#4%(5#%(7/U+(*(#%1/4#6%(/%#*&5%
9*$(.&.9*'(b+%4*(*,%-3(%(5.+%(.1#%*66/7#4%(5#%9*$*1#(#$+%(/%"*$)%-#(7##'%#*&5%/0%(5#%
0/3$% &/'4.(./'+% (#+(#4:%G7/%9*$*1#(#$+% &/'($/6% (5#%1/4#6b+% *++319(./'+% $#2*$4.'2%
5/7%+(.136.%5*"#%-##'%2#'#$*(#4%m%4.+($.-3(./'%"*$.*-.6.()%B"g$,%(5#%+(*'4*$4%4#".*(./'%
/0%(5#%+(.1363+%4.+($.-3(./'%$#6*(."#%(/%+#'+/$)%'/.+#F%*'4%($*'+.(./'%"*$.*-.6.()%BQg$,%(5#%
+(*'4*$4%4#".*(./'%/0%($.*6U-)U($.*6%+5.0(+%$#6*(."#%(/%+#'+/$)%'/.+#F:%G5#+#%9*$*1#(#$+%
*&&/11/4*(#%0/$%*%1/4#6%75#$#%+(.136.%*$#%*++31#4%(/%-#%4$*7'%0$/1%*%4.+($.-3(./'%
*'4% +/1#% .(#$*(."#% +5.0(% /0% (5.+% 4.+($.-3(./':% G5#$#0/$#,% .(% .+% 9/++.-6#% (5*(% 4.00#$#'(%
.'(#$1#4.*$)%+(#9+%-#(7##'%(5#%(7/%#>($#1#+%7#$#%-#.'2%3+#4%-)%9*$(.&.9*'(+%0/$%#*&5%
+(.1363+%&/'4.(./':%%
%
%
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%
%
%
%
%
%
%

%

%
%
%
%
%
%

%
%
%
%
%
_.23$#%CE*%*'4%CE-%+5/7%(5#%-#+(U0.((.'2%"*63#+%0/$%"g$%*'4%Qg$%$#+9#&(."#6):%;'%#*&5%
9*'#6,%9*$*1#(#$%"*63#+%0/$%9*$(.&.9*'(+b%.'(#$1.((#'(%/-a#&(%&/'4.(./'+%*$#%96/((#4%*+%
*%03'&(./'%/0%"*63#+%.'%9#$1*'#'(%/-a#&(%&/'4.(./'+,%7.(5%$#+36(+%0$/1%7*6M%*'4%$*'4/1%
&/'4.(./'+%+5/7'%.'%-63#%*'4%/$*'2#%$#+9#&(."#6):%%!"#$*66,%(5#$#%.+%6.((6#%#".4#'&#%0/$%
*%+)+(#1*(.&%&5*'2#% .'%9*$*1#(#$%"*63#+%-#(7##'%&/'4.(./'+:%X5.6#% (5#$#% .+%+/1#%
"*$.*-.6.()%-#(7##'%0.(+,%4.+($.-3(./'%"*$.*-.6.()%B"g$F%$#1*.'#4%2$#*(#$%(5*'%@#$/%.'%(5#%
1*a/$.()% /0% &*+#+,% 75#$#*+% ($*'+.(./'% "*$.*-.6.()% BQg$F% #+(.1*(#+% $#1*.'#4% &63+(#$#4%
*$/3'4%@#$/:%G5#$#0/$#,% 9*$(.&.9*'(+% &/'(.'3#4% (/%*++31#% (5*(% +(.136.% *$#% +*196#4%
0$/1%*%+(*(.&%4.+($.-3(./',%$#2*$46#++%/0%#>9#$.1#'(*6%&/'4.(./':%%
%
O+% *% 0.'*6% (#+(% 0/$% 06#>.-.6.()% .'% 9$./$% *&Q3.+.(./'% +($*(#2),% 7#% &*$$.#4% /3(% *% -.'*$)%
&/19*$.+/'%/0%+(*(.&%*'4% .(#$*(."#%1/4#6+%75#'%+#9*$*(#6)% 0.((#4% (/%#*&5%&/'4.(./':%%
_.23$#%CD#%+5/7+%OM*.M#%7#.25(+%*"#$*2#4%*&$/++%*66%9*$(.&.9*'(+%0/$%#*&5%&/'4.(./':%
V/'+.+(#'(% 7.(5% 9$#"./3+% 0.'4.'2+,% (5#% +(*(.&% 1/4#6% &/'+.+(#'(6)% /3(9#$0/$1#4% (5#%

Figure 21 3'4.56%..%-7!(0&08'.'&4!)6!.9'!.:)54.0.'!8)*'1!:9'-!4'(0&0.'1;!6%..'*!.)!'0,9!'<('&%8'-.01!,)-*%.%)-!
=+-6%11'*!%-.'&/014>?!

&

@).'?!
=0>!/#&!&'(&'4'-.4!.9'!/0&%02%1%.;!)6!.9'!*%4.&%2+.%)-!&'10.%/'!.)!4'-4)&;!-)%4'!:9%1'!=2>!A#&!&'(&'4'-.4!.9'!/0&%02%1%.;!)6!
&0-*)8!0**%.%/'!%-.'&.&%01!49%6.4!&'10.%/'!.)!4'-4)&;!-)%4'?!B-6%11'*!4;82)14!49):!&'4+1.4!6)&!%-*%/%*+01!(0&.%,%(0-.4C!
:9'&'04!6%11'*!4;82)14!*'-).'!.9'!7&)+(!8'0-? 
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.(#$*(."#%1/4#6%*&$/++%*66%&/'4.(./'+:%G5#$#%.+%*%+6.25(%($#'4%(/7*$4+%(5#%.(#$*(."#%1/4#6%
0*$.'2% -#((#$% 0/$%7*6M% +#Q3#'&#+% (5*'% $*'4/1%/'#+% m% &/'+.+(#'(%7.(5% *% &5*'2#% .'%
+($*(#2)% (5*(% 1*(&5#+% (5#% *++31#4% 2#'#$*(."#% 1/4#6% (/% (5#% +(.1363+% +#Q3#'&#:%
N/7#"#$,%(5#+#%4.00#$#'&#+%*$#%$#6*(."#6)%1/4#+(%75#'%".#7#4%*(%2$/39%6#"#6:%%
%
G/%#>*1.'#%75#(5#$%(5#+#%$#+36(+%&/364%-#%4$."#'%-)%*%+3-U+#(%/0%.'4.".43*6+,%7#%'#>(%
+311*$.+#4%75.&5%/0%(5#+#%(7/%1/4#6+%9#$0/$1#4%-#+(%0/$%#*&5%9*$(.&.9*'(%.'%#*&5%
&/'4.(./':% G5#+#% *$#% &/6/3$% &/4#4% .'% _.23$#% C\0,% 75#$#% 2$##'% *'4% -63#% .'4.&*(#%
+39#$./$% 9#$0/$1*'&#% /0% (5#% .(#$*(."#% 1/4#6% *'4% +(*(.&% 1/4#6% $#+9#&(."#6):% _/$%
&/19*$.+/',%#>*196#+%/0%#>9#&(#4%9*((#$'+%3'4#$%4.00#$#'(%9$./$%*&Q3.+.(./'%+($*(#2.#+%
*$#%$#9$#+#'(#4%5#$#%*+%$.2.4%*45#$#'&#%(/%*'%.(#$*(."#%1/4#6%B+##%_.23$#%C\-F,%$.2.4%
*45#$#'&#% (/% *% +(*(.&%1/4#6% B+##%_.23$#% C\&F,% +7.(&5.'2%1/4#6% -*+#4%/'% +(.1363+%
+#Q3#'&#%B+##%_.23$#%C\4F,%*'4%+7.(&5.'2%1/4#6%-*+#4%/'%/-a#&(%&/'(#>(%B_.23$#%C\#F:%
d#+36(+%0/$%K%9*$(.&.9*'(+%1*(&5#4%$.2.4%*45#$#'&#%(/%(5#%+(*(.&%1/4#6,%7.(5%*%03$(5#$%c%

9*$(.&.9*'(+% 0*"/3$.'2% (5#%+(*(.&%1/4#6% 0/$%[%/0% (5#%\%&/'4.(./'+:% ;'%&/'($*+(,%/'6)%C%
9*$(.&.9*'(+% 4#1/'+($*(#4% *% -#+(% 0.(% 0/$% .(#$*(."#% 1/4#6% .'% [% &/'4.(./'+% /$% 1/$#:%
O6(5/325%(5#%.(#$*(."#%1/4#6%7*+%4#1/'+($*(#4%(/%-#%(5#%-#+(%0.(%0/$%*(%6#*+(%E%&/'4.(./'%
/3(%/0%\%0/$%E^%9*$(.&.9*'(+:%G7/%9*$(.&.9*'(+%+5/7#4%-#+(%0.(+%.'%6.'#%7.(5%9$#4.&(./'+%
/0%+(.1363+%/$4#$%&/'4.(./'+%5/7#"#$,%*'/(5#$%9*$(.&.9*'(%+5/7#4%(5#%$#"#$+#%/0%(5.+%
9*((#$':%_/$%(5#%/-a#&(%()9#%9$#4.&(./',%C%9*$(.&.9*'(+%4.4%+5/7%-#+(%0.(+%.'%6.'#%7.(5%(5#%
9$#4.&(./'+%1*4#%4#+9.(#%(5.+%'/(%+5/7.'2%*%1*.'%#00#&(%.'%(5#%Oj!<O:%
%
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%

%

%
 
 
2.2.4 Discussion 
 
G5#%*.1+%/0%(5.+%+(34)%7#$#%(/%#>*1.'#%(5#%-.*+%.'%#+(.1*(#+%/0%(#19/$*6%$#9$/43&(./'%
.'%$#+9/'+#%(/%4.00#$#'(%+(.1363+%0#*(3$#+%*'4%(/%+3-+#Q3#'(6)%4#(#$1.'#%-#+(%0.((.'2%
1/4#6+:% G5#% &/19$#++./'% 1*2'.(34#% 4*(*% *99#*$#4% (/% +5/7% +/1#% 4.00#$#'&#+%
-#(7##'%(5#%&/'4.(./'+,%(5$/325%*%+.2'.0.&*'(%1*.'%#00#&(%/0%$*'4/1.+*(./':%G5.+%1#*'(%

Y*97)$&EE%&ZW2*W$&U$*9J#5&5J"U*+9&#J$&@$5#&-*#&-")&*#$)2#*V$&")&5#2#*1&.",$35&M7+-*33$,&*+#$)V235O%&

 

!"#$%&
2O&8J$&."5#&3*W$3<&.",$3&#"&@$&75$,&@<&(2)#*1*(2+#5&*+&$21J&1"+,*#*"+&211"),*+9&#"&#J$*)&ZW2*W$&U$*9J#&*+&
$21J&1"+,*#*"+%&
@O&#"&$O&#J$&()$,*1#*"+5&"-&#J$&."5#&57*#2@3$&5#)2#$9<&-")&$21J&1"+,*#*"+&#"&1".(2)$&#"&#J$&21#723&5#)2#$9<&
(2)#*1*(2+#5&75$,%&
-O&Z33&E]&(2)#*1*(2+#5&211"),*+9&#"&#J$&."5#&3*W$3<&5#)2#$9<&75$,&@<&#J$.&*+&$21J&1"+,*#*"+%&
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(5*(% (5#% +.@#% /0% (5#% &#'($*6% (#'4#'&)% -.*+% 7*+% 6*$2#$% 0/$% 0366)% $*'4/1% &/'4.(./'+%
&/19*$#4%(/%$*'4/1%7*6M%&/'4.(./'+:%;'%(5.+%7*),%(5#%&/19$#++./'%1*2'.(34#%4*(*%
+5/7#4% (5#% &6/+#+(% *6.2'1#'(% 7.(5% 9$#4.&(./'+% /0% (5#% (7/U+(*(#% 1/4#6% -#&*3+#% .(%
+5/7#4%+/1#%$#43&(./'%.'%&/19$#++./'%0/$%$*'4/1%7*6M%&/'4.(./'+:%G5#%.(#$*(."#%*6+/%
+5/7+%*%$#43&(./'%.'%&/19$#++./'%*&&/$4.'2%(/%$*'4/1.+*(./'%-3(%7*+%13&5%6*$2#$%
(5*'%9*$(.&.9*'(%$#+9/'+#+:%
%
!'% (5#% /(5#$% 5*'4,% (5#% "*$.*-.6.()% BV<F% /0% 9*$(.&.9*'(+% $#+9/'+#+% 4#1/'+($*(#4% *%
+.2'.0.&*'(% .'(#$*&(./':% G5.+% 1#*'(% (5*(% 9*$(.&.9*'(+% +5/7#4% +.2'.0.&*'(6)% $#43&#4%
"*$.*-.6.()% .'%0366)%$*'4/1%&/19*$#4%(/%$*'4/1%7*6M%0/$% .'(#$1.((#'(%&/'4.(./'+%/'6):%
G5.+% $#43&(./'% .'%"*$.*-.6.()% 0/$% 0366)% $*'4/1%&/'4.(./'+%*6.2'+%1/$#%&6/+#6)%7.(5% (5#%
9$#4.&(./'+%/0% (5#%+(*(.&%1/4#6:%G5#%+(*(.&%1/4#6%*++319(./'% (5*(%+(.136.%*$#%4$*7'%
0$/1%*%4.+($.-3(./'%1#*'+%(5*(%"*$.*-.6.()%&*'%-#%$#43&#4%1/$#%+3&&#++0366)%0/$%0366)%
$*'4/1%&/'4.(./'+:%%

%
X5#'%#>96/$.'2% (5#%9/++.-.6.()%/0%*% 0.>#4%+($*(#2),% (5#%-#+(% 0.(% (/% (5#%#19.$.&*6%4*(*%
*99#*$#4% (/% -#% (5#% (7/U+(*(#% B&6/+#6)% 0/66/7#4% -)% (5#% +(*(.&% 1/4#6F% 75#$#*+% (5#%
.(#$*(."#%1/4#6%+##1#4%(/%9$/".4#%(5#%6#*+(%+3&&#++036%0.(:%_3$(5#$1/$#,%*+%+(.1363+%
&/'4.(./'+%7#$#%1*'.936*(#4% (/%9$/".4#%*4"*'(*2#/3+%9#$0/$1*'&#% 0/$%*'% .(#$*(."#%
1/4#6,%0/$%#>*196#%9$#+#'(.'2%(5#%+(.1363+%.'%*%$*'4/1%7*6M%/$4#$,%9*$(.&.9*'(+%4.4%
'/(%&5*'2#%(5#.$%+($*(#2)%(/%*'%.(#$*(."#%1/4#6:%X5#'%*66/7.'2%(5#%9*$*1#(#$+%/0%(5#%
(7/U+(*(#%1/4#6%(/%"*$)%*&&/$4.'2%(/%&/'4.(./',%(5#$#%7*+%6.((6#%#".4#'&#%/0%*%06#>.-6#%
+($*(#2)%*&&/$4.'2%(/%&/'4.(./'+%*'4,%.'%*66%&/'4.(./'+%(5#%($*'+.(./'%9*$*1#(#$%3+#4%(/%
*&&/3'(%0/$%.(#$*(."#%9$/&#++#+%7.(5.'%(5#%+(*(.&%1/4#6%7*+%*61/+(%*(%D:%O44.(./'*66),%
9*$(.&.9*'(+%4*(*%&/'(.'3#4% (/% +5/7%*%&6/+#$% 0.(% (/% (5#%+(*(.&%1/4#6%75#'%#.(5#$%*'%
.(#$*(."#%/$%+(*(.&%1/4#6%7*+%0.((#4%(/%#*&5%&/'4.(./':%%
%
!"#$*66,%(5.+%1#*'+%(5*(%*%+(*(.&%1/4#6%/$%*%9$#4/1.'*'(6)%+(*(.&%(7/%+(*(#%1/4#6%7/364%
-#%1/+(%*-6#%(/%*&&/3'(%0/$%9*$(.&.9*'(+%4*(*:%N/7#"#$,%(5.+%.+%.'%+(*$M%&/'($*+(%7.(5%
$#&#'(% 0.'4.'2+% /0% 9*$(.&.9*'(+% 0*"/3$.'2% *'% .(#$*(."#%1/4#6% BJ6*+*3#$%R%A5.,% CDEK,%
CDCE-F:%!'#% 9/(#'(.*6% $#*+/'% 0/$% (5.+% &/364% 5*"#% -##'% (5#% 3'0.66#4% +(.136.% 3+#4% (/%
9$#+#'(%(5#%43$*(./':%_.66#4%43$*(./'+%1*)%-#%($#*(#4%4.00#$#'(6)%+3&5%(5*(%(5#)%&/364%
-#%1/$#%&/2'.(."#6)%4#1*'4.'2%43#%(/%*99#*$.'2%6/'2#$%(5*'%3'0.66#4%43$*(./'+%B86/&M,%
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N*'&/&M,% R% f*M*),% CDEDF:% J6*+*3#$% *'4% A5.% BCDEKL% CDCE-F% 3+#4% *% 0.66#4% .'(#$"*6%
1#(5/4%/0%$#+9/'4.'2,%75#$#*+%(5#%&3$$#'(%#>9#$.1#'(%3+#4%*'%3'0.66#4%.'(#$"*6:%O+%*%
$#+36(,% (5#% &3$$#'(% #>9#$.1#'(% 7*+% $#9#*(#4% 7.(5% 0.66#4% .'(#$"*6% $#9$/43&(./':% O66%
1#(5/4/6/2.&*6%9$/&#++#+%7#$#%.4#'(.&*6%/(5#$%(5*'%(5#%$#+9/'+#%9$/&#43$#%4#+&$.-#4%
-#6/7e%
%
%
2.3 Experiment 2: Filled interval reproduction. 
%
2.3.1 Methods  
 
H*$(.&.9*'(+%
G5#% 0.66#4% #>9#$.1#'(% 7*+% &/196#(#4% -)% ]E% 9*$(.&.9*'(+% BC% 7#$#% #>&634#4% 43#% (/%
*'/1*6.#+% 1/$#% (5*'% C% AW% *7*)% 0$/1% (5#% 1#*'% /$% .'&/196#(#% 4*(*% +#(+F:% G5#%
$#1*.'.'2%9*$(.&.9*'(+%5*4%*'%*2#%$*'2#% 0$/1%Ec% (/%][:%O66%-3(%\%9*$(.&.9*'(+%7#$#%
+(34#'(+%*(%(5#%S'."#$+.()%/0%j/((.'25*1:%O+%-#0/$#%9*$(.&.9*'(+%7#$#%$#Q3.$#4%(/%5*"#%
'/$1*6%/$%&/$$#&(#4%(/%'/$1*6%".+./':%
%
H$/&#43$#%
;'%T>9#$.1#'(%C,%*66%#6#1#'(+%/0%(5#%9$/&#43$#%7#$#%.4#'(.&*6%#>&634.'2%(5#%&5*'2#%
0$/1%3'0.66#4%(/%0.66#4%+(.136.:%G5.+%&5*'2#%.'"/6"#4%9$#+#'(.'2%*%+.'26#%+(.1363+,%75.&5%
$#1*.'#4%/'%+&$##'%(/%9$/43&#%*% 0.66#4% (.1#% .'(#$"*6%*'4%9*$(.&.9*'(+%$#+9/'4#4%-)%
9$#++.'2%4/7'%0/$%*%9#$./4%(5#)%0#6(%7*+%#Q3*6%(/%(5#%(.1#%(5#)%5*4%".#7#4%(5#%(*$2#(%
+(.1363+%0/$%B+##%_.23$#%C[F:%
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%
%
 
 
2.3.2 Results 
%

T19.$.&*6%4*(*%
_.23$#%C\*%+5/7+%1#*'%$#9$/43&#4%43$*(./'%6#'2(5%*+%*%03'&(./'%/0%95)+.&*6%43$*(./'%
6#'2(5%0/$%#*&5%/0%(5#%0/3$%&/'4.(./'+%0/$%(5#%0.66#4%43$*(./'%+(.136.:%O+%-#0/$#,%(5#%4/((#4%
4.*2/'*6%6.'#%.'%#*&5%9*'#6%.'4.&*(.'2%(5#%9*((#$'%#>9#&(#4%0/$%"#$.4.&*6%9#$0/$1*'&#:%
G5#%9*$(.&.9*'(%9#$0/$1*'&#%1#($.&+%7#$#%&*6&36*(#4%*2*.',%*'4%(5#%9/7#$%03'&(./'%
0.((.'2%9$/&#++%4#+&$.-#4%.'%(5#%$#+36(+%+#&(./'%/0%T>9#$.1#'(%E%7*+%$#9#*(#4%(/%*66/7%
0/$%&/19*$.+/'%/0%(5#%&/19$#++./'%1*2'.(34#%*&$/++%(5#%0/3$%&/'4.(./'+:%
%
_/$% (5#%0.66#4%43$*(./'+%(5#$#%*99#*$#4%(/%-#%*%"#$)%+.1.6*$%*1/3'(%/0%&/19$#++./'%
*&$/++% *66% &/'4.(./'+% B+##% _.23$#% C\*% *'4% C\-F:% G5#% -*$% 5#.25(+% .'% *66% &/'4.(./'+%
+5/7#4% 0#7%4.00#$#'&#+%-#(7##'%/'#%*'/(5#$:%G5#$#%7*+%*%"#$)%+1*66% .'&$#*+#% .'%
&/19$#++./'%.'%(5#%0366)%$*'4/1%&/19*$#4%(/%(5#%$*'4/1%7*6M%*'4%*%1/$#%'/(.&#*-6#%
.'&$#*+#% .'%&/19$#++./'% 0/$% (5#%9#$1*'#'(%&/'4.(./'+%&/19*$#4% (/% (5#% .'(#$1.((#'(%
&/'4.(./'+:%%
%

Y*97)$&EP%&;"+,*#*"+&,$#2*35&-")&QI($)*.$+#&E&M-*33$,&,7)2#*"+5O%&

 

!"#$%&8J$&#2)9$#T5&37.*+2+1$&U25&*+1)$25$,&"+1$&"+&$21J&#)*23?&-")&2&,7)2#*"+&,$-*+*+9&#J$&5#*.7375&*+#$)V23%&
42)#*1*(2+#5&2##$.(#$,&#"&)$()",71$&#J$&*+#$)V23&@<&()$55*+9&2+,&J"3,*+9&2&@7##"+&-")&2&1"))$5("+,*+9&($)*",&"-&
#*.$%&Z33&"#J$)&.$#J",5&U$)$&*,$+#*123&#"&QI($)*.$+#&L%%
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G5#%1#*'%&/19$#++./'%*&$/++%9*$(.&.9*'(+%+5/7#4%"*63#+%-#(7##'%D:C\%*'4%D:\%.'%
*66% &/'4.(./'+% 0/$% (5#% 0.66#4% 43$*(./'% +(.136.% B+##% _.23$#% C\-F,% (5#$#0/$#% 4.+96*).'2%
+1*66#$%&/19$#++./'%1*2'.(34#+%(5*'%(5/+#%+5/7'%.'%$#+9/'+#%(/%3'0.66#4%43$*(./'+:%
_/$%(5#%3'0.66#4%+(.136.,%#"#$)%&/'4.(./'%+5/7#4%*'%*"#$*2#%&/19$#++./'%1*2'.(34#%
*&$/++%9*$(.&.9*'(+%/0%2$#*(#$%(5*'%D:[]:%%
%
%
%
%
%

%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

Y*97)$&EN%R$2+&)$()",71#*"+5&-")&*+,*V*,723&(2)#*1*(2+#5&-")&-*33$,&,7)2#*"+5%&

&
 

 
 

d 

d e 

!"#$%&
M2O&R$2+&)$()",71#*"+5&-")&*+,*V*,723&(2)#*1*(2+#5&M"($+&@37$&5<.@"35O&2+,&#J$&9)"7(&M-*33$,&@321W&
5<.@"35O?&(3"##$,&25&2&-7+1#*"+&"-&5#*.7375&,7)2#*"+&-")&$21J&"-&#J$&-"7)&1"+,*#*"+5%&0"3*,&@321W&3*+$5&
)$()$5$+#&#J$&@$5#\-*##*+9&("U$)&-7+1#*"+5&#"&#J$&9)"7(&.$2+&,2#2%&Y")&1".(2)*5"+?&,"##$,&3*+$5&*+,*12#$&
V$)*,*123&($)-").2+1$%&@O&;".()$55*"+&.29+*#7,$5?&)$-3$1#*+9&#J$&5#)$+9#J&"-&1$+#)23&#$+,$+1<&@*25$5&
$IJ*@*#$,&@<&*+,*V*,723&(2)#*1*(2+#5&M"($+&5<.@"35O%&^2)5&*+,*12#$&#J$&.$2+&21)"55&(2)#*1*(2+#5%&&M1O&
f+,*V*,723&2+,&9)"7(&1"$--*1*$+#5&"-&V2)*2#*"+?&2V$)29$,&21)"55&5#*.7375&,7)2#*"+%&M,O&8J$&2."7+#&"-&
1".()$55*"+&.29+*#7,$&2+,&1"$--*1*$+#&"-&V2)*2#*"+&5J"U+&*+&.",$3&-*#5&-")&$21J&.",$3%&M$O&8J$&ZW2*W$&
U$*9J#5&-")&233&57@D$1#5&2+,&#J$&.$2+&ZW2*W$&U$*9J#&-")&$21J&.",$3&*5&5J"U+&"+&#J$&)*9J#\J2+,&5*,$% 
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%
G/%.'"#+(.2*(#%75#(5#$%(5#+#%4.00#$#'&#+%.'%&/19$#++./'%7#$#%+(*(.+(.&*66)%+.2'.0.&*'(%
*%C>C%$#9#*(#4%1#*+3$#+%Oj!<O%7*+%&/'43&(#4:%G5#$#%7*+%*%1*.'%#00#&(%/0%/-a#&(%
()9#%_%BE,%]DF%h%K:^\^,%9%hD:DD[,%#(*%+Q3*$#4%h%D:D^[%*'4%(5#$#0/$#%(5*(%'/(.&#*-6#%
4.00#$#'&#% .'%&/19$#++./'%1*2'.(34#%-#(7##'%9#$1*'#'(% B1*$2.'*6%1#*'%h%D:[E^,%
AT%h%D:DEKF%*'4%.'(#$1.((#'(%B1*$2.'*6%1#*'%h%D:C]c,%AT%h%D:DEKF%/-a#&(%()9#%7*+%
+(*(.+(.&*66)%+.2'.0.&*'(:%N/7#"#$,%(5#$#%7*+%'/%+.2'.0.&*'(%1*.'%#00#&(%/0%$*'4/1.+*(./'%
_%BE,%]DF%h%E:\KE,%9%UD:CCc,%#(*%+Q3*$#4%h%D:DED%*'4%'/%.'(#$*&(./'%-#(7##'%(5#%(7/%
"*$.*-6#+%_%BE,%]DF%h%D:D]\,%9%h%D:cEc,%#(*%+Q3*$#4%h%D:DDD[:%
%
G5#% &/#00.&.#'(+% /0% "*$.*(./'% 7#$#% &*6&36*(#4% *+% 4#+&$.-#4% .'% (5#% 3'0.66#4% 43$*(./'%
$#+36(+%+#&(./':%G5#$#%4.4%'/(%*99#*$%(/%-#%*')%2$*95.&*66)%".+.-6#%4.00#$#'&#+%.'%V<%
*&$/++%(5#%&/'4.(./'+:%N/7#"#$,%*%C>C%$#9#*(#4%1#*+3$#+%Oj!<O%0/3'4%*%1*.'%#00#&(%
/0%$*'4/1.+*(./'%_%BE,%]DF%h%]:[C[,%9%h%D:DC],%#(*%+Q3*$#4%h%D:DC[,%-3(%'/%1*.'%#00#&(%

/0%/-a#&(%()9#%_%BE,%]DF%h%E:cE],%9%h%D:Ec\,%#(*%+Q3*$#4%h%D:DEc%*'4%'/%.'(#$*&(./'%_%
BE,%]DF%h%D:\^c,%9hD:\K`,%#(*%+Q3*$#4%h%D:D[:%
%
;'%&/'($*+(%(/%(5#%3'0.66#4%.'(#$"*6+,%(5#$#%*99#*$#4%(/%-#%*%6*$2#$%*1/3'(%/0%"*$.*-.6.()%
*++/&.*(#4% 7.(5% (5#% 0366)% $*'4/1% &/'4.(./'+% B1*$2.'*6% 1#*'% h% D:CCE% AT% h% D:DD`F%
&/19*$#4%(/%(5#%$*'4/1%7*6M%&/'4.(./'+%B1*$2.'*6%1#*'%h%D:CED,%AT%hD:DD^F:%
%
Y/4#66.'2%U%0.>#4%+($*(#2)%
O+% -#0/$#,% *66% [%1/4#6+% 7#$#% 0.((#4% +.136(*'#/3+6),% *'4% (5#% 9#$0/$1*'&#% /0% (5/+#%
1/4#6+%&*'%-#%+##'%.'%_.23$#%C\4:%G5#%0#*(3$#+%/0%(5#%1/4#6+,%*+%+5/7'%-)%(5#%-#+(%
0.(+,%*99#*$%"#$)%+.1.6*$%(/%(5#%3'0.66#4%4*(*%*'4%(5.+%.+%6.M#6)%43#%(/%5/7,%*&$/++%(5#%(7/%
#>9#$.1#'(+,%(5#%+(.1363+%9$#+#'(*(./'%7*+%M#9(%*+%+.1.6*$%*+%9/++.-6#%#"#'%*+%(5#%
$#+9/'+#%()9#%7*+%1*'.936*(#4:%%
%
G/% #>96/$#% 5/7% +3&&#++0366)% #*&5% 1/4#6% 0.((#4% (5#% 4*(*,% OM*.M#% 7#.25(+% 7#$#%
&*6&36*(#4%B*+%4#+&$.-#4%.'%T>9#$.1#'(%EF:%%_/$%1*')%.'4.".43*6%9*$(.&.9*'(+,%(5#%-63#%
&/6/3$% $#9$#+#'(.'2% (5#% (7/U+(*(#%1/4#6% *'4% (5#% (3$Q3/.+#% &/6/3$% $#9$#+#'(.'2% (5#%
+(*(.&%1/4#6%7#$#%5.256)%9$/1.'#'(%B+##%_.23$#%C\#F:%_/$%+#"#$*6%9*$(.&.9*'(+%+(*(.&%
*'4%.(#$*(."#%7#$#%+/%3'6.M#6)%(5*(%(5#)%7#$#%'/(%".+.-6#%.'%(5.+%0.23$#:%;(%.+%.19/$(*'(%(/%



 100 

'/(#% (5*(% (5#% OM*.M#% 7#.25(% 9#'*6.+#+% (5#% (7/U+(*(#% 1/4#6% 0/$% 5*".'2% *'% #>($*%
9*$*1#(#$%*'4%.(%&/'(.'3#4%(/%-#%(5#%1/+(%6.M#6)%1/4#6%3+#4%0/$%1*')%9*$(.&.9*'(+%*0(#$%
-#.'2%9#'*6.+#4:%G5#$#%7#$#%*6+/%1*')%9*$(.&.9*'(+%75#$#%(5#%+(*(.&%1/4#6%+5/7+%(5#%
5.25#+(%OM*.M#%7#.25(%*'4%(5#$#0/$#%(5#%+(*(.&%1/4#6%7*+%(5#%1/+(%6.M#6)%.'%(5#.$%&*+#:%
N/7#"#$,% (5#%1#*'%OM*.M#%7#.25(%*&$/++%9*$(.&.9*'(+% .'4.&*(#4% (5*(% (5#%-#+(% 0.((.'2%
1/4#6%/"#$*66%7*+%(5#%(7/U+(*(#%1/4#6%BD:]^F,%"#$)%&6/+#6)%0/66/7#4%-)%(5#%+(*(.&%1/4#6%
BD:\[F:% G5#%OM*.M#%7#.25(% 0/$% (5#% .(#$*(."#%1/4#6% .'4.&*(#4% (5*(% .(+% 3+#%7*+% 5.256)%
3'6.M#6)%BnD:DEF:%
%
Y/4#66.'2%U%06#>.-6#%+($*(#2):%%
X#%*2*.'%&/'+.4#$#4%(5#%9/++.-.6.()%(5*(%9*$(.&.9*'(+%+7.(&5%(5#.$%+($*(#2)%4#9#'4.'2%
/'%(5#%#>9#$.1#'(*6%&/'4.(./'+:%O+%-#0/$#,%7#%0.$+(%$#U0.((#4%(5#%(7/U+(*(#%1/4#6%(/%#*&5%
9*$(.&.9*'(b+% 4*(*% *'4% *66/7#4% (5#% 9*$*1#(#$+% (/% "*$)% -#(7##'% #*&5% /0% (5#% 0/3$%
&/'4.(./'+%(#+(#4%*'4%(5#%+*1#%2$*95.&*6%&/'"#'(./'+%*996.#4:%

%
_.23$#%C]*%*'4%C]-%+5/7%(5#%-#+(U0.((.'2%"*63#+%0/$%"g$%*'4%Qg$%$#+9#&(."#6)%*'4%*$#%
96/((#4%.'%(5#%+*1#%7*)%*+%(5#%3'0.66#4%43$*(./'%0.(+:%A.1.6*$6),%(/%(5#%&*+#%/0%(5#%3'0.66#4%
43$*(./'+,% 4.+($.-3(./'% "*$.*-.6.()% B"g$F% $#1*.'+% 2$#*(#$% (5*'% @#$/% .'% (5#% 1*a/$.()% /0%
&*+#+,%75#$#*+%($*'+.(./'%"*$.*-.6.()%BQg$F%#+(.1*(#+%$#1*.'#4%&63+(#$#4%*$/3'4%@#$/:%
H*$(.&.9*'(+% *99#*$% (/% 0*"/3$% *% 1/4#6% (5*(% *++31#+% *% +(*(.&% 4.+($.-3(./',% #"#'% .'%
#>9#$.1#'(*6%&/'4.(./'+%(5*(%1*)%5*"#%-##'%-#((#$%+3.(#4%(/%*'%.(#$*(."#%1/4#6:%%
%

%

Y*97)$&E]%&^$5#\-*##*+9&(2)2.$#$)5&"-&#J$&#U"\5#2#$&.",$3&UJ$+&5$(2)2#$3<&-*##$,&#"&$21J&$I($)*.$+#23&
1"+,*#*"+&M-*33$,&*+#$)V235O%&

 
 

!"#$%&
2O&VX)&)$()$5$+#5&#J$&V2)*2@*3*#<&"-&#J$&,*5#)*@7#*"+&)$32#*V$&#"&5$+5")<&+"*5$&UJ*3$&@O&_X)&)$()$5$+#5&
#J$&V2)*2@*3*#<&"-&)2+,".&2,,*#*V$&*+#$)#)*23&5J*-#5&)$32#*V$&#"&5$+5")<&+"*5$%&l+-*33$,&5<.@"35&5J"U&
)$573#5&-")&*+,*V*,723&(2)#*1*(2+#5?&UJ$)$25&-*33$,&5<.@"35&,$+"#$&#J$&9)"7(&.$2+%&
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O+%-#0/$#,%(/%03$(5#$%.'"#+(.2*(#%(5#%9/++.-.6.()%/0%*%06#>.-6#%1/4#6,%7#%(5#'%&/19*$#4%
+(*(.&%*'4%.(#$*(."#%1/4#6+%75#'%+#9*$*(#6)%0.((#4%(/%#*&5%&/'4.(./':%G5#%-#+(%0.((.'2%
1/4#6%75#'%OM*.M#%7#.25(+%7#$#%*"#$*2#4%*&$/++%9*$(.&.9*'(+%7*+% (5#% (7/%+(*(#,%
&6/+#6)%0/66/7#4%(5#%+(*(.&%1/4#6%B+##%_.23$#%C\#F:%%
%
G5#% *"#$*2#% OM*.M#%7#.25(+% 0/$% #*&5% 9*$(.&.9*'(% 7*+% *"#$*2#4% (/% &$#*(#% *%1#*'%
OM*.M#%7#.25(%0/$%#*&5%1/4#6%.'%#"#$)%&/'4.(./':%G5#$#%7*+%*%"#$)%+1*66%.'&$#*+#%.'%
7#.25(%0/$% .(#$*(."#%1/4#6%B2$##'F,% .'%(5#%&*+#%/0%(5#%0366)%$*'4/1%&/'4.(./'+%0/$%(5#%
9#$1*'#'(%/-a#&(% ()9#:%N/7#"#$,% (5#$#%7*+%*6+/%*%+1*66% .'&$#*+#% .'%7#.25(% 0/$% (5#%
.(#$*(."#% 1/4#6% B2$##'F% .'% (5#% &*+#% /0% $*'4/1% 7*6M% &/'4.(./'+% 0/$% (5#% .'(#$1.((#'(%
&/'4.(./'+:%
%
G5#%9$#4.&(./'+%/0%(5#%-#+(%0.((.'2%1/4#6%*&&/$4.'2%(/%&/'4.(./'%*$#%+5/7'%.'%_.23$#%
C^-% (/% C^#% 6*-#66#4% *+% 9#$% (5#% 9$#"./3+% +#&(./'% B+##% *6+/% _.23$#% CC-% (/% CC#% *'4%

4#+&$.9(./'%/0%9$#4.&(./'+% .'%9$#"./3+% $#+36(+% +#&(./'F:%I##9.'2% (5#+#%9$#4.&(./'+% .'%
1.'4,% (5#%-#+(% 0.((.'2%1/4#6% 0/$% .'4.".43*6%9*$(.&.9*'(+% .'%#*&5%&/'4.(./'% .+%+5/7'% .'%
_.23$#% C^0:% _/$% '.'#(##'% 9*$(.&.9*'(+% (5#% +(*(.&% 9$/".4#4% (5#% -#+(% 0.(% *&$/++% *66%
&/'4.(./'+:%%
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%
%
%
%
%

Y*97)$&EK%&ZW2*W$&U$*9J#5&5J"U*+9&#J$&@$5#&-*#&-")&*#$)2#*V$&")&5#2#*1&.",$35&M-*33$,&*+#$)V235O%&

 

!"#$%&
2O&8J$&."5#&3*W$3<&.",$3&#"&@$&75$,&@<&(2)#*1*(2+#5&*+&$21J&1"+,*#*"+&211"),*+9&#"&#J$*)&ZW2*W$&
U$*9J#&*+&$21J&1"+,*#*"+%&
@O&#"&$O&#J$&()$,*1#*"+5&"-&#J$&."5#&57*#2@3$&5#)2#$9<&-")&$21J&1"+,*#*"+&#"&1".(2)$&#"&#J$&21#723&
5#)2#$9<&(2)#*1*(2+#5&75$,%&
-O&Ni&(2)#*1*(2+#5&211"),*+9&#"&#J$&."5#&3*W$3<&5#)2#$9<&75$,&@<&#J$.&*+&$21J&1"+,*#*"+%&
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_/$%(5$##%9*$(.&.9*'(+,%(5#.$%-#+(%0.((.'2%1/4#6+%7#$#%0/3'4%(/%-#%.'%6.'#%7.(5%9$#4.&(./'+%
0/$%0366%"+%7*6M%(5*(%.+,%(5#)%+5/7#4%*%-#+(%0.(%0/$%(5#%.(#$*(."#%1/4#6%.'%(5#%$*'4/1%7*6M%
&/'4.(./'+%*'4%*%-#+(%0.(%0/$%(5#%+(*(.&%1/4#6%.'%(5#%0366)%$*'4/1%&/'4.(./'+:%O6(5/325%
(7/%9*$(.&.9*'(+%+5/7#4%(5#%$#"#$+#%9*((#$':%G7/%9*$(.&.9*'(+%*6+/%+5/7#4%-#+(%0.(+%.'%
6.'#% 7.(5% /-a#&(% ()9#% 9$#4.&(./':% Y/$#% +9#&.0.&*66),% (5#.$% -#+(% 0.((.'2% 1/4#6% 7*+% (5#%
.(#$*(."#% 1/4#6% 0/$% 9#$1*'#'(% &/'4.(./'+% *'4% (5#% +(*(.&% 1/4#6% 0/$% (5#% .'(#$1.((#'(%
&/'4.(./'+:% G5#% '31-#$% /0% 9*$(.&.9*'(+% (5*(% 4.+96*)#4% 1/4#6% 0.(+% .'% 6.'#% 7.(5% (5#%
9$#4.&(./'+%7#$#%"#$)%+1*66%&/19*$#4%(/%(5#%6*$2#%'31-#$%/0%9*$(.&.9*'(+%75#$#%1/+(,%
.0%'/(%*66%&/'4.(./'+,%+5/7#4%(5#%+(*(.&%1/4#6%(/%-#%(5#%-#+(%0.((.'2%1/4#6:%%
%
2.3.3 Discussion  
 
G5#%&/19$#++./'%1*2'.(34#%4*(*%+5/7'%.'%T>9#$.1#'(%C%&*'%-#%*&&/3'(#4%0/$%-)%(5#%
+(*(.&%1/4#6%-#&*3+#%(5#%6#"#6+%/0%&/19$#++./'%.'%*66%&/'4.(./'+%*99#*$%5.256)%+.1.6*$:%
S'6.M#% (5#%3'0.66#4%43$*(./'+,% (5#%9$#4.&(./'%*&&/$4.'2% (/%+(.1363+%+#Q3#'&#%4.4%'/(%
9$/43&#%*%+.2'.0.&*'(%1*.'%#00#&(:%Y/$#/"#$,% (5#%9$#4.&(./'%*&&/$4.'2%(/%/-a#&(% ()9#%
/&&3$$#4% *+% *%1*.'% #00#&(% .'% (5#% /99/+.(#% 4.$#&(./'% (/% (5*(% /0% (5#% 9$#4.&(./'% /0% (5#%
.(#$*(."#%1/4#6:%O+%*% $#+36(,% (5#$#% .+%'/(%#'/325%#".4#'&#% (/%&/'&634#% (5*(%".#7.'2%
(#19/$*6%+(.136.%*+%+.'26#%/-a#&(+%1*M#+%(5#%3+#%/0%*'%.(#$*(."#%1/4#6%*')%1/$#%6.M#6):%
%
G5#% "*$.*-.6.()% B*+%1#*+3$#4% -)% &/#00.&.#'(+% /0% "*$.*(./'F% .'% 9*$(.&.9*'(+% $#+9/'+#+%
+5/7#4% $#6*(."#6)% +1*66% 4.00#$#'&#+% -#(7##'% &/'4.(./'+% -3(% (5#$#%7*+% *% +.2'.0.&*'(%
1*.'%#00#&(%/0% $*'4/1.+*(./':%X5#'% (5#%&/#00.&.#'(+%/0%"*$.*(./'%7#$#%96/((#4,% (5#$#%
7*+%*%".+.-6#%4#&$#*+#%.'%"*$.*-.6.()%0/$%(5#%$*'4/1%7*6M%&/19*$#4%(/%(5#%0366)%$*'4/1%
75.&5%7/364%-#%.'%6.'#%7.(5%*'%.(#$*(."#%1/4#6:%N/7#"#$,%(5#%+.@#%/0%(5.+%4.00#$#'&#%7*+%
'/(%*+%6*$2#%*+%(5*(%9$#4.&(#4%-)%(5#%.(#$*(."#%1/4#6:%G5#%+(*(.&%*'4%(7/%+(*(#%1/4#6+%
7/364% 9$#4.&(% +1*66#$% 4.00#$#'&#+% .'% "*$.*-.6.()% -#(7##'% (5#% (7/% 4.00#$#'(% +(.1363+%
+#Q3#'&#%&/'4.(./'+:%O6(5/325%(5#)%*6+/%9$#4.&(%(5*(,%&/'($*$)%(/%(5#%&3$$#'(%9*((#$'%/0%
$#+36(+,% $#+9/'+#+%7/364%-#%1/$#%"*$.*-6#% .'% $*'4/1%7*6M%&/'4.(./'+%&/19*$#4% (/%

0366)% $*'4/1:% G5#$#0/$#,% $#43&(./'% .'% "*$.*-.6.()% 0/$% 0.66#4% .'(#$"*6+% 4/#+% '/(% &6/+#6)%
$#06#&(%*')%/0%(5#%0.((#4%1/4#6+:%G5#%#>96/$*(./'%/0%*%0.>#4%+($*(#2)%$#"#*6#4%(5*(%(5#%
(7/U+(*(#%1/4#6%9$/".4#4%(5#%-#+(%0.(%0/$%(5#%0.66#4%43$*(./'+:%
%
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!'&#%(5#%9*$*1#(#$+%7#$#%*66/7#4%(/%"*$),%(5#%"*63#%/0%(5#%($*'+.(./'%9*$*1#(#$%%7*+%
$#Q3.$#4%(/%-#%'/(.&#*-6)%1/$#%(5*'%@#$/%.0%(5#%$#+36(+%7#$#%(/%+5/7%(5#%-#+(%0.(%/0%*'%
.(#$*(."#%1/4#6,% .'% *2$##1#'(%7.(5%J6*+*3#$%*'4%A5.% BCDEKL% CDCE-F:%N/7#"#$,% (5.+%
($*'+.(./'% 9*$*1#(#$% 7*+% &6/+#% (/% @#$/:% G5#% 0.'*6% #>96/$*(./'% /0% 06#>.-6#% +($*(#2.#+%
4#1/'+($*(#4%*%9$#0#$#'&#%0/$%*%+(*(.&%1/4#6%/"#$%*'%.(#$*(."#%/'#:%G5#$#0/$#,%3'6.M#%
$#&#'(%$#+#*$&5,%*'%.(#$*(."#%1/4#6%4.4%'/(%9$/".4#%*%2//4%*&&/3'(%/0%9*$(.&.9*'(%4*(*,%
#"#'%75#'%*%0.66#4%$#9$/43&(./'%1#(5/4%7*+%3+#4:%Y/$#/"#$,%75#'%(5#%#>9#$.1#'(*6%
&/'4.(./'+%7#$#%4#+.2'#4%(/%#'&/3$*2#%*'%.(#$*(."#%+($*(#2),%*%+(*(.&%1/4#6%&/'(.'3#4%
(/%9$/".4#%*%-#((#$%0.(:%%%
%

%
2.4 General Discussion  
%

G5#%&#'($*6%*.1%/0%(5#%&3$$#'(%#>9#$.1#'(%7*+%(/%2*.'%*'%.'+.25(%.'(/%5/7%8*)#+.*'%
9$./$+% 394*(#% /"#$% (.1#% .'% (5#% (#19/$*6% 4/1*.':% G5.+% *.1% 9$/43&#4% (5#% 0/66/7.'2%
Q3#+(./'+e%EF%;0%*%+.'26#%8*)#+.*'%+($*(#2)%.+%3+#4%.'%*66%#'".$/'1#'(+%B0.>#4%+($*(#2)F,%
75.&5% 9$/".4#4% (5#% -#+(% 0.(,% CF% W/% 9*$(.&.9*'(+% *6(#$% (5#.$% 9$./$% *&Q3.+.(./'% +($*(#2)%
*&&/$4.'2% (/% &#$(*.'% &/'4.(./'+p% G/% *&5.#"#% (5.+,% 8*)#+.*'% 1/4#6+% 7.(5% 4.00#$#'(%
*++319(./'+%*-/3(%+(.136.%2#'#$*(./'%7#$#%0.((#4%(/%43$*(./'%$#9$/43&(./'%4*(*%(/%+##%
75#(5#$%9*$(.&.9*'(+%0*"/3$#4%*%9*$(.&36*$%+($*(#2):%G5#+#%8*)#+.*'%1/4#6+%.'&634#4%
*%+(*(.&,% .(#$*(."#%*'4% (7/%+(*(#%1/4#6:%O44.(./'*66),%4.00#$#'(%+(.1363+%#'".$/'1#'(+%
7#$#% &$#*(#4% .'% /$4#$% (/% 3'4#$+(*'4% 5/7% (5#)% &/364% 6#*4% (/% *'% .19$/"#4% 0.(% 0/$% *%
4.00#$#'(%8*)#+.*'%1/4#6:%G5#%4.00#$#'(%+(.1363+%#'".$/'1#'(+%&/'+.+(#4%/0%*%$*'4/1%
7*6M% "+% 0366)% $*'4/1% +(.1363+% +#Q3#'&#% *'4% *% 136(.96#% /-a#&(% "+% *% +.'26#% /-a#&(%
*99#*$*'&#:%G5$##%+#9*$*(#%#6#1#'(+%/0% (5#%$#+36(+%7.66%-#%4.+&3++#4%5#$#:%_.$+(6),%
(5#% +.@#% /0% (5#% &/19$#++./'%1*2'.(34#% *'4% (5#% *1/3'(% /0% "*$.*-.6.()% .'% $#+9/'+#+%
*66/7#4% 0/$% (5#% .'0#$#'&#%/0%*%+.'26#%8*)#+.*'%+($*(#2)%-)%&/19*$.'2% (/% (5#%1/4#6%
9$#4.&(./'+:%A#&/'46)%*%4.+&3++./'%/0%(5#%1/4#6%0.((.'2%9$/&#43$#+%75.&5%*66/7#4%0/$%
(5#%#>96/$*(./'%/0%06#>.-6#%1/4#6+:%_.'*66),%6.(#$*(3$#%75.&5%5*+%#>*1.'#4%4.00#$#'&#+%
-#(7##'% 0.66#4% *'4% 3'0.66#4% .'(#$"*6% 43$*(./'+% *'4% (5#.$% .196.&*(./'+% 0/$% (5#% &3$$#'(%
0.'4.'2+%7.66%-#%4.+&3++#4:%
%
%
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V/19$#++./'%1*2'.(34#%*'4%8*)#+.*'%1/4#6%9$#4.&(./'+:%%
;'%*66%&/'4.(./'+,%(5#$#%7*+%3'4#$%#+(.1*(./'%/0%6/'2#$%.'(#$"*6+%*'4%/"#$#+(.1*(./'%/0%
+5/$(#$%.'(#$"*6+%4#1/'+($*(.'2%*%&#'($*6%(#'4#'&)%-.*+%(5*(%7*+%6.M#6)%(/%-#%4$."#'%-)%
*%8*)#+.*'%9$./$%B?*@*)#$.%*'4%A5*46#'%CDEDF:%G5.+%7*+%+5/7'%.'%-/(5%T>9#$.1#'(%E%
*'4%T>9#$.1#'(%C:%%

%
_/$% T>9#$.1#'(% E% B3'0.66#4% 43$*(./'+F% +9#&.0.&*66),% (5#% &/19$#++./'%1*2'.(34#%7*+%
+1*66#$% 0/$% $*'4/1% 7*6M% +#Q3#'&#+% &/19*$#4% (/% 0366)% $*'4/1% +#Q3#'&#+:% G5.+%
4.00#$#'&#%*&$/++%&/'4.(./'+%9$/43&#4%*%+.2'.0.&*'(%1*.'%#00#&(%/0%$*'4/1.+*(./':%G5.+%
.'063#'&#%/0% (5#%+(.1363+% 0#*(3$#+%/'% (5#%+.@#%/0% (5.+%-.*+% (/7*$4+% (5#%9$./$%7*+%*'%
/3(&/1#%(5*(%7*+%.'%6.'#%7.(5%(5#%9$#4.&(./'+%/0%*'%.(#$*(."#%1/4#6:%O6(5/325%75#'%*66%
8*)#+.*'%1/4#6+%7#$#%0.((#4%(/%(5#%4*(*%7.(5%0.>#4%9*$*1#(#$+%*&$/++%&/'4.(./'+,%(5#%
(7/U+(*(#%1/4#6%4#1/'+($*(#4%*%95)+.&*6%*99#*$*'&#%1/+(%6.M#%9*$(.&.9*'(+%4*(*:%G5.+%
7*+%#+9#&.*66)%'/(.&#*-6#%.'%(5#%(7/U+(*(#%1/4#6b+%*-.6.()%(/%*&&/3'(%0/$%(5#%+.@#%/0%(5#%

.'&$#*+#% .'% &/19$#++./'%1*2'.(34#% 0/$% 0366)% $*'4/1% &/'4.(./'+% $#6*(."#% (/% $*'4/1%
7*6M:% ;'%&/'($*+(,% (5#%+.@#%/0% (5.+% .'&$#*+#%+5/7'%-)% (5#% .(#$*(."#%1/4#6%7*+%13&5%
6*$2#$% *'4% (5#$#0/$#% 9$/".4#4% *% 6#++% +3&&#++036% 0.(:% G5#$#0/$#,% (5#% 4.00#$#'&#% .'%
&/19$#++./'%1*2'.(34#%.'4.&*(#4%(5*(%(5#%(7/U+(*(#%1/4#6%9$/".4#4%(5#%&6/+#+(%1*(&5%
(/%(5#%4*(*%0/$%3'0.66#4%43$*(./'+:%O6(5/325%.'%(5.+%&*+#%(5#%-#+(%0.((.'2%+(*(.&%1/4#6%*6+/%
9$#4.&(#4%*%+1*66%*1/3'(%/0%$#43&(./'%.'%&/19$#++./'%0/$%(5#%$*'4/1%7*6M%+#Q3#'&#%
$#6*(."#%(/%(5#%0366)%$*'4/1:%
%

;'%T>9#$.1#'(%C,%3+.'2%0.66#4%43$*(./'+,% (5#$#%7*+%*%1*.'%#00#&(%/0%/-a#&(% ()9#:%G5.+%
+322#+(#4%(5*(%9*$(.&.9*'(+%7#.25(#4%(5#%9$./$%1/$#%5#*".6)%B1/$#%-.*+F%.'%.'(#$1.((#'(%
B136(.96#F% /-a#&(% &/'4.(./'+% &/19*$#4% (/% 9#$1*'#'(% B+.'26#F% /-a#&(% &/'4.(./'+:%
N/7#"#$,%(5#%#>*&(%$#*+/'+%0/$%(5.+%7#$#%3'&6#*$%*+%(5#%&3$$#'(%$#+#*$&5%9$#4.&(#4%
(5#%/99/+.(#%4.$#&(./'%/0%(5.+%#00#&(,%43#%(/%(5#%9/(#'(.*6%+3.(*-.6.()%/0%*'%.(#$*(."#%1/4#6%
0/$%($*&M.'2%(5#%9$/9#$(.#+%/0%*%+.'26#%/-a#&(%/"#$%(.1#:%G5#$#%.+%*%'##4%(/%$#&/'+.4#$%
(5.+% #*$6.#$% *++319(./'% /0% (5#% &3$$#'(% $#+#*$&5% (5*(% /-a#&(+% ".#7#4% *+% *% o+.'236*$%
Q3*'(.()b%*$#%1/$#%6.M#6)%(/%-#%($*&M#4%*'4%394*(#4%/"#$%(.1#:%G5.+%1*)%'/(%-#%($3#%.'%
$#6*(./'% (/% (5#% (#19/$*6% 0#*(3$#+% /0% (5#% +(.136.:% O'% *6(#$'*(."#% 7*)% (/% .'4.&*(#% (5#%
4.00#$#'&#% -#(7##'% +.'26#% *'4% 136(.96#% /-a#&(+% &/364% -#% &/6/3$% B*'/(5#$% J#+(*6(%
2$/39.'2F:% ;'% (5.+% 7*),% 2$/39.'2% *&&/$4.'2% (/% &/6/3$,% .'+(#*4% /0% +9*&#% &/364% 5*"#%
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9$/".4#4%*%9#$&#9(./'%/0%+.'26#%/-a#&(%B$#1*.'+%(5#%+*1#%&/6/3$F%/$%136(.96#%/-a#&(+%
B#*&5%4.+M%*99#*$+%*+%*%4.00#$#'(%&/6/3$F:%%
%
O%1*.'%#00#&(%/0%/-a#&(%()9#%&/'($*+(#4%7.(5%(5#%1*.'%#00#&(%/0%$*'4/1.+*(./'%(5*(%7*+%
0/3'4%.'%T>9#$.1#'(%E,%+322#+(.'2%(5*(%4.00#$#'(%+(.1363+%0#*(3$#+%1.25(%-#%.'063#'(.*6%
.'%*6(#$.'2%(5#%*1/3'(%/0%&#'($*6%(#'4#'&)%-.*+%(5*(%7*+%9$/43&#4:%O44.(./'*66),%0/$%(5#%
0.66#4%.'(#$"*6+,%(5#%+.@#%/0%(5#%&/19$#++./'%1*2'.(34#%7*+%+.1.6*$%*&$/++%*66%&/'4.(./'+%
*'4%(5.+%-#5*"./3$%7/364%5*"#%-##'%9$#4.&(#4%-)%*%+(*(.&%+($*(#2)%-#&*3+#%0/$% (5.+%
1/4#6,%4.00#$#'&#+%.'%+(.1363+%+#Q3#'&#%*$#%'/(%$#6#"*'(%0/$%9$./$%0/$1*(./':%G5.+%.+%
-#&*3+#%(5#$#%.+%'/%*++319(./'%&/'&#$'.'2%(5#%+(.1363+%/'%(5#%9$#"./3+%($.*6%6.M#%(5#$#%
.+%.'%*'%.(#$*(."#%1/4#6:%;'(#$#+(.'26),%*'%.(#$*(."#%1/4#6%9$/".4#4%*%9//$%1*(&5%(/%(5#%
&/19$#++./'%1*2'.(34#%4*(*%.'%T>9#$.1#'(%E%*'4%C:%%
%
%
<*$.*-.6.()%/0%$#+9/'+#+%*'4%1/4#6%9$#4.&(./'+:%%
!"#$*66%9*$(.&.9*'(+%+5/7%13&5% 6*$2#$% 6#"#6+%/0%"*$.*-.6.()% (5*'% (5#%1/4#6+%*'4% (5.+%
7*+%6.M#6)%(/%-#%-#&*3+#%1/(/$%'/.+#%/0%$#+9/'+#+%7#$#%'/(%0.((#4:%G5#%"*$.*-.6.()%/0%
9*$(.&.9*'(+% $#+9/'+#+% *6+/% 9$/".4#4% *'% .'+.25(% .'(/% (5#% -#+(% 0.((.'2%1/4#6:% G5.+% .+%
-#&*3+#%&#$(*.'%1/4#6+%9$#4.&(%*% $#43&(./'% .'%"*$.*-.6.()% .0% (5#.$%*++319(./'+%*-/3(%
+(.136.%2#'#$*(./'%7#$#% .'% 6.'#%7.(5%5/7%(5#%+(.136.%7#$#%9$/43&#4:%_/$%#>*196#,% .(%
7/364%-#%#>9#&(#4%(5*(%*%1/4#6%7.(5%.(#$*(."#%&*9*-.6.(.#+%B.(#$*(."#%1/4#6%/$%(7/%+(*(#%
1/4#6F%&/364%$#43&#%"*$.*-.6.()%0/$%(5#%$*'4/1%7*6M%&/'4.(./'+%-#&*3+#%.(%7/364%5*"#%
-##'%7#66%+3.(#4%(/%(5#%*3(/&/$$#6*(#4%+(.136.:%G5.+%7*+%'/(%+5/7'%(/%-#%(5#%&*+#%.'%
T>9#$.1#'(%E:%;'+(#*4,%9*$(.&.9*'(%$#+9/'+#%"*$.*-.6.()%0/$%3'0.66#4%43$*(./'+%+5/7#4%*%
+.2'.0.&*'(%.'(#$*&(./':%G5.+%7*+%0/66/7#4%39%-)%*%+.196#%1*.'%#00#&(+%*'*6)+.+,%75.&5%
+322#+(#4%(5*(%.'%.'(#$1.((#'(%/-a#&(%()9#%&/'4.(./'+%/'6),%"*$.*-.6.()%7*+%$#43&#4%(/%*%
6*$2#$%#>(#'(% .'% 0366)% $*'4/1%&/'4.(./'+%&/19*$#4% (/% $*'4/1%7*6M% &/'4.(./'+:%G5.+%
.'(#$*&(./'%.'4.&*(#4%(5*(%*%+(*(.&%1/4#6%7*+%1/$#%6.M#6)%-#&*3+#%(5.+%1/4#6%9$#4.&(+%
$#43&#4%"*$.*-.6.()%0/$%0366)%$*'4/1%&/'4.(./'+:%
%

T>9#$.1#'(%C%B0.66#4%.'(#$"*6+F%0/3'4%*%1*.'%#00#&(%/0%$*'4/1.+*(./'%/'%(5#%"*$.*-.6.()%/0%
9*$(.&.9*'(+% $#+9/'+#+,%75#$#% (5#% 0366)% $*'4/1%&/'4.(./'+%+5/7#4%1/$#%"*$.*-.6.():%
G5.+%0.'4.'2%7/364%.'4.&*(#%*'%.(#$*(."#%+($*(#2)%-#&*3+#%.(%.+%1.'.1.+.'2%"*$.*-.6.()%0/$%



 107 

(5#%+(.136.%75#$#%(5#%9$#"./3+%($.*6% .+%5.256)%9$#4.&(."#%/0% (5#%&3$$#'(% ($.*6:%G5.+% .+% .'%
&/'($*+(%7.(5%T>9#$.1#'(%E%75#$#%(5#%"*$.*-.6.()%.'4.&*(#4%(5*(%*%+(*(.&%1/4#6%7*+%1/$#%
6.M#6):%
%
O&$/++%(5#%+(.1363+%&/'4.(./'+,%V<%4.4%'/(%*99#*$%(/%"*$)%.'%*%9*((#$'%75.&5%0/66/7#4%
(5#%&/19$#++./'%1*2'.(34#:%G5#$#0/$#,%(5#$#%7*+%'/%&6#*$%$#6*(./'+5.9%-#(7##'%-.*+%
B&/19$#++./'%1*2'.(34#F%*'4%"*$.*-.6.()%BV<F:%G5.+%1#*'+%(5*(%*%0*&(/$%/(5#$%(5*'%(5#%
+#'+/$)%3'&#$(*.'()%7*+%6#*4.'2%(/%(5#%.'&$#*+#%.'%9$./$%7#.25(:%!$%*6(#$'*(."#6)%(5*(%
9*$(.&.9*'(+%7#$#%'/(%*&(.'2%.'%*%8*)#+%/9(.1*6%1*''#$:%
%
%
_6#>.-6#%1/4#6%+($*(#2):%
G/%.'"#+(.2*(#%(5#%9/++.-.6.()%/0%*%+($*(#2)%(5*(%7*+%06#>.-6#%*&&/$4.'2%(/%&/'4.(./',%(5#%
9*$*1#(#$+% /0% (5#% (7/U+(*(#% 1/4#6% 7#$#% *66/7#4% (/% "*$):% N/7#"#$,% #"#'% 75#'%

9$/".4#4%7.(5%(5.+%0$##4/1,%(5#$#%7*+%6.((6#%#".4#'&#%(/%+322#+(%(5*(%(5#%9*$*1#(#$+%
B"g$% *'4% Qg$F% 7#$#% "*$).'2% *&&/$4.'2% (/% &/'4.(./':% G5#% '#*$% @#$/% "*63#+% /0% (5#% Qg$%
9*$*1#(#$% 5.256.25(#4% (5*(,% .$$#+9#&(."#% /0% &5*'2#+% (/% (5#% +(.1363+% &/'4.(./',%
9*$(.&.9*'(+%*++31#4%*%+(*(.&%9$./$%4.+($.-3(./':%G5.+%7*+%($3#%0/$%-/(5%3'0.66#4%*'4%0.66#4%
.'(#$"*6+:%G5#%9/++.-.6.()%/0%*%06#>.-6#%1/4#6%+($*(#2)%*&&/$4.'2%(/%&/'4.(./'+%7*+%*6+/%
#>96/$#4%-)%0.((.'2%#.(5#$%*%+(*(.&%/$%*'%.(#$*(."#%1/4#6%(/%#*&5%&/'4.(./'%.'%.+/6*(./':%;'%
T>9#$.1#'(%E%*'4%C,%(5#%+(*(.&%1/4#6%9$/".4#4%*%-#((#$%0.(%(/%9*$(.&.9*'(+%*(%(5#%2$/39%
6#"#6%&/19*$#4%(/%/(5#$%1/4#6+%*&$/++%*66%&/'4.(./'+:%_/$%3'0.66#4%43$*(./'+,%(5#$#%7*+%
*% +1*66% .'&$#*+#% .'% 9$#0#$#'&#% 0/$% (5#% .(#$*(."#%1/4#6% 0/$% $*'4/1%7*6M% &/'4.(./'+,%
$#6*(."#%(/%0366)%$*'4/1%&/'4.(./'+:%N/7#"#$,%(5#%.(#$*(."#%1/4#6%+5/7#4%(5#%7/$+(%0.(%
/0% *66% (5$##% 1/4#6+% .'% -/(5% #>9#$.1#'(+,% 75.&5% .+% 6.'#% 7.(5% (5#% 6/7% "*63#+% /0% (5#%
($*'+.(./'% 9*$*1#(#$% 75#'% (5#% (7/U+(*(#% 1/4#6% 9*$*1#(#$+% 7#$#% *66/7#4% (/% "*$)%
*&$/++%4.00#$#'(%&/'4.(./'+:%%%
%

%

W.00#$#'&#+%-#(7##'%0.66#4%*'4%#19()%.'(#$"*6+:%
G5#%03'4*1#'(*6%4.00#$#'&#%-#(7##'%(5#%(7/%(*+M+%.'%#>9#$.1#'(+%E%*'4%C%7*+%5/7%
(5#% 9*$(.&.9*'(+% 7#$#% 9$#+#'(#4% 7.(5% *'4% $#9$/43&#4% (5#% +(.1363+% 43$*(./'+:% G5#%
$#*4)% +#(% 2/% B3'0.66#4% .'(#$"*6F% (*+M% 5*4% *% $5)(51.&*6% *+9#&(,% *+% (5#)% *$#% ($).'2% (/%
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9#$&#."#%*%4#1*$&*(#4%.'(#$"*6%-#(7##'%(7/%9/.'(+%*'4%$#&$#*(#%.(%#>*&(6):%;(%7/364%-#%
96*3+.-6#% (5*(%*% $5)(51%-#&/1#+%+3-+(*'(.*66)%#*+.#$% (/% 0/66/7%75#'% (5#%9$#&#4.'2%
($.*6+%*$#%+.1.6*$%(/%(5#%&3$$#'(%($.*6%(5*'%75#'%(5#)%*$#%4.++.1.6*$:%G5.+%&/364%#>96*.'%
75)% (5#% &/19$#++./'% 7*+% 6*$2#$% 0/$% (5#% 0366)% $*'4/1% &/'4.(./'+% &/19*$#4% (/% (5#%
$*'4/1%7*6M%&/'4.(./'+:%G5#%.'&$#*+#4%4.00.&36()%/0%(5#%(*+M%&/364%5*"#%1*'.0#+(#4%*+%
*'% .'&$#*+#% .'% 7#.25(% -#.'2% 96*&#4% /'% (5#% 9$./$% *+% *% $#+36(% /0% .'&$#*+#4% +#'+/$)%
3'&#$(*.'():%

%

G5#$#%1*)%*6+/%-#% 03'4*1#'(*6%9#$&#9(3*6%4.00#$#'&#+%*++/&.*(#4%7.(5%3+.'2% 0.66#4%
.'(#$"*6+%B/'#%&/'(.'3/3+%+#'+/$)%.1*2#%(/%-#%$#96.&*(#4F,%&/19*$#4%(/%3+.'2%#19()%
.'(#$"*6+% B(7/% 1*$M#$+,% (5#% 43$*(./'% -#(7##'% 75.&5% 13+(% -#% #+(.1*(#4F:% G5#%
4.00#$#'&#+%.'%9#$&#9(./'%/0%(5#+#%(7/%()9#+%/0%.'(#$"*6+%5*"#%9$/43&#4%+/1#%1.>#4%
0.'4.'2+:%A/1#%#>9#$.1#'(+%+322#+(#4%(5*(% 0.66#4% .'(#$"*6+%7#$#%4.+&$.1.'*(#4%1/$#%
+3&&#++0366)% BO-#6,% EK`C-,% EK`C*L% d*11+*)#$% R% Z.1*,% EKKEF% -3(% .'% /(5#$%

#>9#$.1#'(+,% (5#% $#"#$+#% 7*+% ($3#% BA.1/'% J$/'4.',% Y#.66#3$UX#66+,% !3#66#((#,% R%
Y*&*$,% EKKcL% H0#3(),% d*2/(,% R% H/3(5*+,% CDDcF:% G5.+% 1.>#4% #".4#'&#% 0$/1%
4.+&$.1.'*(./'%(*+M+%1*M#+%.(%4.00.&36(%(/%&/'&634#%75.&5%()9#%/0%.'(#$"*6+%7#$#%1/$#%
4.00.&36(% (/%4.+&$.1.'*(#,%*'4%*+%$#+36(,%75.&5% .'(#$"*6+%7#$#%9#$&#."#4%*+%&/'(*.'.'2%
1/$#%'/.+#%*+%*%9/(#'(.*6%4$."#$%/0%(5.+%4.00.&36():%

%

N/7#"#$,%(5#$#%*99#*$+%(/%-#%+/1#%&/'+#'+3+%+3$$/3'4.'2%*%0.66#4%43$*(./'%.663+./'%
75#$#-)% 0.66#4% 43$*(./'+% *99#*$#4% 6/'2#$% (/% 9*$(.&.9*'(+BG5/1*+% R% 8$/7',% EK`\F:%
Z/'2#$%43$*(./'+%*$#%.'5#$#'(6)%'/.+.#$%43#%(/%+&*6*$%#>9#&(*'&)%Bd*M.(.'%#(%*6:,%EKKcF:%
A/,% .0% 0.66#4% 43$*(./'+% *99#*$#4% 6/'2#$% (/% 9*$(.&.9*'(+,% (5#)% *$#% '/.+.#$% (5*'% #19()%
43$*(./'+:% A3-+#Q3#'(6),% 0$/1% *% 8*)#+.*'% 9#$+9#&(."#% (5#)% 7/364% 5*"#% -##'%
9#$&#."#4%*+%&/'(*.'.'2%1/$#%3'&#$(*.'()%B?*@*)#$.%R%A5*46#',%CDEDF:%;0%7#%7#$#%(/%
*++31#%(5.+%7*+%(5#%&*+#%.'%(5#%&3$$#'(%$#+#*$&5,%.(%7/364%6#*4%(/%*%2$#*(#$%*1/3'(%/0%
&#'($*6%(#'4#'&)%-.*+%0/$%0.66#4%.'(#$"*6+%&/19*$#4%(/%#19()%/'#+:%N/7#"#$,%.'%(5#%0.66#4%
43$*(./'%#>9#$.1#'(,%(5#%+.@#%/0%(5#%&#'($*6%(#'4#'&)%-.*+%0/$%(5#%0.66#4%43$*(./'+%7*+%
'/(% &/'+.+(#'(6)% 6*$2#$% (5*'% (5#% &#'($*6% (#'4#'&)% -.*+% 0/$% 3'0.66#4% 43$*(./'+:%
_3$(5#$1/$#,%#>96*.'.'2%(5#%4.00#$#'&#+%+5/7'%.'%(5#%&3$$#'(%$#+#*$&5%*+%*$.+.'2%43#%
(/% .'&$#*+#4% 3'&#$(*.'()% 43$.'2% 0.66#4% .'(#$"*6% $#9$/43&(./'% *6+/% +##1+% 3'6.M#6)%
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-#&*3+#% 9*$(.&.9*'(+% $#9/$(#4% /'% (5#% 4.00.&36()% /0% (5#% #19()% .'(#$"*6% (*+M% 1/$#%
0$#Q3#'(6)%(5*'%(5#)%4.4%43$.'2%(5#%0.66#4%.'(#$"*6%(*+M:%
%
V/'&63+./'%
!"#$*66,%.(%7*+%4#1/'+($*(#4%(5*(%*%+(*(.&%1/4#6,%/$%*%+(*(.&%6.M#%(7/%+(*(#%1/4#6%7#$#%
(5#%1/+(%*-6#%(/%*&&/3'(%0/$%9*$(.&.9*'(+%4*(*:%;'%(5#%3'0.66#4%43$*(./'%#>9#$.1#'(,%(5#$#%
7*+% *% +322#+(./'% /0% *'% .(#$*(."#% +($*(#2)% +5/7'% -)% (5#% #19.$.&*6% 4*(*% &/'(*.'.'2%
$#43&#4%&/19$#++./'%1*2'.(34#% 0/$% (5#% $*'4/1%7*6M%+(.136.% &/19*$#4% (/% (5#% 0366)%
$*'4/1:%G5.+%$#43&(./'%.'%&#'($*6%(#'4#'&)%&/364%5*"#%9/(#'(.*66)%-##'%#>96*.'#4%-)%
(5#%+3.(*-.6.()%/0% (5#% .(#$*(."#%1/4#6% (/% (5#% $*'4/1%7*6M%&/'4.(./'+%*'4% .(+%*-.6.()% (/%
1.'.1.+#%/"#$%*'4%3'4#$U#+(.1*(./'%75#'%+(.136.%7#$#%*3(/&/$$#6*(#4:%N/7#"#$,%(5#%
+.@#%/0% $#43&(./'% .'%&/19$#++./'%1*2'.(34#%7*+%1/$#%+.1.6*$% (/%*% (7/U+(*(#%1/4#6%
(5*'%(5#%+.196#%.(#$*(."#%1/4#6:%G5.+%7*+%*6+/%+5/7'%(/%-#%(5#%-#+(%0.((.'2%0.>#4%1/4#6%
75#'%/'#%9/(#'(.*6%+($*(#2)%7*+%#>96/$#4%0/$%*66%&/'4.(./'+:%G5#$#0/$#,%(5#%0.((.'2%/0%

(5#%1/4#6+% (/% (5#% #19.$.&*6% 4*(*% .'% T>9#$.1#'(% E% +5/7#4% (5*(% (5#% .(#$*(."#%1/4#6%
4#1/'+($*(#4% (5#%7/$+(% 0.(:% G5#+#% 0.'4.'2+%7#$#% 3'#>9#&(#4,% *'4% '/"#6,% 2."#'% (5#%
1#$.(%/0% .(#$*(."#%1/4#6+%.'%$#&#'(%$#+#*$&5%(5*(%7*+%2#*$#4%(/7*$4+%3'4#$+(*'4.'2%
5/7%9$./$+%394*(#%/"#$%(.1#:%J6*+*3#$%*'4%A5.%BCDEKL%CDCE-F%0/3'4%(5*(%*'%.(#$*(."#%
1/4#6%7*+%(5#%-#+(%#>96*'*(./'%/0%(5#.$%4*(*%-#&*3+#%9*$(.&.9*'(+%+5/7#4%$#43&#4%
&/19$#++./'%1*2'.(34#%.'%$#+9/'+#%(/%$*'4/1%7*6M%+(.136.%$#6*(."#%(/%0366)%$*'4/1%
+(.136.:%%
%

;'% (5#%&3$$#'(% $#+#*$&5,% (5#% .(#$*(."#%1/4#6%9$/".4#+% (5#% 6#*+(% 6.M#6)%#>96*'*(./'% 0/$%
9*$(.&.9*'(%-#5*"./3$%*'4%75.6+(%(5#%$#*+/'+%0/$%(5.+%*$#%'/(%.11#4.*(#6)%&6#*$%.(%&/364%
-#% 4/7'% (/% #>9#$.1#'(*6% 4.00#$#'&#+% B4.00#$#'(% 6*-% $//1+% /$% .'+($3&(./'+F% /$% *%
(5#/$#(.&*6%$#Q3.$#1#'(%0/$%3'.Q3#%+($*(#2.#+%3'4#$%&#$(*.'%&.$&31+(*'&#+%(5*(%#>.+(+%
/3(+.4#%/0%#>9#$.1#'(*6%"*$.*-6#+:%%
%
;'%*'%#00/$(% (/%3'4#$+(*'4% (5#% .'063#'&#%/0%#>9#$.1#'(*6% 0*&(/$+,%*'4% (5#%4.+&$#9*'(%
0.'4.'2+%-#(7##'%(5#%&3$$#'(%#>9#$.1#'(%*'4%(5#%0.'4.'2+%/0%J6*+*3#$%*'4%A5.%BCDEKL%
CDCE-F%0.66#4%.'(#$"*6+%7#$#%.'($/43&#4%.'%T>9#$.1#'(%C:%N/7#"#$,%.'%T>9#$.1#'(%C%(5#%
.(#$*(."#%1/4#6%9$/".4#4%*'%#"#'%7/$+#%#>96*'*(./'%/0%(5#%4*(*%-#&*3+#%(5#$#%7#$#%
+.1.6*$% 6#"#6+% /0% &/19$#++./'% *&$/++% (5#% 4.00#$#'(% +(.1363+% /$4#$% &/'4.(./'+% B*+%
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9$#4.&(#4%-)%*%+(*(.&%1/4#6F:%O6(5/325%(5#%-#+(%0.((.'2%0.>#4%1/4#6%7*+%+5/7'%(/%-#%(5#%
(7/U+(*(#%1/4#6,%&6/+#6)%0/66/7#4%-)%(5#%+(*(.&%1/4#6,%.'%*2$##1#'(%7.(5%T>9#$.1#'(%
E:%Y/$#/"#$,%(5#$#%7*+%'/(%#'/325%#".4#'&#%(/%+322#+(%(5*(%9*$(.&.9*'(+%3+#4%06#>.-6#%
+($*(#2.#+% .'% $#+9/'+#% (/%4.00#$#'(%+(.1363+% 0#*(3$#+:%_3$(5#$% $#+#*$&5% .+%'##4#4% (/%
4#(#$1.'#%75#(5#$% (5#$#% *$#% 4.00#$#'(% +(.1363+% 0#*(3$#+,% #>9#$.1#'(% .'+($3&(./'+% /$%
4.00#$#'(%9*$(.&.9*'(%2$/39+,%(5*(%&/364%4#1/'+($*(#%(5#%9/++.-.6.()%/0%06#>.-6#%+($*(#2)%
3+*2#:%
%
G5#%(5#/$#(.&*6%.196.&*(./'+%/0%4.+&$#9*'(%0.'4.'2+%0$/1%4.00#$#'(%$#+#*$&5%2$/39+%*$#%
4.00.&36(% (/%4#(#$1.'#%3'(.6% 03$(5#$% $#+#*$&5% .+%&*$$.#4%/3(:%N/7#"#$,% .(% &/364%-#% (5*(%
(5#$#%.+%'/%+.'26#%+($*(#2)%0/$%43$*(./'%#+(.1*(./'%#>.+(+%*&$/++%*66%(*+M+%43#%(/%5/7%
(#19/$*6% 43$*(./'+% *$#% .'4.$#&(6)% *&&#++#4% 0$/1% (5#% +#'+#+% *'4% &/'(*.'% 6/(+% /0%
'*(3$*66)%/&&3$$.'2%'/.+#%*+%*%$#+36(:%G5.+%.+%.'%&/'($*+(%(/%+9*(.*6%+(.136.%75#$#%4.$#&(%
+#'+/$)%9#$&#9(./'%.+%9/++.-6#%".*%".+3*6%Q3*'(.(.#+%B+3&5%*+%9/+.(./'%*'4%-$.25('#++F:%

O+%*%$#+36(,%.'%+9*(.*6%#+(.1*(./'%*%+.'26#%+($*(#2)%*99$/*&5%&/364%-#%1/$#%6.M#6),%*'4%
(5.+%.+%#>96/$#4%.'%V5*9(#$%\:%
%
%
%

%

%

%

%

%

%

%
%

%

%
%
%
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3.The impact of neurodevelopment on Bayesian magnitude 
estimation. 
 
3.1 Introduction  
G5#%&3$$#'(%&5*9(#$%-3.64+%39/'%V5*9(#$%C%-)%#>96/$.'2%(5#%OP%($*.(%4*(*%&/66#&(#4%*'4%
(5#% 9/(#'(.*6% 4.00#$#'&#+% .'% -.*+#+,% "*$.*-.6.(),% *'4% +($*(#2.#+% 0/$% 5.25% OP% ($*.(%
9*$(.&.9*'(+:%
%

;'($/43&(./'%(/%9#$&#9(./'%.'%*3(.+1%(5#/$.#+:%
T19.$.&*6%#>96/$*(./'+%/0%*3(.+(.&%9#$&#9(./'%5*"#%0/$1#4%(5#.$%0/3'4*(./'+%0$/1%'/'U
+/&.*6%&5*$*&(#$.+(.&+%/0%.'&634.'2%+39#$./$%".+3/+9*(.*6%+M.66+%$#6*(."#%(/%&/113'.&*(./'%
+M.66+%BI31*$,%CDE[F,%*((#'(./'%(/%4#(*.6%B8*$/'UV/5#',%X5##67$.25(,%AM.''#$,%Y*$(.',%
R%V63-6#),%CDDEF,%*'4%#'5*'&#4%6/&*6%9$/&#++.'2%BY/(($/',%83$*&M,%;*$/&&.,%8#66#".66#,%
R% T''+,% CDD[L% Y/(($/',% W*7+/',% A/36.q$#+,% N3-#$(,% R% 83$*&M,% CDD^F:% G5#+#%
9#$&#9(3*6%4.00#$#'&#+%5*"#%-##'%#>96*.'#4%-)%(5#%X#*M%V#'($*6%V/5#$#'&#%BXVVF%
(5#/$),%75.&5%+322#+(+%(5*(%*3(.+(.&%9#/96#%+5/7%*'%*4"*'(*2#%.'%9$/&#++.'2%(5#%6/&*6%
4#(*.6+%.'%&/'($*+(%(/%()9.&*66)%4#"#6/9.'2%.'4.".43*6+%75/%9$./$.(.+#%26/-*6%9$/&#++.'2%
B26/-*6%+39#$./$.()L%N*99#,%EKKKL%N*99r%R%_$.(5,%CDD^F:%
%

T19.$.&*6% +399/$(% 0/$% (5#% (5#/$#(.&*6% 0/3'4*(./'% /0% (5#% XVV,% 6/&*6% 9$/&#++.'2%
9$#0#$#'&#%&/1-.'#4%7.(5%*%26/-*6%4#0.&.(,%.+%1.>#4%BA.11/'+%#(%*6:,%CDDKF:%O'/(5#$%
(5#/$),%T'5*'&#4%H#$&#9(3*6%_3'&(./'.'2%BTH_F,%9$/9/+#4%#'5*'&#4%6/&*6%9$/&#++.'2%
.'%*3(.+1,%7.(5%(5#%6*&M%/0%*%26/-*6%4#0.&.(%BY/(($/'%#(%*6:,%CDD[L%Y/(($/',%W*7+/',%R%
A/36.q$#+,% CDDKF:% N/7#"#$,% '/(% *66% *3(.+(.&% .'4.".43*6+% 9/++#++% +39#$./$% ".+3*6%
9$/&#++.'2:%_3$(5#$1/$#,%(5#$#%.+%'/(%/'6)%2$#*(%"*$.*(./'%.'%(5#%$#+#*$&5%0.'4.'2+%.'%
9#$&#9(3*6%&5*$*&(#$.+(.&+,%-3(%(5#%+#'+/$)%9$/&#++.'2%3'4#$6).'2%+3&5%9#$&#9(./'%&*'%
"*$)%2$#*(6)%0$/1%9#$+/'%(/%9#$+/':%W#9#'4.'2%/'%*'%*3(.+(.&%9#$+/'b+%+9#&.0.&%+#'+/$)%
9$/0.6#%(5#)%&*'%#>9#$.#'&#%-/(5%5)9/+#'+.(.".()%*'4%5)9#$+#'+.(.".():%_/$%.'+(*'&#,%*'%
*3(.+(.&%9#$+/'%1*)%-#%5)9/+#'+.(."#%(/%(*+(#%-3(%5)9#$+#'+.(."#%(/%(/3&5:%G5.+%7/364%
6#*4%(5#1%(/%+##M%/3(%+9.&)%/$%+($/'2%06*"/3$#4%0//4+,%-3(%*(%(5#%+*1#%(.1#%1*M#%*'%
#00/$(% (/%*"/.4%95)+.&*6% &/'(*&(% BV$*'#,%J/44*$4,%R%H$.'2,% CDDKF:%G5#%9$#+#'&#%/0%
(5#+#%"*$.#4%9$/0.6#+%-#2.'+%(/%&*+(%4/3-(%/'%(5#/$.#+%+3&5%*+%XVV%*'4%TH_%-#&*3+#%
(5#)% 4/% '/(% 9$/".4#% (5#% 6#"#6% /0% 4#(*.6% (/% #>96*.'% (5#% &/196#>.()% 9$#+#'(% .'% *3(.+(.&%
+#'+/$)% #>9#$.#'&#:% G*M#'% (/2#(5#$,% *% '#7% 0$*1#7/$M% 0/$% 3'4#$+(*'4.'2% (5#%
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.'(#$&/''#&(.'2% 1#&5*'.+1+% /0% +#'+/$)% *'4% 9#$&#9(3*6% &5*$*&(#$.+(.&+% /0% *3(.+(.&%
9#$&#9(./'% .+% '##4#4:% ;4#*66),% *% 0$*1#7/$M% (5*(% 7/364% -#% *-6#% (/% $#6*(#% (/% /(5#$%
&5*$*&(#$.+(.&+% +3&5% *+% +/&.*6% &/113'.&*(./'% 4.00#$#'&#+% *'4% (5#% '##4% 0/$% $/3(.'#%
B<*'%4#%V$3)+%#(%*6:,%CDE[F:%%
%
G5#% 0/&3+%/'% 6/&*6%*'4%26/-*6%9#$&#9(3*6% +()6#+% .'%XVV%*'4%TH_%1*)%9$/".4#%*'%
.'&/196#(#%#>96*'*(./'%/0%*3(.+(.&%#>9#$.#'&#:%Y/$#%&/19$#5#'+."#%(5#/$.#+%1*)%-#%
'##4#4% (/%*&&/3'(% 0/$%1.>#4% 0.'4.'2+%+3&5%*+%*% 6*&M%/0%*%26/-*6%9$/&#++.'2%4#0.&.(%
43$.'2%1/(./'%9#$&#9(./'%B<*'%4#$%N*66#',%Y*''.'2,%T"#$+,%R%X*2#1*'+,%CDEKF%7.(5%
+/1#%+(34.#+%0.'4.'2%6*$2#$%1/(./'%&/5#$#'&#%(5$#+5/64+%.'%&5.64$#'%7.(5%OAW%(5*'%.'%
()9.&*66)%4#"#6/9.'2%&5.64$#'%BY.6'#%#(%*6:,%CDDCL%A9#'&#$%#(%*6:,%CDDDF%75#$#*+%1*')%
/(5#$+%+5/7#4%&/19*$*-6#%1/(./'%&/5#$#'&#%(5$#+5/64+%BW#6%<."*%#(%*6:,%CDD^L%?/'#+%
#(%*6:,%CDEEL%Y.6'#%#(%*6:,%CDD^L%H$.&#,%A5.00$*$,%R%I#$'+,%CDECF:%H6*.+(#4%*'4%&/66#*23#+%
BEKKKF% &/'+.4#$#4% (5*(% (5#%*99$/*&5%/0% &#$(*.'% (*+M+%1*)%5*"#%*'% .19*&(%/'%5/7%

*3(.+(.&% &5.64$#'% 4.+96*)% 4.00#$#'(% 26/-*6% 9#$&#9(./'% *-.6.(.#+% (/% (5*(% /0% '#3$/()9.&*6%
&5.64$#':%Y/$#%+9#&.0.&*66),%j*"/'% 0.23$#+,% 6*$2#% 6#((#$+%&/19$.+#4%/0%+1*66#$% 6#((#$+%
5*"#%-##'%3+#4%(/%4#(#$1.'#%26/-*6%*'4%6/&*6%9$/&#++.'2%9$#0#$#'&#+%-#&*3+#%(5#)%
*66/7%0/$%(5#%.'+9#&(./'%/0%(5#%*((#'(./'*6%$#+/3$&#+%*66/((#4%(/%#*&5%()9#%/0%9$/&#++.'2%
$#+9#&(."#6):% !'% (5#% -*+.+% /0% 9$#"./3+% $#+#*$&5% 3+.'2% j*"/'% 0.23$#+,% *% 4.".4#4%
*((#'(./'% B*+M.'2% 75*(% (5#% 6/&*6% *'4% 26/-*6% 6#((#$+% 7#$#% /'% #*&5% ($.*6F% (*+M%
4#1/'+($*(#4% *% 6*&M% /0% 26/-*6% .'(#$0#$#'&#% .'% *3(.+(.&% &5.64$#'% B8#66".66#% R%Y/(($/',%
EKK[F%75.6+(%!@/'/00% *'4% &/66#*23#+% BEKK\F% 0/3'4% (5#$#%7*+%*% 26/-*6% .'(#$0#$#'&#%
#00#&(%3+.'2%*%+#6#&(."#%*((#'(./'%B*+M.'2%75*(%(5#%6/&*6%/$%26/-*6%0#*(3$#+%7#$#%/'%#*&5%
($.*6F%(*+M%B!@/'/00,%A($*)#$,%Y&Y*5/',%R%_.66/3>,%EKK\F:%%
%
N/7#"#$,%43#%(/%#*&5%/0%(5#%*-/"#%(*+M+%3+.'2%4.00#$#'(%2$/39+%/0%&5.64$#'%H6*.+(#4%
*'4%&/66#*23#+%BEKKKF%*.1#4%(/%&/19*$#%(5#%9#$0/$1*'&#%0/$%+*1#%2$/39%/0%*3(.+(.&%
*'4%'/'U*3(.+(.&%&5.64$#'%.'%-/(5%(5#%+#6#&(."#%*'4%4.".4#4%*((#'(./'%j*"/'%(*+M+:%G5#%
*3(5/$+%0/3'4%(5*(%*3(.+(.&%&5.64$#'%+5/7#4%1/$#%#$$/$+%0/$%(5#%26/-*6%0#*(3$#+%.'%(5#%
.'% (5#% 4.".4#4% *((#'(./'% (*+M,% -3(% (5#% '/'U*3(.+(.&% +5/7#4%1/$#% #$$/$+% .'% (5#% 6/&*6%
0#*(3$#+% BH6*.+(#4% #(% *6:,% EKKKF:% N/7#"#$,% .19/$(*'(6)% (5#% 26/-*6% *4"*'(*2#% #00#&(%
/&&3$$#4% 0/$% -/(5% '/'U*3(.+(.&% *'4% *3(.+(.&% &5.64$#'% 43$.'2% +#6#&(."#% *((#'(./':% G5.+%
+5/7#4%(5#%26/-*6%*4"*'(*2#%#00#&(%(/%-#%+/1#(5.'2%(5*(%7*+%9$#+#'(#4%.'%-/(5%2$/39+%
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/0%&5.64$#',%75#'%(5#%(*+M%7*+%+#(%39%(/%*66/7%0/$%(5#%&5.64$#'%(/%*((#'4%+#6#&(."#6)%(/%
/'#% 0#*(3$#% 6#"#6% *(% *% (.1#:% G5#% 26/-*6% *4"*'(*2#+% 4.+96*)#4% 5#$#% *6634#4% (/% (5#%
9/++.-.6.()% (5*(% *3(.+(.&% 9#$&#9(./'%1*)%*% +5/7%9$#0#$#'&#% 0/$% 6/&*6% +(.136.% -3(% /'6)%
3'4#$%&#$(*.'%&/'4.(./'+,%5.'(.'2%*(%(5#%'##4%0/$%*%1#&5*'.+1%75.&5%&/364%#>96*.'%(5#%
.19/$(*'&#%/0%(5#+#%&/'4.(./'+:%
%
T>96*'*(./'+% /0% *3(.+(.&% -#5*"./3$+%1*)% '##4% (/%1/"#% -#)/'4% 4#+&$.-.'2% *% 4#(*.6%
/$.#'(#4%9#$&#9(3*6%+()6#%.'%/$4#$%(/%&*9(3$#%(5#%$#6*(./'+5.9%-#(7##'%9#$&#9(./'%*'4%
(5#%&/196#>%*$$*)%/0%&5*$*&(#$.+(.&+%4.+96*)#4%-)%*3(.+(.&%.'4.".43*6+%+3&5%*+%$#+($.&(#4%
.'(#$#+(+,%'##4% 0/$% $/3(.'#%*'4%+/&.*6%&/113'.&*(./'%4.00#$#'&#+:% ;(% .+%9/++.-6#% (5*(%
(5#+#% &5*$*&(#$.+(.&+% *$#% 4$."#'% -)% 9#$&#9(3*6% 4.00#$#'&#+% *6(5/325% 7#*M'#++#+%
$#1*.'% .'% *66% &3$$#'(% *&&/3'(+% /0% *3(.+(.&% 9#$&#9(3*6% #>9#$.#'&#% BA*9#)UG$./195#,%
CDE`F:% G5#% 0/66/7.'2% 9*$*2$*95+% /0% (5.+% .'($/43&(./'% *.1% (/% #>96/$#% +/1#% /0% (5#%
(5#/$.#+% -*+#4% /'%8*)#+.*'% 4#&.+./'% (5#/$)% *'4% #>96*.'% *3(.+(.&% &5*$*&(#$.+(.&+% *+%

4#"#6/9.'2%0$/1%7#.25(.'2%9$./$%M'/76#42#%4.00#$#'(6):%
%
N.256)% 4#(*.6#4% +#'+/$)% 9#$&#9(./'% .+% /'#% 9/++.-6#% /3(&/1#% /0% 7#*M% 9$./$+% .'% (5#%
8*)#+.*'% 1/4#6% BH#66.&*'/% R% 83$$,% CDECF:% H/(#'(.*66),% 9$#0#$#'&#% 0/$% 9$#4.&(*-.6.()%
-#&*3+#% /0% *% 4.00#$#'&#% .'% (5#% *-.6.()% (/% 7#.25(% *'4% 3+#% 9$./$+% &/364% 3'.(#% 1*')%
+##1.'26)%3'$#6*(#4%0*&#(+%/0%(5#%*3(.+(.&%#>9#$.#'&#%BH#66.&*'/%*'4%83$$%CDECF:%_/$%
#>*196#,% (5#% '##4% 0/$% $/3(.'#% &/364% (5#$#0/$#% *$.+#% -#&*3+#% 9$./$+% *$#% '/(% -#.'2%
7#.25(#4% (/% .19$/"#%3'&#$(*.'()% .'%3'9$#4.&(*-6#%#'".$/'1#'(+:%O44.(./'*66),% +/&.*6%
#'".$/'1#'(+% *$#% 3'9$#4.&(*-6#% -)% '*(3$#% (5#$#0/$#% 4#1/'+($*(.'2% *% +9#&.0.&%
&5*66#'2#%0/$%9/++#++.'2%7#*M%9$./$+%.'%*'%3'&#$(*.'%#'".$/'1#'(:%H#66.&*'/%*'4%83$$%
BCDECF% 7#$#% (5#% 0.$+(% (/% 4#"#6/9% *% 0/$1*6% (5#/$#(.&*6% 0$*1#7/$M% *'4% (5.+% 7.66% -#%
4.+&3++#4%.'%(5#%0/66/7.'2%+#&(./':%
%

%
T*$6)%8*)#+.*'%*&&/3'(+%/0%*3(.+(.&%#>9#$.#'&#e%7#*M%9$./$+%%
83.64.'2% /'% (5#%XVV% (5#/$),% H#66.&*'/% *'4%83$$% BCDECF% +322#+(#4% (5*(% (5#% 26/-*6%
9$/&#++.'2%4#0.&.(%&/'(*.'#4%7.(5.'%(5.+%(5#/$)%&/364%-#%0/$1*6.+#4%(5$/325%*%8*)#+.*'%
/-+#$"#$%1/4#6:%G5.+%1/4#6%4#+&$.-#+%5/7%9#$&#9(3*6%9$/&#++#+%1*)%-#%9$/43&#4%
(5$/325% (5#% 7#.25(.'2% +#'+/$)% 6.M#6.5//4+% *'4% 9$./$+% *&&/$4.'2% (/% (5#.$% $#6*(."#%
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#>9#$.#'&#4%*+% o(//%$#*6b%*+% (5#% .'063#'&#%/0%9$./$%M'/76#42#,%3+#4%-)%'#3$/()9.&*6%
.'4.".43*6+% (/% .19$/"#% 9$#4.&(."#% *-.6.(.#+,%1*)% -#% $#43&#4:% G/% 9$/43&#% (5.+% 5)9#$%
$#*6.+(.&% #>9#$.#'&#,% H#66.&*'/% *'4% 83$$% BCDECF% 4#+&$.-#% (5*(% 7#.25(% 2."#'% (/% (5#%
+#'+/$)% 6.M#6.5//4% .'0/$1*(./'% *+% $#6*(."#6)% 6*$2#% *'4% (5#% 7#.25(% 2."#'% (/% 9$./$%
.'0/$1*(./'%(/%&/'(#>(3*6.+#%+#'+/$)%.'0/$1*(./'%*+%$#6*(."#6)%+1*66:%G5#%&/'+#Q3#'&#%
/0%(5.+%7/364%6.M#6)%-#%+#'+/$)%/"#$6/*4%-#&*3+#%9$./$%M'/76#42#%.+%'/(%-#.'2%3+#4%(/%
$#43&#%'/.+#%(5*(%*&&/19*'.#+%.'&/1.'2%+#'+/$)%+.2'*6+%BH#66.&*'/%R%83$$,%CDECF:%
%

G5.+%8*)#+.*'% (5#/$)%/0%*3(.+(.&%#>9#$.#'&#%5*+%-##'%3+#4% (/%#>96*.'%+#'+/$)%*'4%
+/&.*6% 4.00#$#'&#+% BH#66.&*'/% R% 83$$,% CDECL% <*'% 4#% V$3)+% #(% *6:,% CDE\F:% Y/$#%
+9#&.0.&*66),%7#*M% B6/7%9$#&.+./'F%9$./$+,%&/364%#>96*.'%+#'+/$)%/"#$6/*4%43#% (/% (5#%
6#"#6% /0% 4#(*.6% *$.+.'2% .'% 9#$&#9(./'% 0$##% 0$/1% (5#% &/'+($*.'(+% /0% 9$./$% M'/76#42#:%
O44.(./'*66),% 7#*M% 9$./$+% &/364% 9$/43&#% +/&.*6% 4.00#$#'&#+% -#&*3+#% .'% 5.256)%

3'9$#4.&(*-6#% .'(#$*&(./'+% 9$./$% M'/76#42#%7/364% 3+3*66)% 9$/".4#% &/'(#>(% (/% +3-(6#%
&3#+:%_3$(5#$1/$#,%.'&$#*+#4%7#.25(%2."#'%(/%9$./$%M'/76#42#%7/364%*&(%(/%$#43&#%(5#%
'31-#$%/0%9/++.-6#%1#*'.'2+%4/7'% (/% (5#%1/+(% 6.M#6)%1#*'.'2%-*+#4%/'%9$#"./3+%
6#*$'.'2:% T19.$.&*6% +399/$(% 0/$% 7#*M% 9$./$+% 7*+% +5/7'% -)% (5#% .'063#'&#% /0% 9$./$%
M'/76#42#% .'% 9$/43&.'2% &#'($*6% (#'4#'&)% #00#&(+:% G5#% #>9#$.1#'(% &*$$.#4% /3(% -)%
I*$*1.'.+% *'4% &/66#*23#+% % BCDE^F% .'"/6"#4% (#19/$*6% $#9$/43&(./'% /0% *% +#(% /0% (.1#%
.'(#$"*6+%*'4%(5#%9$./$,%/0%75.&5%(5#%$#+9/'+#+%7/364%-#%-.*+#4%(/7*$4+,%7*+%(5#%1#*'%
/0%(5#%+(.1363+%4.+($.-3(./':%%d#43&#4%&#'($*6%(#'4#'&)%-.*+%.'%*3(.+(.&%&5.64$#',%$#6*(."#%
(/%(5#.$%+#'+/$)%'/.+#,%4#1/'+($*(#4%(5*(%(5#)%7#$#%'/(%7#.25(.'2%(5#%9$./$%B1#*'%/0%
(5#% +(.1363+% 4.+($.-3(./'F% *+% 13&5% *+% 7/364% -#% /9(.1*6% .'% /$4#$% (/% /"#$&/1#% (5#%
+#'+/$)%3'&#$(*.'()%(5#)%4.+96*)#4%BI*$*1.'.+%#(%*6:,%CDE^F:%%
%

G5#%7#.25(#4%&/1-.'*(./'%/0%6.M#6.5//4+%*'4%9$./$+%5*+%+/1#%&$3&.*6%.196.&*(./'+:%_/$%
#>*196#,% 9$#&.+#% +#'+/$)% 6.M#6.5//4+%7/364% *99#*$% .'% (5#% +*1#%*+%7#*M% 9$./$+% .'%
(#$1+% /0% /3(&/1#:% G5#$#0/$#,% 4.+#'(*'26.'2% (5#+#% 9$/&#++#+% -#&/1#+% #++#'(.*6% .'%
3'4#$+(*'4.'2% *3(.+(.&% 9#$&#9(./'% *+% o(//% $#*6b% -#&*3+#% 7#*M% 9$./$+% *'4% 9$#&.+#%
+#'+/$)% .'0/$1*(./'% &/364% -#% #Q3*66)% 96*3+.-6#% B8$/&M% CDECL% +##% E:ED,% _.23$#% E[F:%
d#&#'(%*3(.+(.&%($*.(%#".4#'&#%+399/$(#4%*%9$#&.+#%6.M#6.5//4%*&&/3'(:%I*$*"#6.+%*'4%
&/66#*23#+% BCDEcF% 4#1/'+($*(#4% (5*(% .'&$#*+#4% 7#.25(.'2% /0% +#'+/$)% 6.M#6.5//4+%



 115 
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#>#196.0.#4% -)% (5#% 0.23$#% 0$/1% 8$/&M% BCDECF:%X5#$#*+% .'% I*$"#6.+% *'4% &/66#*23#+%
BCDEcF%$#43&#4%-.*+%7*+%0/3'4%.'%&/'a3'&(./'%7.(5%4#&$#*+#4%'/.+#%.'%$#+9/'+#+%0/$%
9*$(.&.9*'(+%7.(5%5.25%OP%($*.(% 6#"#6+:%G5#$#0/$#,%*3(.+(.&%($*.(+%1*)%-#%$#6*(#4%(/%(5#%
.'&$#*+#4%7#.25(.'2%/0%+#'+/$)%6.M#6.5//4+:%G5.+%9$/".4#4%#".4#'&#%0/$%(5#%9/++.-.6.()%
(5*(%.'&$#*+#4%9$#&.+./'%/0%6.M#6.5//4+%&/364%9$/".4#%*'%*6(#$'*(."#%#>96*'*(./'%(/%7#*M%
9$./$+,% #"#'% (5/325% 7#*M% 9$./$+% *'4% +($/'2% 6.M#6.5//4+% 7/364% 9$/43&#% (5#% +*1#%
/3(&/1#%0$/1%8*)#+.*'%.'(#2$*(./'%B8$/&M,%CDECF:%
%
Y/(($/'% *'4% &/66#*23#+% BCDDDF% 0/3'4% *% 6/&*6% -.*+% .'% 13+.&% 9$/&#++.'2% .'% *3(.+(.&%
.'4.".43*6+%*'4%N#*(#'%*'4%&/66#*23#+%BCDD[F%0/3'4%(5*(%*3(.+(.&%9#/96#%7#$#%-#((#$%

*(%$#1#1-#$.'2%*'4%6*-#66.'2%(5#%9.(&5%/0%13+.&*6%'/(#+:%G*M#'%(/2#(5#$,%+5/7.'2%5/7%
*% 4#(*.6#4% 0/&3+#4% 9#$&#9(3*6% +()6#% 7.(5% $#43&#4% -.*+% 1*)% 9$#+#'(% .'% *3(.+(.&%
.'4.".43*6+:%N/7#"#$%1.>#4%+399/$(% 0/$% (5#%$#+9#&(."#%*&&/3'(+%/0%7#*M%9$./$+%*'4%
9$#&.+#% 6.M#6.5//4+% $#1*.'+:%A/1#% (*+M+% +##1% (/% +5/7% .'&$#*+#4% '/.+#% .'% *3(.+(.&%
.'4.".43*6+b%$#+9/'+#+%Bj/#6,%Z*M+51.'*$*+.15*',%H*$M,%R%O'2#6*M.,%CDCDL%I*$*1.'.+%
#(%*6:,%CDEKF,%75#$#*+%/(5#$+%+5/7#4%$#43&#4%'/.+#%*'4%.'&$#*+#4%9$#&.+./'%BI*$"#6.+%
#(%*6:,%CDEcF:%O%+.'26#%#>96*'*(./'%(5*(%&/364%$#&/'&.6#%(5#+#%*&&/3'(+%7.(5.'%*%-$/*4#$%
0$*1#7/$M% .+% '##4#4:%G/%*&5.#"#% (5.+,% $#&#'(% $#+#*$&5%5*+% &/'+.4#$#4%5/7%9$./$+%
4#"#6/9% /"#$% (.1#:% G5.+% &/364% 9$/".4#% 1/$#% 1#&5*'.+(.&% 4#(*.6% -#)/'4% 93$#6)%
*'*6)+.'2%(5#%7#.25(+%/'%9$./$+%*'4%6.M#6.5//4+%.'%.+/6*(./':%
%

%

N.256)%.'06#>.-6#%9$#&.+./'%/0%9$#4.&(./'%#$$/$%*&&/3'(%BN;HHTOF%
A/1#% #19.$.&*6% #".4#'&#% 5*+,% &/'($*$)% (/% (5#% 7#*M% 9$./$+% *&&/3'(,% 4.+96*)#4%
.'4.&*(./'+%/0%+($/'2%*'4%1/$#%9$#&.+#%9$./$+% 0$/1%*3(.+(.&%*'4%5.25% ($*.(% .'4.".43*6+%
B<*'%4#%V$3)+%#(%*6:,%CDE`F:%%G5#%0.'4.'2%/0%Y.+1*(&5%'#2*(.".()%$#+9/'+#+%B.'4.&*(./'%
/0% +3$9$.+#F% /&&3$$.'2% +//'#$% .'% *3(.+(.&% .'4.".43*6+% (5*'% '#3$/()9.&*6% .'4.".43*6+%
+399/$(#4%(5#%9$#+#'&#%/0%+($/'2%B'*$$/7F%9$./$+%BV6r$)%#(%*6:,%CDE[L%J/1/(,%J.*$4,%
O4$.#',% 8*$(5#6#1),% R% 8$3'#*3,% CDDCF:% G5.+% .+% -#&*3+#% 0/$% +3$9$.+#% (/% -#% +5/7',%
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+($/'2% #>9#&(*(./'+% 13+(% 5*"#% -##'% -3.6(% 39% -*+#4% /'% 9$#"./3+% M'/76#42#:%
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#>*&(%&/'4.(./'+%0/$%9$./$%*&Q3.+.(./':%G5.+%1#*'+%(5*(%*&&/3'(+%/0%*3(.+(.&%9#$&#9(./'%
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A#"#$*6%0*&(/$+%1*)%-#%.'"/6"#4%.'%5/7%*'4%75#'%5/7%+#'+/$)%.'0/$1*(./'%.+%3+#4%(/%
394*(#% 9$./$+:% O&&/$4.'2% (/% *% 9$#4.&(."#% &/4.'2% B*% ()9#% /0% 8*)#+.*'F% 0$*1#7/$M,%
9$#4.&(./'%#$$/$%.+%3+#4%(/%4#(#$1.'#%5/7%13&5%#*&5%+#'+/$)%+.2'*6%+5/364%-#%*66/7#4%
(/% &*3+#% *% 9$./$% 394*(#:% ;'% (5.+% 0$*1#7/$M,% 9$#4.&(./'% #$$/$% $#96*&#+% +#'+/$)%
6.M#6.5//4+%*'4% (5#%9$#4.&(./'% .(+#60% $#96*&#+% (5#%9$./$% B<*'%4#%V$3)+%#(% *6:,% CDE`F:%
X5#'%9$#4.&(./'%#$$/$%5*+%5.25%9$#&.+./',%(5#'%(5.+%.'4.&*(#+%*%'#7%+(*(.+(.&*6%$#236*$.()%
(/%-#%6#*$'#4%*'4%(5#%9$./$%+5/364%-#%394*(#4:%N/7#"#$,%75#'%+#'+/$)%.'0/$1*(./'%.+%
'/.+)% B1/$#% /0% *% /'#U/00% &5*'2#% (/% (5#% +(*(.+(.&*6% $#236*$.(.#+F,% (5#'% 9$#&.+./'% /0%
9$#4.&(./'%#$$/$%.+%$#43&#4%+/%(5*(%.+%4/#+%'/(%6#*4%(/%*%9$./$%394*(#:%G5.+%.+%-#6.#"#4%
(/%-#%(5#%9$/&#++%(5*(%/&&3$+%7.(5.'%'#3$/()9.&*6%.'4.".43*6+%*+%.(%*66/7+%0/$%(5#%06#>.-6#%
*4a3+(1#'(% /0% 9$#4.&(./'% #$$/$% 9$#&.+./'% *&&/$4.'2% (/% +#'+/$)% +.2'*6% &5*'2#+:%
G5#$#0/$#,%1*M.'2%394*(#+%(/%(5#%9$./$%7.66%*66/7%(5#1%(/%&5*'2#%(5#.$%1/4#6%(/%M##9%
.'%6.'#%7.(5%5/7%(5#%7/$64%&5*'2#+:%N/7#"#$,%%.(%7*+%+322#+(#4%-)%<*'%4#%V$3)+%*'4%
&/66#*23#+%BCDE`F%(5*(%*3(.+(.&%.'4.".43*6+%1.25(%5*"#%0.>#4%.'06#>.-6#%5.25%9$#&.+./'%/0%
9$#4.&(./'% #$$/$+:% G5.+% 7/364% 6#*4% (/% /"#$0.((.'2% *'4% 6#*$'.'2% *&&/$4.'2% (/% 5.256)%
+9#&.0.&%+#'+/$)%.'93(:%G5.+%1*M#+%2#'#$*6.+*(./'U-*+#4%6#*$'.'2%4.00.&36(%-#&*3+#%*%
+.'26#%+9#&.0.&%+.(3*(./'%.+%3'6.M#6)%(/%$#9#*(%.(+#60:%
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N.#$*$&5.&*6%(5#/$.#+%
O'/(5#$% 9/(#'(.*6% 9$./$% 394*(.'2%1#&5*'.+1% .+% 5.#$*$&5.&*6% 6#*$'.'2:% G5#% 5.#$*$&5)%
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9$/-*-.6.()%.+%+(*-6#%(5#',%9*$(.&.9*'(+%3+#%(5#%9$#"./3+%#>9#$.1#'(*6%/3(&/1#+%*&$/++%
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75#$#%*'%3'+(*-6#%$#7*$4%#'".$/'1#'(%&*'%+.2'*6%*%'#7%+(*(.+(.&*6%$#236*$.():%!'&#%
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9$/-*-.6.()% B0/$%CD% ($.*6+F:%G5#'%43$.'2% (5#%#>9#$.1#'(*6%95*+#,% (5#%+(*-6#%&/'4.(./'%
9$/".4#4% *% &/'+.+(#'(% `]eC]% $*(./:% _.'*66),% .'% (5#% 3'+(*-6#% &/'4.(./'% (5#% 9$/-*-.6.()%
*6(#$'*(#4%-#(7##'%CDecD%*'4%cDeCD%#"#$)%CD%($.*6+:%Y*''.'2%*'4%&/66#*23#+%BCDE^F%
0/3'4%'/%4.00#$#'&#%.'%6#*$'.'2%$*(#%-#(7##'%*3(.+(.&%&5.64$#'%*'4%()9.&*66)%4#"#6/9.'2%
&5.64$#':%O6(5/325%(5#$#%7*+%*6+/%(5#%9/++.-.6.()%(5*(%Y*''.'2%*'4%&/66#*23#+%BCDE^F%
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6#*$'.'2%(*+M%7*+%(//%#*+)%*'4%+/%&$#*(#4%*%06//$%#00#&(,%4.+23.+.'2%*')%4.00#$#'&#+%
-#(7##'%*3(.+(.&%*'4%()9.&*66)%4#"#6/9.'2%&5.64$#':%O44.(./'*66),%(5#%+(34)%(5*(%0/3'4%
*'% /"#$#+(.1*(./'% /0% "/6*(.6.()% 7*+% &*$$.#4% /3(% 7.(5% *3(.+(.&% *436(+:% G5#$#0/$#,% (5#%
9/++.-.6.()%$#1*.'+%(5*(%4#+9.(#%/"#$#+(.1*(./'%/0%"/6*(.6.()%'/(%-#.'2%".+.-6#%.'%&5.64$#',%
(5.+%9$/&#++%&/364%4#"#6/9%(5$/325%*436(5//4%*+%*%7*)%/0%&/9.'2%7.(5%(5#%9#$+.+(#'(%
3'9$#4.&(*-.6.()%/0%6.0#:%%
%

d#&#'(%(5#/$.#+%.196)%I*61*'%1/4#6:%
8/(5%(5#/$.#+%BN;HHTO%*'4%5.#$*$&5.&*6F%+5*$#%+/1#%&/$#%0#*(3$#+%75.&5%1#*'+%(5*(%
(5#)%9$#4.&(%*%9$./$%*&Q3.+.(./'%+($*(#2)%*M.'%(/%(5#%/9#$*(./'%/0%*%I*61*'%0.6(#$:%G5#%
N;HHTO%(5#/$)%#>96*.'#4%(5*(%*3(.+(.&%.'4.".43*6+%1*)%0/$1%9$./$+%.'%+3&5%*%7*)%(5*(%
.'"/6"#4%5.25%.'06#>.-.6.()%/0%(5#.$%9$#4.&(./'%#$$/$%9$#&.+./'%*'4%*+%*%$#+36(%6#*$'%1*')%
4.00#$#'(% 063&(3*(./'+% .'% (5#% #'".$/'1#'(,% #"#'% .0% .(% $#06#&(#4% '/.+#% $*(5#$% (5*'% *%
&/'+.+(#'(,% 6#*$'*-6#% +(*(.+(.&*6% $#236*$.():% O+% *% $#+36(,% (5.+% (5#/$)% 7/364% 9$#4.&(% *%

I*61*'% 0.6(#$%+()6#%1/4#6% 0/$%9$./$%*&Q3.+.(./'%-#&*3+#%&5*'2#+% (/% (5#%+(.1363+%*$#%
&/'(.'3*66)%6#*$'#4%/'%#"#$)%($.*6,%#"#'%.0%(5#)%*$#%"#$)%+1*66%/$%5.256)%.'&/'+.+(#'(%7.(5%
75*(%&*1#%-#0/$#:%%
%
N.#$*$&5.&*6% (5#/$.#+% +.1.6*$6)% *++31#% (5*(% "/6*(.6.()% .+% /"#$#+(.1*(#4% -)% *3(.+(.&%
.'4.".43*6+% BZ*7+/'% #(% *6:,% CDE`F:% !"#$#+(.1*(./'% /0% "/6*(.6.()% .+% $#06#&(#4% .'% 5.25#$%
6#*$'.'2%$*(#+%(5*'%'#&#++*$)%75#'%(5#%#'".$/'1#'(%.+%$#6*(."#6)%+(*-6#%BH*61#$%#(%*6:,%
CDE`F:%G5#%/3(&/1#%/0%5.25%6#*$'.'2%$*(#+%.+%(5*(%9*$(.&.9*'(+%7/364%-#%$#*4)%(/%6#*$'%
*%&5*'2#%(/%(5#%9$./$%"*63#%1/$#%Q3.&M6)%(5*'%.0%(5#)%5*4%*%+6/7#$%6#*$'.'2%$*(#:%G5.+%
.+%'/(%4.$#&(6)%1#*+3$#4% .'% (5#%&3$$#'(% $#+#*$&5%5/7#"#$,% .0%/'#%/0% (5#% (7/%1/4#6+%
7#$#%(/%0*&.6.(*(#%*%5.25#$%6#*$'.'2%$*(#%B*'4%+5/$(%(#$1%6#*$'.'2F%.(%7/364%-#%#>96*.'#4%
-)%(5#%I*61*'%0.6(#$%1/4#6%-#&*3+#%.(+%9$./$%*&Q3.+.(./'%$#6.#+%/'%6//M.'2%(/%(5#%"*63#%
/0%(5#%9$#"./3+%+(.1363+:%G5.+%7/364%&/'($*+(%7.(5%*%+(*(.&%1/4#6%75.&5%6#*$'+%*%1#*'%
/0%*66% (5#%+(.136.%9$#+#'(#4%*'4% (5#$#0/$#%7/364%9$/".4#%*%-*+.+% 0/$% 6/'2% (#$1%9$./$%
6#*$'.'2:% G*M#'% (/2#(5#$,% -/(5% (5#/$.#+% #>96*.'% 1#&5*'.+1+% 75.&5% 9$./$.(.+#%1/$#%
$#&#'(% .'0/$1*(./'% B-3(% ".*% +6.25(6)% 4.00#$#'(% 9$/&#++#+F,% *'4% (5#$#0/$#% 9$#4.&(% *%
4.00#$#'(%9$./$%394*(.'2%9$/&#++%(/%(5#%+(*(.&%1/4#6:%%
%
%
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%
T".4#'&#%*2*.'+(%$#&#'(%(5#/$.#+%.196.#+%+(*(.&%1/4#6:%
;'%&/'($*+(,%$#&#'(%$#+#*$&5%+322#+(+%(5*(%26/-*6%.'0/$1*(./',%+3&5%*+%(5#%1#*'%/0%(5#%
+(.136.% 9$#+#'(#4% +/% 0*$% .+% 2."#'% 1/$#% 7#.25(% -)% *3(.+(.&% .'4.".43*6+% (5*'% (/% 6/&*6%
B9$#"./3+%($.*6F% .'0/$1*(./':%Z.#4#$%*'4%&/66#*23#+%BCDEKF%*.1#4%(/%3'4#$+(*'4%5/7%
9$#"./3+%($.*6%.'0/$1*(./'%7*+%3+#4%-)%*3(.+(.&%.'4.".43*6+:%Y/$#%+9#&.0.&*66),%75#(5#$%
(5#% 26/-*6% B1#*'% /0% *66% +(.136.% 9$#+#'(#4F% /$% 6/&*6% B(5#% 9$#"./3+% ($.*6% +(.1363+F%
.'0/$1*(./'% .+%1/$#% *-6#% (/% 9$#4.&(% (5#% &3$$#'(% $#+9/'+#%1*2'.(34#:% G5#)% 3+#4% *%
2#'#$*6.+#4%6.'#*$%1/4#6%BJZYF%(/%4/%(5.+:%G5#%1/4#6%&/'+.+(#4%/0%-.*+%-)%6/'2%(#$1%
B*"#$*2#%/0%*66%+(.136.F%*'4%-.*+%-)%+5/$(%(#$1%B*"#$*2#%/0%jUE%*'4%jUCF:%;(%7*+%0/3'4%
(5*(%0/$%*3(.+(.&%9#/96#,%(5#%-.*+%-)%(5#%6/'2%(#$1%.'0/$1*(./'%7*+%#Q3."*6#'(%(/%()9.&*66)%
4#"#6/9.'2%.'4.".43*6+%BGWF:%N/7#"#$,%(5#%-.*+%-)%+5/$(%(#$1%7*+%$#43&#4%.'%*3(.+(.&+%
&/19*$#4%(/%GW%.'4.".43*6+:%;196).'2%(5*(%*3(.+(.&%.'4.".43*6+%0*"/3$%3+.'2%(5#%26/-*6%
.'0/$1*(./'%/"#$%6/&*6%-#&*3+#%(5#%26/-*6%.'0/$1*(./'%-#((#$%9$#4.&(#4%(5#.$%$#+9/'+#:%%

%
G5.+% 0.'4.'2% &/'($*+(+% 7.(5% (5#% #>96*'*(./'% /0% *3(.+(.&% #>9#$.#'&#% 9$/".4#4% -)%
5.#$*$&5.&*6%*'4%N;HHTO%(5#/$.#+%75.&5%7/364%9$#4.&(%*%9$#0#$#'&#%0/$%1/$#%$#&#'(%
.'0/$1*(./':% G5.+% .+% -#&*3+#% (5#% .'&$#*+#4% 6#*$'.'2% $*(#% .'% *3(.+(.&% .'4.".43*6+%
5)9/(5#+.+#4% -)% (5#% 5.#$*$&5.&*6% (5#/$)% .196.#+% (5*(% $#&#'(% .'0/$1*(./'% .+% &6/+#6)%
*((#'4#4%(/%*'4%3+#4%(/%*4a3+(%9$./$%394*(.'2:%O6(#$'*(."#6),%*%1/4#6%(5*(%7/364%1/$#%
&6/+#6)% *6.2'%7.(5% Z.#4#$% *'4% &/66#*23#+% BCDEKFb+% 0.'4.'2+%7/364%-#%*% +(*(.&%1/4#6%
B75#$#%(5#%Y%*'4%AW%*$#%394*(#4F%75.&5%96*&#+%6#++%#195*+.+%/'%(5#%"*63#%/0%1/$#%
$#&#'(%($.*6+:%
%

G5#$#0/$#,% (5#% &3$$#'(% #>9#$.1#'(% #>96/$#4% 8*)#+.*'% 9$./$% 394*(.'2% +($*(#2.#+:%
8*)#+.*'%&/193(*(./'*6%1/4#6+%7#$#%0.((#4%(/%+##%75#(5#$%9$./$%394*(.'2%.+%4.00#$#'(%
0/$%.'4.".43*6+%7.(5%*%5.25#$%6#"#6%/0%*3(.+(.&%($*.(+%&/19*$#4%(/%(5/+#%7.(5%*%6/7#$%6#"#6%
/0%*3(.+(.&%($*.(+:%G5#%&3$$#'(%$#+#*$&5%0/&3+#+%/'%0.((.'2%1/4#6+%*&&/$4.'2%(/%4.00#$#'(%
2#'#$*(."#%*++319(./'+%B5/7%9*$(.&.9*'(+%(5/325(%+(.136.%7#$#%2#'#$*(#4F%(/%0.'4%/3(%
75.&5%*++319(./'%.+%1/$#%6.M#6)%5#64%-)%*3(.+(.&%.'4.".43*6+e%#.(5#$%EF%(5*(%(5#%9$#"./3+%
($.*6%.+%1/+(%.'0/$1*(."#%/$,%CF%(5*(%(5#%+311*$)%+(*(.+(.&+%BY%*'4%AWF%/0%*66%9$#"./3+%
($.*6+%.+%1/+(%.'0/$1*(."#:%
%%
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%
V3$$#'(%$#+#*$&5%
S+.'2%4*(*%0$/1%9$#"./3+%(#19/$*6%$#9$/43&(./'%#>9#$.1#'(+,%*')%-.*+#+%/0%1*2'.(34#%
#+(.1*(./'%7#$#%&/$$#6*(#4%7.(5%OP%Q3#+(./''*.$#%4*(*:%G5#%*.1%/0%(5.+%&/$$#6*(./'%7*+%
(/%#>96/$#%75#(5#$%(5#%*1/3'(%/0%&/19$#++./'%-.*+%"*$.#4%*&&/$4.'2%(/%*3(.+(.&%($*.(+:%
G5#%N;HHTO%*'4%5.#$*$&5.&*6%*&&/3'(+%4#+&$.-#4%+/%0*$%&/364%-/(5%6#*4%(/%1/$#%/0%*%
I*61*'%0.6(#$%()9#%1/4#6:%G5.+%.+%-#&*3+#%(5#)%9$/43&#%(5#%9#$&#9(./'%(5*(%6#*$'.'2%
'##4+%(/%-#%394*(#4%1/$#%0$#Q3#'(6):%N/7#"#$,%.(%.+%*6+/%9/++.-6#%(5*(,%*&&/$4.'2%(/%
(5#%0.'4.'2+%/0%Z.#4#$%*'4%&/66#*23#+%BCDEKF%*%+(*(.&%8*)#+.*'%1/4#6%7/364%9$/".4#%
(5.+%-#+(%0.(%(/%(5#%4*(*:%%
%
G5#% &3$$#'(% #>9#$.1#'(% 3+#4% 4*(*% 0$/1% 9$#"./3+% &5*9(#$+% .'&634.'2% &/19$#++./'%
1*2'.(34#% B&#'($*6% (#'4#'&)% -.*+% 1#*+3$#F,% &/#00.&.#'(% /0% "*$.*(./'% B"*$.*-.6.()%
1#*+3$#F%*'4%OM*.M#%1/4#6%7#.25(+%B-#+(%0.(%1#*+3$#F%0$/1%*%(#19/$*6%$#9$/43&(./'%

(*+M:% G5#+#% 1#*+3$#+% 7.66% -#% 3+#4% (/% #>96/$#% .'4.".43*6% 4.00#$#'&#+% .'% (#19/$*6%
9#$&#9(./'% 3+.'2% 5.25% *'4% 6/7% *3(.+(.&% ($*.(% 2$/39+:% _$/1% (5#+#% (5#/$.#+% *'4% (5#.$%
9$#"./3+%#>96/$*(./',%7#%&*'%1*M#%+/1#%9$#4.&(./'+%*-/3(%OP%($*.(+%*+%*%1#*+3$#%/0%
.'4.".43*6%4.00#$#'&#+e%
%
O+% *% $#+36(% /0% (5#% (5#/$#(.&*6% -*&M2$/3'4% 4.+&3++#4% 39% 3'(.6% (5.+% 9/.'(,% *% '#2*(."#%
&/$$#6*(./'%-#(7##'%&/19$#++./'%1*2'.(34#%*'4%OP%7/364%.'4.&*(#%7#*M%9$./$+:%O+%
7*+%(5#%&*+#%.'%9$#"./3+%&5*9(#$+,%*%$#43&#4%&/19$#++./'%.'%$#+9/'+#+%(/%$*'4/1%
7*6M%&/'4.(./'+%$#6*(."#%(/%0366)%$*'4/1%+#Q3#'&#+%&/364%.'4.&*(#%(5#%3+#%/0%*'%.(#$*(."#%
1/4#6:%O6(5/325,%*+%-#0/$#%1/4#6+%7#$#%0.((#4%(/%(5#%($.*6%-)%($.*6%4*(*%.'%/$4#$%(/%-#((#$%
3'4#$+(*'4% 5/7% +3&&#++0366)% #*&5%1/4#6% 4#+&$.-#4% (5#% 4*(*:% O% 03$(5#$% 9$#4.&(./'%
&/'&#$'#4%(5#%&/$$#6*(./'%-#(7##'%(5#%"*$.*-.6.()%/0%(5#%$#+9/'+#+%BV<F%*'4%(5#%OP%
+&/$#:% ;0% *% '#2*(."#% &/$$#6*(./'% -#(7##'% OP% *'4% &/19$#++./'% 1*2'.(34#% 7*+%
*&&/19*'.#4%-)%*%'#2*(."#%&/$$#6*(./'%-#(7##'%V<%*'4%OP,%(5.+%7/364%+322#+(%(5*(%
(5#% +##1.'26)% 7#*M% 9$./$+% 7#$#% *&(3*66)% 4$."#'% -)% 5.25% +#'+/$)% 9$#&.+./':% OM*.M#%
7#.25(+% 7#$#% 3+#4% (/% *++#++% (5#% 1/4#6b+% 6.M#6.5//4% *+% (5#)% 7#$#% .'% .'% 9$#"./3+%
&5*9(#$+:%O%'#2*(."#%&/$$#6*(./'%-#(7##'% (5#% 6.M#6.5//4%/0% (5#%+(*(.&%1/4#6%*'4%OP%
7/364% +322#+(% 9$#"./3+% ($.*6% *+%*'%*3(.+(.&% +($*(#2)%*'4% (5#$#0/$#% +399/$(%N;HHTO%
B<*'%4#%V$3)+%CDE[F%*'4%"/6*(.6.()%BY*''.'2%#(%*6:,%CDE`L%H*61#$%#(%*6:,%CDE`F%-*+#4%
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(5#/$.#+:%N/7#"#$,%*%9/+.(."#%&/$$#6*(./'%-#(7##'%(5#%6.M#6.5//4%/0%(5#%1/4#6%0/$%(5#%
+(*(.&%1/4#6%*'4%OP%7/364% .196)%*%+(*(.&%1/4#6%*+%*'%*3(.+(.&%+($*(#2),% .'% 6.'#%7.(5%
Z.#4#$%*'4%&/66#*23#+%BCDEKF:%
%
3.2 Methods  
 
H*$(.&.9*'(+%
;'%(5#%3'0.66#4%#>9#$.1#'(,%(5#$#%7#$#%C^%BE[%0#1*6#F%9*$(.&.9*'(+%0$/1%(5#%*2#+%/0%CD%
(/%\[:%!'#%9*$(.&.9*'(%5*4%(/%-#%#>&634#4%43#%(/%/3(6.#$+:%;'%(5#%0.66#4%#>9#$.1#'(%(5#$#%
7#$#% ]E% 9*$(.&.9*'(+%7.(5% *'% *2#% $*'2#% 0$/1%Ec% (/% ][:%O66% -3(% \% 9*$(.&.9*'(+%7#$#%
+(34#'(+%*(%(5#%S'."#$+.()%/0%j/((.'25*1:%j/$1*6%/$%&/$$#&(#4%(/%'/$1*6%".+./'%7*+%*%
$#Q3.$#1#'(%/0%*66%9*$(.&.9*'(+:%_$/1%(5#%/$.2.'*6%#>9#$.1#'(+%&*$$.#4%/3(%.'%V5*9(#$%C,%
E^%9*$(.&.9*'(+%4.4%'/(%9$/".4#%OP%+&/$#+:%G5#%4*(*%0$/1%(5#+#%9*$(.&.9*'(+%7*+%'/(%
3+#4%.'%(5.+%*'*6)+.+,%6#*".'2%*%(/(*6%/0%]K%9*$(.&.9*'(+:%%

%
W*(*%0/$%(5#%"*63#+%/0%&/19$#++./'%1*2'.(34#,%V<%*'4%OM*.M#%7#.25(+%7*+%9//6#4%
*&$/++%9*$(.&.9*'(+%0$/1%T>9#$.1#'(%E%*'4%C%/0%V5*9(#$%C:%G/%&$#*(#%*%1#*'%*"#$*2#%
&/19$#++./'% 1*2'.(34#% "*63#% 0/$% #*&5% 9*$(.&.9*'(,% (5#% "*63#+% /0% B3'+.2'#4F%
&/19$#++./'%1*2'.(34#%&*6&36*(#4%*(%#*&5%/0%(5#%E[%43$*(./'+%7#$#%*"#$*2#4:%G5.+%
+*1#%9$/&#++%7*+%&*$$.#4%/3(%/'%(5#%V<+%*'4%OM*.M#%7#.25(+%(/%9$/43&#%*'%*"#$*2#%
V<%*'4%OM*.M#%7#.25(% 0/$%#*&5%9*$(.&.9*'(:%G5#%"*63#+%4.+96*)#4%$*'4/1%7*6M%*'4%
0366)%$*'4/1%+#Q3#'&#+%7#$#%M#9(%+#9*$*(#%-3(%*"#$*2.'2%*&$/++%+.'26#%*'4%136(.96#%
/-a#&(%()9#+:%%
%

H$/&#43$#%
G5#% -*+.&% 9$/&#43$#% .'"/6"#4% (#19/$*6% $#9$/43&(./'% /0% (5#% +(.136.% *+% 4#+&$.-#4% .'%
V5*9(#$%C:%O%+.'26#%$3'%/0%#*&5%&/'4.(./'%6*+(#4%0/$%]%1.'3(#+%1#*'.'2%(5*(%(5#%(.1#%
(*M#'%(/%&/196#(#%(5#%#'(.$#%(*+M%7*+%\D%1.'3(#+:%
%

G5#$#%7#$#%(7/%+#9*$*(#%#>9#$.1#'(+%B-#(7##'%+3-a#&(+F%7.(5%(7/%4.00#$#'(%()9#+%/0%
+(.136.L%0.66#4%.'(#$"*6%+(.136.%B+##%_.23$#%Ec%.'%V5*9(#$%CF%*'4%3'0.66#4%.'(#$"*6%+(.136.%
B+##%_.23$#%C]%.'%V5*9(#$%CF:%_/$%(5#%0.66#4%.'(#$"*6%+(.136.%9*$(.&.9*'(+%7#$#%*+M#4%(/%
9$#++% 4/7'% (5#% -3((/'% 0/$% (5#% 6#'2(5% /0% (.1#% (5#% +(.136.% 7#$#% /'% (5#% +&$##'% 0/$:%
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X5#$#*+%.'%(5#%3'0.66#4%.'(#$"*6%#>9#$.1#'(%9*$(.&.9*'(+%7#$#%*+M#4%(/%9$#++%(5#%-3((/'%
75#'% (5#)% 0#6(% (5*(% (5#%*1/3'(%/0% (.1#%9*++#4%-#(7##'% (5#.$%-3((/'%9$#++%*'4% (5#%
+#&/'4%+(.1363+%7*+%#Q3."*6#'(%(/%(5#%*1/3'(%/0%(.1#%-#(7##'%(5#%0.$+(%*'4%+#&/'4%
+(.1363+:% ;'%-/(5% (#19/$*6% $#9$/43&(./'%#>9#$.1#'(+,% (5#% (#19/$*6%+#Q3#'&#%/0% (5#%
43$*(./'%+(.136.%"*$.#4%+3&5%(5*(%$*'4/1%7*6M%+#Q3#'&#+%7#$#%3+#4%0/$%(7/%&/'4.(./'+%
*'4% 0366)% $*'4/1%+#Q3#'&#+%7#$#% 3+#4% 0/$% (5#% /(5#$% (7/% &/'4.(./'+:%H#$0/$1*'&#%
1#($.&+%7#$#%*6+/%*"#$*2#4%*&$/++%9#$1*'#'(%*'4%.'(#$1.((#'(%/-a#&(%&/'4.(./'+:%;'%
*44.(./'%(/%(5#%&5*'2#%.'%(#19/$*6%+#Q3#'&#%*&$/++%&/'4.(./'+,%O44.(./'*66),%(5#%OP%
Q3#+(./''*.$#%7*+%2."#'%(/%9*$(.&.9*'(+%*0(#$%&/196#(.'2%(#19/$*6%$#9$/43&(./'%(*+M:%
G5.+%6#4%(/%*%(/(*6%#>9#$.1#'(%(.1#%/0%\]U]D%1.'3(#+:%
%
%
 3.3 Results 
!
G5#% 1#*'% &/19$#++./'% 0/$% #*&5% 9*$(.&.9*'(% 7*+% &*6&36*(#4% -)% *"#$*2.'2% (5#%
&/19$#++./'%1*2'.(34#%B+##%V5*9(#$%C%0/$%5/7%(5.+%7*+%&*6&36*(#4F%.'%(5#%(7/%$*'4/1%
7*6M% &/'4.(./'+% % B9#$1*'#'(% 7*6M% *'4% .'(#$1.((#'(% 7*6MF:% G5#% 1#*'% V<% "*63#% 0/$%
.'4.".43*6%9*$(.&.9*'(+%7*+%&/$$#6*(#4%7.(5%OP%+&/$#+%.'%_.23$#%C`O:%G5#%+*1#%9$/&#++%
7*+% 3+#4% (/% &*6&36*(#% (5#% 1#*'% &/19$#++./'% *&$/++% (5#% 0366)% $*'4/1% &/'4.(./'+%
B9#$1*'#'(%0366%*'4%.'(#$1.((#'(%0366F%%*'4%&/$$#6*(#%(5#+#%"*63#+%7.(5%(5#%OP%+&/$#+%
B+##%_.23$#%C`8F:%
%
G5#%1#*'%&/19$#++./'%.'%(5#%$*'4/1%7*6M%&/'4.(./'+%+5/7+%*%'#2*(."#%&/$$#6*(./'%
+/%(5/+#%7.(5%*%5.25#$%OP%+&/$#%+5/7#4%6/7#$%&/19$#++./'%*'4%(5.+%&/$$#6*(./'%7*+%
+.2'.0.&*'(,%$%B]cF%h -0.2775, p=0.032F:%;'%(5#%0366)%$*'4/1%&/'4.(./'+,%(5#%&/$$#6*(./'%
7*+%7#*M,%'#2*(."#%*'4%7*+%'/(%+(*(.+(.&*66)%+.2'.0.&*'(,%$%B]cF%h%UD:EE`E%9h%D:[`[: 
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!
%
%

%
G5#% 1#*'% V<% 0/$% #*&5% 9*$(.&.9*'(% 7*+% &*6&36*(#4% -)% *"#$*2.'2% (5#% &/#00.&.#'(% /0%
"*$.*(./'%B+##%V5*9(#$%C%0/$%5/7%(5.+%7*+%&*6&36*(#4F%.'%(5#%(7/%$*'4/1%7*6M%&/'4.(./'+%
B9#$1*'#'(%7*6M%*'4%.'(#$1.((#'(%7*6MF:%G5.+%1#*'%V<%9*$(.&.9*'(%"*63#%0/$%$*'4/1%
7*6M%&/'4.(./'+%7*+%&/$$#6*(#4%7.(5%9*$(.&.9*'(%OP%+&/$#+%.'%_.23$#%CcO:%G5#%+*1#%
9$/&#++%7*+%3+#4%(/%&*6&36*(#%(5#%1#*'%V<%*&$/++%(5#%(7/%0366)%$*'4/1%&/'4.(./'+%
B9#$1*'#'(% 0366%*'4% .'(#$1.((#'(% 0366F%*'4%&/$$#6*(#% (5#+#%"*63#+%7.(5% (5#%OP%+&/$#+%
B+##%_.23$#%Cc8F:%
%
G5#%&/$$#6*(./'%-#(7##'%1#*'%V<%*'4%OP%.'%(5#%$*'4/1%7*6M%&/'4.(./'+%7*+%'#2*(."#%
*'4%'/'U+.2'.0.&*'(,%$B]cF%h%UD:EDKc,%9%h%D:\D\F:%X5#$#*+%(5#%&/$#6*(./'%-#(7##'%(5#%
1#*'%V<%*'4%(5#%OP%.'%(5#%0366)%$*'4/1%&/'4.(./'+%7*+%9/+.(."#:%G5.+%7*+%*6+/%'/'U
+.2'.0.&*'(%$B]cFhD:EE`\,%9hD:[`C%:%%

a

a

b

b

a b

Y*97)$&Ek%&R$2+&1".()$55*"+&1"))$32#$,&U*#J&ZH&51")$5%&

!"#$%&
8J$&L\@&1".()$55*"+&.29+*#7,$5&1"))$32#$,&U*#J&#J$&ZH&51")$5&2+,&-*##$,&U*#J&2&3*+$2)&)$9)$55*"+&#"&
,*5(32<&#J$&5#)$+9#J&2+,&,*)$1#*"+&"-&#J$&1"))$32#*"+%&8J$&.$2+&1".()$55*"+&.29+*#7,$5&(3"##$,&J$)$&
U$)$&2V$)29$,&21)"55&2O&233&)2+,".&U23W&1"+,*#*"+5&M#U"&"@D$1#&#<($5&o&($).2+$+#&2+,&*+#$).*##$+#&
2+,&#U"&5#*.7375&#<($5o&-*33$,&2+,&7+-*33$,O&@O&233&-733<&)2+,".&1"+,*#*"+5%&

 



 124 

%
%
%
%
%
_.23$#%[D%+5/7+%(5#%1#*'%OM*.M#%7#.25(+%0/$%*66%9*$(.&.9*'(+:%G5#%.'4.".43*6%OM*.M#%

7#.25(+,%75.&5%4#(#$1.'#4%(5#%6.M#6.5//4%/0%3+.'2%#*&5%1/4#6,%7#$#%&/$$#6*(#4%7.(5%
OP%+&/$#+:%O'%OM*.M#%7#.25(%/0%E%1#*'+%.(%.+%6.M#6)%(5#)%*$#%3+.'2%(5#%+(*(.&%1/4#6%*+%
/99/+#4%(/%*'%.(#$*(."#%1/4#6%B*%"*63#%/0%DF:%A##%A#&(./'%C:C:[%(/%0/$%4#(*.6+%/0%5/7%
(5#+#%7#.25(+%4#+&$.-.'2%(5#%1/+(%6.M#6)%1/4#6%7#$#%&*6&36*(#4%0/$%#*&5%9*$(.&.9*'(:%
%
G5#%1#*'%OM*.M#%7#.25(+%7#$#%9$/43&#4%-)%*"#$*2.'2%*&$/++%*66% (5#%$*'4/1%7*6M%
&/'4.(./'+% B0.66#4% *'4% 3'0.66#4% +(.136.% *'4% (5#.$% 9$#+#'(*(./'% *+% .'(#$1.((#'(% *'4%
9#$1*'#'(%/-a#&(%()9#+L%_.23$#%CKOF%*'4%*66%(5#%0366)%$*'4/1%&/'4.(./'+%B_.23$#%CK8F:%
O% 6*$2#% *1/3'(% /0% 9*$(.&.9*'(% OM*.M#% 7#.25(+% 5*4% *% "*63#% /0% E:% G5#$#% *$#% +/1#%
9*$(.&.9*'(+%*(% (5#% 6/7#$%#'4%/0% (5#%OM*.M#%7#.25(%-3(%'/(%#'/325%0/$% (5#$#%(/%-#%*%
&6#*$%6.'#*$%$#6*(./'+5.9%-#(7##'%OP%*'4%(5#%#>(#'(%(/%75.&5%*%+(*(.&%1/4#6%1*)%-#%
3+#4:%G5#%9$#0#$#'&#%(/7*$4+%*%+(*(.&%1/4#6%.+%&6#*$%*&$/++%(5#%1*a/$.()%/0%9*$(.&.9*'(+%
B*+%+##'%.'%V5*9(#$%CF:%%
%
G5#%&/$$#6*(./'%-#(7##'%(5#%1#*'%OM*.M#%7#.25(% 0/$% (5#%+(*(.&%1/4#6%7*+%'#2*(."#%
*'4%'/'U+.2'.0.&*'(%.'%(5#%$*'4/1%7*6M%&/'4.(./'+%$B]cF%h UD:E\`\%9h 0:C^E:%;'%(5#%0366)%

a

a

b

b

a b

Y*97)$&EG%&R$2+&1"$--*1*$+#&"-&V2)*2+1$5&1"))$32#$,&U*#J&ZH&51")$5%&

 

!"#$%&
;"$--*1*$+#&"-&V2)*2+1$5&M;=T5O&U$)$&1"))$32#$,&U*#J&#J$&ZH&51")$5&2+,&-*##$,&U*#J&2&3*+$2)&
)$9)$55*"+&#"&,*5(32<&#J$&5#)$+9#J&2+,&,*)$1#*"+&"-&#J$&1"))$32#*"+%&8J$&;=T5&(3"##$,&J$)$&U$)$&
2V$)29$,&21)"55&2O&233&)2+,".&U23W&1"+,*#*"+5&M#U"&"@D$1#&#<($5&o&($).2+$+#&2+,&*+#$).*##$+#&2+,&
#U"&5#*.7375&#<($5o&-*33$,&2+,&7+-*33$,O&@O&233&-733<&)2+,".&1"+,*#*"+5%&&
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$*'4/1%&/'4.(./'+,%(5#%1#*'%OM*.M#%7#.25(%.'%$#6*(./'%(/%(5#%0.(%0/$%(5#%+*1#%1/4#6%
7*+%9/+.(."#%*'4%'/'U+.2'.0.&*'(%$B]cF%h%D:D\cD\,%9hD:`E]:%%
%

%

%
%
%

!
 
 
3.4 Discussion  
%

Y#*'%V/19$#++./'%
G5#% &3$$#'(% $#+#*$&5% +5/7#4% *% 4#&$#*+#% .'% &/19$#++./'% 1*2'.(34#% B&#'($*6%
(#'4#'&)F%*+%OP%+&/$#%.'&$#*+#4%B-/(5%.'%'#2*(."#%4.$#&(./'%.'%$*'4/1%7*6M%*'4%0366)%
$*'4/1F:%G5.+%1#*'(%(5*(%5.25%($*.(%.'4.".43*6+%+5/7#4%$#6*(."#6)%$#43&#4%&/19$#++./'%
&/19*$#4%(/%6/7%($*.(%.'4.".43*6+%.'%-/(5%&/'4.(./'+:%O6(5/325,%(5#%'#2*(."#%&/$$#6*(./'%
-#(7##'%&/19$#++./'%1*2'.(34#%*'4%OP%7*+,%6*$2#$%.'%(5#%$*'4/1%7*6M%&/19*$#4%
(/%(5#%0366)%$*'4/1%&/'4.(./'+:%G5#%'#2*(."#%&/$$#6*(./'%.'%(5#%$*'4/1%7*6M%&/'4.(./'+%
7*+% *6+/% +.2'.0.&*'(% 75#$#*+% .(% 4.4% '/(% $#*&5% +.2'.0.&*'&#% .'% (5#% 0366)% $*'4/1%
&/'4.(./'+:%
%

a

a

b

b

a b

Y*97)$&Ei%&R$2+&ZW2*W$&U$*9J#5&1"))$32#$,&U*#J&ZH&51")$5%&

 

!"#$%&
8J$&.$2+&ZW2*W$&U$*9J#5&2)$&1"))$32#$,&U*#J&#J$&ZH&51")$5&2+,&-*##$,&U*#J&2&3*+$2)&)$9)$55*"+&#"&,*5(32<&#J$&
5#)$+9#J&2+,&,*)$1#*"+&"-&#J$&1"))$32#*"+%&&
8J$&ZW2*W$&U$*9J#5&(3"##$,&J$)$&U$)$&2V$)29$,&21)"55&2O&233&)2+,".&U23W&1"+,*#*"+5&M#U"&"@D$1#&#<($5&o&
($).2+$+#&2+,&*+#$).*##$+#&2+,&#U"&5#*.7375&#<($5o&-*33$,&2+,&7+-*33$,O&@O&233&-733<&)2+,".&1"+,*#*"+5%&&
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G5#%+.2'.0.&*'(%'#2*(."#%&/$$#6*(./'%0/$%5.25%($*.(%.'4.".43*6+%*99#*$+%(/%-#%.'%6.'#%7.(5%
(5#%+322#+(./'%1*4#%-)%H#66.&*'/%*'4%83$$%BCDECF%/0%$#43&#4%9$./$%7#.25(.'2%B7#*M%
9$./$+F% .'% *3(.+(.&% .'4.".43*6+:%O6(5/325%1/$#% $#&#'(% $#+#*$&5% 5*+% 4#(*.6#4% (5*(% (5.+%
*&&/3'(%4/#+%'/(%#>96*.'%5/7%9$./$+%*$#%6#*$'#4%4.00#$#'(6)%.'%*3(.+1%BA*9#)UG$./195#%
#(%*6:,%CDCEL%<*'%4#%V$3)+%#(%*6:,%CDE[F:%;'%(#$1+%/0%4#(*.6.'2%(5#%1#&5*'.+1+%*(%7/$M,%

*%$#43&(./'%.'%&/19$#++./'%&/364%-#%.'4.&*(."#%/0%1*')%9/++.-.6.(.#+%(5*(%6#*4%(5#%9$./$%
(/%-#%7#.25(#4%6#++:%_/$%#>*196#,%.(%5*+%-##'%4#1/'+($*(#4%(5*(%9$./$+%7#$#%7#.25(#4%
6#++%3'4#$%&/'4.(./'+%75#$#%(5#%9$#&.+./'%/0%+#'+/$)%6.M#6.5//4+%*$#%5.25:%W$311#$+%
7.(5% 6/7% +#'+/$)% "*$.*-.6.()% 7#$#% *-6#% (/% +5/7% "#$.4.&*6% 9#$&#9(./'% 7.(5% $#43&#4%
7#.25(.'2%/0%(5#%9$./$,%*+%#".4#'&#4%-)%$#43&#4%&#'($*6%(#'4#'&)%#00#&(+%BV.$&5.''.%#(%
*6:,%CDECF:%Y/$#%+9#&.0.&*66),%(5#)%*6+/%0/3'4%(5*(%*+%"*$.*-.6.(),%*+%1#*+3$#4%-)%V<,%
.'&$#*+#4%+/%(//%4.4%&#'($*6%(#'4#'&)%-.*+%B9$./$%7#.25(.'2F:%G5#$#0/$#,%4#1/'+($*(.'2%
(5#%9/++.-.6.()%(5*(%(5#%.'&$#*+#4%-.*+%(/7*$4+%(5#%9$./$%/&&3$+%75#'%$#+9/'+#+%&/'(*.'%
1/$#%'/.+#:%%

%
d#43&#4%&/19$#++./'%.'%$*'4/1%7*6M%&/'4.(./'+%$#6*(."#%(/%0366)%$*'4/1%+(.136.%.+%*'%
/3(&/1#%(5*(%7/364%-#%9$#4.&(#4%-)%*%+.196#%.(#$*(."#%1/4#6%BJ6*+*3#$%R%A5.%CDCEF:%
W3#% (/% (5#% '#2*(."#% &/$$#6*(./'% -#(7##'% &/19$#++./'% 1*2'.(34#% *'4% OP% .'% (5#%
$*'4/1%7*6M%&/'4.(./'+,%%(5#$#%.+%(5#%9/++.-.6.()%(5*(%5.25%($*.(%.'4.".43*6+%1*)%-#%3+.'2%
*'% .(#$*(."#%1/4#6:%O6(5/325%*+%7.66% -#%4.+&3++#4% 6*(#$,% (5.+%7*+% +5/7'% (/% -#% 6#++%
96*3+.-6#%*0(#$%(5#%6.M#6.5//4%/0%(5#%.(#$*(."#%1/4#6%7*+%*++#++#4%3+.'2%OM*.M#%7#.25(+:%
%
G5#.+.'2#$%#(%*6:,%BCDCCF%*6+/%#>96/$#4%(5#%+.@#%/0%&#'($*6%(#'4#'&)%#00#&(+%.'%$#6*(./'%
(/%+(.1363+%+#Q3#'&#+%B$*'4/1%7*6M%*'4%0366)%$*'4/1F%*'4%*3(.+(.&%($*.(+:%A.1.6*$%(/%
(5#%$#+36(+%+5/7'%.'%(5.+%&5*9(#$,%(5#)%4.4%'/(%0.'4%&/'".'&.'2%+399/$(%0/$%*%&/$$#6*(./'%
-#(7##'%OP%+&/$#+%*'4%&#'($*6% (#'4#'&)%#00#&(+:%N/7#"#$,% (5#%4.*2'/+#4%*3(.+(.&%
2$/39% +5/7#4% *% +.2'.0.&*'(% 4.00#$#'&#% .'% (5#% +.@#% /0% (5#% &#'($*6% (#'4#'&)% #00#&(%
&/19*$#4% (/% ()9.&*66)% 4#"#6/9.'2% .'4.".43*6+% B*% $#43&(./'% .'% -.*+% 0/$% *3(.+(.&%
.'4.".43*6+F:%_3$(5#$1/$#,%75#'%".#7.'2%$*'4/1%7*6M%+#Q3#'&#+%*3(.+(.&%9*$(.&.9*'(+%
+5/7#4%(5#% 6/7#+(%-.*+% (/% (5#%1#*'%*&$/++%*66%2$/39+%*'4%+#Q3#'&#+%BG5#.+.'2#$,%
CDCCF:%%
%
%
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Y#*'%V<%
H*$(.&.9*'(%"*$.*-.6.(),%.'%(5#%0/$1%/0%(5#%V<%7*+%&/$$#6*(#4%7.(5%OP%($*.(+%.'%/$4#$%(/%
.'"#+(.2*(#%(5#%9/++.-6#%.196.&*(./'+%0/$%(5#%9$#&.+./'%/0%+#'+/$)%6.M#6.5//4+%.'%*3(.+(.&%
#>9#$.#'&#:% ;0% (5#% $#43&#4%7#.25(.'2%/0% (5#%9$./$%/&&3$$#4%*+%*% $#+36(% /0% .'&$#*+#4%
9$#&.+./'%/0% 6.M#6.5//4+,% (5#'%*%4#&$#*+#% .'%9*$(.&.9*'(%"*$.*-.6.()%1#*+3$#+%1*)%-#%
+##':%H*$(.&.9*'(%"*$.*-.6.()%1*)%$#06#&(%(5#%9$#&.+./'%/0%(5#%+#'+/$)%6.M#6.5//4+%(/%*'%
#>(#'(%B4#+9.(#%&/'(*.'.'2%/(5#$%0/$1+%/0%'/.+#%+3&5%*+%1/(/$%'/.+#F:%N/7#"#$,%.0%(5#$#%
7*+%*%$#*6%$#6*(./'+5.9%-#(7##'%6.M#6.5//4+%*'4%OP,%(5#'%.(%7/364%-#%#>9#&(#4%(5*(%
/"#$*66%9*$(.&.9*'(%"*$.*-.6.()%7/364%$#06#&(% (5.+:% ;0% (5#$#% .+%'/(%*%4#&$#*+#%.'%+#'+/$)%
"*$.*-.6.(),% (5#'% 7#*M% 9$./$+% 1*)% 9$/".4#% *% -#((#$% #>96*'*(./'% *+% 4#+&$.-#4% -)%
H#66.&*'/%*'4%83$$%BCDECF:%
%
;'%(5#%&*+#%/0%(5#%&3$$#'(%$#+#*$&5,%*'%.'&$#*+#4%9$#&.+./'%/0%6.M#6.5//4+%7/364%$#Q3.$#%
*%'#2*(."#%&/$$#6*(./'%-#(7##'%1#*'%V<%*'4%OP%+&/$#+%(/%-#%+5/7':%N/7#"#$,%(5.+%

&/$$#6*(./'%7*+%/'6)%+5/7'%(/%-#%'#2*(."#%.'%(5#%7*6M%&/'4.(./'%*'4%7*+%7#*M%B*'4%
'/(% +.2'.0.&*'(F% .'% -/(5% &/'4.(./'+:% G5#$#0/$#,% +#'+/$)% #+(.1*(./'+% 7#$#% '/(% 1/$#%
9$#&.+#%.'%5.25%OP%($*.(%.'4.".43*6+%*'4%(5#%$#43&(./'%.'%(5#%7#.25(%*++.2'#4%(/%(5#%9$./$%
B&/19$#++./'%1*2'.(34#F%&*''/(%-#%*+&$.-#4%(/%.'&$#*+#4%9$#&.+./'%/0%6.M#6.5//4+:%
%

Y#*'%OM*.M#%7#.25(+%
O%03$(5#$%9/++.-.6.()%/0%$#43&#4%&#'($*6%(#'4#'&)%-.*+%(/7*$4+%*%1#*',%+9#&.0.&%(/%(5#%
$*'4/1%7*6M%&/'4.(./'+%&/364%-#%(5#%3+#%/0%*'%.(#$*(."#%1/4#6:%G5.+%1/4#6,%75#'%3+#4%
0/$%-/(5%()9#+%/0%+(.1363+%+#Q3#'&#+%9$#4.&(+%*%$#43&(./'%.'%&/19$#++./'%0/$%$*'4/1%
7*6M% +#Q3#'&#% +(.136.% BJ6*+*3#$% R% A5.,% CDCE-F:G5#% /9#$*(./'% /0% (5.+% 1/4#6% .+%
+3&&#++036%.'%*&&/3'(.'2%0/$%(5#%*1/3'(%/0%$*'4/1%'/.+#%0$/1%+1*66%&5*'2#+%.'%(5#%
$*'4/1%7*6M%+(.136.,%(5#$#0/$#%(5#$#%.+%6#++%'##4%(/%/"#$%*'4%3'4#$#+(.1*(#%.'%6.'#%7.(5%
(5#%&#'($*6%(#'4#'&)%-.*+%.'%&/19*$.+/'%(/%$*'4/1.+#4%+(.136.:%%
%
;'%/$4#$%(/%#>96/$#%(5#%*-.6.()%/0%+(*(.&%*'4%.(#$*(."#%1/4#6+%(/%4#+&$.-#%(5#%4*(*%0$/1%
(5#%&3$$#'(% $#+#*$&5%OM*.M#%7#.25(+%7#$#%&*6&36*(#4:%G5#%7#.25(+% (5#1+#6"#+%"*$)%
-#(7##'% D% *'4% E% 0/$% $#9$#+#'(.'2% (5#% 6.M#6.5//4% /0% (5#% .(#$*(."#% *'4% +(*(.&%1/4#6+%
$#+9#&(."#6):%G5#%+31%/0%(5#.$%7#.25(+%7*+%#Q3*6%(/%E%*'4%*+%*%$#+36(,%&/$$#6*(./'+%/0%
OP%+&/$#+%&/364%-#%&*$$.#4%/3(%7.(5%#.(5#$%OM*.M#%7#.25(%+&/$#+%*+%(5#%7#.25(%0/$%(5#%
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+(*(.&%1/4#6%7/364%-#% (5#% .'"#$+#%/0% (5#% .(#$*(."#%*'4%".&#%"#$+*:% ;'% (5.+%&*+#,%OP%
+&/$#+%7#$#%&/$$#6*(#4%7.(5%(5#%OM*.M#%7#.25(%0/$%(5#%+(*(.&%1/4#6:%G5#%&/$$#6*(./'%/0%
(5#% OP% +&/$#+% 7.(5% (5#% OM*.M#% 7#.25(+% B*"#$*2#4% 0/$% 7*6M% *'4% 0366% &/'4.(./'+F%
4#1/'+($*(#4%'/%&6#*$%6.'#*$%$#6*(./'+5.9%-#(7##'%(5#%1/4#6%3+#4%*'4%(5#%OP%+&/$#%
/0%(5#%9*$(.&.9*'(:%Y/+(%9*$(.&.9*'(+,%.$$#+9#&(."#%/0%OP%+&/$#%*99#*$#4%(/%+5/7%*%+(*(.&%
1/4#6% *'4% (5#$#% 7#$#% 1*')% 7#.25(+% #Q3*6% (/% E:% G5.+% 1#*'+% (5*(% (5#% 2#'#$*(."#%
*++319(./'%0$/1%(5#%3+#4%-)%9*$(.&.9*'(+,%".*%(5#%+(*(.&%1/4#6,%7*+%(5*(%(5#%+(.136.%
7#$#%4$*7'%0$/1%*%4.+($.-3(./':%
%
OP%&3(%/00%*'4%/(5#$%6.1.(*(./'+:%

!'#%9/++.-6#%#>96*'*(./'%0/$%*%6*&M%/0%+.2'.0.&*'(%&/$$#6*(./'+%&/364%-#%(5*(%7#%4.4%'/(%
5*"#%1*')%5.25%($*.(%.'4.".43*6+:%A&/$.'2%[C%/$%1/$#%/3(%/0%*%9/++.-6#%]D%7*+%*$23#4%
(/%-#%*'%.'0/$1*(."#%&3(%/00%B8*$/'UV/5#',%X5##67$.25(,%#(%*6:,%CDDEF:%G5.+%7*+%6*(#$%
"#$.0.#4%-)%X//4$/7%A1.(5%#(%*6:,%BCDD]F%7.(5%*'%*$231#'(%0/$%C^%7.(5%JH%$#0#$$*6%-3(%

[C%.'%(5#%2#'#$*6%9/936*(./'%7.(5%'/%/(5#$%#".4#'&#:%;'%(5#%&3$$#'(%$#+#*$&5%(5#$#%7#$#%
/'6)%[%.'4.".43*6+%+&/$.'2%/"#$%(5#%&3(%/00:%G5#%OP%*+%*'%.'+($31#'(%.+%*6+/%'/(%*-6#%(/%
&*9(3$#%(5#%0366%#>9#$.#'&#%/0%5*".'2%(5#%&/'4.(./'%#+9#&.*66)%.'%(#$1+%/0%(5#%9$#&.+#%
+#'+/$)%&5*$*&(#$.+(.&+:%;(%7/364%6.M#6)%'##4%(/%-#%3+#4%.'%&/1-.'*(./'%7.(5%*'/(5#$%
Q3#+(./''*.$#% .'% /$4#$% (/% 3'4#$+(*'4% (5.+% 4.1#'+./'% /0% 9*$(.&.9*'(+% -#5*"./3$%
Bd/-#$(+/'%R%A.11/'+,%CDE[F:%;(%4/#+%5/7#"#$%1#*+3$#%$#6*(#4%&/2'.(."#%9$/&#++#+%
+3&5% *+% 4.+96*).'2% 5.25% *((#'(./'% (/% 4#(*.6% *'4% 9//$% *((#'(./'% +7.(&5.'2% *'4% (5#+#%
&/'+($3&(+%5*"#%(5#%9/(#'(.*6%(/%&*9(3$#%*%4#(*.6%0/&3+#4%&/2'.(."#%+()6#%*+%4#+&$.-#4%
-)%X#*M% V#'($*6% V/5#$#'&#:% Y/$#/"#$,% (5#% OP% 5*+% -##'% 9$*.+#4% .'% .(+% *-.6.()% (/%
*&&3$*(#6)%9$#4.&(%4.*2'/+#+%0$/1%cDs%/0%9#/96#%/"#$%(5#%[C%&3(%/00,%75.6+(%/'6)%Cs%/0%
2#'#$*6%9/936*(./'%+5/7%OP%+&/$#+%2$#*(#$%(5*'%(5#%&3(%/00%B8*$/'%V/5#'%CDDEF:%%
%
%
;(#$*(."#%"#$+3+%+(*(.&%1/4#6+%
O+%7*+%5.256.25(#4%.'%(5#% .'($/43&(./'%(5#$#%*$#%*%0#7%$#&#'(%+&5//6+%/0% (5/325(%/'%
5/7%9$./$%M'/76#42#%1*)%-#% .'&/$9/$*(#4% .'%*3(.+(.&%9#$&#9(./':%_.$+(6),%Z.#4#$%*'4%
&/66#*23#+%BCDEKF%0/3'4%(5*(%*3(.+(.&%.'4.".43*6+%7#$#%1/$#%6.M#6)%(/%3+#%(5#%*"#$*2#%
/0% *66% 9$#"./3+% ($.*6+% (/% .'0/$1% (5#.$% &3$$#'(% $#+9/'+#:% G5.+% +322#+(#4% *% +.1.6*$%
1#&5*'.+1% (/% (5#% 9$./$% 394*(.'2% /0% (5#% +(*(.&% 1/4#6% .'% (5#% &3$$#'(% $#+#*$&5:% G5#%
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0.'4.'2+%/0% (5#%&3$$#'(% $#+#*$&5%7#$#%+3&5% (5*(% 0/$%'#*$6)%*66%9*$(.&.9*'(+,% (5#%+(*(.&%
1/4#6%7*+%(5#%1/+(%6.M#6)%1/4#6:%
%
;'%&/'($*+(,%(7/%/(5#$%8*)#+.*'%*3(.+1%(5#/$.#+%5*"#%*$23#4%(5*(%*3(.+(.&%#>9#$.#'&#%
1*)% .'"/6"#% 6#*$'.'2%4.00#$#'(6)% .'% $#+9/'+#% (/%1/$#%$#&#'(%+#'+/$)%#".4#'&#:%!'#%
+3&5%*&&/3'(,%75.&5% % 0/&3+#+%/'% 0.>#4%5.25%9$#&.+./'%/0%9$#4.&(./'%#$$/$% BN;HHTOF,%
#>96*.'+%(5*(%.0%9$#&.+./'%/0%9$#4.&(./'%#$$/$%.+%(//%5.25,%(5#'%394*(#+%(/%6#*$'.'2%*$#%
1*4#% "#$)% 0$#Q3#'(6)% *'4% 9$#&.+#6):% G5#% 9$/43&(% /0% 6#*$'.'2% .'% $#6*(./'% (/% +9#&.0.&%
.'+(*'&#+%.+%(5*(%9$./$+%-#&/1#%4.00.&36(%(/%2#'#$*6.+#%*'4%(5#)%*$#%+#'+.(."#%(/%'/.+)%
063&(3*(./'+:% O'/(5#$% (5#/$)% 75.&5% +##1#4% (/% 0/&3+% /'% 5/7% $#&#'(% 6#*$'.'2% 7*+%
4.00#$#'(% .'%*3(.+(.&% .'4.".43*6+% .+% (5#%"/6*(.6.()%/"#$#+(.1*(./'% (5#/$),%75.&5%#>96*.'+%
(5*(%*3(.+(.&%.'4.".43*6+%1*)%+5/7%*'%.'&$#*+#4%6#*$'.'2%$*(#,%$#6*(."#%(/%(5#%*1/3'(%/0%
*&(3*6% "/6*(.6.()% .'% (5#% #'".$/'1#'(:% G5.+% .+% 4#0.'#4% *+% *'% .'&$#*+#4% 6#*$'.'2% $*(#%
-#&*3+#%.(%7/364%-#%*4"*'(*2#/3+%(/%4#&$#*+#%(5#%6#*$'.'2%$*(#%*+%*'%#'".$/'1#'(%

-#&/1#+%1/$#%+(*-6#%*'4%9$#4.&(*-6#:%8/(5% (5#/$.#+%7/364%9$#4.&(% (5*(% 6#*$'.'2%/$%
9$./$%394*(.'2%/&&3$+%&6/+#6)%(/%$#&#'(%.'0/$1*(./',%+.1.6*$%(/%(5#%*&(./'%/0%(5#%.(#$*(."#%
1/4#6% .'% (5#%&3$$#'(% $#+#*$&5:%N/7#"#$,% (5#+#% (5#/$.#+%7#$#%'/(%+399/$(#4%-)% (5#%
&3$$#'(%$#+#*$&5,%-#&*3+#%(5#%.(#$*(."#%1/4#6%7/364%'/(%*%6.M#6)%1/4#6%0/$%5.25%($*.(%
.'4.".43*6+%+9#&.0.&*66)%*+%.(+%+3.(*-.6.()%7*+%*6$#*4)%6/7%*&$/++%(5#%0366%+*196#:%
%
V/'&63+./'%
Y#*'%&/19$#++./'%*99#*$#4%(/%+5/7%*%$#6*(./'+5.9%(/%OP%($*.(+%+3&5%(5*(%(5#$#%7*+%
*%7#*M%-3(%+.2'.0.&*'(%&/$$#6*(./'%.'%(5#%$*'4/1%7*6M%&/'4.(./'+:%O6(5/325%.'%(5#%0366)%
$*'4/1.+#4%+#Q3#'&#%&/'4.(./'+,%(5#%7#*M%'#2*(."#%&/$$#6*(./'%7*+%'/(%+.2'.0.&*'(:%
G5.+% 9$/".4#4% +399/$(% 0/$% 9$./$+% -#&/1.'2%7#*M#$% *+% (5#% '31-#$% /0% *3(.+(.&% ($*.(+%
.'&$#*+#4%/'6)% .'% (5#%&*+#%/0% $*'4/1%7*6M% +#Q3#'&#%+(.136.% *'4% (5#$#0/$#%4.4%'/(%
9$/".4#% +399/$(% 0/$% *% 7#*M% 9$./$+% *&&/3'(:% W3#% (/% (5#$#% -#.'2% '/% ".+.-6#% +.2'+% /0%
4#&$#*+#4%"*$.*-.6.()%*+%1#*+3$#4%-)%(5#%V<,%(5#%.'&$#*+#4%9$#&.+./'%/0%6.M#6.5//4+%
7*+%'/(%+399/$(#4:%%
%
G5#%1#*'%OM*.M#%7#.25(+%+5/7#4%(5*(%(5#%+(*(.&%1/4#6%*+%(5#%1/+(%6.M#6)%*'4%(5.+%7*+%
'/(%$#6*(#4%(/%OP%+&/$#:%Z.#4#$%BCDE^F%0/3'4%(5*(%*3(.+(.&%.'4.".43*6+%7#$#%1/$#%6.M#6)%
(5*'%'/'U*3(.+(.&%.'4.".43*6+%(/%3+#%(5#%#'(.$#%4.+($.-3(./'%B*M.'%(/%(5#%+(*(.&%1/4#6%75#'%
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1*M.'2%#+(.1*(#+%*-/3(%0$#Q3#'&)%/0%(/'#+:%;'%(5#%&3$$#'(%#>9#$.1#'(,%(5#$#%7*+%'/(%
*%&6#*$%4.00#$#'&#%.'%(5#%3+#%/0%+(*(.&%"+%.(#$*(."#%1/4#6+%*&&/$4.'2%(/%*3(.+(.&%($*.(+:%
Y/$#/"#$,%*%+(*(.&%1/4#6%75.&5%6#*$'+%(5#%4.+($.-3(./'%/0%(5#%+(.136.,%7*+%0*"/3$#4%-)%
1/+(%9*$(.&.9*'(+:%G5#$#0/$#,%*'%.(#$*(."#%8*)#+.*'%1/4#6%7*+%3'6.M#6)%*'4,%*+%*%$#+36(,%
(5#/$.#+% 75.&5% &/364% $#6)% /'% (5.+% ()9#% /0% 1#&5*'.+1,% +3&5% *+% N;HHTO% *'4%
/"#$#+(.1*(./'%/0%"/6*(.6.()%7#$#%'/(%+399/$(#4%.'%(5#%&3$$#'(%$#+#*$&5:%N/7#"#$,%43#%
(/%(5#%6/7%'31-#$+%/0%5.25%OP%($*.(% .'4.".43*6+%BOP%i[CF%(5#%9$#0#$#'&#%0/$%*%+(*(.&%
1/4#6%.+%3'6.M#6)%(/%-#%$#9$#+#'(*(."#%/0%*3(.+(.&%9#$&#9(./':%%
%
%
%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
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4. Bayesian modelling of spatial localisation task behaviour: flexible 
prior updating in response to different stimulus sequences. 
%
%
4.1 Introduction 
%
G5#% 0.'4.'2+%/0%V5*9(#$% C% $#"#*6#4% (5#%9$#0#$#'&#% 0$/1%*% +(*(.&%1/4#6% .'% 43$*(./'%
#+(.1*(./':%G5.+%1*)%5*"#%-##'%0/$%+#"#$*6%$#*+/'+%-3(%1/+(%6.M#6)%-#&*3+#%(#19/$*6%
43$*(./'+%1*)%-#%9#$&#."#4%*+%4.+&$#(#%*'4%3'&/$$#6*(#4%1*2'.(34#+:%G5#%&3$$#'(%
&5*9(#$%*.1#4%(/%#>96/$#%(5#%9/++.-.6.()%(5*(%*3(/&/$$#6*(#4%+(.136.%&/364%#'&/3$*2#%
.(#$*(."#%+($*(#2.#+%0/$%+9*(.*6%Q3*'(.(.#+:%O'/(5#$%+(.1363+%4.00#$#'&#%(5*(%7*+%9$#+#'(%
-#(7##'%(5#%#>9#$.1#'(+% .'%V5*9(#$%C%*'4%J6*+*3#$%*'4%A5.% BCDEKL%CDCE-F%7*+%*%
"*$.*-6#%+(#9%$*'4/1%7*6M%B4$*7.'2%*%$*'4/1%+(#9%+.@#%"*63#%#*&5%(.1#%.'+(#*4%/0%
3+.'2% *% 0.>#4% +(#9% "*63#F:% G5.+% *4a3+(1#'(% (/% (5#% +(.1363+% +#Q3#'&#% 7*+% -$/325(%
0/$7*$4+%(/%(5#%&3$$#'(%&5*9(#$:%8*)#+.*'%.'(#2$*(./'%5*+%-##'%+399/$(#4%(5$/325%*%
$*'2#%/0%+9*(.*6%4/1*.'%95#'/1#'*%+3&5%*+%+5*9#% 0$/1%+5*4.'2% BO4*1+,%J$*0,%R%
T$'+(,% CDD\F,% ".+3*6% 1/(./'% 9#$&#9(./'% BX#.++% #(% *6:,% CDDCF,% 9*(5% .'(#2$*(./'%
BH#(@+&5'#$,%CDECF,%+9*(.*6%6/&*6.+*(./'%B8#aa*'M.,%I'.66,%R%O+6.',%CDE^L%8#$'.M#$,%</++,%
R%I/$4.'2,%CDEDL%I.$)*M/"*,%O+(/',%8#.#$5/61,%R%j*$4.'.,% CDCDF%*'4%1/(/$% &/'($/6%

B8#$'.M#$%R%I/$4.'2,% CDDKF:% O&&/$4.'2% (/%8*)#+.*'% (5#/$.#+,%1*2'.(34#% #+(.1*(./'%
-.*+#+,%75.&5%*(%0.$+(%26*'&#%*99#*$%(/%-#%#$$/$+,%*$#%.'%0*&(%+)+(#1*(.&%7*)+%.'%75.&5%
9$./$%M'/76#42#%.+%&/1-.'#4%7.(5%'/.+)%+#'+/$)%#+(.1*(#+%%(/%.19$/"#%(5#.$%$#6.*-.6.()%
B?*@*)#$.%R%A5*46#',%CDEDF:%
%

O+%4#1/'+($*(#4%.'%V5*9(#$%C%*'4%(5$/325/3(%(5#%7.4#$%6.(#$*(3$#,%&#'($*6%(#'4#'&)%
#00#&(+%5*"#%9$/".4#4%*%Q3*'(.0.*-6#%*'4%$/-3+(%.'4#>%/0%(5#%7#.25(%96*&#4%/'%(5#%9$./$%
B?*@*)#$.%R%A5*46#',%CDEDL%H#(@+&5'#$%R%J6*+*3#$,%CDEEL%H#(@+&5'#$%#(%*6:,%CDE]F:%
G5#+#%#00#&(+%5*"#%*6+/%-##'%3+#4%1/$#%$#&#'(6)%(/%4#1/'+($*(#%(5#%$*9.4%0/$1*(./'%
/0%9$./$+%/"#$%(5#%&/3$+#%/0%*'%#>9#$.1#'(%Bd/*&5%#(%*6:,%CDE`F:%O%8*)#+.*'%0$*1#7/$M%
5*+%-##'%3+#4%(/%.'(#$9$#(%&#'($*6%(#'4#'&)%-.*+%75#'%#+(.1*(.'2%Q3*'(.(.#+%+3&5%*+%
(5#%6#'2(5%/0%*%6.'#%BO+5/3$.*'%R%Z/#7#'+(#.',%CDEEF%*'4%(5#%43$*(./'%/0%(.1#%.'(#$"*6+%
B?*@*)#$.%R%A5*46#',%CDEDF:%;'%(5#%*$#*%/0%43$*(./'%#+(.1*(./'%+9#&.0.&*66),%9*$(.&.9*'(+%
#+(.1*(#+% -#&*1#%-.*+#4% (/7*$4+% (5#%1#*'%/0% 9$#"./3+6)% 9$#+#'(#4% .'(#$"*6+% *'4%
9*$(.&.9*'(+b%+5/7#4%(5#%-#+(%0.(%(/%*%8*)#+.*'%B8*)#+%6#*+(%+Q3*$#+F%1/4#6%B?*@*)#$.%
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R%A5*46#',%CDEDF:%W#+9.(#%(5#+#%9$/1.+.'2%0.'4.'2+,%$#+#*$&5%+(.66%'##4+%(/%#>96/$#%EF%
5/7%(5#+#%+($*(#2.#+%/9#$*(#%*(%(5#%($.*6%6#"#6%*'4%CF%.0%(5#+#%+($*(#2.#+%&*'%-#%3+#4%.'%
*%06#>.-6#%7*)%*&&/$4.'2%(/%4.00#$#'(%6#*$'.'2%#'".$/'1#'(+:%;'.(.*6%#>96/$*(./'+%/0%(5#+#%
.4#*+% -#2*'% -)% &/'+.4#$.'2% (5#% 9/++.-.6.()% (5*(% (5#% &#'($*6% (#'4#'&)% -.*+% *+% *'%
/3(&/1#%&/364%*$.+#%*+%*%$#+36(%/0%(5#%.'5#$#'(%3'&#$(*.'()%/0%$*'4/1%9$#+#'(*(./':%
G5.+%1#*'(%&/'+.4#$.'2%(5#%#>(#'(%(/%75.&5%/"#$%*'4%3'4#$%#+(.1*(./'%&/364%-#%&*3+#4%
-)%(5#%#>9#$.1#'(*6%9$/(/&/6%/0%$*'4/16)%9$#+#'(#4%+(.136.:%d#43&#4%&#'($*6%(#'4#'&)%
-.*+%1*)%/&&3$%.0%(5#%+(.136.%7#$#%9$#+#'(#4%.'%*%7*)%(5*(%&5*'2#4%2$*43*66)%/"#$%(.1#%
$*(5#$% (5*'% +9/$*4.&*66):% ;'% *44.(./',% '*(3$*66)% /&&3$$.'2% Q3*'(.(.#+% .'% $#*6% 6.0#%
#'".$/'1#'(+%+3&5%*+%+9##4%/$%+/3'4%6#"#6+%(#'4%(/%&5*'2#%2$*43*66):%G5.+%&/'($*+(+%
7.(5% (5#%+9/$*4.&%+5.0(+%-#(7##'%4.00#$#'(%4.+&$#(#%"*63#+%9$/43&#4%-)%0366)%$*'4/1%
9$#+#'(*(./'%BJ6*+3#$%R%A5.%CDEKL%J6*+*3#$%R%A5.%CDCE-F:%
%
J6*+*3#$% *'4% A5.% BCDEKLCDCE-F% 4#1/'+($*(#4% *% $#43&#4% &#'($*6% (#'4#'&)% -.*+% .'%

$#+9/'+#+%75#'%+(.136.%7#$#%9$#+#'(#4%".*%*% $*'4/1%7*6M%+#Q3#'&#%&/19*$#4% (/%
0366)% $*'4/1% 9$#+#'(*(./':% G5#% $*'4/1%7*6M% +#Q3#'&#% .'"/6"#4% (5#% +#6#&(./'% /0% *%
43$*(./'%*(%$*'4/1%0/$%(5#%0.$+(%($.*6%/'6)%*'4%(5#'%(5#$#*0(#$%*'%#Q3*6%&5*'&#%/0%*%/'#U
+(#9% .'&$#*+#%/$%4#&$#*+#% B7.(5% +/1#%J*3++.*'%'/.+#F% .'% (5#%+.@#%/0% (5#%43$*(./':%
d#43&#4% -.*+%7.(5% $*'4/1%7*6M% +#Q3#'&#+%7*+% 6.M#6)% 0/3'4% -#&*3+#% 9*$(.&.9*'(+%
7#$#%3+.'2%*%I*61*'%0.6(#$%+($*(#2),%*%+($*(#2)%7#66%+3.(#4%(/%2$*43*66)%&5*'2.'2%+(.136.%
-#&*3+#%9$./$%394*(.'2%/&&3$+%*&&/$4.'2%(/%(5#%1/+(%$#&#'(%&5*'2#+%.'%(5#%+(.136.:%O+%
*%$#+36(,%(5#%1/4#6%9$#4.&(#4%*%4#&$#*+#%.'%&#'($*6%(#'4#'&)%-.*+,%*'4%(5#%9*$(.&.9*'(+%
#+(.1*(./'%-#5*"./3$%*6+/%4.+96*)#4%(5.+%4#&$#*+#,%-3(%.(%7*+%'/(%*+%6*$2#%*+%(5#%1/4#6%
9$#4.&(#4:%!"#$*66,%(5#)%&/'&634#4%*%0.>#4%I*61*'%0.6(#$%7*+%(5#%-#+(%0.((.'2%1/4#6%-3(%
7#$#,%*(%(5.+%9/.'(,%3'*-6#%(/%#>96*.'%(5.+%4.00#$#'&#%.'%&/19$#++./'%-#(7##'%(5#%1/4#6%
*'4%(5#%4*(*:%V/'+.4#$.'2%(5*(%4.00#$#'(%6#"#6+%/0%$*'4/1'#++%7#$#%9$#+#'(%.'%(5#.$%(7/%
+(.1363+% /$4#$+,% .(% *6+/% +##1+% 96*3+.-6#% (5*(% 9*$(.&.9*'(+% &/364% 5*"#% +7.(&5#4%
+($*(#2.#+:%O6(5/325%(5.+%7*+%'/(%(5#%&*+#%0/$%(5#%43$*(./'%$#9$/43&(./'%#>9#$.1#'(+%
4.+96*)#4% .'%V5*9(#$% C%75#$#% (5#% +($*(#2)% 3+#4% -)%1/+(% 9*$(.&.9*'(+%7*+% *% +(*(.&%
8*)#+.*'%+($*(#2)%$#2*$46#++%/0%(5#%+(.1363+%+#Q3#'&#%3+#4%(/%9$#+#'(%(5#%+(.136.:%
%
G5#$#% .+% (5#% 9/++.-.6.()% (5*(% 4.00#$#'(% +($*(#2.#+%1*)% -#% +3.(#4% (/% 4.00#$#'(% ()9#+% /0%
+(.136.,% 43#% (/% (5#% 3'.Q3#% *4"*'(*2#+% (5*(% *% 2."#'% 9$./$% *&Q3.+.(./'% +($*(#2)% &/364%
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9$/".4#% 0/$% &#$(*.'% +(.1363+% 0#*(3$#+:%O%9*$(.&36*$6)% .19/$(*'(% &5*$*&(#$.+(.&% /0% 9$./$%
*&Q3.+.(./'%*'4%394*(.'2%1.25(%-#% (5#%/$4#$% B$*'4/1'#++%/$% 6*&M% (5#$#/0F% .'%75.&5%
+(.1363+%3+3*66)%*99#*$%.'%(5#%6#*$'.'2%#'".$/'1#'(:%H+)&5/6/2)%*+%*%4.+&.96.'#%/0(#'%
0*"/3$+%$*'4/1%9$#+#'(*(./'%5/7#"#$,%(5.+%.+%'/(%*67*)+%5/7%$#*6%6.0#%#'".$/'1#'(+%
9$/43&#% 6#*$'*-6#% +(*(.+(.&*6% $#236*$.(.#+:% _366)% $*'4/1% +(.136.,% .0% 4$*7'% 0$/1% (5#%
4.+($.-3(./'% *'4,% .0% (5#.$% "*63#+% 4/% '/(% .'063#'&#% /'#% *'/(5#$% *$#% 4#+&$.-#4% *+%
.'4#9#'4#'(%*'4%.4#'(.&*66)%4.+($.-3(#4:%O%$#*6U6.0#%#>*196#%/0%(5.+%1.25(%-#%5/7%6/'2%
*%7##M6)%1##(.'2%&/364%9/(#'(.*66)% 6*+(:%G5#$#%1.25(%-#%+/1#%0*&(/$+%(5*(% .'063#'&#%
063&(3*(./'+%.'%(5#%6#'2(5%/0%(.1#%-3(%&$3&.*66)%(5#%(.1#%/0%/'#%1##(.'2%4/#+%'/(%4.$#&(6)%
4.&(*(#%(5#%6#'2(5%/0%*')%/(5#$%+.'26#%.'+(*'&#:%
%
;'%&/'($*+(,%(5#$#%*$#%&#$(*.'%#'".$/'1#'(+%75#$#%#*&5%.'+(*'&#%/0%(5#%#"#'(%.+%$#6*(#4%
(/%(5#%'#>(%B*3(/&/$$#6*(#4F:%O'%#>*196#%/0%(5.+%7/364%-#%(5#%-*&M2$/3'4%'/.+#%*(%*%
$#+(*3$*'(:%!0(#'%75#'%/'#%9#$+/'%+(*$(+%(*6M.'2%1/$#%6/346),%*'/(5#$%9#$+/'%7.66%5*"#%

(/%+9#*M%/"#$%(5*(%'/.+#%6#"#6%(/%-#%5#*$4%B(5#%+*1#%*996.#+%0/$%4#&$#*+#+%.'%'/.+#%
6#"#6F%1#*'.'2%(5*(%#*&5%"/631#%6#"#6%&*'%-#%9$#4.&(."#%/0%(5#%'#>(:%G5.+%$#*6%7/$64%
#>*196#% 03'&(./'+% +.1.6*$6)% (/% (5#% +(*(.+(.&*6% $#236*$.()% 9$/".4#4% -)% *% $*'4/1%7*6M%
+#Q3#'&#%-#&*3+#%(5#$#%.+%*%+1*66,%-3(%$*'4/1,%.'&$#1#'(*6%.'&$#*+#%/$%4#&$#*+#%.'%
1*2'.(34#:%Y/$#%&$3&.*66)%(5.+%1#*'+%(5*(%(5#%+.@#%/0%(5#%9$#"./3+%+(.1363+%1*2'.(34#,%
.+% 9$#4.&(."#% /0% (5#% &3$$#'(% +(.1363+%1*2'.(34#:% G5.+% .+% (5#% +*1#% ()9#% /0% +(.1363+%
+#Q3#'&#%3+#4%-)%J6*+*3#$%*'4%A5.%BCDEKL%CDCE-F:%%
%
%
%
%
%
%
%
%
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%
%
%
%
%
G/%-#((#$%&/'(#>(3*6.+#%(5#+#%9$./$%*&Q3.+.(./'%+($*(#2.#+%*'4%(5#%-#'#0.(+%(5#)%9$/".4#%
0/$%&#$(*.'%+(.1363+%+#Q3#'&#+,%+##%_.23$#%[D:%_/$%(5#%$*'4/1%7*6M%()9#%/0%+#Q3#'&#,%
(5#%+1*66%&5*'2#+% .'% (5#%+(.1363+%9$/".4#%*'%#'".$/'1#'(%75#$#% (5#%&3$$#'(% (*$2#(%
9/+.(./'% &*'% -#% #*+.6)% 9$#4.&(#4% 0$/1% (5#% 9$#"./3+% (*$2#(% 9/+.(./'% B*3(/&/$$#6*(#4F:%
G5#$#0/$#,% (5#% 9$./$% 394*(.'2% +($*(#2)%75.&5% *&&3136*(#+% 9$./$% M'/76#42#% (5$/325%
6#*$'.'2%(5#%+(.1363+%(*$2#(% 6/&*(./'%/'%(5#%9$#"./3+%($.*6%7/364%-#%1/+(%+3&&#++036%
B_.23$#%[D*F:%N/7#"#$,%0/$%*%0366)%$*'4/1%+#Q3#'&#,%(5#'%.(%.+%*4"*'(*2#/3+%(/%3+#%
(5#%*"#$*2#%/0%(5#+#%6*$2#%063&(3*(./'+%(/%9$/".4#%*%+311*$)%/0%(5#%4*(*%-#&*3+#%5#$#,%
(5#%9$#"./3+%(*$2#(%9/+.(./'%.+%5.256)%4.00#$#'(%(/%(5#%&3$$#'(%(*$2#(%B_.23$#%[D-F:%G*M#'%
(/2#(5#$,% .0% 4.00#$#'(% $#*6U6.0#% #'".$/'1#'(+% .'5#$#'(6)% &/'(*.'% 4.00#$#'(% 6#"#6+% /0%
$*'4/1'#++,% .(%7/364%-#%96*3+.-6#% (5*(%4.00#$#'(%9$./$%394*(.'2%+($*(#2.#+%7/364%-#%
-#((#$%+3.(#4%(/%#*&5%/0%(5#+#%#'".$/'1#'(+:%O44.(./'*66),%(5#%$#+36(+%/0%V5*9(#$%C%0$/1%
(5.+% (5#+.+% $*.+#% (5#% 9/++.-.6.()% (5*(% (5#$#% &/364% -#% &#$(*.'% Q3*6.(.#+% /0% (#19/$*6%
43$*(./'+%75.&5%1*M#% (5#1% 6#++% 6.M#6)% (/% -#% +3.(#4% (/% *%I*61*'% 0.6(#$% +($*(#2):% G/%
#>96/$#% (5#+#%9/++.-.6.(.#+,% (5#%&3$$#'(%#>9#$.1#'(%*.1#4% (/%3'4#$+(*'4%75#(5#$,% .'%

Y*97)$&PF%&4)*")&7(,2#*+9&5#)2#$9*$5:&()$V*"75&#2)9$#&2+,&)7++*+9&.$2+&-")&)2+,".&U23W&2+,&-733<&)2+,".&
5$_7$+1$5. 

 

!"#$%&
8J$&5J*-#&*+&#2)9$#&("5*#*"+5&-)".&n2755*2+&,*5#)*@7#*"+&MR&p&F?&0`&p&B23W&0`O&(3"##$,&25&2&-7+1#*"+&"-&#J$&
#)*23&+7.@$)%&8J$&-*33$,&,"#5&5J"U&#J$&#2)9$#&("5*#*"+5&-")&2O&#J$&)2+,".&U23W&5$_7$+1$&@O&#J$&-733<&)2+,".&
5$_7$+1$%&8J$&9)$$+&3*+$&5J"U5&#J$&()$V*"75&#2)9$#&()*")?&2+,&#J$&(7)(3$&3*+$&5J"U5&#J$&)7++*+9&.$2+&
()*")&*+&@"#J&-*97)$5%&
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$#+9/'+#% (/% 4.00#$#'(% +(.1363+% 9$#+#'(*(./'% /$4#$,% 75.&5% 1/4#6% 9$/".4#4% (5#% -#+(%
#>96*'*(./'%/0%9*$(.&.9*'(+%-#5*"./3$%43$.'2%*%+9*(.*6%6/&*6.+*(./'%(*+M:%%
%
A9*(.*6%6/&*6.+*(./'%(*+M+%5*"#%9$#+#'(#4%".$(3*6%&3#%*'4%(*$2#(%&/.'+%.'%*%+(*(.+(.&*66)%
$#6*(#4%7*)%(/%+##%75#(5#$%531*'+%3+#%8*)#+.*'%9#$&#9(./'%(/%#+(.1*(#%(5#.$%6/&*(./':%
G5.+%.+%M'/7'%*+%(5#%oV*(&5%(5#%V/.'b%(*+M%BG*++.'*$.,%N34+/',%R%Z*'4),%CDD^F:%G5#%
(*+M%.'"/6"#+%(5#%9$#+#'(*(./'%/0%*%&3#%&/.',%75.&5%4.+*99#*$+%*0(#$%*%0#7%+#&/'4+:%
G5.+% .+% +5/$(6)% 0/66/7#4% -)% *'% /'% +&$##'% '#(% 75.&5% '##4+% (/% -#% 4$*22#4% -)% (5#%
9*$(.&.9*'(% (/% (5#% 6/&*(./'%75#$#% (5#)% (5.'M% (5#%5.44#'% (*$2#(%1.25(%-#:%_.'*66),% (5#%
9/+.(./'% /0% (5#% 5.44#'% &/.'% .+% $#"#*6#4,% *'4% (5#% 0##4-*&M% /0% (5#% 5.44#'% 9/+.(./'%
9$/".4#+% (/% +/1#% #>(#'(,% 9$./$% M'/76#42#% /0% (5#% (*$2#(% &/.'% 9/+.(./'% 0/$% 03(3$#%
#+(.1*(#+:% G5#% 0366% 9$./$% 6#*$'.'2% +($*(#2)% &/364% .'"/6"#% 6#*$'.'2% (5#% 1#*'% /0% (5#%
4.+($.-3(./'% /0% (5#% (*$2#(% &/.'% 9/+.(./'+% B$3''.'2%1#*'F% /$% -)% 3+.'2% (5#% (*$2#(% &/.'%
6/&*(./'% /'% (5#% 9$#"./3+% ($.*6% BI*61*'% 6.M#% 0.6(#$F:% G5#% &3#% &/.'% 9/+.(./'+,% 5/7#"#$,%

0/$1#4%(5#%6.M#6.5//4%-#&*3+#%(5#)%9$/".4#4%&3$$#'(%+#'+/$)%M'/76#42#%*(%(5#%(.1#%/0%
$#+9/'4.'2:% G5.+% .+% -#&*3+#% (5#% &3#% &/.'% 9/+.(./'+% 7#$#% 4$*7'% 0$/1% *% J*3++.*'%
4.+($.-3(./'%B*%'/$1*6%4.+($.-3(./'%75#$#%(5#%1#*'%7*+%#Q3*6%(/%(5#%(*$2#(%&/.'%/'%(5*(%
($.*6F:%O&&/$4.'2%(/%8*)#+.*'%.'(#$9$#(*(./'+,%75#'%(5#%+(*'4*$4%4#".*(./'%B"*$.*-.6.()F%
/0%(5#%&3#%&/.'%7*+%6*$2#,%(5#%7#.25(%2."#'%(/%(5#%&3#%&/.'%$#43&#4%*'4%(5#%7#.25(%
2."#'%(/%(5#%9$./$%.'&$#*+#4%B8#aa*'M.%#(%*6:,%CDE^L%8#$'.M#$%#(%*6:,%CDEDF:%
%
;'.(.*6%$#+#*$&5%3+.'2%(5#%oV*(&5%(5#%V/.'b%(*+M%B8#$'.M#$%#(%*6:,%CDEDF%4#1/'+($*(#4%
(5*(%9*$(.&.9*'(+%$#+9/'4#4%.'%6.'#%7.(5%8*)#+.*'%7#.25(.'2%/0%(5#%9$./$%*'4%6.M#6.5//4%
*&&/$4.'2% (/% (5#.$% $#6.*-.6.():% 8*)#+.*'% 7#.25(.'2% 7*+% +5/7'% -#&*3+#% *+% (5#% 9$./$%
"*$.*'&#%4#&$#*+#4,%(5#%9*$(.&.9*'(+%9#$&#9(./'%/0%(5#%(*$2#(%6/&*(./'%B'#(%$#+9/'+#%
-*+#4% /'% 75#$#% (5#)% -#6.#"#4% (5#% (*$2#(% (/% -#F% 1/"#4% (/7*$4+% (5#% 9$./$% 1#*':%
X5#$#*+%75#'%(5#%6.M#6.5//4%"*$.*'&#%4#&$#*+#4,%9*$(.&.9*'(+%-#6.#0+%*-/3(%(5#%(*$2#(%
6/&*(./'% B'#(% 96*&#1#'(F% 1/"#4% &6/+#$% (/% (5#% &3#% &/.',% 1#*'.'2% (5*(% (5#)% 7#$#%
7#.25(.'2%(5#%6.M#6.5//4%B&3#F%1/$#%5#*".6):%O44.(./'*66),%.$$#+9#&(."#%/0%75#(5#$%9$./$%
"*$.*'&#%7*+%&/'+(*'(,%/$%.(%+7.(&5#4%5*60U7*)%(5$/325%(5#%-6/&M+%B0$/1%D:C%(/%D:D]F,%
9*$(.&.9*'(+%6#*$'#4%(5#%9$./$%1#*'%"#$)%Q3.&M6):%G5#)%*6+/%6#*$'#4%(5#%9$./$%"*$.*'&#,%
-3(%/"#$%*%+6/7#$%(.1#+&*6#%B8#$'.M#$%#(%*6:,%CDEDF:%%
%
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!(5#$% $#+#*$&5% .'%+399/$(%/0% (5#+#%&6*.1+%4#1/'+($*(#4% (5*(% (5#%$#+9#&(."#%1#*'+%
*'4%+(*'4*$4%4#".*(./'+%/0%136(.96#%9$./$%4.+($.-3(./'+%&*'%-#%6#*$'#4%+.136(*'#/3+6)%
B8#aa*'M.% #(% *6:,% CDE^F:% Y/$#% $#&#'(6),% I.$)*M/"*% *'4% &/66#*23#+% BCDCDF% #>96/$#4%
8*)#+.*'% ($*'+0#$% .'%/$4#$% (/%+#9*$*(#%8*)#+.*'%9#$&#9(./'% 0$/1%9/(#'(.*6%5#3$.+(.&%
+($*(#2.#+,%75#$#%($*'+0#$%7/364%'/(%-#%9/++.-6#:%8*)#+.*'%($*'+0#$,%.'%(5#%&*+#%/0%(5.+%
#>9#$.1#'(,%.'"/6"#4%9*$(.&.9*'(+%7#.25(.'2%(5#%9$./$%1/$#%5#*".6)%*+%(5#)%1/"#4%/'(/%
5.25%"*$.*'&#% 6.M#6.5//4+%B$#6*(."#%(/% 6/7%*'4%1#4.31%"*$.*'&#% 6.M#6.5//4+%(5#)%5*4%
#>9#$.#'&#4% 0$/1% (5#% ($*.'.'2F:% A/1#% ($*'+0#$% 7*+% 0/3'4% -#&*3+#% 9*$(.&.9*'(+%
7#.25(#4%(5#%9$./$%(/%*%2$#*(#$%#>(#'(%"#$)%#*$6)%/'%43$.'2%(5#+#%9/+(%($*.'.'2%(#+(%($.*6+,%
75.&5%7#$#%'/(%".#7#4%43$.'2%($*.'.'2:%G5.+%.'4.&*(#4%(5*(%*%8*)#+.*'%9$/&#++%.+%6.M#6)%
(/%-#% .'%/9#$*(./':%!"#$*66%+9*(.*6% 6/&*6.+*(./'%$#+#*$&5%+##1+%(/%+322#+(%9$./$%*'4%
6.M#6.5//4%4.+($.-3(./'+%7#$#%6#*$'#4%0*.$6)%+3&&#++0366)%43$.'2%(5.+%(*+M,%5/7#"#$%(5#$#%
.+%*%&/'+.+(#'(% 0.'4.'2%/0%/"#$7#.25(.'2% (5#% 6.M#6.5//4%*'4%3'4#$7#.25(.'2% (5#%9$./$%
$#6*(."#%(/%/9(.1*6%8*)#+.*'%6#*$'.'2%B8#aa*'M.%#(%*6:,%CDE^L%I.$)*M/"*%#(%*6:,%CDCDF:%%
%

;'% (5#% &3$$#'(% #>9#$.1#'(,% 4*(*% 7#$#% &/66#&(#4% *&$/++% *% $*'2#% /0% &3#% *'4% (*$2#(%
+(*'4*$4%4#".*(./'+%.'%/$4#$%(/%2*.'%.'+.25(%.'(/%5/7%(5#%&#'($*6%(#'4#'&)%-.*+#+%"*$.#4%
*&&/$4.'2%(/%4.00#$#'(%+/3$&#+%/0%"*$.*-.6.()%B*'4%9/++.-6#%8*)#+.*'%.'(#2$*(./'F%.'%(5.+%
(*+M:% ;(% 7*+% 9$#4.&(#4% .'% 6.'#%7.(5% 8#$'.M#$% *'4% &/66#*23#+% BCDEDF% (5*(% *+% (5#% &3#%
+(*'4*$4%4#".*(./'%.'&$#*+#4,%(5#%-.*+%(/7*$4+%(5#%1#*'%/0%(5#%J*3++.*'%4.+($.-3(./'%
(5*(%(5#%(*$2#(%9/+.(./'+%7#$#%4$*7'%0$/1%7/364%*6+/%.'&$#*+#:%G5.+%7/364%.'4.&*(#%(5#%
9$#+#'&#%/0%8*)#+.*'%.'(#2$*(./':%%
%
A#&/'46),%-*+#4%/'%J6*+*3#$%*'4%A5.%BCDEKLCDCE-Fb+%0.'4.'2+%.(%7.66%-#%9$#4.&(#4%(5*(,%
.0%(5#%9*$(.&.9*'(+%*$#%3+.'2%*%0.>#4%I*61*'%0.6(#$%6.M#%B9$#"./3+%(*$2#(F%+($*(#2)%0/$%-/(5%
&/'4.(./'+,%(5#)%7.66%+5/7%$#43&#4%&/19$#++./'%.'%(5#%$*'4/1%7*6M%&/'4.(./'%$#6*(."#%
(/% (5#%0366)%$*'4/1%&/'4.(./'+:%G5.+%4.00#$#'&#%7/364% .'4.&*(#% (5#%3+#%/0%*%9$#"./3+%
(*$2#(%1/4#6%-#&*3+#%(5.+%()9#%/0%9$./$%394*(.'2%.+%"#$)%7#66%+3.(#4%(/%(5#%2$*43*66)%
&5*'2.'2% +(.136.:% O6(#$'*(."#6),% (5*(% 9*$(.&.9*'(+% &/364% 3+#% *% 4.+($.-3(./'% #+(.1*(./'%
+($*(#2)%B$3''.'2%1#*'F,%75#$#%(5#%+*1#%*1/3'(%/0%&/19$#++./'%7/364%-#%".+.-6#%.'%
-/(5%&/'4.(./'+%-#&*3+#%(5#%"*63#%/0%(5#%1#*'%*'4%+(*'4*$4%4#".*(./'%7/364%-#%(5#%
+*1#%.$$#+9#&(."#%/0%/$4#$:%%
%
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;(% .+%*6+/%9/++.-6#%(5*(%9*$(.&.9*'(+%1*)%-#%06#>.-6#% .'%(5#.$%9$./$%394*(.'2%*'4%3+#%*%
I*61*'% 0.6(#$% 6.M#% B9$#"./3+% (*$2#(F%1/4#6% (/% .19$/"#% 9#$0/$1*'&#% .'% $*'4/1%7*6M%
&/'4.(./'+,%*'4%(5#'%+7.(&5%(/%*%4.+($.-3(./'%#+(.1*(./'%+($*(#2)%B$3''.'2%1#*'F%75#'%
.(%7/364%-#%*99$/9$.*(#%0/$%6#*$'.'2%*-/3(%(5#%+(.1363+%9$/9#$(.#+%43$.'2%0366)%$*'4/1%
&/'4.(./'+:% G/% *44$#++% (5.+% 9/++.-.6.(),% (5#% &3$$#'(% $#+#*$&5% *.1#4% (/% 3+#%
&/193(*(./'*6%1/4#66.'2%(/%2*.'%.'+.25(%.'(/%(5#%+($*(#2.#+%(5*(%1*)%5*"#%-##'%#6.&.(#4%
-)%4.00#$#'(% +(.1363+%/$4#$+:%A/,% .'%*44.(./'% (/% &/66#&(.'2%#19.$.&*6% 4*(*,% (5$##% B(7/%
8*)#+.*'% 1/4#6+% *'4% /'#% '/'U8*)#+.*'F% 1/4#6+% 7#$#% 3+#4% (/% 4#(#$1.'#% 75.&5%
+($*(#2)% 7*+% -#.'2% 3+#4%75#'% 9*$(.&.9*'(+% 7#$#% 9$#+#'(#4%7.(5% 4.00#$#'(% +(.1363+%
/$4#$+:%G5#%8*)#+.*'%1/4#6+%.'&634#4%/'#%(5*(%*++31#4%(5#%I*61*'%0.6(#$%6.M#%6#*$'.'2%
B9$#"./3+%(*$2#(F%*'4%/'#%(5*(%*++31#4%4.+($.-3(./'%#+(.1*(./'%B$3''.'2%1#*'F:%
%
4.2 Methods 
 
!-+#$"#$+%
CD%BED%1*6#+F%/-+#$"#$+%(//M%9*$(%.'%(5#%$#+#*$&5:%!0%(5/+#%75/%4.+&6/+#4%(5#.$%*2#,%
(5#$#%7*+%*'%*2#%$*'2#%/0%CEU%\\:%H*$(.&.9*'(+%4.4%'/(%$#9/$(%*')%4.00#$#'&#+%.'%(5#.$%
".+./'%+/%.(%7*+%*++31#4%(5*(%(5#)%7#$#%7#*$.'2%*99$/9$.*(#%#)#7#*$:%!'#%/-+#$"#$%
7*+%#>&634#4%43#%(/%+/1#%(#&5'.&*6%4.00.&36(.#+%7.(5%$3''.'2%(5#%/'6.'#%#>9#$.1#'(%/'%
(5#.$%9#$+/'*6%&/193(#$:%
%

%

A(.136.%4#(*.6+%

G5#% +(.136.% 7#$#% 9$#+#'(#4% /'% (5#% 9*$(.&.9*'(+% /7'% &/193(#$,% 3+.'2% H+)&5/9)%
H*"6/".*%43#%(/%(5#%/'6.'#%'*(3$#%/0%(5#%#>9#$.1#'(:%N/7#"#$,%(5#%+&$##'%4.1#'+./'+%
7#$#% +(*'4*$4.+#4% (/% *% \e[% 4.+96*).'2%1/'.(/$% (/% 9$/43&#%*%7.4(5% /0% UD:^`% (/% D:^`%
+&$##'%3'.(+%*'4%*%5#.25(%/0%UD:]%(/%D:]%+&$##'%3'.(+:%H+)&5/9)%+/0(7*$#%7*+%3+#4%0/$%
#>9#$.1#'(%&$#*(./'%*'4%(5#%/'6.'#%96*(0/$1%.(%9$/".4#4,%H*"6/".*,%3+#4%J.(Z*-%BH#.$&#%
#(%*6:,%CDEKF:G5#%&3#%&/.'%*'4%(5#%(*$2#(%&/.'%7#$#%-/(5%&.$&36*$%.'%+5*9#,%&/6/3$#4%
)#66/7%*'4%$#4%$#+9#&(."#6)%(/%4.+(.'23.+5%(5#1:%G5#)%5*4%*%$*4.3+%/0%D:D]%+&$##'%3'.(+:%
G5#%75.(#%$#&(*'26#%(5*(%7*+%3+#4%(/%1*M#%(5#%'#(%7*+%D:D`%+&$##'%3'.(+%7.4#,%*'4%
0366%+&$##'%5#.25(:%%
%
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H$/&#43$#%
W3$.'2% (5#%#>9#$.1#'(,% (5#%9*$(.&.9*'(+%+*7%*%&3#%*'4%*% (*$2#(%&/.'%*99#*$%/'% (5#%
+&$##':%G5#)%*99#*$#4%.'%+3&&#++./'%*'4%7#$#%4#+&$.-#4%(/%-#%o-#.'2%(5$/7'%0$/1%
-#5.'4%(5#1b%*'4% 6*'4.'2% .'%*%".$(3*6% 6*M#%+(.1363+%/'%(5#%+&$##':% ;'%*&(3*6.(),% (5#)%
7#$#%*99#*$.'2%*'4%4.+*99#*$.'2%/'%+&$##',%-3(%9$#"./3+%+9*(.*6%8*)#+.*'%.'(#2$*(./'%
$#+#*$&5%5*+%3+#4%(5#%'*$$*(."#%/0%&/.'+%-#.'2%(5$/7'%(/%#'&/3$*2#%9*$(.&.9*'(+% (/%
".#7%(5#%&/.'+%*+%6*'4.'2%.'%*%9$#4.&(*-6#%1*''#$:%O%0.>*(./'%&$/++%*99#*$#4%/'%+&$##'%
*(%(5#%+(*$(%/0%(5#%#>9#$.1#'(%0/$%D:]%+#&/'4+,%(5#'%(5#%&3#%&/.'%0/66/7#4%*'4%$#1*.'#4%
/'%+&$##'%0/$%D:[%+#&/'4+:%G5#%&3#%&/.'%7*+%*%'/.+)%.'4.&*(/$%/0%(5#%($3#%(*$2#(%6/&*(./'%
-#&*3+#%.(%7*+%$*'4/16)%4$*7'%0$/1%*%J*3++.*'%4.+($.-3(./':%G5.+%&3#%J*3++.*'%5*4%
*%1#*'%#Q3*6%(/%(5#%(*$2#(%6/&*(./'%/'%(5*(%($.*6%B+##%_.23$#%[E*%*'4%-F%*'4%*%+(*'4*$4%
4#".*(./'%B&3#%AWF%%(5*(%4.&(*(#4%5/7%5#69036%(5#%&3#%7*+%/'%#*&5%($.*6:%G5#%2#'#$*(./'%
/0% #*&5% (*$2#(% 9/+.(./'% .'"/6"#4% $*'4/16)% +#6#&(.'2% *% "*63#% 0/$% (5#% 0.$+(% 9/+.(./'%
0/66/7#4%-)%+3-+#Q3#'(%$*'4/1%7*6M%+(#9%&5*'2#+%(/%(5.+%"*63#%0/$%(5#%$#1*.'4#$%/0%

(5#%+#Q3#'&#:%G5.+%$*'4/1%7*6M%+(#9%7*+%4$*7'%0$/1%*%J*3++.*'%7.(5%*%AW%B#Q3*6%(/%
(5#%7*6M%AW%0/$%(5*(%&/'4.(./'F%(/%4#(#$1.'#%(5#%+.@#%/0%(5#%"*$.*-6#%+(#9:%O%+1*66%&3#%
+(*'4*$4% 4#".*(./'% 7/364% 6#*4% (/% *% 1/$#% 5#69036% &3#% 43#% (/% (5#$#% -#.'2% $#43&#4%
"*$.*-.6.()%/0%(5#%&3#%&/.'b+%9/+.(./':%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
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%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

G5#%9*$(.&.9*'(+%7#$#%(5#'%*+M#4%(/%9$#4.&(%75#$#%(5#%+#&/'4%(*$2#(%&/.'%7/364%o6*'4b%
-*+#4%/'%75#$#% (5#)%+*7% (5#% 0.$+(%/'#% o6*'4b%/'% (5#%+&$##'% B+##%_.23$#%[C*F:%G5#%
9*$(.&.9*'(+%7#$#%9$#+#'(#4%7.(5%*%'#(%*'4%(5#'%5*4%3'6.1.(#4%(.1#%(/%3+#%(5#%1/3+#%
(/%96*&#%(5#%'#(%75#$#%(5#)%(5/325(%(5#%(*$2#(%&/.'%7*+%6/&*(#4%B+##%_.23$#%[C-F:%O0(#$%
(5#)%&/'0.$1#4%(5#.$%#+(.1*(#%-)%9$#++.'2%+9*&#%-*$,%(5#%(*$2#(%&/.'%7*+%$#"#*6#4%*'4%
*99#*$#4%/'%(5#%+&$##'%0/$%D:`]%+#&/'4+:%;0%(5#%9*$(.&.9*'(%1/"#4%(5#%'#(b+%&#'($#%(/%
-#%6#++%(5*'%D:D]%+&$##'%3'.(+%*7*)%0$/1%(5#%(*$2#(%&/.'b+%&#'($#,%(5#'%(5#%'#(%(3$'#4%
2$##'%(/%.'4.&*(#%(5*(%(5#)%5*4%t&*325(u%(5#%&/.'%B+##%_.23$#%[C4F:%G5.+%+#Q3#'&#%7*+%
$#9#*(#4%0/$%`D%($.*6+%(/%0/$1%/'#%&/'4.(./':%

%

Y*97)$&PL%&8J$&9$+$)2#*"+&"-&#J$&17$&1"*+&("5*#*"+5&-)".&#J$&#2)9$#&1"*+&("5*#*"+5%&

 

!"#$%&

2O&8J$&#2)9$#&("5*#*"+&(2#J&(3"##$,&25&2&-7+1#*"+&"-&#)*23&+7.@$)%&&

@O&8J$&17$&1"*+&("5*#*"+&U25&,)2U+&-)".&2&n2755*2+&U*#J&2&0`&$_723&#"&17$&0`%&8J$&.$2+&"-&#J$&
n2755*2+&#J$&17$&1"*+&U25&,)2U+&-)".&U25&1$+#)$,&"+&#J$&17))$+#&#2)9$#&1"*+&("5*#*"+%&f+&#J$&$I2.(3$&
5J"U+&J$)$?&#J$&-*)5#&#2)9$#&1"*+&("5*#*"+&*5&\F%K&*+&Y*97)$&PL2&2+,&25&2&)$573#&#J$&17$&1"*+&n2755*2+&*5&
1$+#)$,&"+&\F%K%&8J$&5#2+,2),&,$V*2#*"+&"-&#J$&17$&n2755*2+&*+&#J*5&$I2.(3$&*5&F%E&UJ*1J&U25&1J"5$+&
2)@*#)2)*3<&-")&#J$&,$."+5#)2#*V$&(7)("5$5&"-&#J*5&-*97)$%&

 



 140 

%

%

%

V/'4.(./'+%
%
_366)%$*'4/1%"#$+3+%$*'4/1%7*6M%%
G5#%/$4#$%/0% (5#% ($.*6+%7*+%0366)% $*'4/1%.'% (7/%/0% (5#%&/'4.(./'+%*'4%*%"*$.*(./'%/'%
$*'4/1%9$#+#'(*(./',%$*'4/1%7*6M,%7*+%3+#4%(/%9$#+#'(%(5#%(*$2#(%&/.'%.'%(5#%/(5#$%
(7/%&/'4.(./'+:%H$/43&.'2%(5#%(*$2#(%9/+.(./'+%.'"/6"#4%+#6#&(.'2%*%+(*$(.'2%9/+.(./'%*(%
$*'4/1%*'4%(5#'%3+.'2%"*$.*-6#%+(#9%.'&$#1#'(+%(/%9$/43&#%*%$*'4/1%7*6M:%G5#%+(#9%
+.@#%7*+%4#(#$1.'#4%-)%4$*7.'2%*%'31-#$% 0$/1%*%J*3++.*'% B*%'/$1*6% 4.+($.-3(./'%
&3$"#%7.(5%*%1#*'%/0%D%*'4%*%AW%#Q3*6%(/%(5#%9$#4#(#$1.'#4%"*63#%/0%(5#%$*'4/1%7*6M%
AWF:%G5#%7*6M%AW%(5#$#0/$#%*44#4%3'.Q3#%"*$.*-.6.()%(/%(5#%+.@#%/0%#*&5%/0%(5#%7*6M%
+(#9+:%G5#%$*'4/1%7*6M%/0%(5#%(*$2#(%&/.'%9/+.(./'+%7*+%&/'+($*.'#4%-#(7##'%UD:^`%
*'4%D:^`%+&$##'%3'.(+,%(/%*"/.4%(*$2#(+%*99#*$.'2%/00%(5#%+&$##':%G/%&$#*(#%(5#%0366)%

a b

dc

Y*97)$&PE%&0$_7$+1$&"-&$V$+#5&-")&2&5*+93$&5(2#*23&3"123*52#*"+&#)*23&

!"#$%&
2O&8J$&<$33"U&17$&2(($2)5&-*)5#&@O&8J$&UJ*#$&)$1#2+9732)&+$#&J25&."75$&1"+#*+9$+#&J")*b"+#23&
."V$.$+#&1O&f-&#J$&#2)9$#&1"*+&*5&+"#&1279J#?&#J$&+$#&#7)+5&#)2+5371$+#&9)$<&,O&f-&#J$&#2)9$#&1"*+&*5&
1279J#?&#J$&+$#&#7)+5&9)$$+?&2+,&LFF&("*+#5&*5&2,,$,&#"&#J$&51")$&-")&$21J&1"*+&#J2#&U25&1279J#% 
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$*'4/1% &/'4.(./'+,% (5#% &/$$#+9/'4.'2% $*'4/1%7*6M% +#Q3#'&#%7*+% 2#'#$*(#4% *'4%
(5#'%+53006#4%+/%(5*(%(5#%/$4#$%/0%(5#%($.*6+%7*+%(5#%/'6)%4.00#$#'&#%-#(7##'%(5#%(7/%
+#Q3#'&#+:%
%

X*6M%AW%"*$).'2%*'4%&3#%AW%"*$).'2:%%
G/%3'4#$+(*'4%(5#%4.00#$#'(% 6#"#6+%/0%&/19$#++./'%*&&/$4.'2%(/%(5#%"*$.*-.6.()%/0%(5#%
&3#%*'4%(5#%$*'4/1%7*6M%+#Q3#'&#,%#.(5#$%(5#%&3#%*'4%(5#%7*6M%+(*'4*$4%4#".*(./'%
B&3#%AW%*'4%7*6M%AW%$#+9#&(."#6)F%(//M%/'%*%$*'2#%/0%"*63#+%75.6+(%(5#%/(5#$%/0%(5#%
(7/%"*63#+%7*+%5#64%&/'+(*'(%*(%D:D]:%G5.+%1#*'+%(5*(%0/$%(7/%/0%(5#%&/'4.(./'+%(5#%
&3#%AW%&)&6#4%(5$/325%0."#%"*63#+%BD:DE,%D:D],%D:E,%D:E]%*'4%D:CF%75.6+(%(5#%7*6M%AW%
$#1*.'#4%*(%D:D]:%G5#%+#Q3#'&#+%2#'#$*(#4%7.(5%(5#+#%&3#%AW%"*63#+%7#$#%9$#+#'(#4%
.'% -6/&M+% +/%`D% ($.*6+%7/364%-#%9$#+#'(#4%7.(5% *% &3#%AW%/0% D:DE%*'4% (5.+% 9$/&#++%
$#9#*(#4% 0/$% (5#%'#>(%\%&3#%AW+:%_/$% (5#%/(5#$% (7/%&/'4.(./'+,% (5#%7*6M%AW%"*$.#4%
*&&/$4.'2%(/%(5#+#%"*63#+%*'4%(5#%&3#%AW%$#1*.'#4%*(%D:D]%B9$#+#'(#4%.'%-6/&M+%*+%
4#+&$.-#4% 0/$% (5#% &3#% AW% "*$).'2F:% O6/'2+.4#% (5#% 7*6M% *'4% 0366% +#Q3#'&#% /$4#$%
"*$.*(./'+,%(5.+%&$#*(#4%\%+#++./'+L%&3#%AW%"*$).'2%*'4%$*'4/1%7*6M%9$#+#'(*(./',%&3#%
AW% "*$).'2% *'4% 0366)% $*'4/1% 9$#+#'(*(./',% 7*6M% AW% "*$).'2% *'4% $*'4/1% 7*6M%
9$#+#'(*(./'% *'4% 7*6M% AW% "*$).'2% *'4% $*'4/1% 7*6M% 9$#+#'(*(./':% T*&5% /0% (5#% \%

+#++./'+%B[]D%($.*6+F%6*+(#4%0/$%[D%1.'3(#+,%6#*4.'2%(/%*%(/(*6%#>9#$.1#'(%(.1#%/0%C%5/3$+%
BE\DD%($.*6+F:%G/%$#43&#%(5#%.19*&(%/0%9$*&(.&#%#00#&(,%ED%9*$(.&.9*'(+%7#$#%9$#+#'(#4%
7.(5%(5#%\%+#++./'+%.'%/'#%/$4#$%B&3#%AW%"*$).'2%*'4%$*'4/1%7*6M,%&3#%AW%"*$).'2%
*'4% 0366)% $*'4/1,% 7*6M% AW% "*$).'2% *'4% $*'4/1% 7*6M,% 7*6M% AW% "*$).'2% *'4% 0366)%
$*'4/1F%*'4%(5#%/(5#$%ED%9*$(.&.9*'(+%#>9#$.#'&#4%(5#%(*+M+%.'%(5#%$#"#$+#%/$4#$:%
%
%
4.3 Data processing and model details 
%
G5#%9*$(.&.9*'(+b%1/3+#%B&/'(.'2#'(%7.(5%*%'#(%+(.1363+F%9/+.(./'%7*+%3+#4%(/%$#&/$4%
(5#%#+(.1*(#+%/0%(5#%(*$2#(%&/.'%9/+.(./':%G5#%*1/3'(%/0%-.*+%.'%9*$(.&.9*'(+%#+(.1*(#+%
7*+%1#*+3$#4%3+.'2%(5#%4.00#$#'&#%-#(7##'%(5#.$%#+(.1*(#%/0%(5#%(*$2#(%9/+.(./'%B'#(%
9/+.(./'F%*'4%(5#%9$#4.&(#4%'#(%9/+.(./'%B1#*'%/0%(*$2#(%&/.'%9/+.(./'+F:%G/%2*.'%(5.+%
.'+.25(%.'(/%9*$(.&.9*'(+%-.*+#+%(/7*$4+%(5#%(*$2#(%1#*'%B(5#%9$./$,%#Q3*6%(/%D%.'%(5.+%
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&*+#F,%(5#%&3#%&/.'%9/+.(./'%7*+%96/((#4%*2*.'+(%(5#.$%'#(%$#+9/'+#%9/+.(./'%*'4%(5#+#%
+&*((#$%96/(+%7#$#%0.((#4%7.(5%*%6.'#*$%$#2$#++./':%%
%
G5#% 7/$4% &/19$#++./'% 7*+% 3+#4% (/% 4#+&$.-#% 5/7% (5#% 6.'#*$% $#2$#++./'% 0.(% 6.'#%
*99#*$#4%06*((#'#4%B*%2$*4.#'(%&6/+#$%(/%D%(5*'%.(%7*+%(/%EF:%G5.+%06*((#'.'2,%*&&/$4.'2%
(/% 8*)#+.*'% (5#/$.#+,% /&&3$+% 43#% (/% 5/7% 9*$(.&.9*'(+b% $#+9/'+#+% -#&/1#% -.*+#4%
(/7*$4+% (5#% 9$./$,% 75#$#% (5#% 9$./$% .+% (5#%1#*'% /0% (5#% (*$2#(% &/.'% 9/+.(./'+:% S'4#$%
&/'4.(./'+% 75#$#% -% B(5#% 2$*4.#'(F% 7*+% 6/7,% &/19$#++./'% #00#&(+% 7#$#% 6*$2#:%
d#93$9/+.'2%(5#%"*63#%/0%&/19$#++./'%1*2'.(34#%*+%EU-%1*4#%(5#%&/19$#++./'%1/$#%
.'(3.(."#%-#&*3+#%(5#'%5.25%"*63#+%/0%EU-%+322#+(#4%&/19$#++./'%#00#&(+%7#$#%6*$2#%
Bd/*&5%#(% *6:,% CDE`F:%V/19$#++./'%1*2'.(34#+%7#$#% &*6&36*(#4% 0/$% #*&5% .'4.".43*6%
9*$(.&.9*'(,%.'%#*&5%&/'4.(./':%G5#+#%"*63#+%7#$#%(5#'%*"#$*2#4%*'4%96/((#4%*2*.'+(%
(5#% +(*'4*$4% 4#".*(./'% /0% &3#% *'4% (5#% +(*'4*$4% 4#".*(./'% /0% $*'4/1% 7*6M% +(#9%
$#+9#&(."#6)%(/%+##%5/7%-.*+%&5*'2#4%*+%(5#%"*$.*-.6.()%/0%(5#+#%+(.1363+%9$/9#$(.#+%

7*+%*6(#$#4:%d*'4/1%7*6M%*'4%0366)%$*'4/1%&/'4.(./'+%0/$%#*&5%&3#%*'4%7*6M%AW%7#$#%
96/((#4%/'%(5#%+*1#%0.23$#%.'%/$4#$%(/%9$/".4#%*%&/19*$.+/'%0/$%(5#%4.00#$#'(%*1/3'(%/0%
&/19$#++./'%+5/7'%0/$%(5#%(7/%+(.1363+%/$4#$+:%
%
G5#%".+3*6%0#*(3$#+%/0%(5#%6.'#*$%$#2$#++./'%(5*(%.+,%5/7%06*((#'#4%(5#%0.(%6.'#%*99#*$+,%
9$/".4#4%*'%.'4.&*(/$%/0%5/7%13&5%(5#%9*$(.&.9*'(+%7#$#%-.*+#4%(/7*$4+%(5#%1#*'%/0%
(5#%(*$2#(%6/&*(./'+:%;0%(5#%'#(%7*+%96*&#4%4.$#&(6)%.'%6.'#%7.(5%(5#%&3#%&/.'%B6.M#6.5//4F,%
(5#'% (5#%2$*4.#'(,%-,%/0% (5#% 6.'#*$% $#2$#++./'% 6.'#%7/364%-#%E:% ;0,%5)9/(5#(.&*66),% (5#%
1*>.131%*1/3'(%/0%&/19$#++."#%-.*+%(/7*$4+%(5#%1#*'%/0%(5#%(*$2#(%9/+.(./'+%7*+%
+5/7',%(5#%2$*4.#'(%7/364%5*"#%-##'%#Q3*6%(/%D:%G5#%0/66/7.'2%+.196#%1/4#6+%7#$#%
4#".+#4%.'%/$4#$%(/%+##%75.&5%/0%(5#%+($*(#2.#+%7/364%9$/".4#%*%-#+(%0.(%(/%9*$(.&.9*'(+%
$#+9/'+#+:%G5#%'/%9$./$%B&3#%&/.'%/'6)F%1/4#6%.+%4#+&$.-#4%0.$+(%*'4%(5#'%(7/%4.00#$#'(%
8*)#+.*'%1/4#6+%75.&5%9$/43&#4%*%&/1-.'#4%7#.25(.'2%/0% (5#%&3#%*'4% (*$2#(%*$#%
4#+&$.-#4:%%
%
%
%
%
%
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j/%9$./$%B&3#%/'6)F%
G5#%+.196#+(%+($*(#2)%7/364%.'"/6"#%9*$(.&.9*'(+%3+.'2%/'6)%(5#%&3#%/'%(5#%&3$$#'(%($.*6%
(/%*.4%(5#.$%#+(.1*(#:%G5.+%'/'U8*)#+.*'%1/4#6%5*+%'/%9$./$%M'/76#42#%/0%(5#%(*$2#(%
*'4%(5#$#0/$#,%(5.+%1/4#6%7*+%+#(%39%-)%*++.2'.'2%*%7#.25(%/0%/'#%(/%(5#%&3#:%G5#%'#(%
6/&*(./'+%9$/43&#4%-)%(5.+%1/4#6%7#$#%$#9$#+#'(#4%-)%#*&5%'#(%6/&*(./'%-#.'2%#Q3*6%
(/%(5#%&3#%6/&*(./'%/'%(5#%&3$$#'(%($.*6:%%
%
W)'*1.&%9$./$e%d3''.'2%1#*':%
O'/(5#$% 9/++.-.6.()% .+% (5*(% 9*$(.&.9*'(+% *$#% 6#*$'.'2% (5#%1#*'% /0% (5#% (*$2#(% 6/&*(./'%
4.+($.-3(./'% *'4% *$#% 394*(.'2% (5#1% *&&/$4.'2% (/% (5.+% &*6&36*(#4% 1#*',% 39% (/% *'4%
.'&634.'2% (5#%1/+(% $#&#'(% ($.*6:% G5.+%1/4#6% .'"/6"#+% 96*&.'2% (5#% '#(% *&&/$4.'2% (/% *%
7#.25(#4%*"#$*2#%/0%*66%(5#%(*$2#(%9/+.(./'+%+##'%+/%0*$%𝑤𝑇3:C,.DE%*'4%(5#%&3#%/'%(5#%
&3$$#'(%($.*6%𝐶C,.DE:%O+%*%$#+36(,%.(%394*(#+%(5#%1#*'%.'%*%4)'*1.&%7*)%(/%.'&/$9/$*(#%(5#%
"*63#%/0%(5#%1/+(%$#&#'(%($.*6:%;(%&*'%-#%+311*$.+#4%-)%(5#%0/66/7.'2%#Q3*(./'e%
%
𝑁C,.DE = 𝑤𝑇3:C,.DE + (1 − 𝑤)𝐶C,.DE%
%
%
X5#$#%7%$#9$#+#'(+%(5#%7#.25(+,%*'4%(5#%+.@#%/0%(5.+%7#.25(%4#(#$1.'#+%(5#%*1/3'(%/0%
&/19$#++./':%O%7#.25(%/0%D%7/364%-#%'/%&/19$#++./'%*'4%*%7#.25(%/0%E%7/364%-#%(5#%
'#(%96*&#4%/'%(5#%1#*'%/0%*66%(5#%(*$2#(%9/+.(./'+%39%3'(.6%(5*(%9/.'(%/'%#*&5%($.*6:%
%
W)'*1.&%9$./$%e%H$#"./3+%(*$2#(%
O6(#$'*(."#6),%.(%&/364%-#%(5*(%9*$(.&.9*'(+%$#6)%/'%(5#%1/+(%$#&#'(%M'/7'%6/&*(./'%/0%(5#%
(*$2#(%&/.':%G5.+%1/4#6%.'"/6"#+%394*(.'2%(5#%9$./$%*&&/$4.'2%(/%(5#%(*$2#(%9/+.(./'%/'%
(5#%1/+(% $#&#'(% ($.*6:%G5#%'#(%9/+.(./'% (5#'%-#&/1#+%*%7#.25(#4%+31%/0% (5#% (*$2#(%
9/+.(./'%/'%(5#%9$#"./3+%($.*6%𝑤𝑇C,.DE23	*'4%(5#%&3#%&/.'%/'%(5#%&3$$#'(%($.*6%𝐶C,.DE:%;(%&*'%
-#%+311*$.+#4%-)%(5#%0/66/7.'2%#Q3*(./'e 
%
𝑁C,.DE = 𝑤𝑇C,.DE23 + (1 − 𝑤)𝐶C,.DE  
 
 
%
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G5#%0.(%/0%#*&5%1/4#6%.+%6.M#6)%(/%4#9#'4%/'%(5#%&/'4.(./'+%9$#+#'(#4%(/%9*$(.&.9*'(+,%
2."#'%(5*(%(5#%$3''.'2%1#*'%*'4%(5#%9$#"./3+%(*$2#(%1/4#6+%1*)%-#%+3.(#4%(/%4.00#$#'(%
+(.1363+%#'".$/'1#'(+:%G/%.'"#+(.2*(#%(5.+%9/++.-.6.()%03$(5#$,%(5#%1/4#6+%7#$#%0.((#4%(/%
(5#%9*$(.&.9*'(+%$#+9/'+#+%*'4%(5#%OM*.M#%7#.25(+%7#$#%3+#4%(/%*++#++%(5#%0.(,%75#$#%
*%6*$2#$%OM*.M#%7#.25(%.'4.&*(#4%*%5.25#$%6.M#6.5//4%/0%(5#%1/4#6%-#.'2%3+#4:%
%
4.4 Results 
%
V3#%AWe%+.'26#%9*$(.&.9*'(%%
_.23$#%[[%+5/7+%#>*196#%+&*((#$%96/(+%/0%(5#%'#(%6/&*(./'%*'4%(5#%&3#%&/.'%6/&*(./'%*+%
(5#%&3#%AW%.'&$#*+#4%0/$%*%+.'26#%9*$(.&.9*'(:%G5.+%9$/".4#4%*%+.(3*(./'%75#$#%.0%(5#%'#(%
7*+%96*&#4%/'%(5#%&3#%#"#$)%(.1#,%.(%7/364%2."#%(5#%2$*4.#'(%*%"*63#%/0%E%B(5#%4/((#4%
6.'#F:% %O+% (5#%+(*'4*$4%4#".*(./'%BAWF%/0% (5#%4.+($.-3(./'% (5*(% (5#%&3#%&/.'%9/+.(./'+%
&/364%-#%4$*7'%0$/1%-#&*1#%.'&$#*+.'26)%'/.+),%(5#%7*6M%AW%$#1*.'#4%0.>#4%*(%*%"*63#%
/0%D:D]:%G5.+%9*$(.&.9*'(%+5/7#4%*'%/"#$*66%.'&$#*+#%.'%&/19$#++./'%1*2'.(34#,%*+%(5#%
&3#%AW%.'&$#*+#4%0$/1%D:DE%(/%D:C%.'%$*'4/1%7*6M%*'4%0366)%$*'4/1%&/'4.(./'+:%G5.+%
+)+(#1*(.&%.'&$#*+#%7*+%+5/7'%1/$#%&/'+.+(#'(6)%.'%$*'4/1%7*6M%&/'4.(./'+:%%
%

%

%
%
%
%
X*6M%AWe%+.'26#%9*$(.&.9*'(:%
;'% (5#%7*6M%AW%"*$).'2%&/'4.(./'+,% (5#%&3#%AW%7*+%*% 0.>#4%"*63#% BD:D]F:%_.23$#%[]%
+5/7+%#>*196#%+&*((#$%96/(+%B0.((#4%6.'#*$%$#2$#++./'+F%0/$%#*&5%7*6M%AW%&/'4.(./'%0$/1%
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Y*97)$&PP%&Q.(*)*123&,2#2&5J"U*+9&#J$&17$&1"*+&3"12#*"+&(3"##$,&25&2&-7+1#*"+&"-&+$#&M)$5("+5$O&3"12#*"+&25&17$&0`&V2)*$,%&

 

!"#$%&8J$5$&,2#2&U$)$&-*##$,&U*#J&3*+$2)&)$9)$55*"+5&#"&5J"U&#J$&2."7+#&"-&@*25&,*5(32<$,&@<&(2)#*1*(2+#&N%&8J$&17$&0`&
V2)*$,&-)".&F%FL&#"&F%E%&B23W&0`&U25&-*I$,&2#&F%F]%&^37$&,"#5&2+,&@37$&-*#&3*+$5&*+,*12#$&)2+,".&U23W&1"+,*#*"+5&2+,&)$,&
,"#5?&2+,&)$,&-*#&3*+$5&*+,*12#$&#J$&-733<&)2+,".&1"+,*#*"+%&8J$&,"##$,&3*+$&)$()$5$+#5&#J$&125$&UJ$)$&(2)#*1*(2+#5&(321$&#J$&
+$#&"+&#J$&17$&1"*+&"+&$V$)<&#)*23% 
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*%+.'26#%9*$(.&.9*'(:%O2*.',%(5#%'#(%6/&*(./'%7*+%96/((#4%*2*.'+(%(5#%&3#%6/&*(./':%O(%(5#%
6/7#+(%9/++.-6#%7*6M%AW%BD:DEF%(5#$#%7*+%*'%#>($#1#6)%6*$2#%*1/3'(%/0%&/19$#++."#%
-.*+% +5/7'%-)% (5#% 6.'#*$% $#2$#++./'% 0.(% *99#*$.'2%*61/+(%5/$.@/'(*6:% ;'&$#*+.'2% (5#%
7*6M%AW% B0$/1%D:DE% (/%D:CF% 6#4% (/%*%&6#*$%4#&$#*+#% .'%&/19$#++./':%_/$% (5.+%+.'26#%
9*$(.&.9*'(,% (5#$#% 7*+% +6.25(6)% 2$#*(#$% &/19$#++./'% 1*2'.(34#% +5/7'% .'% (5#% 0366)%
$*'4/1%&/'4.(./'+%&/19*$#4%(/%(5#%$*'4/1%7*6M%&/'4.(./'+%0/$%*66%7*6M%AWb+%#>&634.'2%
7*6M%AW%h%D:DE:%%
%

%
%
%
%
%
Y#*'%&/19$#++./'%1*2'.(34#%
%
J$/39%*"#$*2#4%&/19$#++./'%1*2'.(34#%7*+%+3-+#Q3#'(6)%96/((#4%*+%*%03'&(./'%/0%
&3#%AW% B+##%_.23$#%[]F:% ;'% 6.'#%7.(5% (5#% .'4.".43*6%9*$(.&.9*'(%4*(*,%*+% (5#%&3#%AW%
.'&$#*+#4,% (5#% 1#*'% &/19$#++./'% 1*2'.(34#% *6+/% .'&$#*+#4:% Y#*'% &/19$#++./'%
1*2'.(34#% 7*+% +1*66#$% .'% $*'4/1% 7*6M% &/'4.(./'+% &/19*$#4% (/% 0366)% $*'4/1%
&/'4.(./'+,%#>&634.'2%($.*6+%75#$#%&3#%AW%h%D:C%75#$#%(5#%$#"#$+#%7*+%($3#:%O%$#9#*(#4%
1#*+3$#+%Oj!<O%7*+%&*$$.#4%/3(% (/%*++#++%75#(5#$% (5#%"*$).'2% (5#%&3#%AW%*'4%
&5*'2.'2%(5#%+(.1363+%/$4#$%4#1/'+($*(#4%*')%#00#&(%/'%(5#%&/19$#++./'%1*2'.(34#:%
G5#%0.$+(%Oj!<O%7*+%*%]%B&3#%AW%h%D:DE,%D:D],%D:E,%D:E],%D:CF%>%C%B/$4#$%h%7*6M,%0366F%
Oj!<O%*'4%9$/43&#4%*%+.2'.0.&*'(%1*.'%#00#&(%/0%&3#%AW%/'%&/19$#++./'%1*2'.(34#,%
_BE,EcFh`\:`KK,%9nD:DDE,%#(*%+Q3*$#4hD:^[E:%O6(5/325,%(5#$#%7*+%'/%1*.'%#00#&(%/0%
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Y*97)$&PN%&Q.(*)*123&,2#2&5J"U*+9&#J$&17$&1"*+&3"12#*"+&(3"##$,&25&2&-7+1#*"+&"-&+$#&M)$5("+5$O&3"12#*"+&25&U23W&0`&V2)*$,%&

!"#$%&8J$5$&,2#2&U$)$&-*##$,&U*#J&3*+$2)&)$9)$55*"+5&#"&5J"U&#J$&2."7+#&"-&@*25&,*5(32<$,&@<&(2)#*1*(2+#&N%&B23W&0`&V2)*$,&
-)".&F%FL&#"&F%E%&;7$&0`&U25&-*I$,&2#&F%F]%&^37$&,"#5&2+,&@37$&-*#&3*+$5&*+,*12#$&)2+,".&U23W&1"+,*#*"+5&2+,&)$,&,"#5?&2+,&
)$,&-*#&3*+$5&*+,*12#$&#J$&-733<&)2+,".&1"+,*#*"+%&8J$&,"##$,&3*+$&)$()$5$+#5&#J$&125$&UJ$)$&(2)#*1*(2+#5&(321$&#J$&+$#&"+&#J$&
17$&1"*+&"+&$V$)<&#)*23%!
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+(.1363+% /$4#$% _BE,EcFh% E:DC^,% 9% h% D:[C],% #(*% +Q3*$#4% h% D:DD\% *'4% '/% .'(#$*&(./'%
_BE,EcFhD:`^D,%9hD:]]],%#(*%+Q3*$#4%hD:DD^%
%
%
%
%

!

%
%
%
%
%

%

%
%
%
%
%
%
%
%
!'&#%*2*.'%&/'+.+(#'(%7.(5%(5#%.'4.".43*6%9*$(.&.9*'(%4*(*,%*+%(5#%7*6M%AW%.'&$#*+#4,%
(5#%1#*'%&/19$#++./'%1*2'.(34#%4#&$#*+#4:%Y#*'%&/19$#++./'%1*2'.(34#%+5/7#4%
*%$#43&(./'%.'%&/19$#++./'%0/$%*66%$*'4/1%7*6M%&/'4.(./'+%&/19*$#4%(/%0366)%$*'4/1%
&/'4.(./'+,%#>&634.'2%(5#%&/'4.(./'%75#$#%7*6M%AW%7*+%#Q3*6%(/%D:DEL%+##%_.23$#%[]-F:%
N/7#"#$,%(5.+%4.4%'/(%1*'.0#+(%*+%*%1*.'%#00#&(%/0%&/'4.(./'%.'%*%$#9#*(#4%1#*+3$#+%
Oj!<O:%G5.+%+#&/'4%Oj!<O%7*+%*'/(5#$%]%B7*6M%AW%h%+*1#%"*63#+%*+%&3#%AWF%>%C%
B/$4#$%h%0366,%7*6MF:%A.1.6*$6),%*%1*.'%#00#&(%/0%7*6M%AW%/'%&/19$#++./'%1*2'.(34#%7*+%
0/3'4%_% BE,EcFhCD:\KC,%9nD:DDE,%#(*%+Q3*$#4hD:[K`%-3(%'/%1*.'%#00#&(%/0%+(.1363+%
/$4#$%_BE,EcFhD:Kc^,%9hD:[[\%#(*%+Q3*$#4%h%D:DD]%*'4%'/%.'(#$*&(./'%_BE,EcFhD:^K^,%
9hD:]K`%#(*%+Q3*$#4hD:DD^:%H/+(%5/&%&/19*$.+/'+%3+.'2% (5#%8/'0#$$/'.%&/$$#&(./'%
$#"#*6#4%4.00#$#'&#+%-#(7##'%7*6M%AW%+#(%(/%D:DE%*'4%*66%/(5#$%7*6M%AW+%B9nD:DDEF:%
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Y*97)$&P]%&R$2+&1".()$55*"+&.29+*#7,$5&-")&#J$&5(2#*23&3"123*52#*"+&#25W&

 

!"#$%&
2O&8J$&.$2+&1".()$55*"+&.29+*#7,$5&"-&57@D$1#5&25&#J$&17$&0`&V2)*$,&-)".&F%FL&#"&F%E%&B23W&0`&U25&-*I$,&2#&F%F]%&
&
@O&8J$&.$2+&1".()$55*"+&.29+*#7,$5&"-&57@D$1#5&25&#J$&U23W&0`&V2)*$,&-)".&F%FL&#"&F%E%&;7$&0`&U25&-*I$,&2#&F%F]%&
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%
%

!
4.5 Computational Modelling 
%
G5#%+.196#%1/4#6% +.136*(#4% (5#%#>9#$.1#'(*6% 9$/&#43$#% (/% $#"#*6%75.&5%8*)#+.*'%
7#.25(.'2%+($*(#2)%B*+%4#+&$.-#4% .'% (5#%#*$6.#$%1/4#6%4#(*.6+%+#&(./'F%7/364%9$/".4#%
(5#%-#+(%0.(%0/$%(5#%9*$(.&.9*'(+%$#+9/'+#%9*((#$':%G5#%8*)#+.*'%1/4#6+%B$3''.'2%1#*'%
*'4%9$#"./3+%(*$2#(F%7#$#%0.((#4%(/%(5#%.'4.".43*6%($.*6%4*(*%3+.'2%(5#%03'&(./'%o01.'&/'b%
.'%YOGZO8:%G5#%&3#%/'6)%1/4#6%7*+%3+#4%0/$%(5#%93$9/+#+%/0%3'4#$+(*'4.'2%75.&5%
1/4#6%1*)%-#%1/$#%6.M#6)%-3(%&/364%'/(%-#%0.((#4%(/%(5#%4*(*%-#&*3+#%.(%5*4%'/%9$./$%
7#.25(% 9*$*1#(#$:%G5.+%1/4#6% 0.((.'2%9$/&#++% .'"/6"#4%*66/7.'2% (5#% 0$##%9*$*1#(#$,%
9$./$%7#.25(,% (/%"*$):%G5#%#19.$.&*6%9$./$%7#.25(%7*+%9$/43&#4%75#'% (5#%4.00#$#'&#%
B+31%/0%+Q3*$#4%#$$/$F%-#(7##'% (5#%4*(*%*'4%1/4#6%7*+%1.'.1.+#4:%G5#%#19.$.&*6%
7#.25(+%+5/7%3'4#$%7#.25(.'2%/0%(5#%9$./$%&/19*$#4%(/%/9(.1*6%7#.25(+:%
%
G5#%/9(.1*6%9$./$%7#.25(%7*+%(5#%7#.25(%(5*(%3+#4%8*)#+%$36#%(/%9$/".4#%*%7#.25(#4%
+31%/0%(5#%9$./$%*'4%6.M#6.5//4%*&&/$4.'2%(/%(5#.$%$#6*(."#%3'&#$(*.'(.#+%B_.23$#+%[^%*'4%
[`F:%;'%(5.+%&*+#,%(5#%3'&#$(*.'(.#+%/0%(5#%6.M#6.5//4%*'4%(5#%9$./$%*$#%9$/".4#4%-)%(5#%
"*63#+%/0% (5#%+(*'4*$4%4#".*(./'%/0% (5#%&3#%*'4% (5#%+(*'4*$4%4#".*(./'%/0% (5#%9$./$%
$#+9#&(."#6):%
%
_/$%(5#%9$#"./3+%(*$2#(%1/4#6,%(5#%/9(.1*6%9$./$%7#.25(%7*+%#Q3*6%(/e%
%

1
𝜎-0T

1
𝜎-0	 +	1 𝜎E0

TU
%

%
X5#$#%𝜎-%7*+%#Q3*6%(/%(5#%9$./$%+(*'4*$4%4#".*(./'%B7*6M%AWF%*'4%𝜎E%7*+%#Q3*6%(/%(5#%
6.M#6.5//4%+(*'4*$4%4#".*(./'%B&3#%AWF:%X5#'%(5#%$*'4/1%7*6M%+#Q3#'&#%7*+%+53006#4%
B0366)%$*'4/1%&/'4.(./'+F%(5#%9$./$%+(*'4*$4%4#".*(./'%7*+%.'%0*&(%#Q3*6%(/%(5#%+(*'4*$4%
4#".*(./'%/0%(5#%(*$2#(%9/+.(./'+%9$#+#'(#4%.'%(5*(%-6/&M:%
%
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;'% (5#% $3''.'2% 1#*'% 1/4#6% (5#% 1*.'% 4.00#$#'&#% 7*+% (5*(% (5#% 9$./$% 7*+% 6#*$'#4%
*&&/$4.'2%(/%(5#%1#*'%/0%(5#%+(.1363+%-6/&M%B1#*'%/0%(5#%`D%($.*6+F:%O44.(./'*66),%*%%
$3''.'2%#+(.1*(#%/0%(5#%+(*'4*$4%4#".*(./'%7*+%1*.'(*.'#4%*'4%394*(#4%-)%&*6&36*(.'2%
(5#% 9$./$% AW% /'% #*&5% ($.*6% 0/$% $*'4/1%7*6M% ($.*6+:% _/$% 0366)% $*'4/1% ($.*6+,% (5#% 9$./$%
+(*'4*$4%4#".*(./'%7*+%*2*.'%#Q3*6%(/%(5#%AW%/0%*66%(5#%(*$2#(%9/+.(./'+:%
%

%
%
%
%
_.23$#+%[c%*'4%[K%+5/7%(5#%1#*'%&/19$#++./'%9$/43&#4%0$/1%(5#%-#+(%0.((.'2%9$./$%
7#.25(+%.'%(5#%&*+#%/0%0.((.'2%-/(5%+#Q3#'&#+%+.136(*'#/3+6)%B_.23$#%[cF%"#$+3+%0.((.'2%

(/%#*&5%+(.1363+%+#Q3#'&#%B$*'4/1%7*6M%*'4%0366)%$*'4/1F%+#9*$*(#6)%-3(%96/((#4%/'%
(5#%+*1#%0.23$#%B_.23$#%[KF:%G5#%1/4#66#4%'#(%$#+9/'+#+%0/$%#*&5%9*$(.&.9*'(%7#$#%
9$/43&#4% 3+.'2% (5#% -#+(% 0.((.'2% .'4.".43*6% 9$./$% 7#.25(+% 1#'(./'#4% .'% (5#% 9$#"./3+%
9*$*2$*95:%G5#%*1/3'(%/0%&/19$#++./'%+5/7'%-)%(5#%1/4#6%0.(+%7*+%&*6&36*(#4%*'4%

Y*97)$&PK%&Q.(*)*123&,2#2&2+,&"(#*.23&U$*9J#5&(3"##$,&25&2&-7+1#*"+&"-&#J$&17$&0`%&

 

0 0.05 0.1 0.15 0.2
Cue standard deviation

0

0.2

0.4

0.6

0.8

1
Empirical
Optimal 

0 0.05 0.1 0.15 0.2
Cue standard deviation

0

0.2

0.4

0.6

0.8

1
Empirical
Optimal 

0 0.05 0.1 0.15 0.2
Cue standard deviation

0

0.2

0.4

0.6

0.8

1 Empirical
Optimal 

0 0.05 0.1 0.15 0.2
Cue standard deviation

0

0.2

0.4

0.6

0.8

1
Empirical
Optimal

Pr
io

r w
ei

gh
t

Pr
io

r w
ei

gh
t

Pr
io

r w
ei

gh
t

Pr
io

r w
ei

gh
t

a b

c d

!"#$%&
Y")&2O&#J$&()$V*"75&#2)9$#&.",$3&2+,&-733&#)*235?&@O&#J$&)7++*+9&.$2+&.",$3&2+,&-733&#)*235?&&
1O&#J$&()$V*"75&#2)9$#&.",$3&2+,&U23W&#)*235?&,O&#J$&)7++*+9&.$2+&.",$3&2+,&U23W&#)*235%&

 



 149 

(5#%*"#$*2#%/0%(5#%&/19$#++./'%1*2'.(34#%0/$%(5#%0.((#4%4*(*%7*+%96/((#4%*+%*%03'&(./'%
/0%(5#%AW%(5*(%7*+%"*$).'2%0/$%(5*(%&/'4.(./'%B&3#%AW%/$%7*6M%AWF:%%%
%
%
%
%
%
%
%
%
%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
;'.(.*66),%-/(5%()9#+%/0%+(.1363+%+#Q3#'&#%7#$#%0.((#4%+.136(*'#/3+6)%B+##%_.23$#%[cF%.'%
/$4#$%(/%4#1/'+($*(#%(5#%-#+(%0.((.'2%+($*(#2)%*&$/++%*66%&/'4.(./'+:%G5#%0.$+(%1/4#66.'2%
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/'6)F%1/4#6%+5/7+%*%"#$)%9//$%0.(%/0%(5#%4*(*%*'4%+/%*%8*)#+.*'%+($*(#2)%7*+%1/$#%
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4.6 Discussion  
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;$$#+9#&(."#%/0%75#(5#$% (5#%&3#%AW%/$% (5#%7*6M%AW%7*+%"*$).'2,%*%4#&$#*+#% .'% (5#%
&/19$#++./'%1*2'.(34#% .'% (5#% $*'4/1%7*6M%&/'4.(./'+,% $#6*(."#% (/% (5#% 0366)% $*'4/1%
&/'4.(./'+%7/364%5*"#%.'4.&*(#4%(5#%3+#%/0%*%9$#"./3+%(*$2#(%1/4#6:%G5.+%.+%-#&*3+#%
(5#%9$#"./3+% (*$2#(%1/4#6% .+%*%"#$)%7#66U+3.(#4%+($*(#2)% 0/$% $*'4/1%7*6M% B2$*43*66)%
&5*'2.'2F%+(.136.%*'4%(5#$#0/$#%(5.+%1/4#6%7/364%9$#4.&(%*%$#43&(./'%.'%-.*+%0/$%(5.+%
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()9#%/0%+(.1363+%/$4#$:%A/1#%$#43&(./'%7*+%+5/7',%*6-#.(%+1*66,%".+3*66)%.'%_.23$#%[],%
5/7#"#$% *%1*.'% #00#&(% /0% +(.1363+% /$4#$% 7*+% '/(% 4#1/'+($*(#4% .'% #.(5#$% Oj!<O:%
O44.(./'*66),%(5#%9$#"./3+%(*$2#(%1/4#6%3+#4%.'%(5#%&3$$#'(%$#+#*$&5%*6+/%9$#4.&(#4%*%
4#&$#*+#%.'%&/19$#++./'%(5*(%7*+%6*$2#$%(5*'%(5#%9*$(.&.9*'(+%4*(*%B+##%_.23$#%[cF:%
G5#$#0/$#,%(5.+%4.4%'/(%9$/".4#%+300.&.#'(%#".4#'&#%(5*(%*%9$#"./3+%(*$2#(%1/4#6%7*+%
3+#4%*&$/++%-/(5%&/'4.(./'+,%*+%.(%7*+%.'%J6*+*3#$%*'4%A5.%BCDEKLCDCE-F:%%
%
N/7#"#$,% J6*+*3#$% *'4% A5.% BCDEKLCDCE-Fb+% 0.'4.'2% /0% $#43&#4% &/19$#++./'% 0/$%
$*'4/1%7*6M%$#6.#4%/'%(5#%*++319(./'%(5*(%9*$(.&.9*'(+%7/364%-#%3+.'2%(5#%+*1#%0.>#4%
BI*61*'%0.6(#$F%+($*(#2)%0/$%-/(5%+(.1363+%/$4#$+:%G5#%&3$$#'(%$#+#*$&5%*.1#4%(/%9$/".4#%
*%&6/+#$% .'+9#&(./'%/0% (5#%8*)#+.*'%9$./$%394*(.'2%+($*(#2)%-)% 0.((.'2% .'4.".43*6% ($.*6%
4*(*:%G5.+%9$/&#++%9$/".4#4%$#*+/'%(/%+322#+(%9*$(.&.9*'(+%1.25(%-#%06#>.-6#%.'%(5#.$%
+($*(#2)%*&&/$4.'2%(/%(5#%+(.1363+%/$4#$:%G5.+%7*+%4/'#%-)%0.((.'2%[%9/++.-6#%1/4#6+%(/%
9*$(.&.9*'(+%4*(*%.'%*66%&/'4.(./'+%B'/%9$./$,%$3''.'2%1#*',%9$#"./3+%(*$2#(F:%%
%

_.$+(6),%(5#%1/4#6+%7#$#%0.((#4%(/%*66%&/'4.(./'+%B+.136(*'#/3+%0.(+F%*'4%(5#$#%7#$#%6*$2#%
4.00#$#'&#+% -#(7##'% (5#% 4*(*% *'4% (5#%1/4#6+:% ;$$#+9#&(."#% /0%75#(5#$% (5#% &3#%AW%
"*$.#4% /$% (5#% 7*6M% AW% "*$.#4,% (5#% 9$#"./3+% (*$2#(% 1/4#6% +5/7#4% *% 13&5% 2$#*(#$%
4.00#$#'&#%.'%-.*+%-#(7##'%(5#%$*'4/1%7*6M%*'4%(5#%0366)%$*'4/1%+(.136.%&/19*$#4%(/%
(5#%4*(*:%G5.+%4.00#$#'&#%B$#43&(./'F%7*+%'/(%*+%6*$2#%.'%(5#%$3''.'2%1#*'%1/4#6%*'4%
7*+%(5#$#0/$#%1/$#%+.1.6*$%(/%(5#%4*(*:%N/7#"#$,%(5#%1/4#6+%9$/".4#4%*%$#6*(."#6)%9//$%
0.(%75#'%(5#)%7#$#%0.((#4%(/%-/(5%+(.1363+%+#Q3#'&#+%+.136(*'#/3+6):%G/%.19$/"#%39/'%
(5.+,% (5#%1/4#6+%7#$#% 0.((#4%+#9*$*(#6)% B9$./$%7#.25(+%"*$.#4% 0/$%/'#%+#Q3#'&#%*(%*%
(.1#F:%G5.+%9$/".4#4%-#((#$%0.(+%(/%(5#%4*(*%*'4%$#+36(#4%.'%6#++%/0%*%4.00#$#'&#%-#(7##'%
7*6M%*'4%0366%+#Q3#'&#+%0/$%-/(5%1/4#6+:%
%

OM*.M#%7#.25(+%7#$#%3+#4%(/%Q3*'(.0)%(5#%-#+(%0.((.'2%1/4#6+%0/$%-/(5%+.136(*'#/3+%*'4%
+#9*$*(#% 0.((.'2% 9$/&#++#+:% !"#$*66,% (5#% 1/4#6% 0.((.'2% 9$/&#++% +322#+(#4% (5*(% EF%
8*)#+.*'%1/4#6+%7#$#%3+#4%-#&*3+#% (5#%'/%9$./$%1/4#6%7*+%'#"#$% (5#%-#+(% 0.((.'2%
1/4#6%*'4%CF%(5*(%(5#%-#+(%0.((.'2%1/4#6,%75#'%0.((#4%+#9*$*(#6)%(/%#*&5%&/'4.(./',%7*+%
(5#%9$#"./3+%(*$2#(%1/4#6%0/$%(5#%$*'4/1%7*6M%($.*6+%*'4%(5#%$3''.'2%1#*'%0/$%(5#%0366)%
$*'4/1%($.*6+:%G5#$#0/$#,%(5#+#%0.'4.'2+%.196.#4%(5*(%(5#%9$./$%394*(.'2%+($*(#2)%7*+%
.'063#'&#4%-)%(5#%+(.1363+%0#*(3$#+%(/%+/1#%#>(#'(:%%
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%
;'%&/'($*+(%7.(5%(5#%0.'4.'2%/0%*%0.>#4%4.+($.-3(./'%#+(.1*(./'%+($*(#2)%.'%(5#%(#19/$*6%
4/1*.'%&5*9(#$%/0%(5.+%(5#+.+,%(5#%+9*(.*6%9$./$%394*(.'2%+($*(#2.#+%3+#4%5#$#%+5/7#4%
+/1#% 06#>.-.6.()% .'% 75#'% (5#)% 7#$#% $#&$3.(#4% *&&/$4.'2% (/% (5#.$% +3.(*-.6.()% 0/$% #*&5%
+(.1363+%#'".$/'1#'(:%A9*(.*6% 0#*(3$#+%/0% *% +(.1363+%1*)%-#%1/$#%*-6#% (/% &3#% (5#%
o+7.(&5b%(/%*'%.(#$*(."#%+($*(#2)%-#&*3+#%.(%.+%&/11/'%.'%'*(3$#%0/$%(5#%+9*(.*6%6/&*(./'%
/0%*'%/-a#&(%(/%-#%*3(/&/$$#6*(#4%*+%.(%1/"#+:%X5#$#*+%(#19/$*6%1*2'.(34#+%*$#%/0(#',%
-3(%'/(%*67*)+%3'&/$$#6*(#4:%%
%
T"#'% 75#'% 9*$(.&.9*'(+% 7#$#% 9$/".4#4% 7.(5% (5#% +(.1363+% +#Q3#'&#% 0#*(3$#+% (5*(%
#'&/3$*2#4%+7.(&5.'2% (/% (5#%1/4#6% (5*(%7*+%1/+(%*99$/9$.*(#% 0/$% (5#%#'".$/'1#'(,%
(5.+%4/#+%'/(% '#&#++*$.6)%1#*'% (5*(% 9$./$+%7#.25(+%7#$#%/9(.1*6:%W#+9.(#% (5#%9$./$%
7#.25(.'2%4#&$#*+.'2%/$%.'&$#*+.'2%*+%#>9#&(#4%*&&/$4.'2%(/%(5#%$#+9#&(."#%6.M#6.5//4%
*'4% 9$./$% "*$.*-.6.(),% (5#% 9$./$% 7*+% &/'+.+(#'(6)% 3'4#$7#.25(#4% *'4% (5#% 6.M#6.5//4%

/"#$7#.25(#4% $#6*(."#% (/%/9(.1*6%7#.25(.'2:%G5.+%7*+% .'% 6.'#%7.(5%9$#"./3+% $#+#*$&5%
B8#aa*'M.% #(% *6:,% CDE^L% I.$)*M/"*% #(% *6:,% CDCDF:% I.$)*M/"*% *'4% &/66#*23#+% BCDCDF%
+322#+(#4%(5*(%*%9/(#'(.*6%$#*+/'%0/$%(5.+%1*)%-#%(5*(%9*$(.&.9*'(+%*$#%/'6)%&/'+.4#$.'2%
.'(#$'*6%'/.+#%B(5#%#$$/$%$#6*(.'2%(/%(5#.$%/7'%9$#"./3+%#+(.1*(#+F%*'4%'/(%(5#%#>(#$'*6%
'/.+#%*++/&.*(#4%7.(5%(5#%+#'+/$)%&3#:%G/%.'"#+(.2*(#%(5.+%9/++.-.6.(),%(5#)%&/'43&(#4%
*%&/'($/6%#>9#$.1#'(%75#$#%9*$(.&.9*'(+%7#$#%*+M#4%(/%0.'4%&#'($/.4+%/0%4/(%&6/34+%*'4%
.'%(5.+%&*+#%(5#%.'(#$'*66)%2#'#$*(#4%'/.+#%93$#6)%0$/1%(5#.$%/7'%$#+9/'+#+%&/364%-#%
&*6&36*(#4%-#&*3+#%(5#)%7#$#%'/%6/'2#$%5*".'2%(/%&/'+.4#$%(5#%-.*+%/0%(5#%9$./$:%O0(#$%
+/1#%*4*9(#4%1/4#66.'2%B(5#%#>(#$'*6%6.M#6.5//4%AW%7*+%$#96*&#4%7.(5%(5#%9*$(.&.9*'(+%
6.M#6.5//4%AW%0$/1%(5#%&/'($/6%#>9#$.1#'(F,%(5#+#%4*(*%+5/7#4%*%$#43&#4%7#.25(.'2%/0%
(5#%+#'+/$)%&3#%&/19*$#4%(/%(5#%/$.2.'*6%4*(*,% .196).'2%(5*(%(5.+%&/364%#>96*.'%75)%
9*$(.&.9*'(+%/"#$7#.25(#4%(5#%6.M#6.5//4:%
% %

!"#$*66,%(5#%&3$$#'(%#>9#$.1#'(%$#96.&*(#4%(5#%0.'4.'2+%/0%8*)#+.*'%.'(#2$*(./'%43$.'2%
+9*(.*6%6/&*6.+*(./'%B8#aa*'M.%#(%*6:,%CDE^L%8#$'.M#$%#(%*6:,%CDEDL%I.$)*M/"*%#(%*6:,%CDCDF,%
-#&*3+#%*+%(5#%&3#%&/.'%6/&*(./'%B6.M#6.5//4F%-#&*1#%1/$#%3'$#6.*-6#,%(5#%(*$2#(%&/.'%
6/&*(./'%B9$./$F%7*+%7#.25(#4% (/%*%2$#*(#$%#>(#'(%*'4% 6#4% (/% .'&$#*+#4%&/19$#++./'%
1*2'.(34#%*+%*%$#+36(:%;'%*44.(./'%(/%(5.+%5.256)%7#66%4/&31#'(#4%0.'4.'2,%(5#%&3$$#'(%
$#+#*$&5%+/325(%(/%#>(#'4%/'%(5.+%*'4%0/3'4%*%&5*'2#%.'%9*$(.&.9*'(+%1/4#6%+($*(#2)%
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B0366)%$*'4/1%/$%$*'4/1%7*6MF%*+%4#1/'+($*(#4%-)%8*)#+.*'%1/4#66.'2%9$/&#43$#+:%
G5#%&3$$#'(% $#+#*$&5%5*+%3'.Q3#6)%+5/7#4%(5*(%&#$(*.'%9*$(.&.9*'(+%1*)%-#%*-6#% (/%
+7.(&5%(5#.$%9$./$%394*(.'2%+($*(#2)%*&&/$4.'2%(/%(5#%0#*(3$#+%/0%(5#%+(.1363+%+#Q3#'&#:%
G5.+%7.66% $#Q3.$#% 03$(5#$%#>96/$*(./'%*+% (5.+%7*+% (5#% 0.$+(%4#1/'+($*(./'%/0%8*)#+.*'%
1/4#6%+7.(&5.'2%.'%(5#%+9*(.*6%4/1*.':%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%
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5. The development of Bayesian prior strategies from childhood to 
adulthood in the spatial localisation task.  
%
%
5.1 Introduction  
 
G5#% 7#.25(#4% &/1-.'*(./'% /0% +#'+/$)% 6.M#6.5//4+% *'4% 9$./$+% *&(% (/% .19$/"#% (5#%
9$#&.+./'%/0%#+(.1*(#+%-3(%.+%/0(#'%*&&/19*'.#4%-)%-.*+#+%/0%9*$(.&.9*'(b+%#+(.1*(#+%
(/7*$4+%(5#%9$./$%1#*':%G5.+%5*+%-##'%+5/7'%.'%*%'31-#$%/0%4.00#$#'(%(*+M+%.'&634.'2%
(#19/$*6% $#9$/43&(./'% BJ6*+*3#$% R% A5.,% CDEKL% ?*@*)#$.% R% A5*46#',% CDEDF,% 1/(./'%

9#$&#9(./'%BX#.++%#(%*6:,%CDDCF%*'4%9*(5%.'(#2$*(./'%BH#(@+&5'#$%R%J6*+*3#$,%CDEEF:%
d#&#'(%$#+#*$&5%3+#4%(5#%+9*(.*6%6/&*6.+*(./'%(*+M%(/%9/+#%(5#%Q3#+(./'%*+%(/%75#(5#$%
(5#% *-.6.()% (/% 0/$1% *'4% 7#.25(% 9$./$+% .+% .''*(#% /$,% 75#(5#$% .(% 4#"#6/9+% *+% 7#% *2#:%
V5*1-#$+% *'4% &/66#*23#+% BCDEcF% *4*9(#4% (5#% oV*(&5% (5#%V/.'b% (*+M,% (/% +5/7% (5*(%
&5.64$#'%*2#4%+.>%(/%#.25(%)#*$+%7#$#%/'6)%*-6#%(/%6#*$'%(5#%1#*'%/0%(5#%9$./$,%75#$#*+%
(5#% /64#$% &5.64$#'% *'4% (5#% *436(+%7#$#% *6+/% *-6#% (/% 6#*$'% (5#% "*$.*'&#% /0% (5#% 9$./$%
BV5*1-#$+%#(%*6:,%CDEcF:%G5.+%2."#+%+/1#%.'4.&*(./'%(5*(%9#$&#.".'2%.'%*%8*)#+.*'%7*)%
.+%6#*$'#4%43$.'2%&5.645//4:%O%&/'&634.'2%9/.'(%/0%(5#.$%$#+#*$&5%4#(*.6#4%(5#%'##4%(/%
+(34)%(5#%&/'4.(./'+%3'4#$%75.&5%7#%1.25(%-#%8*)#+.*'%*+%(/%-#((#$%3'4#$+(*'4%5/7%

9$./$%394*(.'2%1#&5*'.+1+%1*)%/9#$*(#%.'%4.00#$#'(%#'".$/'1#'(+:%G5#%*3(5/$+%03$(5#$%
#195*+.+#4% (5*(% 9$./$% 6#*$'.'2% &/364% /&&3$% .'% $#+9/'+#% (/% &5*'2#+% .'% 6/'2U(#$1%
B4#"#6/91#'(*6F% *'4% +5/$(U(#$1% B#>9#$.1#'(*6F% &/'(#>(+:% G5#% .'($/43&(./'% (/% (5.+%
&5*9(#$%7.66% /3(6.'#% (5#%4.00#$#'(% 9$./$% 6#*$'.'2% +5/7'% .'% *436(+% *'4% (5#'% .'0#$% 0$/1%
$#+#*$&5% &*$$.#4% /3(% 7.(5% &5.64$#'% 5/7% (5#)% 1*)% -#% +.1.6*$% /$% 4.++.1.6*$% .'% (5#.$%
6#*$'.'2:%%

%

8*)#+.*'%1/4#6%+($*(#2.#+%.'%*436(+%*'4%&5.64$#'e%+(*(.&%
;'%/$4#$%(/%*'+7#$%(5#%Q3#+(./'%/0%75#(5#$%&5.64$#'%6#*$'%8*)#+.*'%9$./$+%B*'4%75#'F,%
7#%13+(% 0.$+(% 6//M% (/%5/7%*436(%9#$&#9(./'%5*+%-##'% .'(#$9$#(#4% (5$/325%(5#%3+#%/0%
8*)#+.*'%1/4#6+:%G5#$#%*$#%6.M#6)%*(% 6#*+(%(7/%9/++.-.6.(.#+%/0%5/7%*%8*)#+.*'%9$./$%
1*)%-#% 6#*$'#4%*'4%394*(#4%/"#$% (.1#:%G5#%0.$+(%-#.'2%*%+(*(.&%+($*(#2),%75#$#%(5#%
9$./$%1#*'%.+%6#*$'#4%-)%&*6&36*(.'2%(5#%+311*$)%+(*(.+(.&+%B1#*'%*'4%AWF%/0%*66%(5#%
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+(.136.%#>9#$.#'&#4%+/%0*$%BJ6*+*3#$%R%A5.,%CDCE*F:%O+%4#+&$.-#4%.'%A#&(./'%E:^,%.'.(.*6%
#".4#'&#% +399/$(+% (5#% 3+#% /0% +(*(.&%1/4#6+% .'% *436(+% B?*@*)#$.% R% A5*46#',% CDEDF:%
_3$(5#$1/$#,% $#+#*$&5%7.(5%&5.64$#'%*6+/%9$/".4#+%#".4#'&#%75.&5%+322#+(+%3+#%/0%
+/1#%+/$(%/0%4.+($.-3(./'%6#*$'.'2%1/4#6%*+%/3(6.'#4%.'%A#&(./'%E:K:C%BI*$*1.'.+%#(%*6:,%
CDE^F:%
%

%

8*)#+.*'%394*(.'2%+($*(#2.#+%.'%*436(+%*'4%&5.64$#'e%9$#"./3+%($.*6:%
Y/$#%$#&#'(6),%.(%5*+%-##'%9$/9/+#4%(5*(%9$./$+%1*)%-#%394*(#4,%'/(%-)%6#*$'.'2%(5#%
1#*'%/0%(5#%+(.136.%4.+($.-3(./',%-3(%-)%3+.'2%.'0/$1*(./'%0$/1%(5#%+(.1363+%9$#+#'(#4%
.'%(5#%9$#"./3+%($.*6:%O+%4#+&$.-#4%#*$6.#$%.'%(5.+%(5#+.+,%J6*+*3#$%*'4%A5.%BCDEKLCDCEF%
*.1#4% (/% #>96/$#% (5#% .'063#'&#% /0% (5#% #>9#$.1#'(*6% 9*$*4.21% B0366)% $*'4/1.+#4%
9$#+#'(*(./'%/0%+(.136.F%/'%&#'($*6%(#'4#'&)%-.*+#+:%G5.+%$#43&(./'%.'%&#'($*6%(#'4#'&)%
-.*+%.'%$*'4/1%7*6M%&/'4.(./'+%7*+%0/3'4%-)%J6*+*3#$%*'4%A5.%BCDEKF%*'4%*+%*%$#+36(%

(5#)%&6*.1#4%(5*(%(5#%($.*6U(/U($.*6%9$./$%0/$1*(./'%.+%6.M#6)%4$."#'%-)%*%I*61*'%0.6(#$:%%
%
N*66#@%*'4%&/66#*23#+%BCDEKF%&*$$.#4%/3(%$#+#*$&5%7.(5%&5.64$#'%*'4%3+#4%*%136(.96#%
$#2$#++./'% 6.M#%*'*6)+.+% (/%#>96/$#% (5#% .'063#'&#%/0% (5#%9$#"./3+% ($.*6:%G5#%)/3'2#+(%
&5.64$#'% B]% )#*$+F% +5/7#4% (5#% +($/'2#+(% $#6.*'&#% 39/'% (5#% 9$#"./3+% ($.*6:%X5#$#*+%
/64#$%&5.64$#'%B`%)#*$+%/0%*2#F%4.4%'/(%+5/7%*%&6#*$%9*((#$'%/0%4.1.'.+5.'2%$#6.*'&#%/'%
(5#%9$#"./3+%+3-a#&(."#%43$*(./'+%(/%(5#%+*1#%#>(#'(:%G5.+%+($/'2%$#6.*'&#%/'%9$#"./3+%
($.*6+,%*+%+5/7'%-)%(5#%0."#U)#*$U/64%&5.64$#',%*99#*$+%1/+(%+.1.6*$%(/%(5#%/9#$*(./'+%
/0%(5#%9$#"./3+%($.*6,%B/$%*%I*61*'%0.6(#$%6.M#F%1/4#6%75#$#%9$./$%6#*$'.'2%.+%0/&3+#4%/'%
(5#%1/+(%$#&#'(%&5*'2#+%(/%(5#%+(.136.%BJ6*+*3#$%R%A5.%CDEKF:%X5#$#*+%(5#%-#5*"./3$%
/0%&5.64$#'%-#)/'4%(5.+%*2#%7*+%1/$#%*1-.23/3+,%*+%(5#.$%$#6.*'&#%/'%(5#%9$#"./3+%
($.*6% 7*+% '/(% *+% +($/'2:% O44.(./'*66),% 7#% &*''/(% &6*.1% 8*)#+.*'% /$.2.'+% (/% (5#+#%
+($*(#2.#+%*(% (5.+%+(*2#%-#&*3+#% (5#$#%7*+%*'%*-+#'&#%/0%&/193(*(./'*6%1/4#66.'2%
9$/&#++#+:%G5#%&3$$#'(% $#+#*$&5%*.1#4% (/%+##%75.&5%8*)#+.*'%1/4#6%9$/".4#4% (5#%
-#+(%0.(%0/$%&5.64$#'%*'4,%(/%3'4#$+(*'4%(5#%1#&5*'.+(.&%9$/&#++#+%3+#4%-)%&5.64$#'%^%
)#*$+%/64%*'4%397*$4+:%%
%
%
%
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V3$$#'(%$#+#*$&5%
;(%.+%6.M#6)%(5*(%(5#$#%.+%*%($*'+.(./'%0$/1%&5.645//4%.'(/%*436(%8*)#+.*'%+($*(#2.#+%-3(%
#>*&(6)%5/7%&5.64$#'%1*)%3+#%8*)#+.*'%+($*(#2.#+%*+%(5#)%*2#%5*+%'/(%-##'%#>96/$#4:%
d#+#*$&5% &/'43&(#4% -)% V5*1-#$+% *'4% &/66#*23#+% BCDEcF% +322#+(#4% (5*(% 75.6+(%
&5.64$#'%/0%*66%*2#+%&/364%6#*$'%(5#%9$./$%1#*',%(5#)%&/364%/'6)%6#*$'%(5#%9$./$%"*$.*-.6.()%
BAWF%/'&#%(5#)%7#$#%K%)#*$+%/64:%G5.+%$#+36(%+322#+(#4%*%4#"#6/91#'(*6%($*a#&(/$)%0/$%
9$./$% 7#.25(.'2% -#&*3+#% (5#% &/19#(#'&)% .'% 7#.25(.'2% *% 9$./$% *&&/$4.'2% (/% .(+%
3'&#$(*.'()%7*+%#"#'(3*66)%*((*.'#4%-)%*2#%K:%N/7#"#$,%(5#%&3$$#'(%$#+#*$&5%*.1#4%(/%
#>96/$#%75#(5#$%(5#%+*1#%7/364%-#%($3#%/0%(5#%&5.64$#'b+%*-.6.()%(/%+7.(&5%(5#.$%9$./$%
6#*$'.'2%+($*(#2)%*&&/$4.'2% (/%+(.1363+%+#Q3#'&#%&3#+:%G5#%&3$$#'(% $#+#*$&5%3+#4%
-/(5%$*'4/1%7*6M%*'4%0366)%$*'4/1%+#Q3#'&#+%(/%(#+(%75#(5#$%&5.64$#'%7#$#%+#'+.(."#%
(/%&3#+%.'%+(.136.%(5*(%#'&/3$*2#4%4.00#$#'(%9$./$%*&Q3.+.(./'%+($*(#2.#+:%
%

_$/1%(5#%+9*(.*6%$#+#*$&5%.'%V5*9(#$%\,%(5#$#%.+%#".4#'&#%(/%+322#+(%(5*(%*436(+%7#$#%

*-6#%(/%+7.(&5%(5#.$%1/4#6%*&&/$4.'2%(/%&/'4.(./':%G5.+%7*+%+5/7'%-)%(5#%0.'4.'2%(5*(%
(5#%6*$2#+(%OM*.M#%7#.25(+%0/$%0366)%$*'4/1%&/'4.(./'+%7#$#%9$/43&#4%-)%$3''.'2%1#*'%
+($*(#2.#+,%-3(%(5#%OM*.M#%7#.25(+%7#$#%6*$2#+(%.'%(5#%$*'4/1%7*6M%&/'4.(./'+%0/$%(5#%
9$#"./3+% ($.*6%1/4#6:% G5#% &3$$#'(% $#+#*$&5% *.1+% (/% .'"#+(.2*(#% EF%75#(5#$% &5.64$#'%
+5/7%(5#%+*1#%1/4#6%*+%*436(+%75#'%*'*6)+.'2%(5#%-#+(%1/4#6%7.(5%0.>#4%9*$*1#(#$+%
*&$/++%*66%&/'4.(./'+%/$%75#(5#$%*%4.00#$#'(%1/4#6%9$/".4#+%*%-#((#$%0.(,%*'4%75#(5#$%CF%
&5.64$#'%&*'%-#%06#>.-6#%.'%(5#.$%1/4#6%*&&/$4.'2%(/%&/'4.(./'%*+%(5#%*436(+%7#$#:%;(%.+%
*6+/%9/++.-6#%(5*(%&5.64$#'%/0%*66%*2#+%&/364%+5/7%*%0.>#4%*99$/*&5,%7.(5/3(%(5#%*-.6.()%
(/% +7.(&5%1/4#6+%*&&/$4.'2% (/% +(.1363+% &3#+:% ;0% (5.+%7#$#% (5#% &*+#,% (5#%-#+(% 0.((.'2%
1/4#6%B#"#'%75#'%0.((#4%+#9*$*(#6)%(/%&/'4.(./'F%7/364%-#%(5#%+*1#%.$$#+9#&(."#%/0%(5#%
+(.1363+%/$4#$%.'%(5*(%&/'4.(./':%
%

G5#$#%*$#%$#*+/'+%(/%-#6.#"#%(5*(%&5.64$#'%1*)%6#*$'%9$./$+%4.00#$#'(6)%43#%(/%&#$(*.'%
&5*$*&(#$.+(.&+% (5#)% 4.+96*)% 43$.'2% (#19/$*6% #+(.1*(./':% V5.64$#'% 5*"#% +5/7'%
.'&$#*+#4% "*$.*-.6.()% .'% (#19/$*6% 4.+&$.1.'*(./'% *'4% .'% *% +#$.#+% /0% #>9#$.1#'(+% (5.+%
"*$.*-.6.()%4#&$#*+#4%7.(5%*2#% BW$/.(U</6#(,%CDD[L%W$/.(U</6#(%#(%*6:,%CDD[L%fr6*'(.%R%
W$/.(U</6#(,% CDEEF:% ;'% *%1/$#% $#&#'(% #>9#$.1#'(% 3+.'2% (#19/$*6% 4.+&$.1.'*(./'% *'4%
$#9$/43&(./',% *% 4#&$#*+.'2% "*$.*-.6.()% 7.(5% *2#% 7*+% *6+/% +5/7'% 75#$#-)% &5.64$#'%
$#*&5#4%*436(%6#"#6+%/0%"*$.*-.6.()%*(%*$/3'4%ED%)#*$+%/64%BI*$*1.'.+%#(%*6:,%CDEKF:%;'%
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(5.+% +*1#% +(34),% (5#)% *6+/% 0.((#4% *% 6.'#*$% $#2$#++./'% 0/$% (5#% 95)+.&*6% 43$*(./'% *+% *%
03'&(./'%/0%$#9$/43&#4%43$*(./'%(/%*'*6)+#%(5#%#>(#'(%(/%75.&5%$#9$/43&#4%43$*(./'+%
7#$#%-.*+#4%(/7*$4+%(5#%1#*'%/0%(5#%95)+.&*6%43$*(./'+:%;'&$#*+#4%-.*+%7*+%0/3'4%.'%
(5#%)/3'2#+(%&5.64$#',%*'4%(5.+%4#&$#*+#4%7.(5%*2#%BI*$*1.'.+%#(%*6:,%CDEKF:%
%
O+%*%$#+36(,% (5#%&3$$#'(%$#+#*$&5%*6+/%*.1#4%(/%$#96.&*(#%(5#%EF% .'&$#*+#4%"*$.*-.6.()%
*'4%CF%(5#%.'&$#*+#4%&/19$#++./'%B-.*+%(/7*$4+%(5#%9$./$F%.'%&5.64$#'%$#6*(."#%(/%*436(+:%
A9#&.0.&*66),%&5.64$#'%*2#4%^% (/%EE% .'%/$4#$% (/%/-+#$"#% (5#%4#"#6/91#'(*6% ($*a#&(/$)%
*'4% 9/++.-6#% 4.+(.'&(./'% .'% 9$./$% 6#*$'.'2% -#(7##'% (5#% *2#+% /0% c% *'4% K% )#*$+% /64:%
O44.(./'*66),%(5#%4.00#$#'(%8*)#+.*'%1/4#6%+($*(#2.#+%7.66%-#%0.((#4%(/%+##%75.&5%1/4#6+%
7#$#%(5#%1/+(%6.M#6)%(/%-#%3+#4%-)%&5.64$#'%*(%(5#+#%4.00#$#'(%*2#+,%*2*.'%*.1.'2%(/%
3'4#$+(*'4% 5/7% (5.+% *-.6.()%1*)% &5*'2#% *(% *$/3'4% K% )#*$+% /64:% O'% *436(% 6#"#6% 0/$%
6#*$'.'2%9$./$%"*$.*'&#%43$.'2%+9*(.*6%6/&*6.+*(./'%BV5*1-#$+%#(%*6:,%CDEcF%7*+%+5/7'%
(/%-#%+/1#75#$#%-#(7##'%c%*'4%ED%)#*$+%*'4,%75.6+(%3'#>96/$#4%3'(.6%(5.+%(.1#,%.(%.+%

9/++.-6#%(5*(%&5*'2.'2%1/4#6%+($*(#2)%.'%$#+9/'+#%(/%+#Q3#'&#%/$4#$%1*)%5*99#'%*(%
*%+.1.6*$%*2#:%O6(#$'*(."#6),%&5.64$#'%1*)%+5/7%*%4.00#$#'(%9*((#$'%(/%*436(+%.'%(5#%1/4#6%
(5#)%&5/+#,%7.(5%(5#%($*'+.(./'%(/%*436(%6.M#%-#5*"./3$%5*99#'.'2%*(%*'%*2#%-#)/'4%(5*(%
/0% (5#% &3$$#'(% +*196#% BEC% )#*$+% *'4% /64#$F:% ;(% 7/364% -#% +3$9$.+.'2% .0% (5#% )/3'2#$%
&5.64$#'%4.+96*)#4%*'%*436(%*-.6.()% .'% $#6*(./'% (/%9$./$% 6#*$'.'2%-#5*"./3$,%*6(5/325% .(%
&*''/(%-#%$36#4%/3(%-#&*3+#%)/3'2%&5.64$#'%5*"#%4.+96*)#4%(5#%&*9*-.6.()%(/%6#*$'%(5#%
9$./$%1#*'%.'%V5*1-#$+%*'4%&/66#*23#+%BCDEcF%+(34):%
 
5.2 Methods  
%

H*$(.&.9*'(+%
[[%&5.64$#'%BE`%1*6#+%*'4%E^%0#1*6#+F%7#$#%$#&$3.(#4%(5$/325%*%93-6.&%#'2*2#1#'(%
#"#'(%$3'%-)%(5#%S'."#$+.()%/0%j/((.'25*1:%G5#$#%7#$#%Ec%+.>%(/%#.25(U)#*$U/64+,%E]%
'.'#%(/%#6#"#'%)#*$%/64+:%O'%#>9#$.1#'(%$//1%7*+%9$/".4#4%-)%(5#%#"#'(,%*'4%(5#)%
7#$#%*66%*++.2'#4%*%\U4.2.(%;W%(/%*'/')1.+#%(5#%4*(*:%G5#)%5*4%'/%0/$1*6%4.*2'/+#+%
/0%4#"#6/91#'(*6%&/'4.(./'+,%*'4%(5#.$%".+./'%7*+%#.(5#$%'/$1*6%/$%&/$$#&(#4%(/%'/$1*6:%
G5#%*436(%+*196#%.'&634#4%(5#%+*1#%9*$(.&.9*'(+,%*'4%(5#.$%4*(*,%*+%.'%V5*9(#$%\:%
%

O99*$*(3+%*'4%#Q3.91#'(%
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G5#% $#+#*$&5% 7*+% &/'43&(#4% 3+.'2% *% H+)&5/9)% #>9#$.1#'(:% G5#% #>9#$.1#'(% 7*+%
4#+.2'#4% (/% -#% .4#'(.&*6% (/% (5#% *436(+% -3(% 7.(5% (5#% *44.(./'% /0% 1/$#% .'(#$*&(."#%
.'+($3&(./'+%9$./$% (/% (5#%+(*$(%/0% (5#% (*+M% B+##%A(.136.%+#&(./'% 0/$%1/$#%4#(*.6+F:%G5#%
#>9#$.1#'(%7*+%$3'%/'%*%NH%6*9(/9%*'4%7*+%5#64%.'%*%6*$2#%3'."#$+.()%(#*&5.'2%$//1%
*+%9*$(%/0%(5#%A311#$%A&.#'(.+(%X##M%#"#'(:%
%

A(.136.%
A##%V5*9(#$%\%0/$%+(.1363+%4#(*.6+%(5*(%$#1*.'#4%(5#%+*1#%*&$/++%(5#%*436(+%*'4%(5#%
&5.64$#'b+b% (*+M:% G5#% 1*.'% 0/&3+% /0% (5.+% +#&(./'% 7.66% -#% 5/7% (5#% .'+($3&(./'+% 7#$#%
9$#+#'(#4%(/%*.4%&5.64$#'b+b%3'4#$+(*'4.'2%/0%(5#%#>9#$.1#'(:%%
%

G5#%.'+($3&(./'+%7#$#%4#+.2'#4%(/%5#69%&5.64$#'%3'4#$+(*'4%(5#%+.2'.0.&*'&#%/0%(5#%(7/%
&/.'+,% *+% (5#$#% 7*+% *% &/'&#$'% 43$.'2% 9.6/(.'2% (5*(% (5#% &5.64% 0#6(% (5#% *.1% /0% (5#%
#>9#$.1#'(% 7*+% (/% $#1#1-#$% #>*&(6)% 75#$#% (5#% &3#% &/.'% 7*+:% G5#$#0/$#,% .(% 7*+%

'#&#++*$)%(/%2#(%*&$/++%(/%(5#%&5.64$#'%(5*(%(5#%)#66/7%&3#%&/.'%7/364%-#%6/&*(#4%&6/+#%
(/%(5#%$#4%&/.',%-3(%(5*(%(5#%)#66/7%&/.'%&/364%"*$)%+6.25(6)%.'%9/+.(./'%#*&5%(.1#:%;(%.+%
9/++.-6#%(5*(%&5.64$#'%1*)%+($3226#%(/%.1*2.'#%75*(%*%'/.+)%&3#%+3&5%*+%(5.+%7/364%
6//M%6.M#,%75#'%.'+($3&(#4%.'%7/$4+%*+%/99/+#4%(/%75#'%5*".'2%&/'&$#(#%#>9#$.#'&#%
7.(5%+*.4%&3#:%;(%5*+%-##'%+5/7'%(5*(%&5.64$#'%0.'4%*-+($*&(%7/$4+%1/$#%&5*66#'2.'2%(/%
$#*4%(5*'%&/'&$#(#%7/$4+:%O&&/$4.'2%(/%43*6%&/4.'2%(5#/$)%(5.+%&/364%-#%-#&*3+#%-/(5%
()9#+%/0%7/$4+%&/'(*.'%*%"#$-*6%&/4#,%5/7#"#$%&/'&$#(#%7/$4+%*6+/%&/'(*.'%*'%.1*2#$)%
&/4#% (5*(% .+% 6.M#6)% 9$/43&#4% (5$/325% 95)+.&*6% +#'+/$)% #>9#$.#'&#% 7.(5% (5#% 7/$4%
BV*$*1#66.,%A#((.,%R%W/'*(#66*,%CDD\F:%
%
;'%*44.(./',%(5#%6*&M%/0%*%&6#*$%/'#%(/%/'#%$#6*(./'+5.9%-#(7##'%(5#%&/.'+%9$./$%(/%(5#%
(*+M%1.25(%6#*4%(/%(5#1%0##6.'2%3'+3$#%75*(%(5#%2/*6%/0%(5#.$%(*+M%.+:%O+%*%$#+36(%/0%(5#%
*-/"#%$#06#&(./'+,%(5#%.'+($3&(./'+%.'&634#4%+/1#%+#60U9*&#4%B(5#%+9*&#%-*$%'##4#4%(/%
-#%9$#++#4%-#0/$#%(5#%'#>(%+(.1363+%*99#*$#4%/'%(5#%+&$##'F%9$*&(.&#%($.*6+%(/%2."#%(5#%
&5.64$#'%*%1/$#%&/'&$#(#%#>9#$.#'&#%/0%75#$#%(5#%$#4%*'4%)#66/7%&/.'%1.25(%*99#*$%
9$./$%(/%+(*$(.'2%(5#%#>9#$.1#'(:%G5#)%7#$#%'/(%#>96.&.(6)%(/64%(5#%$/6#+%/0%(5#%$#4%*'4%
)#66/7%&/.'+%.'%*%8*)#+.*'%&/'(#>(,%-3(%(5#)%7#$#%2."#'%(5#%/99/$(3'.()%(/%#>9#$.#'&#%
(5#%&/'&$#(#%#6#1#'(+%/0%(5#%'/.+)%$#6*(./'+5.9%-#(7##'%(5#%(7/%&/.'+:%%

%
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G5#%.'.(.*6%.'+($3&(./'%+&$##'+%.'"/6"#4%6*).'2%/3(%75*(%7*+%2/.'2%(/%5*99#'%.'%*%+.1.6*$%
7*)% (/% *436(+,% *6(5/325% 7.(5% $#0#$#'&#% (/% .(+% 9.$*(#% *'4% ($#*+3$#% &/.'% (5#1#:%
A3-+#Q3#'(6),%(5#%1/$#%.'"/6"#4%.'+($3&(./'+%7#$#%9$#+#'(#4%.'%(5#%0/$1%/0%+#60U9*&#4%
*'4% 6*-#66#4% 9$*&(.&#% ($.*6+:% T*&5% /0% (5#% +#60U9*&#4% 9$*&(.&#% ($.*6+% 5*4% [% 1*.'%
&/19/'#'(+e%/'#%9$*&(.&#%($.*6%+5/7.'2%(5#1%(5*(%(5#%$#4%&/.'%&/364%*99#*$%(/%(5#%6#0(%
/0%(5#%)#66/7%&/.',%*'/(5#$%+5/7.'2%(5#1%(5*(%(5#%$#4%&/.'%&/364%-#%(/%(5#%$.25(%/0%(5#%
)#66/7%&/.'%*'4% 0.'*66)% *% ($.*6% +5/7.'2% (5#1%5/7% (5#% )#66/7%*'4% $#4% &/.'% &/364%-#%
*61/+(%#>*&(6)%.'%(5#%+*1#%96*&#:%G5.+%7*+%4/'#%(/%*66/7%(5#1%(/%M'/7%-#0/$#U5*'4%
(5*(% (5#$#%7#$#%+#"#$*6%9/++.-.6.(.#+%*'4,%75.6+(% (5#%)#66/7%&/.'%4.4%'/(%&/'+.+(#'(6)%
$#"#*6%(5#%#>*&(%6/&*(./'%/0%(5#%$#4%&/.',%(5#%$#6*(./'+5.9%-#(7##'%(5#1%#>.+(#4%*66%(5#%
+*1#%B+##%_.23$#%\DF:%O6(5/325%'/%4#(*.6+%*-/3(% (5#%#>(#'(%/0%5#69% (5#%)#66/7%&/.'%
7/364%9$/".4#%0$/1%($.*6%(/%($.*6%7#$#%2."#':%G5#%4#(*.6+%/0%(5#%+#60U9*&#4%9$*&(.&#%($.*6+%
7.66%-#%#6*-/$*(#4%/'%(5#%.'%(5#%'#>(%9*$*2$*95:%
%

G5#%0.$+(%.'(#$*&(."#%.'+($3&(./'%9*2#%-#2*'%(/%4#(*.6%(5#%$#6*(./'+5.9%-#(7##'%(5#%&/.'+%
*'4%4.4%+/%-)%(#66.'2%&5.64$#'%(5*(%*%0.>*(./',%0/66/7#4%-)%*%)#66/7%&/.'%7/364%*99#*$%*(%
(5#%+(*$(%/0%*66%($.*6+:%G5#%93$9/+#%/0%(5#%)#66/7%&3#%&/.'%7*+%#>96*.'#4%-)%(#66.'2%(5#%
&5.64$#'%(5*(%.(%7/364%+/1#(.1#+%5#69%(5#1%0.'4%(5#%5.44#'%6/&*(./'%/0%(5#%$#4%&/.',%-3(%
'/(%*67*)+:%!'%(5.+%+*1#%+&$##'%(5#$#%7*+%+/1#%(#>(%(/%4#+&$.-#%75#$#%(5#%)#66/7%
&/.'%&/364%-#%96*&#4%$#6*(."#%(/%(5#%5.44#'%6/&*(./'%/0%(5#%$#4%&/.'%B0/$%#>*196#,%(/%(5#%
$.25(F%*'4%(5#'%(5#)%7#$#%*66/7#4%(/%1/"#%(5#%'#(%*$/3'4%(5*(%9*2#%(/%9$*&(.&#%6//M.'2%
0/$%(5#%$#4%&/.':%%
%

;'%&/'($*+(%(/%(5#%*&(3*6%#>9#$.1#'(%(5#%)#66/7%&/.'%$#1*.'#4%/'%(5#%+&$##'%0/$%(5#%
43$*(./'%/0%(5#.$%+#*$&5%(/%5#69%(5#%&5.64$#'%/-+#$"#%(5#%4.00#$#'&#%-#(7##'%(5#%)#66/7%
*'4%$#4%&/.'b+%9/+.(./':%G5.+%7*+%9$#0#$*-6#%(/%*+M.'2%(5#1%(/%$#(*.'%(5#%)#66/7%&/.'b+%
9/+.(./'%.'%1#1/$)%*'4%0/&3+%/'%(5#%.'+($3&(./'+%+.136(*'#/3+6):%!'&#%(5#)%9$#++#4%
(5#%+9*&#%-*$,%(5#%5.44#'%6/&*(./'%/0%(5#%$#4%&/.'%7*+%$#"#*6#4%*'4,%*2*.'%(5#%)#66/7%
&/.'%$#1*.'#4%/'%+&$##'%+/%(5#)%&/364%+##%75#$#%(5#%&/.'+%7#$#%.'%$#6*(./'%(/%/'#%
*'/(5#$:%!'&#%(5#)%5*4%$#&#."#4%(5*(% 0##4-*&M% .'% (5#% 0/$1%/0% (5#%$#4%&/.'%B(5#%'#(%
7/364%+(.66%(3$'%2$##'F,%(5#)%9$#++#4%+9*&#%-*$%(/%&/'(.'3#%(5$/325%*66%(5#%(5$##%+#60U
9*&#4%9$*&(.&#%($.*6+%(5*(%7#$#%+#(%39%.'%*%+.1.6*$%0*+5./'%B+##%_.23$#%\DF:%O+%9*$(%/0%
(5.+%+#60U9*&#4%*99$/*&5,%(5#%)#66/7%&/.'%$#1*.'#4%/'%(5#%+&$##'%.'%*66%-3(%(5#%0.'*6%
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.'+($3&(./'%+&$##',%+/%(5#%&5.64$#'%&/364%/-+#$"#%75*(%7*+%2/.'2%(/%5*99#'%.'%$#6*(./'%
(/%(5#%$#4%&/.'%*'4%(5#%)#66/7%&/.'%9/+.(./'+:%O0(#$%(5.+%(.1#,%0."#%#>9#$.1#'(%9*&#4%
9$*&(.&#%($.*6+%7#$#%3+#4%(/%*66/7%(5#%&5.64$#'%(/%#>9#$.#'&#%(5#%4.00#$#'&#%.'%+(.1363+%
9$#+#'(*(./'%.'%(5#%#>9#$.1#'(%$#6*(."#%(/%75*(%(5#)%5*4%+##'%43$.'2%(5#%+#60U9*&#4%
9$*&(.&#:%G5.+%1#*'(%.'%(5#%0.$+(%&*+#%(5#)%7#$#%*-6#%(/%9$*&(.&#%3'4#$+(*'4.'2,%75*(%
7/364%5*99#'%*'4%.'%(5#%0/66/7.'2%&*+#%(5#)%7#$#%-#&/1.'2%*&&3+(/1#4%(/%5/7%0*+(%
(5#%#>9#$.1#'(%7/364%-#:%_/$%*%&/19*$.+/'%(/%(5#%.'+($3&(./'+%(5#%*436(+%$#&#."#4%+##%
V5*9(#$%\:%
%
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%

%
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Y*97)$&NF%&Z&51J$.2#*1&5J"U*+9&J"U&#J$&5$3-\(21$,&()21#*1$&#)*235&"($)2#$,&25&2+&$I#$+5*"+&"-&#J$&
*+5#)71#*"+5%&

 

!"#$%&Y)".&#J$&#"(&)*9J#&(2+$3&"+U2),5?&#J$&)$,&1"*+5&("5*#*"+&*5&)$V$23$,&#"&("#$+#*233<&@$&#"&#J$&)*9J#&"-?&#J$&
3$-#&"-&")&*+&#J$&52.$&3"12#*"+&25?&#J$&<$33"U&1"*+%&8J$&(7)("5$&"-&#J*5&U25&#"&$I(32*+&#"&#J$&1J*3,)$+&5".$&"-&
#J$&("#$+#*23&"7#1".$5&"-&#J$&+"*5<&)$32#*"+5J*(&@$#U$$+&#J$&<$33"U&2+,&)$,&1"*+%&
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%
H$/&#43$#%
%

G5#%1*.'%9$/&#43$#%7*+%(5#%+*1#%*+%(5#%9$/&#43$#%0/$%(5#%*436(+%*+%4#+&$.-#4%.'%(5#%
+9*(.*6%6/&*6.+*(./'%(*+M:%N/7#"#$%/'6)%*%+.'26#%"*63#%/0%&3#%AW%B"*$.*-.6.()%/0%(5#%&3#%
&/.'%9/+.(./'F%*'4%+.'26#%7*6M%AW%B"*$.*-.6.()%/0%(5#%$*'4/1%7*6MF%7*+%3+#4:%X5#$#*+%
(5#%*436(+%#>9#$.#'&#4%*44.(./'*6%"*$.*(./'+%/0%(5#%&3#%AW%*'4%7*6M%AW%"*63#+:%G5.+%
7*+%4/'#%(/%M##9%(5#%(*+M%6#'2(5%BCD%1.'3(#+F%+3.(*-6#%0/$%(5#%*((#'(./'*6%&*9*-.6.(.#+%
/0% (5#%)/3'2#+(%&5.64$#':%8/(5% (5#%*436(%*'4%&5.64%"#$+./'%/0% (5#% (*+M%5*4%*%+&/$#,%
75.&5%7*+%'/(%3+#4%0/$%*'*6)+.+%-3(%3+#4%(/%$#43&#%-/$#4/1%2."#'%(5#%+.196#%(*+M%
9$/&#43$#:%
%
G5#%9$/&#43$#%-#2*'%7.(5%(5#%.'+($3&(./'%+&$##'%*'4%(5#%&5.64$#'%7#$#%5#69#4%7.(5%
(5#% &/193(#$% $#+9/'+#+%75#$#% '#&#++*$)% 0/$% )/3'2#$% .'4.".43*6+:%A3-+#Q3#'(6)% *%

-6/&M%/0%#.(5#$% $*'4/1%7*6M% ($.*6+%/$% 0366)% $*'4/1%($.*6+%7.(5%7*6M%*'4%&3#%AW%-/(5%
#Q3*6% (/% D:D]% 7*+% 9$#+#'(#4% B(5#% 0/66/7.'2% 9*$*2$*95+% 7.66% /3(6.'#% (5.+% 7.(5% 1/$#%
4#(*.6F:%G5#%/$4#$%/0%75.&5%(5#%9*$(.&.9*'(+%".#7#4%(5#%(7/%4.00#$#'(%+(.1363+%-6/&M+%
7*+%&/3'(#$%-*6*'&#4:%%
%
;'%&/'($*+(%(/%(5#%*436(%(*+M,%(5#%-6/&M%/0%($.*6+%7*+%+96.(%.'%5*60%7.(5%*'%.1*2#%(#66.'2%
(5#1%(5#)%5*4%&/66#&(#4%5*60%/0%(5#%($#*+3$#:%G5.+%1#*'(%(5*(%&5.64$#'%0.66#4%(7/%($#*+3$#%
&5#+(+%*'4%43#%(/%-/(5%5*".'2%*%+5/$(%-$#*M%+&$##'%*(%(5#%5*60U7*)%9/.'(%(5.+%1#*'(%
(5#%(*+M%*99#*$#4%(/%(5#%&5.64$#'%*+%-$/M#'%.'(/%\%+5/$(#$%(*+M+:%G5#$#%7#$#%^c%($.*6+%
.'%(5#%$*'4/1%7*6M%-6/&M%*'4%^c%.'%(5#%0366)%$*'4/1%-6/&M:%O+%*%$#+36(,%(5#$#%7#$#%[\%
($.*6+%.'%#*&5%Q3*$(#$%+#9*$*(#4%-)%*%-$#*M%*'4%E[^%($.*6+%.'%(/(*6:%!"#$*66,%#*&5%/0%(5#%
&/'4.(./'+%(//M%*99$/>.1*(#6)%ED%1.'3(#+,%9$/43&.'2%*%(/(*6%(.1#%/0%CD%1.'3(#+%(/%C]%
1.'3(#+%.'&634.'2%-$#*M+:%%
%
G5#%&5/.&#%(/%+#6#&(%(5#+#%"*63#+%0/$%(5#%(*+M%7*+%4#&.4#4%*0(#$%*'*6)+.'2%(5#%$#+36(+%
/0%(5#%*436(%4*(*:%!'#%&/'4.(./'%7*+%+#6#&(#4%(/%M##9%(5#%(*+M%3'4#$%CD%1.'3(#+%0/$%
(5#%&5.64$#':%G5.+%&/'4.(./'%7*+%+#6#&(#4%-#&*3+#%-*+#4%/'%(5#%*436(+b%4*(*%7#%7#$#%
6//M.'2% 0/$% *% '/(.&#*-6#% 4.00#$#'&#% -#(7##'% (5#% $*'4/1% 7*6M% *'4% 0366)% $*'4/1%
&/'4.(./':% G5#% 4.00#$#'&#+% .'% &/19$#++./'% -#(7##'% &/'4.(./'+% *'4% 2$/39+% .+%1/$#%
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#*+.6)%*'*6)+#4%.0%7#%&*'%-#%1/$#%&/'0.4#'(%(5*(%(5#$#%7.66%-#%*%4.00#$#'&#%-#(7##'%
&/'4.(./'+%B#+9#&.*66)%2."#'%(5*(%&5.64$#'%4#1/'+($*(#%1/$#%+#'+/$)%'/.+#%(5*'%*436(+%
BW$/.(%</6#(,%CDE[F:%G5.+%6*$2#%4.00#$#'&#%.'%1#*'%&/19$#++./'%7*+%0/3'4%.'%&3#%AW%h%
D:E]%*'4%7*6M%AW%h%D:D]%B+##%O99#'4.>%JF:%O44.(./'*66),%(5#%+(*'4*$4%4#".*(./'%/0%(5#%
&3#%&/.'%'##4#4%(/%-#%+1*66%#'/325%+/%(5*(%&5.64$#'%&/364%-#2.'%(/%+##%(5#%$#6*(./'+5.9%
-#(7##'%(5#%(7/%&/.'+:%O+%*%$#+36(,%(5#%&3#%AW%h%D:D]%&/'4.(./'%7*+%+#6#&(#4:%
%
G5#%*436(+%#>9#$.#'&#4%]%4.00#$#'(%7*6M%AW+%B/'#%0366)%$*'4/1%*'4%/'#%$*'4/1%7*6MF%
*'4%]%4.00#$#'(%&3#%AW+%B/'#%0366)%$*'4/1%*'4%/'#%$*'4/1%7*6MF,%6#*4.'2%\%4.00#$#'(%
95*+#+:%G5.+%7*+%4/'#%(/%4#1/'+($*(#%*%+)+(#1*(.&%#00#&(%.'%5/7%(5#%-.*+%(/7*$4+%(5#%
9$./$%&5*'2#4,%-#0/$#%6//M.'2%.'(/%4#"#6/91#'(*6%4.00#$#'&#+%.'%(5#%&3$$#'(%&5*9(#$:%
%
%
5.3 Results  
%

T+(.1*(#+% /0% (*$2#(% &/.'% 6/&*(./'+% 7#$#% &/66#&(#4% ".*% *% '#(% $#+9/'+#% 75.&5% 7*+%
&/'(.'2#'(%7.(5%9*$(.&.9*'(+b%1/3+#%96*&#1#'(:%G5#%&3#%&/.'%6/&*(./'+%B*+%#>($*&(#4%
0$/1%(5#%J*3++.*'%&3$"#%75#$#%(5#%(*$2#(%&/.'%9/+.(./'%.+%(5#%1#*'F%7#$#%96/((#4%*+%
*%03'&(./'%/0%(5#%'#(%6/&*(./'%$#+9/'+#+%*+%9$#4.&(#4%-)%*%+.'26#%9*$(.&.9*'(%B+##%_.23$#%
\EF:%G5#%$*'4/1%7*6M%&/'4.(./'+%7#$#%+5/7'%.'%-63#,%*'4%(5#%0366)%$*'4/1%&/'4.(./'+%
7#$#%+5/7'%.'%$#4:%O%6.'#*$%$#2$#++./'%6.'#%/0%(5#%+*1#%&/6/3$%7*+%0.((#4%(5$/325%(5#%
4*(*%9/.'(+% 0/$%#*&5%&/'4.(./':%O% 6.'#*$%$#2$#++./'%/0%&3#%9/+.(./'+%*+%*%03'&(./'%/0%
$#+9/'+#+% B'#(% 9/+.(./'F% 7*+% 0.((#4:% G5.+% .+% -#&*3+#% (5#% *1/3'(% /0% -.*+% &*'% -#%
1#*+3$#4%-)%(5#%*1/3'(%/0%-.*+%(/7*$4+%9$./$%B(*$2#(%6/&*(./'%1#*'L%+##%_.23$#%\EF:%
_/$% -/(5% &/'4.(./'+,% (5#% 6.'#*$% $#2$#++./'% &*'% ".+3*66)% 4#1/'+($*(#% (5#% *1/3'(% /0%
&/19$#++./'%(/7*$4+%(5#%(*$2#(%B9$./$%1#*'F:%G5.+%.+%-#&*3+#,%.0%(5#%'#(%7#$#%(/%-#%
96*&#4%/'%(5#%&3#%&/.'%#"#$)%(.1#,%(5#'%(5#$#%7/364%-#%'/%&/19$#++./'%*'4%(5#%+6/9#%
7/364%5*"#%*%2$*4.#'(%/0%E:%;0%(5#%'#(%6/&*(./'%7#$#%(/%-#%-.*+#4%(/7*$4+%(5#%(*$2#(%
1#*',%(5#'%(5#%2$*4.#'(%/0%(5#%0.((#4%6.'#%7/364%1/"#%*7*)%0$/1%E%*'4%(/7*$4+%@#$/:%
O+%*%$#+36(,%(5#%+.@#%/0%(5#%+6/9#%.'4.&*(#+%5/7%13&5%-.*+%(5#$#%7*+%(/7*$4+%(5#%9$./$%
1#*'%+3&5%(5*(%*%+1*66#$%2$*4.#'(%"*63#%B&6/+#$%(/%D%7/364%1#*'%1/$#%&/19$#++./'F:%
N/7#"#$,%(/%1*M#%(5#%1#*+3$#%/0%-.*+%1/$#%.'(3.(."#%EU-%7*+%3+#4%-#&*3+#%(5#'%*%
6*$2#$%"*63#%/0%EU-%7/364%1#*'%1/$#%-.*+%(/7*$4+%(5#%1#*':%
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%
%
%
%
%
%
%
%
%
%
%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
G5#% 7/$4% &/19$#++./'% 7*+% 3+#4% (/% 4#+&$.-#% 5/7% (5#% 6.'#*$% $#2$#++./'% 0.(% 6.'#%
*99#*$#4% 06*((#'#4:% V/19$#++./'% 1*2'.(34#+% BEU-,% *+% 4#+&$.-#4% .'% (5#% 9$#"./3+%
9*$*2$*95F%7#$#%&*6&36*(#4%0/$%#*&5%.'4.".43*6%9*$(.&.9*'(,% .'%#*&5%&/'4.(./':%G5#+#%
"*63#+%7#$#%(5#'%*"#$*2#4%*'4%96/((#4%*2*.'+(%(5#%+(*'4*$4%4#".*(./'%/0%(5#%&3#%*'4%
(5#%+(*'4*$4%4#".*(./'%/0%(5#%$*'4/1%7*6M%+(#9%$#+9#&(."#6)%(/%+##%5/7%-.*+%&5*'2#4%
*+% (5#% "*$.*-.6.()% /0% (5#+#% +(.1363+% 9$/9#$(.#+%7*+% *6(#$#4:%d*'4/1%7*6M% *'4% 0366)%
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Y*97)$&NL%&8J$&7+-*33$,&,2#2&("*+#5&1"))$5("+,&#"&#J$&+$#&3"12#*"+5&(3"##$,&25&-7+1#*"+&"-&17$&3"12#*"+5&-")&2&
5*+93$&(2)#*1*(2+#%&

!"#$%&8J$&+$#&3"12#*"+5&1"))$5("+,&#"&UJ$)$&(2)#*1*(2+#5&#J"79J#&#J$&57@5$_7$+#&#2)9$#&3"12#*"+&U"73,&@$&2+,&25&
)$573#&UJ$)$&#J$<&(321$,&#J$*)&+$#&2#&#J$&$+,&"-&$21J&#)*23%&8J$&17$&3"12#*"+5&U$)$&,)2U+&-)".&2&n2755*2+&,*5#)*@7#*"+&
U*#J&2&.$2+&$_723&#"&#J2#&"-&#J$&#2)9$#&1"*+&3"12#*"+&"+&#J2#&#)*23&2+,&2&5#2+,2),&,$V*2#*"+&"-&F%F]%&8J$&)$,&1*)13$5&
*+,*12#$&#J$&-733<&)2+,".&1"+,*#*"+&2+,&#J$&@37$&5J"U&#J$&)2+,".&U23W&1"+,*#*"+5%&8J$&@321W&,"##$,&3*+$&)$()$5$+#5&
1".(3$#$&)$3*2+1$&"+&#J$&17$&1"*+&-")&$5#*.2#*+9&#J$&#2)9$#&1"*+T5&3"12#*"+% 
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$*'4/1%&/'4.(./'+%0/$%#*&5%&3#%*'4%7*6M%AW%7#$#%96/((#4%/'%(5#%+*1#%0.23$#%.'%/$4#$%
(/%9$/".4#%*%&/19*$.+/'%0/$%(5#%4.00#$#'(%*1/3'(%/0%&/19$#++./'%+5/7'%0/$%(5#%(7/%
+(.1363+%+#Q3#'&#+:%
%
G5#% 4*(*% (*M#'% 0$/1%*% +.'26#% 9*$(.&.9*'(%7*+% 96/((#4%7.(5% *% 6.'#*$% $#2$#++./'% B+##%
_.23$#% \EF:% G5#% 4*(*% 0$/1% (5.+% 9*$(.&.9*'(% +5/7#4% (5*(% $*'4/1% 7*6M% &/'4.(./'+%
9$/43&#4% "#$)% 6.((6#% &/19$#++./'% (/7*$4+% (5#% (*$2#(% 6/&*(./'% *'4% *61/+(% &/196#(#%
$#6.*'&#%/'%(5#%&3#%&/.':%G5.+%.+%4#1/'+($*(#4%-)%(5#%$*'4/1%7*6M%6.'#*$%$#2$#++./'%
6.'#%-#.'2%*61/+(%#>*&(6)%.'%6.'#%7.(5%(5#%4/((#4%6.'#,%75#$#%(5#%4/((#4%6.'#%$#9$#+#'(+%
(5#% '#(% -#.'2% 96*&#4% /'% (5#% &3#% &/.'% #"#$)% (.1#:% N/7#"#$,% 0/$% (5#% 0366)% $*'4/1%
&/'4.(./'+,%(5#$#%7*+%*%&6#*$%&/19$#++."#%-.*+%*7*)%0$/1%(5#%4/((#4%6.'#%(/7*$4+%(5#%
9$./$%1#*'%B1#*'%/0%(5#%(*$2#(%6/&*(./'+F:%%
%
J$/39%4*(*%-.*+e%&/19$#++./'%1*2'.(34#:%
G5#%&/19$#++./'%1*2'.(34#%7*+%*"#$*2#4%*&$/++% (5#% (7/%2$/39+%/0% &5.64$#'% B^Uc%
)#*$+%*'4%KEE%)#*$+F%*'4%(5#%2$/39%/0%*436(+:%G5#%-*$%96/(+% .'%_.23$#%\C%+5/7%(5#%
4.00#$#'(%*1/3'(+%/0%&/19$#++./'%.'%#*&5%*2#%2$/39:%G5#%4*(*%0/$%(5#%(7/%&5.64%2$/39+%
7*+%*6+/%96/((#4%/'%*%&/'(.'3/3+%+&*6#%(/%*++#++%(5#%#>(#'(%(/%75.&5%*%2$*43*6%&5*'2#%
.'%&/19$#++./'%1*2'.(34#%#>.+(+%-#(7##'%(5#%*2#+%/0%`%*'4%K:%%
%
G5#% *1/3'(% /0% &/19$#++./'% 4#&$#*+#4% 7.(5% *2#,% +3&5% (5*(% 0/$% (5#% 0366)% $*'4/1%
&/'4.(./'+% (5#% )/3'2#$% &5.64$#'% +5/7#4% (5#% 6*$2#+(% &/19$#++./'% BY% h% D:[c`,%
AWhD:C^\F,% 0/66/7#4% -)% (5#% /64#$% &5.64$#'% BYhD:EcD,% AWhD:E[EF,% 0/66/7#4% -)% (5#%
*436(+% BYhD:ED`,% AWhD:EEcF:% G5.+% +*1#% 9*((#$'% 7*+% +##'% 0/$% (5#% $*'4/1% 7*6M%
&/'4.(./'+% 75#$#% (5#% )/3'2#$% &5.64$#'% BYhD:[\^,% AWhD:CDcF% +5/7#4% (5#% 6*$2#+(%
&/19$#++./'% 1*2'.(34#,% 0/66/7#4% -)% (5#% /64#$% &5.64$#'% BYhD:E[],% AWhD:EcEF,%
0/66/7#4%-)%(5#%*436(+%BYhD:D]^,%AWhD:D\KF:%%
%
O44.(./'*66),%0366)%$*'4/1%&/'4.(./'+%+5/7#4%".+.-6)%6*$2#$%&/19$#++./'%(5*'%$*'4/1%
7*6M% &/'4.(./'+% B*9*$(% 0$/1% .'% (5#% ^Uc% )#*$% /64+% 75#$#% (5.+% 4.00#$#'&#% 7*+% +1*66%
&/19*$#4% (/% (5#% /(5#$% *2#% 2$/39+F:% v/3'2#$% &5.64$#'% BY*$2.'*6% 1#*'% h% D:[^`F%%
+5/7#4%1/$#%&/19$#++./'%(5*'%BY*$2.'*6%1#*'%h%D:E]`F%.'%(#$1+%/0%(5#%*1/3'(%/0%
&/19$#++./'%(5#)%4.+96*)#4,%.$$#+9#&(."#%/0%&/'4.(./':%O44.(./'*66),%)/3'2#$%&5.64$#'%
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BY*$2.'*6%1#*'%h%D:[^`F%*6+/%+5/7#4%1/$#%&/19$#++./'%(5*'%(5#%*436(+%BY*$2.'*6%
1#*'% h% D:DcCF% % *2*.',% .$$#+9#&(."#% /0% &/'4.(./'% B+##% _.23$#% \CF:% O+% *% $#+36(,% (5#%
4.00#$#'&#+%-#(7##'%(5#%/64#$%*'4%)/3'2#$%&5.64%2$/39%75#'%9$#+#'(#4%*+%&*(#2/$.&*6%
4*(*% *99#*$#4% (/% +322#+(% *% '#2*(."#% $#6*(./'+5.9% -#(7##'% *2#% *'4% &/19$#++./'%
1*2'.(34#:%%
%
N/7#"#$,%6.'#*$%$#2$#++./'+%7#$#%0.((#4%(/%(5#%4*(*%(/%*++#++%75#(5#$%(5#%$#6*(./'+5.9%
7*+%9$#+#'(%7.(5.'%(5#%(7/%*2#%2$/39+%B*+%7#66%*+%-#(7##'%(5#1F:%;'%(5#%0366)%$*'4/1%
($.*6+,%(5#%^Uc%)#*$%/64+%+5/7#4%*%'#2*(."#%$#6*(./'+5.9%-#(7##'%*2#%*'4%&/19$#++./'%
1*2'.(34#% Bd% +Q3*$#4hD:E^[,% _BC,E^Fh[:EC,% 9hD:DKK^% 7*+% 0/3'4:% _/$% (5#+#% ($.*6%
()9#+,%*%'#2*(."#%$#6*(./'+5.9%7*+%*6+/%0/3'4%0/$%(5#%KUEE%)#*$%/64%&5.64$#'%Bd%+Q3*$#4%
h%D:Cc^,%_BC,E[Fh]:C,%9hD:D\F:%O44.(./'*66),%(5#%6.'#*$%$#2$#++./'%0.((#4%*&$/++%*66%&5.64%
2$/39+% 0/3'4% *% '#2*(."#% $#6*(./'+5.9% -#(7##'% Bd% +Q3*$#4hD:[cE% ,% _BC,[[FhEK,%
9nD:DDEF%

%
;'%&/'($*+(,%.'%(5#%$*'4/1%7*6M%($.*6+%(5#%)/3'2#$%&5.64$#'=+b%4*(*%+5/7#4%(5*(%*2#%7*+%
'/(% *-6#% (/% 9$#4.&(% &/19$#++./'%1*2'.(34#% Bd% +Q3*$#4%h% D:E[],% _BC,E^Fh% C:],% 9% h%
D:E[[:%G5.+%7*+%*6+/%(5#%&*+#%.'%(5#%;'%(5#%/64#$%&5.64$#'=+%4*(*:%O2#%7*+%'/(%9$#4.&(."#%
/0%&/19$#++./'%1*2'.(34#%Bd%+Q3*$#4%h%D:ED^,%_BC,E[FhE:]\%9hD:C[^F:%N/7#"#$,%0/$%
(5#%6.'#*$%$#2$#++./'%0.((#4%*&$/++%&5.64$#'%/0%*66%*2#+%*%'#2*(."#%$#6*(./'+5.9%-#(7##'%
*2#% *'4% &/19$#++./'% 1*2'.(34#% 7*+% 0/3'4% Bd% +Q3*$#4hD:CcC,% _BC,[[FhEC:C,%
9hD:DDE]F%
%
%
%
%
%
%
%
%
%
%
%
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!"#$%&8J$&1".()$55*"+&.29+*#7,$&-")&$21J&(2)#*1*(2+#&U25&1231732#$,&75*+9&#J$&5#$$(+$55&"-&#J$&-*##$,&
3*+$2)&)$9)$55*"+&3*+$&5$$+&*+&Y*97)$&NL%&R")$&5($1*-*1233<?&#J$&1".()$55*"+&.29+*#7,$&U25&$_723&#"&L\@?&
UJ$)$&@&U25&#J$&9)2,*$+#&"-&#J$&53"($%&8J$)$-")$?&-733<&V$)*,*123&)$5("+5$5&U"73,&J2V$&()",71$,&2&
9)2,*$+#&"-&L&2+,&2&1".()$55*"+&.29+*#7,$&"-&F%&
&
Y")&#J$&12#$9")*123&,2#2&#J$&2V$)29$&1".()$55*"+&.29+*#7,$&U25&#J$+&1231732#$,&-")&$21J&*+,*V*,723&2+,&
2V$)29$,&21)"55&$21J&9)"7(&#"&()",71$&#J$&@2)&J$*9J#5%&8J$&$))")&@2)5&)$()$5$+#&#J$&5#2+,2),&$))")&"-&
#J$&.$2+%&Y")&#J$&1"+#*+7"75&,2#2?&#J$&()$1*5$&29$&"-&#J$&1J*3,)$+&M(2)#*1*(2+#5&-)".&29$5&K&#"&G&2+,&i&#"&
LLO&U25&(3"##$,&292*+5#&#J$*)&1"))$5("+,*+9&1".()$55*"+&.29+*#7,$%&Z&3*+$2)&)$9)$55*"+&3*+$&U25&-*##$,&
21)"55&233&29$5&M,"##$,&3*+$O&2+,&U*#J*+&$21J&29$&9)"7(&M-*33$,&3*+$5O%&&
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Y.>#4%0*&(/$+%Oj!<O%/'%&/19$#++./'%%
O%[%B*2#e%̂ Uc%)#*$+,%KUEE%)#*$+%/$%*436(+F%>%C%B$*'4/1.+*(./'e%0366%/$%7*6MF%1.>#4%0*&(/$+%
Oj!<O% B*++31.'2% 3'#Q3*6% "*$.*'&#+F% % 0/3'4% *% +.2'.0.&*'(% 1*.'% #00#&(% /0% *2#% /'%
&/19$#++./'%7*+%0/3'4%_%BE,\KF%h%E`:C`K,%9nD:DE,%#(*%+Q3*$#4%D:[\cF:%O%Z#"#'#b+%
(#+(%.'4.&*(#4%(5*(%(5#%*++319(./'%/0%5/1/2#'.()%7*+%"./6*(#4%0/$%(5#%0366%B_BC,\KF%h%
ED:cE`,%HnD:DDEF%*'4%(5#%$*'4/1%7*6M%B_BC,\KF%h%ED:CEE,%HnD:DDEF%&/'4.(./'+:%
%

O%9/+(%5/&%G3M#)%(#+(%$#"#*6#4%(5*(%(5#$#%7#$#%+.2'.0.&*'(%4.00#$#'&#+%-#(7##'%(5#%^U
c% )#*$% /64+% *'4% KUEE% )#*$% /64+% B9hD:DEF% *'4% (5#% ^Uc% )#*$% /64+% *'4% (5#% *436(+%
BHnD:DDEF:N/7#"#$,% (5#$#% 7#$#% '/% +.2'.0.&*'(% 4.00#$#'&#+% -#(7##'% (5#% /64#$% &5.64%
2$/39%BKUEE%)#*$%/64+F%*'4%(5#%*436(+:%_$/1%(5#%[>C%1.>#4%Oj!<O%.(%7*+%*6+/%+5/7'%
(5*(% (5#$#% 7*+% '/% 1*.'% #00#&(% /0% $*'4/1.+*(./'% /'% &/19$#++./'% _BE,\KF% h% [:Kc\,%
9hD:D]E,%#(*%+Q3*$#4hD:DECF%*'4%'/%.'(#$*&(./'%-#(7##'%$*'4/1.+*(./'%*'4%*2#%.'%
(#$1+% /0% (5#% *1/3'(% /0% &/19$#++./'% +5/7',% _BC,\KFhD:DE^,% 9hD:Kc\,% #(*%

+Q3*$#4hD:DDDDK\F:%%
%
%
J$/39%4*(*%"*$.*-.6.()e%A(*'4*$4%4#".*(./'%/0%$#+.43*6%#$$/$%%
G5#%"*$.*-.6.()%/0%9*$(.&.9*'(+%7*+%1#*+3$#4%".*%(5#%+(*'4*$4%4#".*(./'%/0%(5#%$#+.43*6%
#$$/$%*&$/++%*66%($.*6+%.'%#*&5%&/'4.(./',%0/$%#*&5%9*$(.&.9*'(:%G5#%$#+.43*6%#$$/$%7*+%(5#%
(*$2#(%9/+.(./'%+3-($*&(#4% 0$/1% (5#%9$#4.&(#4% (*$2#(% 6/&*(./'% B*+%9$#4.&(#4% 0$/1% (5#%
6.'#*$%$#2$#++./'F%0/$%#*&5%9*$(.&.9*'(:%G5.+%#$$/$%7*+%*"#$*2#4%*&$/++%#*&5%*2#%2$/39%
*'4% 96/((#4% .'% _.23$#% \[% *+% &*(#2/$.&*6% 4*(*% (/% 5.256.25(% (5#% 4.00#$#'(% 6#"#6+% /0%
&/19$#++./'%*&$/++%(5#%*2#%2$/39+:%%
%
;'%(5#%0366)%$*'4/1%&/'4.(./'+,%(5#%AW%/0%$#+.43*6%#$$/$%7*+%6*$2#+(%0/$%(5#%^Uc%)#*$%
/64+% BY%hD:E^],%AWhD:D^[F%*'4%+5/7#4%*%4#&$#*+#%*+% (5#%*2#%/0% (5#%9*$(.&.9*'(+%
.'&$#*+#4%B+##%_.23$#%\^F:%G5#%AW%/0%$#+.43*6%#$$/$%7*+%$#43&#4%$#6*(."#%(/%(5#%^Uc%
)#*$%/64+%0/$%(5#%KUEE%)#*$%/64+%BYhD:ED`,%AWhD:D\KF%*'4%(5#'%$#43&#4%03$(5#$%0/$%(5#%
*436(+% BYhD:D]],% AWhD:DCKF:% G5#% +*1#% 9*((#$'% #1#$2#4% 0/$% (5#% $*'4/1% 7*6M%
&/'4.(./'+%7.(5%(5#%6*$2#+(%AW%/0%$#+.43*6%#$$/$%-#.'2%*++/&.*(#4%7.(5%^Uc%)#*$%/64+%BY%
hD:E^K,%AWhD:D^^F,%(5#%'#>(%6*$2#+(%-#.'2%(5#%KUEE%)#*$%/64+%BYh%D:EDC,%AWhD:D[KF%
*'4%(5#%+1*66#+(%-#.'2%*++/&.*(#4%7.(5%(5#%*436(+%BYhD:D\],%AWhD:DE`F:%
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G5#%4*(*%0/$%(5#%(7/%&5.64%2$/39+%7*+%*6+/%96/((#4%/'%*%&/'(.'3/3+%+&*6#%(/%*++#++%(5#%
#>(#'(% (/% 75.&5% *% 2$*43*6% &5*'2#% #>.+(+% -#(7##'% (5#% *2#+% /0% `% *'4% K:% Z.'#*$%
$#2$#++./'%6.'#+%7#$#%0.((#4%(/%+##%75#(5#$,%7.(5.'%#*&5%*2#%2$/39,%*2#%7*+%9$#4.&(."#%
/0%"*$.*-.6.()%BAW%/0%$#+.43*6+F:%_/$%(5#%0366%$*'4/1%($.*6+,%(5#%^Uc%)#*$%/64+%+5/7#4%*%
$#6*(./'+5.9% -#(7##'% *2#% *'4% &/19$#++./'% 1*2'.(34#% Bd% +Q3*$#4% hD:DDE],%
_BC,E^FhD:DC\C,%9hD:c`cF%%7*+%'/(%0/3'4:%;(%7*+%*6+/%($3#%(5*(%0/$%(5#%KUEE%&5.64$#'%*%
$#6*(./'+5.9% -#(7##'% *2#% *'4% AW% /0% $#+.43*6+% 7*+% '/(% 0/3'4% Bd% +Q3*$#4% hD:E^c,%
_BC,E[Fh%C:^[,%9hD:ECKF:%G5#% 6.'#*$% $#2$#++./'% 0.((#4%*&$/++%-/(5%&5.64%2$/39+%*6+/%
0/3'4% (5*(% *2#% 7*+% '/(% *-6#% (/% 9$#4.&(% AW% /0% $#+.43*6+% Bd% +Q3*$#4% h% D:ED\%
_BC,[[Fh[:]c%%9hD:D^cF:%
%

;'%(5#%$*'4/1%7*6M%&/'4.(./'+,%0/$%(5#%&5.64$#'%*2#4%^%(/%c%*%$#6*(./'+5.9%-#(7##'%*2#%
*'4%AW%/0%$#+.43*6+%7*+%'/(%0/3'4%Bd%+Q3*$#4hD:DDD^,%_BC,E^FhD:DD`,%9hD:KC[F:%_/$%
(5#%&5.64$#'%*2#4%KUEE%)#*$+,%*% $#6*(./'+5.9%7*+%*6+/%'/(% 0/3'4%d%+Q3*$#4hD:D`K,%

_BC,E^FhE:EE,%9hD:[EC:G5#%6.'#*$%$#2$#++./'%0.((#4%*&$/++%*66%&5.64$#'%4#1/'+($*(#4%*%
$#6*(./'+5.9%-#(7##'%*2#%*'4%"*$.*-.6.()%Bd%+Q3*$#4hD:Ec`%_BC,[[Fh`:EC%%9hD:DECF:%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
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Age 

Y*97)$&NP%&Z&@2)&1J2)#&,*5(32<*+9&#J$&5#2+,2),&,$V*2#*"+&M0`O&"-&#J$&)$5*,723&$))")&*+&)2+,".&U23W&2+,&-733<&)2+,".&
1"+,*#*"+5&-")&233&29$&9)"7(5%&
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!"#$%&8J$&)$5*,723&$))")5&U$)$&1231732#$,&@<&#2W*+9&#J$&,*--$)$+1$&@$#U$$+&*+,*V*,723&)$5("+5$5&2+,&
#J$&)$5("+5$&25&()$,*1#$,&@<&#J$&)$9)$55*"+&3*+$%&&8J$+&#J$&5#2+,2),&,$V*2#*"+&"-&#J"5$&)$5*,723&$))")5&
U25&1231732#$,&-")&$21J&(2)#*1*(2+#&2+,&2V$)29$,&21)"55&$21J&1"+,*#*"+&2+,&$21J&29$&9)"7(&#"&-").&
#J$&@2)&J$*9J#5%&8J$&$))")&@2)5&)$()$5$+#&#J$&5#2+,2),&$))")&"-&#J$&.$2+%&
&
Y")&#J$&12#$9")*123&,2#2&#J$&0`&"-&)$5*,7235&2V$)29$,&21)"55&$21J&29$&9)"7(&U25&75$,&#"&-").&#J$&
@2)&J$*9J#5%&8J$&$))")&@2)5&)$()$5$+#&#J$&5#2+,2),&$))")&"-&#J$&.$2+%&Y")&#J$&1"+#*+7"75&,2#2?&#J$&0`&
"-&)$5*,723&$))")5&-")&$21J&1J*3,&U$)$&(3"##$,&292*+5#&#J$*)&()$1*5$&29$%&C*+$2)&)$9)$55*"+&3*+$5&U$)$&
-*##$,&21)"55&233&29$5&2+,&U*#J*+&$21J&29$&9)"7(%&
&
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Y.>#4%0*&(/$+%Oj!<O%/'%"*$.*-.6.()%
O%[%B*2#e%^Uc%)#*$+,%KUEE%)#*$+,%/$%*436(+F%>%C%B$*'4/1.+*(./'e%0366%/$%7*6MF%Oj!<O%
7*+%&/'43&(#4%/'%(5#%AW%/0% (5#%$#+.43*6%#$$/$%*'4%*%+.2'.0.&*'(%1*.'%#00#&(%/0%*2#%
2$/39%7*+%0/3'4%_BC,\KF%h%[[:c^K,%9nD:DDE,%#(*%+Q3*$#4%h%D:][^:%N/7#"#$,%(5#$#%7*+%
'/%1*.'%#00#&(%/0%$*'4/1.+*(./'%_BE,\KF%h%D:\^[,%9hD:\KK,%#(*%+Q3*$#4%h%D:DDD]]%*'4%
'/%+.2'.0.&*'(%.'(#$*&(./'%_BC,\KFhD:`^C,%9hD:\`C,%#(*%+Q3*$#4%h%D:DDCF:%O%Z#"#'#b+%
(#+(%4#1/'+($*(#4%3'#Q3*6%#Q3*6%"*$.*'&#+%/0%(5#%2$/39+%0/$%(5#%0366%B_BC,\KF%h%^:EEc,%
9%hD:DD\F%*'4%(5#%7*6M%B_BC,\KF%h%ED:[D\,%9%n%D:DDEF%%&/'4.(./'+:%
%
H/+(% 5/&% G3M#)% (#+(+% &*$$.#4% /3(% /'% (5#%1*.'% #00#&(% /0% *2#% 5.256.25(#4%75#$#% (5#%
4.00#$#'&#+%-#(7##'%(5#%2$/39+%7#$#:%G5#%KUEE%)#*$%/64+%7#$#%+.2'.0.&*'(6)%4.00#$#'(%
0$/1%(5#%*436(+%B9hD:DCF%*'4%(5#%^Uc%)#*$%/64+%7#$#%*6+/%+.2'.0.&*'(6)%4.00#$#'(%0$/1%(5#%
*436(+%B9nD:DEF:%G5#%G3M#)%(#+(%*6+/%+5/7#4%*%+.2'.0.&*'(%4.00#$#'&#%-#(7##'%(5#%^Uc%
)#*$%/64+%*'4%(5#%KUEE%)#*$%/64+%B9nD:DEF:%G*M#'%(/2#(5#$,%(5#%*436(+%4.+96*)#4%13&5%

6#++%"*$.*-.6.()%.'%(5#.$%$#+9/'+#+%&/19*$#4%(/%-/(5%2$/39+%/0%&5.64$#'%B+##%_.23$#%\[F:%%
%
Y/4#6%0.((.'2%%
G5#%+*1#%1/4#6+%7#$#%0.((#4%5#$#%*+%(5/+#%4#+&$.-#4%.'%V5*9(#$%\:%O+%4#+&$.-#4%.'%
V5*9(#$%C%*'4%\,%(5#%6/7#+(%AAT%7.66%$#"#*6%(5#%-#+(%0.((.'2%1/4#6%*'4%5.25#+(%OM*.M#%
7#.25(+%7.66%$#"#*6%1/+(%6.M#6)%1/4#6:%A##%O99#'4.>%j%0/$%.'4.".43*6%OM*.M#%7#.25(+%
*'4%+##%C:C:[%0/$%(5#%0/$136*+%3+#4%(/%9$/43&#%OM*.M#%7#.25(+:%G5#%1/+(%6.M#6)%1/4#6%
75#'%*66%&/'4.(./'+%7#$#%0.((#4%+.136(*'#/3+6)%(/%*66%($.*6%()9#+%7*+%(5#%9$#"./3+%(*$2#(%
1/4#6%0/$%*66%*2#%2$/39+%B+##%G*-6#%\F:%N/7#"#$,%75#'%0.((#4%+#9*$*(#6)%4.00#$#'&#+%
*99#*$#4%-#(7##'%(5#%*436(+%*'4%(5#%(7/%&5.64%2$/39+:%G5#%*436(+%+5/7#4%(5#%-#+(%
0.((.'2%1/4#6% (/%-#% (5#% $3''.'2%1#*'%1/4#6%43$.'2% 0366)% $*'4/1% ($.*6+%*'4% (5#%-#+(%
0.((.'2%1/4#6% (/%-#% (5#%9$#"./3+% (*$2#(%1/4#6% 0/$% (5#%$*'4/1%7*6M% ($.*6+:%G5#%/64#+(%
&5.64$#',%5/7#"#$,%+5/7#4%(5#%9$#"./3+%(*$2#(%1/4#6%(/%-#%(5#%-#+(%0.(%0/$%$*'4/1%7*6M%
&/'4.(./'+%/'6)%B+##%G*-6#%^%0/$%OM*.M#%7#.25(+F%*'4%0366)%$*'4/1%&/'4.(./'+%/'6)%B+##%
G*-6#% ]F:% G5#% )/3'2#$% &5.64% 2$/39% +5/7#4% *% 4.00#$#'&#% *&&/$4.'2% (/% (5#% +(.1363+%
+#Q3#'&#%-#&*3+#%(5#%-#+(%0.((.'2%1/4#6%0/$%$*'4/1%7*6M%($.*6+%7*+%(5#%9$#"./3+%(*$2#(%
B+##%G*-6#%^F%75#$#*+%.(%7*+%(5#%$3''.'2%1#*'%1/4#6%0/$%(5#%0366)%$*'4/1%&/'4.(./'+%
B+##%G*-6#%]F:%%
%
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%
 
Table 4. The Akaike weights mean averages when the models were fitted to all conditions. 

Y/4#6% O66%&5.64$#'%% ^Uc%)#*$+% KUEE%)#*$+% O436(+%

j/%9$./$% D:E\``\\[DK%
%

%D:E[Dc]EEC`%
%
%

D:E^cDE^ECc% E:[D\K^TU[^%

H$#"./3+%(*$2#(% D:]CD^EK]E]%%
!

D:\KK[[EKD[%% %
!

D:]\^E^\^]%
%

D:]c`K[]c]`%
%

d3''.'2%1#*'% D:[[E^[^E`]%%
!

%%D:[^KcE^K`%
%

D:Cc]cEKCCC%
%

D:\ECD^\E\[%

%

%
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Y/4#6% O66%&5.64$#'%% ^Uc%)#*$+% KUEE%)#*$+% O436(+%

j/%9$./$% D:E\KKE[E`%
%

D:E[KD[E\\[%
%

D:E^CK`EC\[% \:c\K\CTUE\%
%

H$#"./3+%(*$2#(% %%D:\^`CE]K[`%
%

D:[K\]][^^K%
%

D:]]\\ED^]K%
%

D:C^``]\^C%

d3''.'2%1#*'% D:[cCc`DcK[%%
!

D:\^^\E\ccc%
%

D:CcC^EcDKK%
%

D:`[CC\][c%

%

%
82@3$&K%&8J$&ZW2*W$&U$*9J#5&R$2+&2V$)29$5&UJ$+&#J$&.",$35&U$)$&-*##$,&#"&)2+,".&U23W&1"+,*#*"+5&"+3<%&

Y/4#6% O66%&5.64$#'%% ^Uc% KUEE% O436(+%

j/%9$./$% D:[DE]]K`[E%
%

D:EKC\^cE^[%
%

D:CK^E[\c][%
%

D:D\DK][EC^%

H$#"./3+%(*$2#(% D:\KDCCE\cE%
%

D:]D[E]cDK[%
%

D:[c`DDCcC%
%

D:c[CcD^C\`%

d3''.'2%1#*'% D:CDcCEc`cc%
%

D:[D\[`[`\\%
%

D:[E^c^C[Cc%
%

D:EC^C\D^C`%

%
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%
5.4 Discussion 
%

V/19$#++./'%1*2'.(34#%B-.*+F%%
H$#"./3+%$#+#*$&5%5*+%4#1/'+($*(#4%(5*(%&5.64$#'%4.+96*)%.'&$#*+#4%-.*+#+%(/7*$4+%
(5#%1#*'%/0%(5#%+(.1363+%4.+($.-3(./',%&/396#4%7.(5%(5#%.'&$#*+#4%*1/3'(%/0%'/.+#%.'%
(5#.$%$#+9/'+#+%BI*$*1.'.+%#(%*6:,%CDEKF:%;'%(5#.$%$#+#*$&5,%&5.64$#'%+5/7#4%4#&$#*+.'2%
*1/3'(+%/0%&/19$#++./'%(/7*$4+%(5#%1#*'%*+%(5#.$%*2#+%.'&$#*+#4,%9$/43&.'2%+.1.6*$%
6#"#6+%/0%&/19$#++./'%(/%*436(+%*(%*$/3'4%ED%)#*$+%/0%*2#:%;'%(5#%&3$$#'(%$#+#*$&5,%.(%
7*+%0/3'4%(5*(%(5#$#%7*+%.'&$#*+#4%&/19$#++./'%.'%(5#%)/3'2#+(%&5.64$#'%&/19*$#4%
(/%(5#%/(5#$%(7/%*2#%2$/39+:%G5#%)/3'2#+(%&5.64$#'%B^Uc%)#*$+F%+5/7#4%+.2'.0.&*'(6)%
1/$#%-.*+%(5*'%(5#%/64#$%&5.64$#'%BKUEE%)#*$+F%*'4%(5#%*436(+:%G5#$#0/$#,%*'%/"#$*66%
4#&$#*+#% .'% &/19$#++./'% 1*2'.(34#% 7*+% +##'% *+% 4#"#6/91#'(% 9$/2$#++#4:% ;'%
*44.(./'% (/% (5.+% ($#'4% -#.'2% +5/7'% .'% (5#% ".+3*6% *99#*$*'&#% /0% (5#% 4*(*,% 6.'#*$%
$#2$#++./'+% +322#+(#4% *% '#2*(."#% $#6*(./'+5.9% -#(7##'% *2#% *'4% &/19$#++./'%
1*2'.(34#%.'%*66%.'+(*'&#+%#>&#9(%0/$%7.(5.'%#*&5%*2#%2$/39%.'%(5#%&*+#%/0%(5#%$*'4/1%
7*6M%($.*6+:%
%
G5#%+.@#*-6#%$#43&(./'%.'%&/19$#++./'%+##'%.'%K%(/%EE%)#*$%/64%&5.64$#'%$#6*(."#%(/%^%
(/%c%)#*$%/64+,% .196.#4%9$./$%7#.25(.'2%*M.'%(/%*436(% 6#"#6+:%G5.+% .+% .'%&/'($*+(%(/%(5#%
)/3'2#$%&5.64$#'%75/%5*"#%96*&#4%*%13&5%6*$2#$%7#.25(%/'%(5#%9$./$:%W3$.'2%9.6/(.'2,%
(5#$#%7*+%*%&/'&#$'%(5*(%)/3'2#$%&5.64$#',%1*)%+5/7%$#43&#4%7#.25(%/'%(5#%9$./$%B/$%
9/(#'(.*66)%&3#%/'6)%1/4#6+F,%.0%(5#)%7#$#%/"#$6)%0.>*(#4%/'%(5#%)#66/7%&/.'%*+%.(%7*+%
(5#%0.$+(%+(.1363+%(5*(%2$*-+%(5#.$%*((#'(./':%G5.+%9$/".4#4%(5#%1/(."*(./'%0/$%3+.'2%1/$#%
.'(#$*&(."#%.'+($3&(./'+%(/%*.4%&5.64$#'b+%*&&#++%(/%(5#%+(*(.+(.&+%/0%(5#%(*+M%(/%(5#.$%-#+(%
/0% (5#.$% *-.6.()% 4#+9.(#% 6.1.(*(./'+% .'% #>#&3(."#% 03'&(./'.'2,% *((#'(./'% *'4% 1#1/$):%
G5#$#0/$#,% *6+/% $#43&.'2% (5#% 9/++.-.6.()% /0% (5#1% 3+.'2% &3#% /'6)% 1/4#6+% 43#% (/%
1.+3'4#$+(*'4.'2%(5#%(*+M%/$%1.+$#1#1-#$.'2%(5#%93$#6)%6.'23.+(.&%.'+($3&(./'+:%O+%*%
$#+36(%/0% (5#% .'(#$*&(."#% .'+($3&(./'+% B+6/7#4%4/7'%9$*&(.&#% ($.*6+%7.(5%#>($*%7*$'.'2%
*-/3(%(5#%3'&#$(*.'()%+3$$/3'4.'2%(5#%&3#F,%(5#$#%.+%(5#%9/++.-.6.()%/0%03$(5#$%.'&$#*+#+%
.'%&/19$#++./'%&/19*$#4% (/%*436(+:%N/7#"#$,%43#% (/% (5#%/64#$%&5.64$#'%*'4%*436(+%
+5/7.'2%'/%+.2'.0.&*'(%4.00#$#'&#+%.'%(5#%*1/3'(%/0%&/19$#++./'%(5#)%4.+96*)#4:%G5.+%
#195*+.+#4%(5*(%4#+9.(#%(5#%*44.(./'%/0%&5.64%0$.#'46)%.'+($3&(./'+,%&/19$#++./'%0/$%(5#%
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/64#$%&5.64$#'%7*+%1#$#6)%".+.-6#%*$/3'4%(5#%*436(%6#"#6,%*'4%'/(%0*6+#6)%.'06*(#4%*-/"#%
.(:%
%
%
AW%/0%$#+.43*6%#$$/$%B"*$.*-.6.()F%%
8*+#4% /'% 9$#"./3+% $#+#*$&5,% .(% 7*+% #>9#&(#4% (5*(% (5#% "*$.*-.6.()% *++/&.*(#4% 7.(5%
$#+9/'+#+%7/364%4#&$#*+#%7.(5%*2#,%7.(5%(5#%)/3'2#+(%&5.64$#'%+5/7.'2%(5#%6*$2#+(%
*1/3'(%/0%"*$.*-.6.()%*'4%1/$#%*436(%6.M#%"*$.*-.6.()%-#.'2%+5/7'%*$/3'4%(5#%*2#%/0%ED%
BW$/.(U</6#(,% CDD[L% J/64+(/'#% #(% *6:,% EK]cL% J/64+(/'#% R% A1)(5#,% T6.@*-#(5,% EK]`L%
d*((*(%R%W$/.(U</6#(,%CDDEF:%N/7#"#$,%/(5#$%$#+#*$&5%5*+%96*&#4%*%($*'+.(./'%.'(/%*436(%
9#$&#9(./'% +/1#75#$#% -#(7##'% (5#% *2#+% /0% `% *'4% c% BT+9.'/+*U_#$'w'4#@% #(% *6:,%
CDD\F:%%
%

G5.+% #>9#&(#4% 4#&$#*+#% .'% "*$.*-.6.()% 7.(5% *2#% 7*+% 4#1/'+($*(#4% .'% (5#% &3$$#'(%

$#+#*$&5%3+.'2% (5#%*1/3'(%/0%AW%*++/&.*(#4%7.(5%9*$(.&.9*'(+% $#+.43*6% #$$/$+%*+%*%
1#*+3$#%/0% .'4.".43*6%"*$.*-.6.():%H/+(%5/&%&/19*$.+/'+%+5/7#4%(5*(%*66%*2#%2$/39+%
7#$#% +.2'.0.&*'(6)% 4.00#$#'(% 0$/1% /'#% *'/(5#$:% G5#% )/3'2#+(% &5.64$#'% B^Uc% )#*$+F%
+5/7#4%(5#%6*$2#+(%"*$.*-.6.(),%&6/+#6)%0/66/7#4%-)%(5#%/64#$%&5.64$#'%BKUEE%)#*$+F%7.(5%
(5#% *436(+% +5/7.'2% "#$)% +1*66% *1/3'(+% /0% .'4.".43*6% "*$.*-.6.():% G5#% .'4.".43*6%
"*$.*-.6.()%4.+96*)#4%-)%&5.64$#'%0$/1%-/(5%*2#%2$/39+%4.4%'/(%$#*&5%*%6#"#6%#Q3."*6#'(%
(/%*436(+:%;(%&/364%-#%(5#%&*+#%(5*(%(*+M+%+3&5%*+%(#19/$*6%4.+&$.1.'*(./'%75#$#%*436(%
6#"#6+%/0%"*$.*-.6.()%1*)%-#%+##'%-#(7##'%(5#%*2#+%/0%`%*'4%c%BW$/.(U</6#(%R%X#*$4#',%
CDDEF,%0/$%(*+M+%75#$#%9$./$%6#*$'.'2%.+%$#Q3.$#4%0/$%(5#%(*+M%BI*$*1.'.+%#(%*6:,%CDEKF,%
"*$.*-.6.()%1*)%'/(%$#*&5%*'%*436(%6#"#6%3'(.6%*(%6#*+(%ED%)#*$+:%%
%
N/7#"#$,%*%9/++.-6#%$#*+/'%0/$%'/(%+##.'2%*'%*436(%6#"#6%/0%"*$.*-.6.()%.'%(5#%/64#$%&5.64%
2$/39%&/364%5*"#%-##'%43#%(/%(5#%6*$2#$%'31-#$%/0%($.*6+%#>9#$.#'&#4%-)%(5#%*436(+:%
O6(5/325,%1/(/$%#$$/$%(5*(%.+,%(5#%"*$.*-.6.()%.'%75#$#%(5#%'#(%.+%96*&#4%*&$/++%*66%($.*6+,%
.+%6.M#6)%(/%-#%*%6*$2#%+/3$&#%/0%#$$/$%0/$%&5.64$#'%Bv*',%G5/1*+,%G5/1*+,%R%A(#61*&5,%
CDDDF%*'4% (5.+% ()9#%/0%"*$.*-.6.()% .+% 6.M#6)% (/%-#%5#*".6)% $#43&#4% .'%*436(+% $#6*(."#% (/%
&5.64$#'%-#&*3+#%1/(/$%'/.+#%$#43&#+%.'(/%*436(5//4%BG*M*5*+5.%#(%*6:,%CDD[F:%G5.+%
()9#%/0%#$$/$%1*)%'/(%-#%2$#*(6)%.19*&(#4%-)%(5#%'31-#$%/0%($.*6+%(5*(%&5.64$#'%4/,%*+%
(5#)%1.25(%5*"#%6#++%$#+#$"#4%B*'4%1/$#%+9/$*4.&F%#+(.1*(#+%(5*'%(5#%*436(+:%!'%(5#%
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/(5#$%5*'4,%(5#%()9#%/0%"*$.*-.6.()%(5*(%7/364%-#%.19*&(#4%-)%9$*&(.&#%.+%(5#%"*$.*-.6.()%
/0%9$./$% $#9$#+#'(*(./'+:% ;(% &*'%-#%+##'% 0$/1% (5#%&/19$#++./'%1*2'.(34#%4*(*% (5*(%
(5#$#%7*+%'/%+.2'.0.&*'(%4.00#$#'&#%.'%(5#%&/19$#++./'%1*2'.(34#%-#(7##'%(5#%/64#$%
&5.64$#'%*'4%(5#%*436(%2$/39%4#+9.(#%(5#%*436(+%&/196#(.'2%*%6*$2#$%'31-#$%/0%($.*6+:%
O+%*%$#+36(,%(5#%$#43&#4%*1/3'(%/0%9$*&(.&#%&*''/(%-#%&6*.1#4%*+%5*".'2%.'063#'&#4%
(5#%"*$.*-.6.()%/0%(5#%9$./$%$#9$#+#'(*(./'+%(5*(%7#$#%6#*$'#4%0$/1%(5#%+(.136.:%;'%*%93$#6)%
9$*&(.&*6% +#'+#,% #+9#&.*66)% 0/$% (5#% )/3'2#$% &5.64$#',% *'% .'&$#*+#4% '31-#$% /0% ($.*6+%
7/364%'/(%5*"#%-##'%0#*+.-6#%43#%(/%(5#%CD%1.'3(#%(*+M%*6$#*4)%(#+(.'2%(5#.$%*((#'(./'%
+9*':%
%
;(%1*)%-#%(5#%&*+#%(5*(%(5#%'*(3$#%/0%(5#%$#6*(./'+5.9%-#(7##'%*2#%*'4%"*$.*-.6.()%7*+%
2$*43*6%*+%&5.64$#'%*2#4:%G5#%".+3*6% 0#*(3$#+%/0% (5#%4*(*%+322#+(#4%*%2$*43*6%*'4%
'#2*(."#% $#6*(./'+5.9% -#(7##'% &5.64$#'% /0% *66% *2#+% *'4% "*$.*-.6.():% N/7#"#$,% (5.+%
$#6*(./'+5.9%7*+%/'6)%+.2'.0.&*'(%75#'%&*6&36*(#4%*&$/++%*66%(5#%&5.64$#'%B*2#4%^UEEF%

*'4%'/(%7.(5.'%#*&5%*2#%2$/39:%%
%
Y/4#6%0.((.'2%%
W#+9.(#%&6#*$%4#"#6/91#'(*6%($*a#&(/$.#+%-#.'2%".+.-6#%0/$%-/(5%&/19$#++./'%1*2'.(34#%
*'4%"*$.*-.6.()%/0%$#+9/'+#+,%(5#%+*1#%&*''/(%-#%+*.4%0/$%(5#%8*)#+.*'%9$./$%*&Q3.+.(./'%
+($*(#2.#+:%8*)#+.*'%1/4#6% 0.((.'2%7*+%*6+/%&*$$.#4%/3(% (/%3'4#$+(*'4%5/7%&5.64$#'%
1.25(%394*(#%(5#.$%9$./$+%.'%(5.+%+9*(.*6%6/&*6.+*(./'%(*+M:%;'%6.'#%7.(5%(5#%1/4#6%0.((.'2%
&/'43&(#4%7.(5% (5#% *436(b+% +9*(.*6% 6/&*6.+*(./'% 4*(*,% 75#'% 0.((.'2% *66% &/'4.(./'+,% (5#%
9$#"./3+%(*$2#(%1/4#6%7*+%(5#%1/+(%+3&&#++036%0/$%&5.64$#'%.'%-/(5%*2#%2$/39+:%G5#%
6*$2#+(%OM*.M#%7#.25(%7*+%9$/43&#4%0/$%(5.+%1/4#6%.196).'2%(5*(%.(% .+%(5#%1/+(%6.M#6)%
1/4#6%-#.'2%3+#4%-)%9*$(.&.9*'(+:%G5#$#0/$#,%(5.+%*99#*$#4%(/%-#%(5#%-#+(%0.((.'2%1/4#6%
0/$%(5.+%(*+M%0/$%*66%*2#%2$/39+:%O+%*%$#+36(,%.0%*%0.>#4%1/4#6%+($*(#2)%7#$#%(/%-#%*++31#4%
*&$/++% (5#% (7/%4.00#$#'(% $*'4/1.+*(./'% &/'4.(./'+,% *436(+%*'4%&5.64$#'%*99#*$#4% (/%
*99$/*&5%(5#%(*+M%.'%*%+.1.6*$%7*):%
%
;(%.+%9/++.-6#%(5*(%1/4#6%&5/.&#%4.00#$+%*&&/$4.'2%(/%+(.1363+%9$/9#$(.#+:%G5.+%7*+%($3#%
.'%(5#%&*+#%/0%(5#%*436(%9*$(.&.9*'(+%-#&*3+#,%.'%*44.(./'%(/%+5/7.'2%*%-#+(%0.(%0/$%(5#%
9$#"./3+%(*$2#(%1/4#6,%*436(+%*99#*$#4%(/%&5*'2#%(5#.$%1/4#6%75#'%(5#%+(.1363+%&3#+%
B$*'4/1.+*(./'%+#Q3#'&#F%&*66#4%0/$%+3&5%*%&5*'2#:%G5.+%.+%-#&*3+#%*%9$#"./3+%(*$2#(%
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1/4#6%7*+%4#1/'+($*(#4%(/%*2*.'%-#%(5#%1/+(%6.M#6)%75#'%0.((.'2%/'6)%(5#%$*'4/1%7*6M%
&/'4.(./'+:%G5.+%7*+%#>9#&(#4%-#&*3+#%(5#%$*'4/1%7*6M%+#Q3#'&#%.+%#+9#&.*66)%+3.(#4%
(/% *%1/4#6% (5*(% 0/&3+#+% /'% 6#*$'.'2% *&&/$4.'2% (/% (5#%1/+(% $#&#'(% &5*'2#+% .'% (5#%
+(.136.:%N/7#"#$,%75#'%(5#%1/4#6%7*+%0.((#4%(/%/'6)%0366)%$*'4/1%+(.1363+%&/'4.(./'+,%
75#$#%(5#%$3''.'2%1#*'%1/4#6%7/364%5*"#%9$/".4#4%*%1/$#%/9(.1*6%#+(.1*(#%/0%(5#%
'#>(%+(.1363+%9/+.(./',%(5#%-#+(%0.(%7*+%.'4##4%9$/".4#4%-)%(5#%$3''.'2%1#*'%1/4#6:%
G5.+%+322#+(+%(5*(%*436(+%06#>.-6)%+5/7%*%4.00#$#'(%-#+(%0.((.'2%1/4#6%*&&/$4.'2%(/%(5#%
+(.1363+%&/'4.(./':%%
%

;(%.+%9#$(.'#'(%(/%(5.+%&5*9(#$%*+%(/%75#(5#$%(5#%&5.64$#'%7#$#%*-6#%(/%9$/43&#%(5#%+*1#%
06#>.-6#%$#+9/'+#%-#5*"./3$%*+%*436(+:%;'%(5#%&3$$#'(%$#+#*$&5%75#'%(5#%$*'4/1%7*6M%
&/'4.(./'+%/'6)%7#$#%0.((#4,%(5#%9$#"./3+%(*$2#(%1/4#6%9$/".4#4%(5#%-#+(%0.(%0/$%&5.64$#':%
G5#$#0/$#,% (5#)% *99#*$#4% (/% +5/7% (5#% *-.6.()% (/% 4#(#$1.'#% (5*(% *% 9$#"./3+% (*$2#(%
+($*(#2)%.+%+3.(*-6#%0/$%$#+9/'4.'2%(/%*%$*'4/1%7*6M+%+#Q3#'&#:%N/7#"#$,%75#'%/'6)%

(5#% 0366)% $*'4/1% &/'4.(./'+% 7#$#% 0.((#4,% (5.+% .+% 75#$#% (5#% &5.64$#'b+% -#5*"./3$+%
*99#*$#4%(/%4#".*(#%0$/1%(5#%*436(+:%X5#'%/'6)%(5#%0366)%$*'4/1%&/'4.(./'+%7#$#%0.((#4%
(/%(5#%/64#$%&5.64$#'b+b%4*(*,%(5#)%*99#*$#4%(/%+5/7%(5#%9$#"./3+%(*$2#(%1/4#6%*+%(5#%
-#+(%0.(:%G5.+%1#*'+%(5*(%(5#)%0*"/3$%*%0.>#4%9$#"./3+%(*$2#(%1/4#6%.'%-/(5%&/'4.(./'+%
*'4%4.4%'/(%&5*'2#%*&&/$4.'2% (/% (5#%+(.1363+%+#Q3#'&#%9$#+#'(#4:%X5#(5#$% (5.+% .+%
43#%(/%6*&M%/0%4#(#&(./'%/0%(5#%+(.1363+%&3#+%/$%(5#%&/'+&./3+%&5/.&#%(/%1*.'(*.'%(5#%
+*1#%+($*(#2)%$#1*.'+%(/%-#%+##':%
%
;'(#$#+(.'26),%0/$%(5#%)/3'2#+(%&5.64$#'%B*2#4%^UcF,%(5#%$3''.'2%1#*'%1/4#6%9$/".4#4%
(5#%-#+(% 0.(% 0/$% (5#% 0366)% $*'4/1%&/'4.(./'+:%O6(5/325%39/'% 03$(5#$% .'+9#&(./'%/0% (5#%
&/3'(#$-*6*'&.'2%.(%*99#*$+%(5*(%(5#%1/4#6%(5#%)/3'2#+(%&5.64$#'%3+#4%7*+%.'%0*&(%.'%
6.'#% 7.(5% 75*(% 7/364% -#% 1/+(% /9(.1*6% 0/$% (5#% +(.1363+% #'".$/'1#'(% (5*(% (5#)% 5*4%
#>9#$.#'&#4%0.$+(:%G5#%9$#"./3+%(*$2#(%1/4#6%*6+/%9$/".4#4%(5#%-#+(%0.(%0/$%(5#%)/3'2#+(%
&5.64$#'%75#'%0.((.'2%4*(*%(/%*66%&/'4.(./'+:%G5#$#0/$#,%.(% .+%4/3-(036%(5#%#>(#'(%75.&5%
(5#+#%)/3'2%&5.64$#'%+5/7#4%*%&5*'2#%.'%+($*(#2)%6.M#%(5#%*436(+:%G5#+#%4*(*%+322#+(%
)/3'2%&5.64$#'%$#*&(."#6)%+#6#&(%*%+($*(#2)%(5*(%.+%-#+(%+3.(#4%0/$%(5#%0.$+(%.(#$*(./'%/0%
(5#%(*+M%(5*(%(5#)%#>9#$.#'&#4:%%
%
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W.00#$#'(%-#+(% 0.((.'2%1/4#6+%*&&/$4.'2% (/% (5#%+(.1363+%+#Q3#'&#%7*+%'/(%*%9*((#$'%
+##'%.'%(5#%/64#$%&5.64$#':%_/$%&5.64$#'%*2#4%K%(/%EE%)#*$+%(5#%9$#"./3+%(*$2#(%1/4#6%
+5/7.'2%(5#%-#+(%0.(%$#2*$46#++%/0%75.&5%/$4#$%(5#)%&/196#(#4%(5#%(*+M%.':%A/%9/(#'(.*66)%
*'%*-.6.()%(/%1/"#%9*+(%3+.'2%75*(%7/$M#4%-#+(%*(%(5#%+(*$(%/0%(5#%#>9#$.1#'(%&/364%
4#"#6/9%*+%&5.64$#'%*2#:% ;'% (5#% 6/'2#$% 0/$1*(%/0% (5#%*436(b+% (*+M,% (5#% (*+M% (5*(%7*+%
9$#+#'(#4% 0.$+(%5*4%'/% .19*&(%/'% (5.+%+7.(&5,% (5#%-#+(% 0.((.'2%1/4#6,% .'% 6.'#%7.(5% (5#%
06#>.-.6.()%(/%+7.(&5,%7*+%(5#%+*1#%.$$#+9#&(."#%/0%75.&5%()9#%/0%+(.136.%7*+%9$#+#'(#4%
(/%(5#1%0.$+(:%%N/7#"#$,%0/$%(5#%)/3'2#+(%&5.64$#'%(5#%/$4#$%/0%(5#%&/'4.(./'+%4.4%5*"#%
*'%.'063#'&#%+3&5%(5*(%(5#%*"#$*2#%OM*.M#%7#.25(%7*+%5.25#+(%B1/+(%6.M#6)%1/4#6F%0/$%
(5#%+($*(#2)%-#+(%+3.(#4%(/%(5#%+(.1363+%+#Q3#'&#%(5*(%7*+%9$#+#'(#4%(/%(5#%&5.64$#'%
0.$+(:%%G5.+%7*+%+5/7'%(5$/325%(5#%*"#$*2#%7#.25(%-#.'2%5.25#$%0/$%(5#%+($*(#2)%1/+(%
*99$/9$.*(#% 0/$% (5*(% +(.136.% +#Q3#'&#% B0/$% #>*196#,% (5#% 9$#"./3+% (*$2#(%1/4#6% *'4%
$*'4/1% 7*6M% +(.136.% /$% (5#% *"#$*2.'2% 1/4#6% *'4% (5#% 0366)% $*'4/1% +(.136.F% 7#$#%
9$#+#'(#4%0.$+(:%G5.+%7*+%'/(%($3#%0/$%(5#%/64#$%&5.64$#'%-#&*3+#%(5#%9$#"./3+%(*$2#(%

1/4#6%7*+%*67*)+%(5#%1/+(%6.M#6)%0/$%(5#1%.$$#+9#&(."#%/0%(5#%/$4#$%/0%&/'4.(./'+:%
%
;(%.+%.19/$(*'(%(/%'/(#%(5*(%(5#%*436(+%*6+/%+5/7#4%1*')%.'4.".43*6%4.00#$#'&#+%.'%(5#.$%
&5/+#'%1/4#6%7.(5%'/%+.'26#%1/4#6%-#.'2%(5#%1/+(%6.M#6)%0/$%#"#$)/'#%.'%(5#%2$/39:%
!0(#'% (5#% 4.00#$#'&#+% .'%OM*.M#%7#.25(% -#(7##'% (5#% (7/%8*)#+.*'%9$./$% *&Q3.+.(./'%
+($*(#2.#+%7#$#%1*$2.'*6%B*'4%'/(%3'*'.1/3+%75.&5%+##1#4%(/%+399/$(%J6*+*3#$%*'4%
A5.%BCDCE*Fb+%0.'4.'2%(5*(%9*$(.&.9*'(+%+5/7%+/1#%.'4.".43*6%4.00#$#'&#+%.'%(5#.$%-#6.#0+%
*-/3(%+(.136.:%;(%.+%96*3+.-6#%(5*(%4.00#$#'(%9#/96#%&5//+#%*%4.00#$#'(%+($*(#2)%43#%(/%(5#%
$#6*(."#6)%+1*66%*1/3'(%/0%4.00#$#'&#%.'%(5#.$%+3&&#++%.'%&*(&5.'2%(5#%&/.'%B#+9#&.*66)%
.'%(5#%&5.64$#'b+b%(*+MF:%G5#%$#7*$4%9$/".4#4%-)%(5#%0##4-*&M%/0%(5#%(*+M%1*)%5*"#%5*4%
*%4.00#$#'(%#00#&(%/'%&5.64$#'%$#6*(."#%(/%*436(+%/$%.(%1*)%5*"#%96*)#4%*%6*$2#$%$/6#%.'%(5#%
+#6#&(./'%/0%(5#.$%9$#0#$$#4%9$./$%394*(.'2%+($*(#2):%;(%*6+/%&/364%5*"#%4.+&/3$*2#4%/64#$%
&5.64$#'% B*2#4% KUEEF% 0$/1% +7.(&5.'2% *+% (5#)% 2$#7% &/'0.4#'(% .'% (5#.$% 9$./$% 394*(.'2%
+($*(#2)%-)%3+.'2%(5#%$#7*$4%(/%23.4#%(5#1:%
%
G*M#'%(/2#(5#$,%(5#$#%7*+%*%&6#*$%4#"#6/91#'(*6%($*a#&(/$)%.'%(#$1+%/0%&/19$#++./'%
1*2'.(34#% *'4% $#+9/'+#% "*$.*-.6.()% *+% &5.64$#'% *2#% .'% 6.'#%7.(5% 9$#"./3+% $#+#*$&5:%
N/7#"#$,%(5#%+*1#%7*+%'/(%($3#%0/$%(5#%1/+(%6.M#6)%8*)#+.*'%1/4#6%+($*(#2):%;(%+##1+%
0/$%(5.+%(*+M%(5*(%(5#%9$#"./3+%1/4#6%7*+%(5#%1/+(%6.M#6)%B5.25#+(%OM*.M#%7#.25(F%0/$%*66%
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*2#+%.0%*%0.>#4%1/4#6%7#$#%*++31#4%*&$/++%*66%+(.1363+%&/'4.(./'+:%!"#$*66,%.'%(#$1+%
/0% 06#>.-6#% 1/4#6% +($*(#2.#+,% (5#% /64#$% &5.64$#'% +5/7#4% *% &6#*$% 9$#0#$#'&#% 0/$% (5#%
9$#"./3+%(*$2#(%1/4#6%.$$#+9#&(."#%/0%&5*'2#+%(/%(5#%+(.1363+%+#Q3#'&#:%N/7#"#$,%(5#%
)/3'2#$%&5.64$#'%+5/7#4%(5#%3+#%/0%*%1/4#6%(5*(%7*+%/9(.1*6%*&&/$4.'2%(/%(5#%+(.1363+%
+#Q3#'&#% (5#)%#>9#$.#'&#4%*(% (5#%+(*$(%/0% (5#%#>9#$.1#'(:%G5#$#0/$#,% .(% .+%9/++.-6#%
(5*(e%#.(5#$%EF%(5#$#%.+%'/(%*%6.'#*$%4#"#6/91#'(*6%($*a#&(/$)%0/$%06#>.-6#%+($*(#2.#+%*'4%
+/%)/3'2#$%&5.64$#'%&*'%-#%06#>.-6#%-3(%/64#$%&5.64$#'%&*''/(,%/$%CF%(5#%1/$#%96*3+.-6#%
&/'&63+./'% 0$/1% (5#+#% 4*(*,% .+% (5*(% 06#>.-.6.()% .+% '/(% 9/++.-6#% .'% &5.645//4,% *'4% *')%
06#>.-.6.()% .'% (5#%)/3'2#$%&5.64$#'%7*+%43#%(/%1*$2.'*6%4.00#$#'&#+%-$/325(%*-/3(%-)%
75.&5#"#$% &/'4.(./'% (5#% )/3'2#$% &5.64$#'% #>9#$.#'&#4% 0.$+(:% O'% *'*6)+.+% /0% (5#%
*"#$*2#+%/0%(5#%(7/%4.00#$#'(%&/3'(#$%-*6*'&#4%2$/39+%+322#+(#4%(5*(%(5#%6*((#$%7*+%
1/$#%6.M#6):%%
%
;(%7*+%*6+/%9/++.-6#%(5*(%(5#%*436(+%7#$#%*-6#%(/%B*'4%4#(#&(#4%(5#%'##4%(/F%+7.(&5%43#%

(/% *'% .'&$#*+#4% '31-#$% /0% ($.*6+% 0/$% (5#.$% (*+M:% O6(5/325% (5.+% .+% &5*66#'2.'2% (/%
4.+#'(*'26#%0$/1%(5#.$%.'&$#*+#4%*((#'(./'%+9*'%(/%&/9#%7.(5%*%6*$2#$%'31-#$%/0%($.*6+%
.'%&/19*$.+/'%(/%(5#%&5.64$#':%V/'"#$+#6),%.'%9$#"./3+%$#+#*$&5%&5.64$#'%5*"#%+5/7'%
6.1.(#4%&/19#(#'&)%.'%6#*$'.'2%+(*(.+(.&*6%$#236*$.(.#+%+3&5%*+%6#*$'.'2%(5#%1#*'%/0%(5#%
9$./$%BV5*1-#$+%#(%*6:,%CDEcL%I*$*1.'.+%#(%*6:,%CDEKF:%O+%4#1/'+($*(#4%-)%(5#%#00/$(%
1*4#%.'%(5#%&3$$#'(%$#+#*$&5%(/%&$#*(#%&5.64%0$.#'46)%.'+($3&(./'+,%.(% .+%.19/$(*'(%(5*(%
&5.64$#'%*$#%2."#'%(5#%&5*'&#%(/%9#$0/$1%(/%(5#%-#+(%/0% (5#.$%*-.6.()% .0% $#+#*$&5% .+% (/%
9$/43&#%"*6.4%&/19*$.+/'+%-#(7##'%&5.64$#'%*'4%*436(+:%
%
%
%
%
%
%
%
%
%
%
%
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%
%
%
%
%
%
%
%
%

6. Bayesian inference as an explanation of ‘Time Order Errors’ 
%
6.1 Introduction 
G5#%9$.1*$)%0/&3+%/0%(5.+%(5#+.+%3'(.6%(5.+%9/.'(%5*+%-##'%#+(.1*(./'+%/0%*%(.1#%.'(#$"*6%
/$,%/0%(5#%+9*(.*6%9/+.(./'%/0%*%+.'26#%+(.1363+:%S'+3$9$.+.'26),%-.*+#+%.'%1*2'.(34#%5*"#%
*6+/%-##'%9$/43&#4%(5$/325%(5#%&/19*$.+/'%/0%(7/%+(.136.%BN#66+($x1,%EK`K,%EKc]F:%
!'#% +3&5% -.*+% 7*+% (#$1#4% (5#% G.1#% !$4#$% T$$/$% BG!TF% -)% _#&5'#$% BEc^DF,% 75/%
4.00#$#'(.*(#4%-#(7##'%'#2*(."#%*'4%9/+.(."#%G!T+%*&&/$4.'2%(/%(5#%$#6*(."#%3'4#$%*'4%
/"#$#+(.1*(./'%/0%(5#%0.$+(%+(.1363+:%j#2*(."#%G!T+%.'"/6"#%3'4#$#+(.1*(./'%/0%(5#%0.$+(%
+(.1363+% $#6*(."#% (/% (5#%+#&/'4%+(.1363+%*'4%9/+.(."#%G!T+%/&&3$$#4%75#'% (5#% 0.$+(%
+(.1363+%.+%/"#$#+(.1*(#4%$#6*(."#%(/%(5#%+#&/'4%B_#&5'#$%Ec^D,%*+%&.(#4%.'%N#66+($x1,%
EKc]F:%G5.+%-.*+%5*+%-##'%4#1/'+($*(#4%0/$%*%$*'2#%/0%$#6*(."#%1*2'.(34#%a342#1#'(+e%
(.1.'2%BW)a*+,%8*3+#'5*$(,%R%S6$.&5,%CDECF,%-$.25('#++%*'4%+.@#%BH*(&5.'2,%T'263'4,%R%
N#66+($x1,% CDECF% *'4%7#.25(% #+(.1*(./'+% BN#66+($x1,% CDDDF:% G!T+% /0% (5.+% 0/$1% *$#%
+/1#(.1#+%$#0#$$#4%(/%*+%()9#UO%#00#&(+%BN#66+($x1,%EKc]F,% (/%4.+(.'23.+5%(5#1%0$/1%
()9#U8% #00#&(+,% 75#$#% 4.00#$#'&#% 631#'+% BWZL% (5#% +1*66#+(% *1/3'(% /0% 4.00#$#'&#%
'##4#4%0/$%+3-a#&(+%(/%9#$&#."#%.(F%*$#%0/3'4%(/%-#%6*$2#$%75#'%&/19*$.+/'%+(.136.%*$#%
9$#+#'(#4%-#0/$#%(5#%+(*'4*$4%BV/A(F%(5*'%75#'%(5#)%*$#%9$#+#'(#4%*0(#$%(5#%+(*'4*$4%
BA(V/L%N#66+($x1,%H*(&5.'2,%R%d*11+*)#$,%CDCDL%I39+,%CDCEF:%%
%
T*$6)%1/4#6+%/0%(.1#%/$4#$%#$$/$%
O((#19(+% (/% #>96*.'% -.*+#+%75#'% &/19*$.'2% (5#% $#6*(."#% "*63#% /0% (7/% +(.136.% 5*"#%
.2'.(#4% 13&5% 4#-*(#% BA&5*-% R% V$/74#$,% EKccF:G5#% #*$6.#+(% #>96*'*(./'% /0% (5#%
9$/&#++#+% .'"/6"#4% .'% &/19*$.'2% (5#% "*63#% /0% (7/% +(.136.,% '*1#6)% (5#% oW.00#$#'&#%
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Y/4#6b,%9$/9/+#4%(5*(%9#$&#."#4%1*2'.(34#+%7#$#%/'6)%4#9#'4#'(%/'%(5#%95)+.&*6%+.@#%
/0%#*&5%+(.1363+%*'4%.'4#9#'4#'(%/0%0*&(/$+%+3&5%*+%+(.1363+%/$4#$%BN#66+($x1%#(%*6:,%
CDCDF:%d#+#*$&5%4#1/'+($*(.'2%(5#%#>.+(#'&#%/0%G!T%B_#&5'#$,Ec^DF%&*+(#4%4/3-(%
/'%(5#%=W.00#$#'&#%Y/4#6b%*+%*%(5#/$)%(5*(%&/364%#>96*.'%(5#%9$/&#++%/0%&/19*$.'2%(7/%
+(.136.:%G5#% oW.00#$#'&#%Y/4#6b%7*+% 06*7#4%-#&*3+#% .(%4.4%'/(%&/'+.4#$% (5*(% (5#% (7/%
+(.136.%&/364%-#%($#*(#4%4.00#$#'(6)%*&&/$4.'2%(/%(5#%/$4#$%.'%75.&5%(5#)%7#$#%9$#+#'(#4,%
75.&5%5*+%+.'&#%-##'%+5/7'%(/%-#%5.256)%$#6#"*'(:%O+%*%$#+36(,%1/$#%$#&#'(%1/4#6+%
5*"#%*.1#4%(/%Q3*'(.(*(."#6)%#>96*.'%(5#%#>.+(#'&#%/0%G!T%-.*+#+:%
%

Y.&5#6+%*'4%N#6+/'%BEK]\F%9$/43&#4%(5#%0.$+(%Q3*'(.(*(."#%(5#/$)%/0%(5#%G!T:%H$./$%(/%
(5.+,%.(%7*+%*++31#4%(5*(%(5#%95)+.&*6%1*2'.(34#%/0%(5#%0.$+(%+(.1363+%7*+%&/19*$#4%(/%
(5#%95)+.&*6%1*2'.(34#%/0%(5#%+#&/'4:%N/7#"#$,%Y.&5#6+%*'4%N#6+/'%BEK]\F%0/3'4%(5#%
.19*&(% /0% (5#% 0.$+(% +(.1363+% (/% -#% 6*$2#$% (5*'% (5#% .19*&(% /0% (5#% +#&/'4% BY.&5#6+% R%
N#6+/',%EK]\F:%O+%*%$#+36(,%(5#)%9$/9/+#4%(5*(%(5#%+#&/'4%+(.1363+%7*+%&/19*$#4%(/%

(5#%0.$+(%+(.1363+%963+%(5#%O4*9(*(./'%Z#"#6%B(5#%7#.25(#4%2#/1#($.&%1#*'%/0%9$#"./3+6)%
#>9#$.#'&#4% +(.136.,% 7.(5% (5#.$% 7#.25(+% -#.'2% +#(% *&&/$4.'2% (/% (5#.$% $#&#'&)F:% 8.*+%
9$/43&#4%0$/1%+(.136.%&/19*$.+/'%5*+%*6+/%-##'%#>96*.'#4%-)%(5#%;'(#$'*6%d#0#$#'&#%
Y/4#6% B8*3+#'5*$(,%8$*(@M#,%R%S6$.&5,% CDE^L%W)a*+%#(% *6:,% CDECF:% G5.+%1/$#% $#&#'(%
1/4#6%1*.'(*.'#4%(5#%&/19*$.+/'%7*+%'/(%-#(7##'%(5#%95)+.&*6%+.@#%/0%(5#%(7/%+(.136.%
-#.'2% &/19*$#4:% G5#% +#&/'4% +(.1363+%7*+% .'+(#*4% -#.'2% &/19*$#4% (/% *'% .'(#$'*6%
$#0#$#'&#%B;dF,%75.&5%.+%*%7#.25(#4%&/1-.'*(./'%/0%(5#%$3''.'2%1#*'%/0%0.$+(%+(.1363+%
/0%(5#%9*.$%*'4%(5#%;d%/0%(5#%9$#"./3+%(*$2#(%BW)a*+%#(%*6:,%CDECF:%
%

A#'+*(./'%7#.25(.'2%1/4#6%
G5#%+#'+*(./'%7#.25(.'2%BAXF%1/4#6%9$/9/+#4%(5*(,%+.1.6*$6)%(/%9$#"./3+%1/4#6+,%.(%.+%
'/(% (5#%"#$.4.&*6%+(.1363+%1*2'.(34#+% (5*(%*$#%&/19*$#4%43$.'2%4.+&$.1.'*(./':%G5#%
M#)%4.00#$#'&#% 0/$% (5#%AX%1/4#6%*'4%9$#"./3+%1/4#6+% .+% (5*(%-/(5%+(.136.%5*"#%*'%
*++.2'#4%7#.25(:%G5#%AX%#>96*.'+%(5*(%.(%.+%'/(%(5#%&/19*$.+/'%/0%(7/%+(.136.%(5*(%.+%
/&&3$$.'2,%.(%.+%(5#%&/19*$.+/'%/0%(7/%7#.25(#4%&/19/3'4+:%G5#+#%&/19/3'4+%7#$#%
4#+&$.-#4%*+%(5#%+3-a#&(."#%1*2'.(34#%/0% (5#%+(.1363+%*'4%+/1#%$#0#$#'&#% 6#"#6%/$%
d#Z%B(5#%d#Z%.+%&/'&#9(3*66)%+.1.6*$%(/%(5#%*4*9(*(./'%6#"#6%.'%Y.&5#6+%*'4%N#6+/'b+%
1/4#6L%N#66+($x1%#(%*6:,%CDCDF:%%
%
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%

_*4.'2%($*&#%*&&/3'(+%%
_*4.'2%($*&#%*&&/3'(+%/0%G!T%9$/9/+#%(5*(%(5#%1#1/$)%/0%(5#%0.$+(%+(.1363+%0*4#+%*'4%
.+%(5#$#0/$#%'/(%9#$&#."#4%*+%*&&3$*(#6)%*+%(5#%+#&/'4%+(.1363+:%;'.(.*6%.'(#$9$#(*(./'+%
/0%(5#%G!T%-.*+%7.(5/3(%#>96.&.(%$#0#$#'&#%(/%*%0*4.'2%($*&#%7#$#%1#'(./'#4%-)%_#&5'#$%
BEc^DF% *'4% -3.6(% 39/'% -)% N#66+($x1% BEK`KF:% G5.+% #>96*'*(./'% 7*+% 1/$#% #>96.&.(6)%
4#+&$.-#4%*+%*%0*4.'2%($*&#%*&&/3'(%-)%A&5**-%*'4%V$/74#$%BEKccF:%G5#$#%5*+%-##'%
+399/$(% 0/$% (5#%1#&5*'.+1%/0% *% 0*4.'2% ($*&#%3'4#$6).'2%G!T+%+3&5% (5*(%G!T%-.*+%
.'&$#*+#4%*+%(5#%.'(#$+(.1363+%.'(#$"*6%.'&$#*+#4%B_#&5'#$%Ec^DL%X/60#,%EcKc,%*+%&.(#4%
.'%A&5*-%R%V$/74#$,%EKccF:%N/7#"#$,%(5#%$#"#$+#%/0%(5.+%#00#&(%5*+%*6+/%-##'%0/3'4%
-#&*3+#%.'%*'/(5#$%#>9#$.1#'(,%*+%(5#%.'(#$+(.1363+%.'(#$"*6%B;A;F%.'&$#*+#4,%(5#%+.@#%
/0%(5#%G!T%$#43&#4%B?*1.#+/'%R%H#($3+.&,%EK`]F:%
%

;0%(5#%9$/43&(./'%/0%*%G!T%7*+%$#6.*'(%/'%(5#%1#1/$)%($*&#%/0%(5#%0.$+(%+(.1363+%0*4.'2,%

(5#$#% *$#% 03$(5#$% 9$#4.&(./'+% (5*(% &*'% -#%1*4#% 0$/1% (5.+:% _/$% #>*196#,% .0%1#1/$)%
4#2$*4*(./'%*6/'#%7#$#% (/%-#% $#+9/'+.-6#% 0/$% (5#%G!T%#00#&(,% (5#'% (5.+%-.*+%7/364%
9#$+.+(%/'%/&&*+./'+%75#$#%/'6)%(5#%1*2'.(34#%/0%+(.1363+%/'#%/$%+(.1363+%(7/%*$#%
#+(.1*(#4:%G5.+%9$#4.&(./'%/0%(5#%0*4.'2%($*&#%*&&/3'(%7*+%#>96/$#4%-)%A&5**-%*'4%
V$/74#$%BEKccF%.'%(5#%+39$*%+#&/'4%$*'2#:%G5#)%0/3'4%(5*(,%0.$+(6),%(5#$#%7*+%'/%&6#*$%
$#6*(./'+5.9%-#(7##'% (5#% ;A;%*'4% (5#%+.@#%/0% (5#%G!T:%A#&/'46),%*% (.1#%/$4#$%#$$/$%
#00#&(%7*+%0/3'4%43$.'2%$#9$/43&(./'%+3&5%(5*(%(5#%+*1#%43$*(./'%7*+%$#9$/43&#4%*+%
6/'2#$%75#'%.(%7*+%9$#+#'(#4%+#&/'4%$*(5#$%(5*'%0.$+(%BA&5*-%R%V$/74#$,%EKccF:%G5#+#%
$#+36(+% *$#% &/'+.+(#'(% 7.(5% (5#% 9$#+#'&#% /0% '#2*(."#% G!T+% 43$.'2% $#9$/43&(./'% /0%
+39$*U+#&/'4%43$*(./'%$*'2#+:%
%

V$3&.*66),% (5#/$#(.&*6% 3'4#$+(*'4.'2% /0% G!T+% &/364% *6+/% -#% .19$/"#4% (5$/325%
&/'+.4#$.'2%(5#%.19*&(%/0%(5#%0*4.'2%($*&#%/0%(5#%0.$+(%+(.1363+:%O+%*%6/2.&*6%9$/2$#++./'%
/0%(5#%0*4.'2%($*&#%*&&/3'(,%(5#%8*)#+.*'%.'0#$#'&#%1/4#6%#>96*.'+%(5*(%(5#%1#1/$)%
/0%(5#%0.$+(%+(.1363+%.+%5#64%0/$%6/'2#$%*'4%+/%-#&/1#+%$#6*(."#6)%1/$#%3'&#$(*.'%(5*'%
(5#%+#&/'4%+(.1363+%BO+5/3$.*'%R%Z/#7#'+(#.',%CDEEL%d*".",%O5.++*$,%R%Z/#7#'+(#.',%
CDECF:%W3#%(/%(5#%.'&$#*+#4%3'&#$(*.'()%*++/&.*(#4%7.(5%(5#%0.$+(%+(.1363+,%(5#%+#'+/$)%
$#9$#+#'(*(./'%/0%(5#%0.$+(%+(.1363+%$#&#."#+%6#++%7#.25(%43$.'2%8*)#+.*'%.'(#2$*(./':%
O+%*%$#+36(,%1/$#%7#.25(% .+%2."#'% (/% (5#%9$./$%M'/76#42#%B(5#%1#*'%/0% (5#%+(.1363+%
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4.+($.-3(./'F%/0%(5#%0.$+(%+(.1363+:%G5#%/3(&/1#%/0%(5.+%9$/&#++%.+%+/1#(.1#%$#0#$$#4%(/%
*+%*%&/'($*&(./'%-.*+%-#&*3+#%(5#%"*63#%/0%(5#%0.$+(%+(.1363+%B1/$#%3'&#$(*.'F%2$*".(*(#+%
(/7*$4+% (5#%1#*'% "*63#% /0% *66% (5#% 0.$+(% +(.136.% *&$/++% 9$#"./3+% ($.*6+% BO+5/3$.*'% R%
Z/#7#'+(#.',%CDEEF:%G5#%0.$+(%.'(#$"*6%1*)%-#%3'4#$%/$%/"#$U#+(.1*(#4%4#9#'4.'2%/'%
(5#% $#6*(."#% +.@#% /0% (5#% +#&/'4% .'(#$"*6:% G5.+% #>96*.'+% (5#% &/'+.+(#'(% /"#$% *'4%
3'4#$#+(.1*(./'% /0% (5#% 0.$+(% +(.1363+% .'% 9/+.(."#% *'4% '#2*(."#% (.1#% /$4#$% #$$/$+%
$#+9#&(."#6),%-#&*3+#%(5#%9#$&#."#4%"*63#%/0%(5#%0.$+(%+(.1363+%.+%9366#4%(/7*$4+%(5#%
1#*'%/0%(5#%o0.$+(%%+(.1363+b%4.+($.-3(./'%%
;'%+/1#%&*+#+,%(5.+%&*'%-#%-#'#0.&.*6%*'4%9$/".4#%*'%#+(.1*(#%&6/+#%(/%(5#%($3#%"*63#,%
5/7#"#$%.0%(5#%&3$$#'(%+(.1363+%.+%0*$%0$/1%(5#%1#*',%(5.+%&/364%6#*4%(/%*'%3'5#69036%
-.*+% (/% (5#% 9*$(.&.9*'(+b% #+(.1*(#+% B+##% _.23$#% [,% A#&(./'% E:EF:% O+5/3$.*'% *'4%
Z/#7#'+(#.'%BCDEEF%(#+(#4%(5#%1#$.(%/0%(5#%8*)#+.*'%1/4#6:%W3$.'2%*%G!T%(*+M,%(5#)%
0/3'4% *% +5.0(% .'% (5#% 9$./$%1#*'% .'% $#+9/'+#% (/% *% +5.0(% .'% (5#%1#*'% /0% (5#% +(.1363+%
4.+($.-3(./':% O44.(./'*66),% (5#)% 0/3'4% (5*(% 75#'% (5#% $*'2#% /0% (5#% +(.1363+% 7*+%

.'&$#*+#4,% (5#% 9$./$% 7.4(5% *6+/% .'&$#*+#4% BO+5/3$.*'% R% Z/#7#'+(#.',% CDEEF:% O+% *%
$#+36(,%8*)#+.*'%1/4#6+%+5/7#4%+/1#%1#$.(% .'%#>96*.'.'2%&/'($*&(./'%-.*+#+%43$.'2%
G!T:%
%
O&&/$4.'2%(/%(5#%9$#4.&(./'+%/0%(5#%8*)#+.*'%1/4#6,%*%$#9$/43&(./'%-.*+%.'%*%4.$#&(./'%
&/'+.+(#'(%7.(5%G!T%+5/364%+(.66%-#%".+.-6#%75#'%/'#%/0%(5#%(7/%+(.136.%*$#%$#9$/43&#4:%
O+%*%$#+36(,%(5#%.'&$#*+#4%3'&#$(*.'()%.'%(5#%0.$+(%+(.1363+%+5/364%6#*4%(/%*'%.'&$#*+#4%
&#'($*6%(#'4#'&)%-.*+%0/$%(5#%0.$+(%+(.1363+%*'4%$#+36(%.'%*%G!T:%Y*')%&3$$#'(%8*)#+.*'%
1/4#66.'2%+(34.#+%/0%1*2'.(34#%#+(.1*(./'%5*"#%0/&3+#4%/'%$#9$/43&(./'%/0%*%+.'26#%
+(.1363+:%N/7#"#$,%2."#'%(5#%#195*+.+%(5*(%(5#%AX%93(+%/'%(5#%&/19*$.+/'%/0%(7/%
+(.136.,%.(%.+%'#&#++*$)%(/%3'4#$+(*'4%75#(5#$%$#9$/43&(./'+%/0%(5#%0.$+(%.'(#$"*6%-#&/1#%
-.*+#4,%#"#'%75#'%9*.$#4%7.(5%*%4#6*)%*+%*%$#96*&#1#'(%/0%(5#%/(5#$%+(.1363+%.'%(5#%
9*.$:%G5.+%$*.+#+%(5#%Q3#+(./'%/0%75#(5#$%G!T%-.*+%.+%/'6)%9$#+#'(%75#'%&/19*$.+/'%
.+%&*$$.#4%/3(,%*+%9$#4.&(#4%-)%(5#%+#'+*(./'%7#.25(.'2%1/4#6:%!$,%*6(#$'*(."#6)%75#(5#$%
(5#%0.$+(%.'(#$"*6%+5/7+%-.*+#4%9#$&#9(./'%.$$#+9#&(."#%/0%75#(5#$%(5#%(7/%+(.136.%*$#%
&/19*$#4% /$% $#9$/43&#4,% *+% &/364% -#% #>96*.'#4% -)% *% 8*)#+.*'% 1/4#6:% G5#%
*++319(./'+%/0%(5#%+#'+*(./'%7#.25(.'2%*'4%8*)#+.*'%1/4#6+%7.66%-#%&/"#$#4%.'%(5#%
0/66/7.'2%9*$*2$*95+%.'%/$4#$%(/%/3(6.'#%(5#%9$#4.&(./'+%/0%(5#%&3$$#'(%$#+#*$&5:%
%
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A#'+*(./'%7#.25(.'2%1/4#6%*++319(./'+%%
G5#%+#'+*(./'%7#.25(.'2%BAXF%1/4#6%&*''/(%*&&/3'(%0/$%*%(.1#%/$4#$%#$$/$%/&&3$$.'2%
/3(+.4#% /0% *% (7/U+(.1363+% &/19*$.+/'% &/'(#>(:% G5.+% .+% -#&*3+#% &/19*$.+/'% *'4%
.'(#$*&(./'%/0%(5#%(7/%.'(#$"*6+%.+%&#'($*6%(/%(5#%0$*1#7/$M%/0%(5#%AX%1/4#6:%O6(5/325%
(5#%0*4.'2%($*&#%*&&/3'(%.+%&3$$#'(6)%.'&/$9/$*(#4%7.(5.'%(5#%AX%1/4#6,%(5#$#%*$#%+/1#%
.++3#+%7.(5%(5.+:%;0%(5#%0*4.'2%($*&#%*&&/3'(%/0%(5#%G!T%5/64+%($3#,%(5#'%(5#%*1/3'(%/0%
(.1#%(5*(%9*++#4%-#(7##'%(5#%0.$+(%*'4%(5#%+#&/'4%.'(#$"*6%7/364%5*"#%-##'%.19/$(*'(%
0/$% 4$.".'2% (5#% -.*+:% O+% *% &/'+#Q3#'&#,% *% G!T% +5/364% -#% 9$/43&#4% $#2*$46#++% /0%
75#(5#$%-/(5%+(.136.%.'%(5#%9*.$%7#$#%9$#+#'(#4%/$%75#(5#$%*%4#6*)%$#96*&#4%(5#%0.$+(%
+(.1363+:% G5#% +#'+*(./'% 7#.25(.'2% 1/4#6% /'6)% 9$/".4#+% *++319(./'+% 0/$% (5#%
&/19*$.+/'%/0%(7/%+(.136.%*'4%(5#$#0/$#%7/364%5*"#%'/%#>96*'*(./'%0/$%(5.+%9/++.-.6.():%
%
8*)#+.*'%1/4#6%*++319(./'+%
O%8*)#+.*'%1/4#6,%5/7#"#$,%*++31#+%(5*(%.(%.+%(5#%3'&#$(*.'()%B&/'(*.'#4%7.(5.'%(5#%

0*4.'2%1#1/$)%($*&#F%4$.".'2%(5#%G!T%-.*+:%O+%*%$#+36(,%$#9$/43&(./'%/0%*%+.'26#%.'(#$"*6%
B3+.'2%*%4#6*)%.'+(#*4%/0%*%+(.1363+%.'%#.(5#$%9/+.(./'F%&/364%&*3+#%*%G!T%3'4#$%(5#%
8*)#+.*'%0$*1#7/$M:%;0%*%8*)#+.*'%1/4#6%&*'%9$/".4#%*%+300.&.#'(%#>96*'*(./'%0/$%(5#%
-.*+% /0% .'(#$"*6+% 43$.'2% $#9$/43&(./'+% /0% *% +.'26#% .'(#$"*6% /'% #*&5% ($.*6,% (5.+% 7/364%
9$/".4#%*'%.'+.25(%75#$#%(5#%AX%1/4#6%&*''/(:%G5#%&3$$#'(%$#+#*$&5%9$#4.&(#4%(5*(%*%
(.1#% 4#6*)% .'% 96*&#% /0% WE% 7/364% -#% +300.&.#'(% (/% 9$/43&#% (5#% G!T% -.*+% 43$.'2%
o4.+&$.1.'*(./'+b% (5*(%7#$#% .'0#$$#4%0$/1%$#9$/43&(./'%4*(*:%G5.+%7/364%+($#'2(5#'%*%
8*)#+.*'%.'(#$9$#(*(./'%/0%(5#%-.*+:%%
%

N/7#"#$,% .0%4*(*%0$/1%($.*6+%75#$#%(7/%+(.136.%*$#%9$#+#'(#4%*'4%&/19*$#4%9$./$% (/%
*+M.'2%9*$(.&.9*'(+% (/% $#9$/43&#% (5#% (*$2#(%43$*(./',% B&/1-.'#4% ($.*6+F%9$/43&#4%*'%
#"#'% 6*$2#$%G!T% (5*'% $#236*$% $#9$/43&(./',% (5#%+#'+*(./'%7#.25(.'2%1*)%9$/".4#%*%
+($/'2#$% #>96*'*(./'% /0% (5#% G!T:% ;'% (5*(% &*+#,% &/19*$.+/'% /0% (5#% (7/% .'(#$"*6+,% .'%
*44.(./'%(/%1#1/$)%4#2$*4*(./',%7/364%-#%'#&#++*$)%0/$%*%1/$#%+.@#*-6#%G!T:%
%
V3$$#'(%$#+#*$&5%
O+%+5/7'%.'%9$#"./3+%$#+#*$&5,%(5#%#>.+(#'&#%/0%G!T+%7/364%-#%#>9#&(#4%43$.'2%(5#%
4.+&$.1.'*(./'% /0% (7/% +(.136.% BZ*3$.#% O''#% A*9#)UG$./195#,% G.11#$1*'+,% #(% *6:,%
CDCEF:%N/7#"#$,%(5#%&3$$#'(%$#+#*$&5%*44.(./'*66)%*.1#4%(/%#>96/$#%75#(5#$%(5#%G!T%
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-.*+%$#1*.'+%75#'%/'6)%(5#%0.$+(%/$%(5#%+#&/'4%.'(#$"*6%.+%$#9$/43&#4%-)%9*$(.&.9*'(+:%
G5.+%7*+%1*4#%9/++.-6#%-)%9$/".4.'2%9*$(.&.9*'(+%7.(5%*%4#6*)%.'+(#*4%/0%(5#%0.$+(%/$%
+#&/'4% .'(#$"*6:% ;0% *%G!T%-.*+% .+% +5/7'% .'% (5.+% &*+#,% (5#'% (5#%+#'+*(./'%7#.25(.'2%
1/4#6%&*''/(%#>96*.'%(5#%*99#*$*'&#%/0% (5#%G!T%43$.'2%$#9$/43&(./'+%-#&*3+#% .(+%
&3$$#'(%1#&5*'.+1%$#6.#+%/'%9*$(.&.9*'(+%&/19*$.'2%*%+#Q3#'&#%/0%(7/%+(.136.:%
%

%
6.2 Methods 
%

H*$(.&.9*'(+%
`%9*$(.&.9*'(+%B]%1*6#%*'4%C%0#1*6#F%7.(5%*'4%*2#%$*'2#%0$/1%C]%(/%\\:%O66%9*$(.&.9*'(+%
5*4%'/$1*6%/$%&/$$#&(#4%(/%'/$1*6%".+./':%
%
A(.1363+%4#(*.6+%
G5#%.'0/$1*(./'%&/'&#$'.'2%(5#%+&$##'%9/+.(./'%*'4%+#(%39%7#$#%.4#'(.&*6%(/%(5*(%/0%(5#%
(#19/$*6%#>9#$.1#'(+%0$/1%V5*9(#$+%C%*'4%[:%A.1.6*$6),%(5#%(*$2#(%+(.1363+%.(+#60%7*+%
*%+.'26#%&.$&36*$%4.+M,%7.(5% (5#%+*1#%4.1#'+./'+%*+% (5#% (#19/$*6%#>9#$.1#'(+,%7*+%
3+#4%(/%$#9$#+#'(%#.(5#$%*%WE%/$%WC%+(.1363+%43$*(./':%
%
G5#% 0.$+(% .'(#$"*6% BWEF% /'% #*&5% ($.*6% 7*+% 4$*7'% 0$/1% *% 6/2U+9*&#4% $*'2#% BD:[EE^,%
D:\]DD,%D:^\E^,%D:cKKK%*'4%E:C`\KD%7.(5%*%2#/1#($.&%1#*'%/0%D:^\F:%G5#%0.$+(%.'(#$"*6%
9$#+#'(#4% .'% (5#% ($.*6% 7.66% 0$/1% 5#$#% /'% -#% $#0#$$#4% (/% *+% WE% .'(#$"*6+:% G5#% +(#9+%
-#(7##'% #*&5% .'(#$"*6% 7.66% -#% $#0#$$#4% (/% *+% (5#%WE% +(#9:% O44.(./'*66),% (5#% +#&/'4%
.'(#$"*6%.'%*66%($.*6+%7.66%-#%$#0#$$#4%(/%*+%WC:%;'%*%+.1.6*$%"#.',%(5#%4.00#$#'&#%-#(7##'%
(5#%&3$$#'(%WC%*'4%WE%B(5#%4.00#$#'&#%-#(7##'%.'(#$"*6+%/'%*')%9*$(.&36*$%($.*6F%7.66%-#%
$#0#$$#4%(/%*+%(5#%WC%+(#9:%G5#%+.@#%/0%(5#%WC%+(#9%7*+%D:D`]%0/$%*66%9*$(.&.9*'(+:%G5.+%
+(#9%+.@#%7*+%3+#4%/'%(5#%-*+.+%/0%9$/43&.'2%*'%*&&3$*&)%6#"#6%/0%*99$/>.1*(#6)%`]s%
&/$$#&(%*0(#$%9$*&(.&#%($.*6+%7#$#%&/196#(#4:%
%
 
H$/&#43$#%
G5#%(.1#%/$4#$%#$$/$%(*+M%&/'(*.'#4%(5$##%($.*6%()9#+,%/'#%.'%75.&5%9*$(.&.9*'(+%7#$#%
.'+($3&(#4%(/%4.+&$.1.'*(#%*'4%(5.+%7*+%0/66/7#4%-)%*'/(5#$%($.*6%()9#%75#$#%(5#)%7#$#%
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*+M#4%(/%$#9$/43&#%*%+.'26#%43$*(./'%B#.(5#$%WE%/$%WC%7.(5%*%4#6*)%$#96*&.'2%(5#%/(5#$%
&/19*$*-6#%43$*(./'%0$/1%(5#%4.+&$.1.'*(./'%(*+MF:%_.'*66),%(5#$#%7#$#%&/1-.'#4%($.*6+%
75.&5%7.66%-#%#6*-/$*(#4%/'%.'%*%6*(#$%+#&(./':%_/$%*66%(5#%*0/$#1#'(./'#4%($.*6%()9#+,%
WE%*99#*$#4%0/66/7#4%-)%*'%.'(#$+(.1363+%.'(#$"*6%B;A;F%/0%/'#%+#&/'4:%H$*&(.&#%($.*6+%
7#$#%3+#4%(/%.'($/43&#%(5#%9*$(.&.9*'(%(/%(5#%(*+M%*'4,%.'%(5#%&*+#%/0%(5#%4.+&$.1.'*(./'%
($.*6+,%(/%*++#++%(5#.$%*&&3$*&):%
%

W.+&$.1.'*(./'%($.*6+%%
G5#%4.+&$.1.'*(./'%($.*6+%.'"/6"#4%9*$(.&.9*'(+%-#.'2%*+M#4%(/%a342#%75#(5#$%(5#%0.$+(%/$%
(5#%+#&/'4%.'(#$"*6%7*+%6/'2#$%B7.(5%(5#%6#0(%-3((/'%.'4.&*(.'2%(5*(%(5#%0.$+(%.'(#$"*6%7*+%
6/'2#$% *'4% (5#% $.25(% -3((/'% .'4.&*(.'2% (5#% +#&/'4% 7*+% 6/'2#$F:% G5#% -3((/'% -/>%
4#+&$.-#4%.'%V5*9(#$%C%7*+%*6+/%3+#4%.'%(5.+%#>9#$.1#'(*6%+#(%39:%
%
T*&5%/0%(5#%]%WEb+%7*+%4.+96*)#4%CD%(.1#+%(/%9$/43&#%EDD%($.*6+%.'%*%+.'26#%$3':%!0%(5#%

CD%9$#+#'(*(./'+,%(5#%WE%7*+%2$#*(#$%(5*'%WC%0/$%ED%($.*6+%B*%WC%+(#9%/0%UD:D`]F%%*'4%
WE%7*+% +1*66#$% (5*'%WC% 0/$% ED% ($.*6+% BWC% +(#9%/0% D:D`]F:%H*$(.&.9*'(+% &/196#(#4%*%
1.'.131%/0%^%$3'+%/0%(5#%4.+&$.1.'*(./'%($.*6+:%G5#%'31-#$%/0%$3'+%7*+%.'&$#*+#4%.0%
9*$(.&.9*'(+%4*(*%7*+%#+9#&.*66)%'/.+):%
%
d#9$/43&(./'%($.*6+%
d#9$/43&(./'%($.*6+%$#Q3.$#4%9*$(.&.9*'(+%(/%$#9$/43&#%*%+.'26#%(.1#%.'(#$"*6:%T.(5#$%(5#%
0.$+(%/$%(5#%+#&/'4%.'(#$"*6%/0%(5#%+(.1363+%9*.$+%7*+%9$#+#'(#4%B(5#%+*1#%"*63#+%/0%WE%
*'4%WC%*+%7#$#%3+#4%0/$%(5#%4.+&$.1.'*(./'%($.*6+F:%G5#%/(5#$%.'(#$"*6%.'%(5#%9*.$%7*+%
$#96*&#4%7.(5%*%4#6*),%&$#*(.'2%#.(5#$%*%4#6*)%-#0/$#%(5#%+(.1363+%.'(#$"*6%*99#*$#4%
B75#'% (5#%4#6*)%7*+% $#96*&.'2% (5#%+#&/'4%43$*(./'% .'% (5#%9*.$F,%/$%*0(#$% B75#'% (5#%
4#6*)%7*+%$#96*&.'2%(5#%0.$+(%43$*(./'F:%%
%
G5#%+(.136.%43$.'2%$#9$/43&(./'%($.*6+%7#$#%9$#+#'(#4%+3&5%(5*(%(5#)%1.1.&M#4%5/7%(5#%
4.+&$.1.'*(./'%9*.$+%7#$#%9$#+#'(#4%*+%&6/+#6)%*+%9/++.-6#:%N/7#"#$,%(5#%($.*6%+($3&(3$#%
7*+%+6.25(6)%4.00#$#'(%*+%*%$#+36(%/0%(5#%$#9$/43&(./'%/0%+.'26#%43$*(./'+:%G5#%0.>*(./'%
&$/++%7*+%3+#4%(/%5#69%9*$(.&.9*'(+%M'/7%75#'%(/%$#+9/'4%*0(#$%(5#%4#6*):%O0(#$%(5#%
75.(#% 0.>*(./'% 7*+% 9$#+#'(#4% *(% (5#% +(*$(% /0% (5#% ($.*6,% (5#'% /'#% /0% (7/% 9/++.-.6.(.#+%
/&&3$$#4e%#.(5#$%*%4#6*)%0/66/7#4%-)%WC%/$%WE%0/66/7#4%-)%*%4#6*):%O0(#$%-/(5%(5#%+(.136.%
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*'4% (5#% 4#6*)% 5*"#% -##'% 9$#+#'(#4% (5#% 0.>*(./'% &$/++% &5*'2#+% (/% .'4.&*(#% (5*(%
9*$(.&.9*'(+%&/364%$#+9/'4:%G5#%75.(#%0.>*(./'%&$/++%$#*99#*$#4%*(%(5#%#'4%/0%(5#%($.*6%
*'4,% .(% (3$'#4% -6*&M% *+% 9*$(.&.9*'(+% $#9$/43&#4% (5#% 43$*(./':% ;0% (5#)% 9$#++#4% (5#%
$#+9/'+#%-3((/'%-#0/$#%(5#%#'4%/0%(5#%($.*6,%(5#%0.>*(./'%7/364%'/(%(3$'%-6*&M,%*'4%(5#%
$#+9/'+#%7/364%'/(%-#%&/3'(#4:%O+%7.(5%4.+&$.1.'*(./',%9$*&(.&#%($.*6+%7#$#%3+#4%(/%
5#69%9*$(.&.9*'(+%(/%*4a3+(%(/%(5#%$#+9/'+#%9#$./4:%
%
!0% (5#% ED% 9$#+#'(*(./'+% /0% WEiWC,% /'6)% (5#% WE% 43$*(./'% B7.(5% *% 4#6*)% *0(#$F% 7*+%
9$#+#'(#4%0/$%]%($.*6+%*'4%/'6)%(5#%WCB7.(5%*%4#6*)%-#0/$#F%7*+%9$#+#'(#4%0/$%]%($.*6+:%
G5#%]Dg]D%+96.(%7*+%*6+/%9$#+#'(%0/$%(5#%ED%WEnWC%43$*(./'+:%O+%*%&/'+#Q3#'&#,%0/$%
#*&5%WE%*'4%WC%43$*(./',%(5#$#%7#$#%5*60%(5#%'31-#$%/0%($.*6+%.'%*%$3'%B]D%.'+(#*4%/0%
EDDF:% G5.+%1#*'(% (5*(% 9*$(.&.9*'(+% 5*4% (/% &*$$)% /3(% *%1.'.131% /0% EC% $3'+% 0/$% (5#%
$#9$/43&(./'% ($.*6+% (/% 9$/43&#% *'% #Q3."*6#'(% '31-#$% /0% ($.*6+% 0/$% $#9$/43&(./'% *'4%
4.+&$.1.'*(./':%G5.+%9$/43&#4%*'%/"#$*66%#>9#$.1#'(%(.1#%/0%*99$/>.1*(#6)%C%5/3$+%*'4%

E]%1.'3(#+:%%
%

%
 
V/1-.'#4%($.*6+%%%
G5#% &/1-.'#4% +#++./'+% 7#$#% 93$9/+#6)% 4#+.2'#4% +3&5% (5*(% 4.+&$.1.'*(./'% *'4%
$#9$/43&(./'%&/364%(*M#%96*&#%7.(5.'%(5#%&/'(#>(%/0%*%+.'26#%($.*6:%O0(#$%(5#%9$/&#43$#%
*-/"#,% 9*$(.&.9*'(+% $#(3$'#4% 0/$% *'% *44.(./'*6% E% 5/3$% +#++./'% 75#$#% (5#)% 7#$#%
9$#+#'(#4% 7.(5% (5#% +*1#% "*63#+% /0% WE% *'4% WC% -3(% (5.+% (.1#% (5#)% 7#$#% *+M#4% (/%
$#9$/43&#%(5#%43$*(./'%(5*(%(5#)%0#6(%7*+%6/'2#$:%G5#)%7#$#%$#Q3.$#4%(/%9$#++%(5#%6#0(%
-3((/'%.0% (5#)%(5/325(%(5#%0.$+(%43$*(./'%BWEF%7*+%6/'2#$,%*'4%(5#%$.25(%-3((/'%.0% (5#)%
(5/325(%(5#%+#&/'4%43$*(./'%BWCF%7*+%6/'2#$:%O+%-#0/$#,%(5#%WC%+(#9%7*+%5#64%*(%D:D`]%
0/$%*66%9*$(.&.9*'(+:%
%

!
6.3 Results  
%
W3$.'2%4.+&$.1.'*(./'% ($.*6+,%9*$(.&.9*'(+%+#6#&(#4% (5#% $#+9/'+#%75.&5%&/$$#+9/'4#4%
7.(5%(5#%43$*(./'%(5#)%9#$&#."#4%*+%6/'2#$%B0.$+(%/$%(5#%+#&/'4F,%*'4%(5#.$%$#+9/'+#+%
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7#$#%&/19*$#4%7.(5% (5#%&/$$#&(%*'+7#$%/'%#*&5% ($.*6% (/%9$/43&#%*%9#$&#'(%&/$$#&(%
"*63#%0/$%*66%($.*6+%.'%#"#$)%$3':%%
%
_.23$#%\\%+5/7+%9#$&#'(%&/$$#&(%9#$0/$1*'&#%*+%*%03'&(./'%/0%WE%0/$%#*&5%9*$(.&.9*'(,%
*'4% (5#%1#*'%9#$&#'(% &/$$#&(% "*63#+%*(%#*&5%43$*(./':% ;'%#*&5%&*+#,% (5#% $#4%4*(*%
9/.'(+% .'4.&*(#% 9#$0/$1*'&#% 75#'% WE% i% WC% *'4% (5#% -63#% 4*(*% 9/.'(+% .'4.&*(#%
9#$0/$1*'&#%75#'%WEnWC:%O&&/$4.'2%(/% (.1#%/$4#$%#$$/$%1/4#6+%75.&5%&/'(*.'% (5#%
1#&5*'.+1%/0%&#'($*6%(#'4#'&)%-.*+%B/$%&/'($*&(./'%-.*+%*+%.(% .+%$#0#$$#4%(/%.'%+/1#%
G!T% 6.(#$*(3$#L% O+5/3$.*'% R% Z/#7#'+(#.',% CDEEL% d*"."% #(% *6:,% CDECF,% 9*$(.&.9*'(+%
9#$&#9(./'%/0%WE%7.66%+5/7%$#6*(."#6)% 6*$2#%/"#$#+(.1*(./'%*(%+5/$(#$%43$*(./'+:%G5.+%
-.*+% 7/364% -#% 6*$2#$% (5*'% (5*(% *++/&.*(#4% 7.(5% WC,% -#&*3+#% WE% &*$$.#+% 1/$#%
3'&#$(*.'()%43#%(/%(5#%0*4.'2%($*&#%/0%WE:%G5#$#0/$#,%75#'%WEiWC,%(5.+%-.*+%6#*4+%(/%
#*+.#$%4.+&$.1.'*(./'+%*(%+1*66%"*63#+%/0%WE%B43#%(/%(5#%6*$2#$%/"#$#+(.1*(./'%-.*+%.'%
WE%*(%+5/$(%43$*(./'+%&/19*$#4%(/%WCL%+##%_.23$#%\\F:%O+%WE%.'&$#*+#+%.'%+.@#,%WE%

*'4% WC% -#&/1#% 1/$#% 4.00.&36(% (/% 4.+&$.1.'*(#% *'4% (5#$#0/$#% (5#% 9#$&#'(% &/$$#&(%
4#&$#*+#+:%V/'"#$+#6),%1#&5*'.+1+%/0%&#'($*6%(#'4#'&)%-.*+%9$#4.&(%3'4#$#+(.1*(./'%
/0%6/'2#$%43$*(./'+%*'4%*+%-#0/$#,%1/$#%/0%(5.+%3'4#$#+(.1*(./'%.+%+5/7'%.'%WE%$#6*(."#%
(/%WC:%G5.+%-.*+%%
4$."#+%(5#%#00#&(%+##'%.'%(5#%6.'#%96/((#4%*+%WEn%WC%B+##%_.23$#%\\F,%*'4%(5#%($#'4%/0%
(5.+%6.'#%.+%4$."#'%-)%(5#%1/$#%4.00.&36(%4.+&$.1.'*(./'%.'.(.*66)%/0%WE%*'4%WC%75#'%WE%.+%
+5/$(:%N/7#"#$,%*+%WE% .'&$#*+#+% .'%+.@#,% (5#%#*+#%/0%4.+&$.1.'*-.6.()% .19$/"#+%*'4%
9#$&#'(%&/$$#&(%.'&$#*+#+:%
%
G.1#%/$4#$%#$$/$%-.*+#+%*$#%&6#*$6)%#".4#'(%.'%(5#%.'4.".43*6%*'4%(5#%2$/39%*"#$*2#4%
4*(*+#(+,% 7.(5% 9#$&#'(% &/$$#&(% .'&$#*+.'2% *+% *% 03'&(./'% /0% WE% 75#'% WEnWC% *'4%
4#&$#*+.'2% 75#'% WEiWC:% O44.(./'*66),% 75#'% (5#% 4*(*% 7*+% *"#$*2#4% *&$/++% *66%
9*$(.&.9*'(+,%(5#$#%7*+%*%&6#*$%.'(#$+#&(./'%-#(7##'%(5#%(7/%+6/9#+%/&&3$$.'2%&6/+#%(/%
(5#%&#'($#%/0%(5#%+(.1363+%4.+($.-3(./'%B+##%_.23$#%\\F:%
%
%
%
%
%
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%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
W3$.'2%(5#%+3-+#Q3#'(%$#9$/43&(./'%($.*6+,%9*$(.&.9*'(+%7#$#%*+M#4%(/%#.(5#$%$#9$/43&#%
WE% /$% WC:% G5#% 43$*(./'% (5#)% 7#$#% $#Q3.$#4% (/% $#9$/43&#% 4#9#'4#4% 39/'% 75.&5%
43$*(./'%.'%(5#%9*.$%BWE%/$%WCF%7*+%$#96*&#4%-)%*%4#6*):%_.23$#%\]%+5/7+%$#9$/43&#4%
43$*(./'+% /0% WE% *'4% WC% 96/((#4% *+% *% 03'&(./'% /0% (5#% $#+9#&(."#% 95)+.&*6% +(.1363+%
43$*(./':%Z.'#*$% $#2$#++./'+%7#$#%+#9*$*(#6)% 0.((#4% (/%WE%*'4%WC% $#9$/43&(./'+% 0/$%
#*&5%9*$(.&.9*'(,%7.(5%(5#%2$*4.#'(%/0%(5#%6.'#%*66/7.'2%Q3*'(.0.&*(./'%/0%(5#%4#2$##%/0%
&/19$#++."#,%&#'($*6%(#'4#'&)%-.*+:%%

Y*97)$&NN%&8J$&($)1$+#&1"))$1#&-")&#J$&,*51)*.*+2#*"+&D7,9$.$+#5&"-&`L&2+,&`E&25&2&-7+1#*"+&"-&#J$&`L&
,7)2#*"+5&-")&$21J&(2)#*1*(2+#&2+,&#J$&.$2+&($)1$+#&1"))$1#&1231732#$,&21)"55&233&(2)#*1*(2+#5.&

%

!"#$%&f+5#2+1$5&UJ$)$&`Lc`E&2)$&5J"U+&*+&)$,&2+,&*+5#2+1$5&UJ$)$&`La`E&2)$&5J"U+&*+&@37$%&Q))")&
@2)5&)$()$5$+#&1"+-*,$+1$&*+#$)V235%%
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&

G5#% .'4.".43*6% 4*(*% +5/7#4% &#'($*6% (#'4#'&)% $#6*(#4% -.*+% .'% WE% *'4% WC% 0/$% *66%
9*$(.&.9*'(+% (/%"*$).'2%4#2$##+:%_/$% (5#%1#*'% $#9$/43&(./'+%*(%#*&5%43$*(./',%-.*+%
(/7*$4+%(5#%1#*'%/0%(5#%WE%*'4%WC%+(.1363+%4.+($.-3(./'+%7*+%*6+/%+##',%7.(5%*%2$#*(#$%
(#'4#'&)% 0/$% /"#$#+(.1*(./'% /0% +1*66% 43$*(./'+% (5*'% 3'4#$#+(.1*(./'% /0% 6*$2#$%
43$*(./'+:%G5#%+($#'2(5%/0% (5#%-.*+% (#'4#4% (/%-#% 6*$2#$% .'% $#9$/43&(./'+%/0%WE% BYh%
D:^CEF%(5*'%.'%$#9$/43&(./'+%/0%WC%BYhD:`DEF,%$#06#&(#4%.'%(5#%+5*66/7#$%2$*4.#'(%/0%
(5#%0.((#4%03'&(./'+:%O%/'#%(*.6#4%(U(#+(%7*+%&/'43&(#4%(/%"#$.0)%(5.+%*++319(./'%1*4#%
-)%9$#"./3+%$#+#*$&5%*'4%0/3'4%*%+.2'.0.&*'(%4.00#$#'&#%(B^F%h%UE:K`K,%9hD:D\c:%
 
 
Y*97)$&N]%&8J$&)$()",71$,&,7)2#*"+5&U$)$&(3"##$,&25&2&-7+1#*"+&"-&#J$&(J<5*123&V237$5&"-&`L&2+,&`E%& &

%
%

%

%

%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
!"#$% Z&3*+$2)&)$9)$55*"+&3*+$&U25&-*##$,&#"&5J"U&#J$&@*25&*+&#J$&)$()",71#*"+5&"-&`L&2+,&`E 
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G/% 4#(#$1.'#% 75#(5#$% G!T+% &/364% -#% 4.$#&(6)% 9$#4.&(#4% 0$/1% 9*$(.&.9*'(+b%
$#9$/43&(./'+%/0%WE%*'4%WC,%*%1#(5/4%7*+%'##4#4%(/%+.136*(#%o4.+&$.1.'*(./'+b%0$/1%
$#9$/43&(./'%4*(*:%_.$+(,%*%$#+*196.'2%9$/&#++%7*+%3+#4%(/%4$*7%*%9*.$+%/0%WE%*'4%WC%
$#9$/43&(./'% ($.*6+% *(% $*'4/1% 0$/1% (5#% 4*(*% +#(% B7.(5% $#96*&#1#'(F:% A*196#4%
$#9$/43&(./'+%/0%(5#%WE%*'4%WC%/'%#*&5%.(#$*(./'%7#$#%(5#'%&/19*$#4%(/%2#'#$*(#%*%
+.136*(#4%oWE%6/'2#$b%/$%oWC%6/'2#$b%$#+9/'+#:%A.136*(#4%4.+&$.1.'*(./'%4*(*%7#$#%(5*'%
+/$(#4%.'(/%.'+(*'&#+%75#'%(5#%95)+.&*6%"*63#+%/0%(5#%+#6#&(#4%+(.1363+%9*.$%$#06#&(#4%
WEiWC%*'4%.'+(*'&#+%75#$#%(5#%"*63#+%.'%(5#%+#6#&(#4%+(.1363+%9*.$%&/'(*.'#4%"*63#+%
75#$#%WEnWC:%G5.+%7*+%(5#'%($*'+0/$1#4%.'(/%*%9#$&#'(%&/$$#&(%.'%/$4#$%$#96.&*(#%(5#%
*'*6)+.+%/0%(5#%93$#%4.+&$.1.'*(./'%($.*6+:%N/7#"#$,% .'%(5.+%&*+#,%.(%7*+%(5#%6#'2(5%/0%
$#9$/43&#4%43$*(./'+%75.&5%&/'0.$1#4%75.&5%43$*(./'%7*+%9#$&#."#4%*+%6/'2#$%.'+(#*4%
/0%*%+.'26#%4.+&$.1.'*(./'%a3421#'(:%
%
%

%
_.23$#%\^%+5/7+%(5#%+.136*(#4%4.+&$.1.'*(./'%/0%(5#%$#9$/43&#4%WE%*'4%WC%43$*(./'+:%%
G5#%4*(*%0$/1%.'4.".43*6%9*$(.&.9*'(+%4.4%'/(%9$/".4#%&/'".'&.'2%G!T%-.*+%9*((#$'+:%%
G5.+%7*+%03$(5#$%#".4#'(%0$/1%2$/39%*"#$*2#4%4*(*,%75#$#%(5#%(7/%$#6*(."#6)%06*(%6.'#+%
7#$#%'/(%*-6#%(/%4#1/'+($*(#%*%G!T%-.*+:%O'%.'(#$+#&(./'%/0%(5#%(7/%6.'#+%7*+%".+.-6#%
-3(,% (5#$#%7*+% 6.((6#%4.00#$#'&#%+5/7'%-#(7##'%(5#%9#$&#'(%&/$$#&(%-#(7##'%WE%*'4%
WC,%*+%WE%.'&$#*+#4%.'%+.@#%B+##%_.23$#%\^F:%
%

G5#% $#+*196.'2% 9$/&#++% 9$/".4#+% *'% .'(3.(."#% 1#(5/4% /0% .'0#$$.'2% 4.+&$.1.'*(./'%
$#+9/'+#+% 0$/1% $#9$/43&(./'% 4*(*:% N/7#"#$,% .(% +300#$+% 0$/1% *% &#$(*.'% 6.1.(*(./':%
A.136*(#4%4.+&$.1.'*(./'%.+%4#9#'4#'(%39/'%(7/%(5.'2+%EF%(5#%4.00#$#'&#%-#(7##'%(5#%
1#*'%$#9$/43&(./'%0/$%#*&5%*'4%(5#%CF%(5#%(/(*6%*1/3'(%/0%$#9$/43&(./'%"*$.*-.6.():%O+%
$#9$/43&(./'% 4*(*% -#&/1#+% .'&$#*+.'26)% "*$.*-6#,% +.136*(#4% 4.+&$.1.'*(./'%
9#$0/$1*'&#%7.66%(#'4%(/7*$4+%&5*'&#%6#"#6+:%X5.6#%(5.+%.+%'/(%9$/-6#1*(.&%.0%"*$.*-.6.()%
+/6#6)%$#06#&(+%+#'+/$)%'/.+#,%(5#%9$#+#'&#%/0%1/(/$%/$%/(5#$%0/$1+%/0%'/.+#%7.66%6#*4%*%
+)+(#1*(.&%3'4#$#+(.1*(./'%/0%4.+&$.1.'*(./'%*&&3$*&):%G/%*"/.4%(5.+,%.(%7*+%'#&#++*$)%
(/%9*$(.(./'%(5#%+#'+/$)%*'4%'/'U+#'+/$)%&/19/'#'(+%/0%$#9$/43&(./'%"*$.*-.6.():%
%
%
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%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%
%
%
%
%
%
%
%
%
%
%

Y*97)$&NK%&8J$&)$()",71$,&,7)2#*"+5&U$)$&)$52.(3$,&2+,&1".(2)$,&#"&5*.732#$&,*51)*.*+2#*"+5&@$#U$$+&
)$()",71$,&`L5&2+,&`E5&-")&$21J&(2)#*1*(2+#&2+,&#J$&.$2+&($)1$+#&1"))$1#&1231732#$,&21)"55&233&(2)#*1*(2+#5%&

 

!"#$%&j+1$&#J$&)$()",71#*"+5&()"V*,$,&2+&*+-$))$,&,*51)*.*+2#*"+?&#J$&($)1$+#&1"))$1#&2117)21<&U25&(3"##$,&
25&2&-7+1#*"+&"-&#J$&`L&,7)2#*"+%&8J$&.$2+&($)1$+#&1"))$1#&*5&2+&2V$)29$&"-&#J$&($)1$+#&1"))$1#&-)".&233&
(2)#*1*(2+#5% 
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G5#%&/#00.&.#'(%/0%"*$.*(./'%1/4#6%
G/%*&&/3'(%0/$%(5#%&/'0/3'4.'2%.'063#'&#%/0%1/(/$%'/.+#%/'%(5#%$#9$/43&(./'%4*(*,%.(%
7*+%'#&#++*$)%(/%1/4#6%(5#%+#'+/$)%*'4%1/(/$%'/.+#%.'%(5#%$#+9/'+#+:%G/%4/%(5.+,%(5#%
&/#00.&.#'(%/0%"*$.*(./'%7*+%1/4#66#4%*+% (5#% (/(*6%'/.+#%*++/&.*(#4%7.(5%9*$(.&.9*'(+%
$#9$/43&(./'+:%G/%&$#*(#% (5.+%1/4#6,% .(% .+%*++31#4% (5*(%+#'+/$)%"*$.*-.6.()%-#5*"#+%
*&&/$4.'2% (/% X#-#$b+% 6*7L% (5*(% (5#% +(*'4*$4% 4#".*(./'% /0% 43$*(./'% #+(.1*(#+% .+%
9$/9/$(./'*6%(/%(5#%43$*(./'%.(+#60:%_3$(5#$1/$#,%.(%7*+%*++31#4%(5*(%1/(/$%'/.+#%7*+%
.'4#9#'4#'(%/0%+#'+/$)%'/.+#%*'4%5*4%*'%*44.(."#%#00#&(:%S'4#$%(5#+#%*++319(./'+,%
(5#%+(*'4*$4%4#".*(./'%/0%$#9$/43&#4%43$*(./'+%(𝜎F)%.+%2."#'%-)e%
%

𝜎F = V𝜎59G0 + 𝜎*+C0 %

%
75#$#%𝜎59G0 %*'4%𝜎*+C0 %$#9$#+#'(%(5#%+#'+/$)%*'4%1/(/$%'/.+#%$#+9#&(."#6):%
%
S'4#$%X#-#$b+%6*7,%+#'+/$)%'/.+#%.+%9$/9/$(./'*6%(/%(5#%43$*(./'%B𝐷Fe%%
%
𝜎59G = 𝑤𝐷%
%
G5#$#0/$#,%(5#%&/#00.&.#'(%/0%"*$.*(./'%B𝐶𝑉F%*(%#*&5%43$*(./'%&*'%-#%1/4#66#4%-)e%
%

𝐶𝑉 = 	
H(IF)#JK$%&

# 		

L'
%%

%
%
75#$#%𝑀F%.+%(5#%1#*'%$#9$/43&(./'%*(%(5*(%43$*(./':%%
%
G5.+%1/4#6%5*+%(7/%0$##%9*$*1#(#$+,%(5#%X#-#$%0$*&(./'%&/'($/66.'2%+#'+/$)%'/.+#%B𝑤F%
*'4%(5#%1/(/$%'/.+#%B𝑚𝑜𝑡):%G5#%+#'+/$)%'/.+#%7*+%*66/7#4%(/%"*$)%0/$%WE%*'4%WC%43#%
(/%(5#%9$#4.&(#4%4.00#$#'&#+%.'%3'&#$(*.'()%-#(7##'%WE%*'4%WC:%Y/(/$%'/.+#%7*+%5#64%
&/'+(*'(% *&$/++%WE%*'4%WC%43#% (/% (5#% 6*&M% /0% 9$#4.&(#4% 4.00#$#'&#% .'%1/(/$% '/.+#%
*&$/++%(5#%43$*(./'+:%8/(5%9*$*1#(#$+%7#$#%*66/7#4%(/%"*$)%-#(7##'%9*$(.&.9*'(+%(/%
*&&/3'(%0/$%.'4.".43*6%4.00#$#'&#+:%
%
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G5#%&/#00.&.#'(%/0%"*$.*(./'+%0/$%WE%*'4%WC%43$*(./'+%0/$%#*&5%9*$(.&.9*'(%7#$#%96/((#4%
*+%*%03'&(./'%/0%(5#%43$*(./'%"*63#+%B+##%_.23$#%\`F:%Y/+(%9*$(.&.9*'(+%+5/7#4%6*$2#$%
V<+%0/$%+5/$(#$%43$*(./'+%*'4%(5#%4#+&#'4.'2%+6/9#%-#2*'%(/%96*(#*3%*0(#$%D:\%(/%D:^%
+#&/'4+:%S'4#$% (5#%*996.#4%1/4#6,% (5.+% $#06#&(+% (5#% ($*'+.(./'%-#(7##'%1/(/$%'/.+#%
4/1.'*(.'2%*(%+5/$(#$%43$*(./'+%(/%+#'+/$)%'/.+#%4/1.'*(.'2%*(%6/'2#$%43$*(./'+:%%
%
!'&#%(5#%V<+%7#$#%1/4#66#4%3+.'2%(5#%1#*'%/0%(5#%9*$(.&.9*'(+%4*(*,%(5#%"*$.*-.6.()%
*++/&.*(#4% 7.(5% WE% $#9$/43&(./'+% *99#*$#4% &/'+.+(#'(6)% 6*$2#$% (5*'% (5#% "*$.*-.6.()%
*++/&.*(#4%7.(5%WC%$#9$/43&(./'+:%G5#%V<+%0/$%(5#%WE%$#9$/43&(./'+%7#$#%0/3'4%(/%-#%
+.2'.0.&*'(6)% 6*$2#$% (5#%V<% 0/$% (5#%WC% $#9$/43&(./'+%3+.'2%*%/'#% (*.6#4% (U(#+(,% (B^F%h%
\:EE\,%9hD:D[:%
%
%

%

Y*97)$&Nk%&8J$&1"$--*1*$+#&"-&V2)*2#*"+&(3"##$,&25&2&-7+1#*"+&"-&`L&V237$5&-")&#J$&)$()",71#*"+&()"1$,7)$&-")&
$21J&(2)#*1*(2+#&2+,&#J$&.$2+&;=&21)"55&233&(2)#*1*(2+#5.&

!"#$%&8J$&"($+&1*)13$5&U$)$&75$,&-")&#J$&;=&255"1*2#$,&U*#J&`L&)$()",71#*"+5&2+,&#J$&-*33$,&1*)13$5&
U$)$&75$,&-")&#J$&;=&255"1*2#$,&U*#J&`E&)$()",71#*"+5%&8J$&,"##$,&2+,&5"3*,&3*+$5&U$)$&75$,&-")&#J$&
-*##$,&3*+$5&"-&`L&2+,&`E&)$()",71#*"+5&)$5($1#*V$3<% 

 



 199 

8)%/-(*.'.'2%#+(.1*(#+%/0%𝑤F3%*'4%𝑤F0,%0$/1%(5#%-#+(%0.(+%/0%(5#%.'(#$'*6%#+(.1*(#+,%(5#%
9*.$+%/0%𝐷1*'4%𝐷2	+(.136.%&/364%-#%1/4#66#4:%_.23$#%\c*%+5/7+%/'#%#>*196#%/0%75#$#%
𝐷1i% 𝐷2:% ;'(#$'*6% #+(.1*(#+% 7#$#% 1/4#66#4% *+% '/$1*6% 4.+($.-3(./'+% 7.(5% 1#*'+%
&/$$#+9/'4.'2% (/% (5#%1#*'% $#9$/43&(./'+% B𝑀F3% *'4%𝑀F0F% *'4% +(*'4*$4% 4#".*(./'+%
𝑤F3𝐷1%*'4%𝑤F0𝐷2:%
%
%
%
%
%
%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

0 0.2 0.4 0.6 0.8 1

D1

D2

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Duration (s) D1-D2 (s)

Correct
Discrimination
(D1>D2)

Errors(D1<D2)

Pr
ob
ab
ilit
y

a b 

Y*97)$&NG%&`7)2#*"+&(3"##$,&25&2&-7+1#*"+&"-&()"@2@*3*#<&#"&5J"U&J"U&)$52.(3*+9&U25&75$,&#"&*+-$)&,*51)*.*+2#*"+5&
-)".&)$()",71#*"+5%&

 

!"#$%&
2O&'$52.(3$,&V237$5&"-&`L&2+,&`L&.2<&5J"U&32)9$&"V$)32((*+9&V2)*2@*3*#<&,7$&#"&()$5$+1$&"-&."#")&+"*5$%&
&
@O&BJ$+&`L&V2)*2@*3*#<&*5&57@#)21#$,&-)".&`E&#J$&,*--$)$+1$&*5&$_723&#"&#J$&2)$2&7+,$)&#J$&17)V$%&Z+<&2)$2&3"12#$,&
U*#J*+&#J$&("5*#*V$&5*,$&"-&#J$&I&2I*5&()"V*,$5&#J$&()"@2@*3*#<&"-&1"))$1#&,*51)*.*+2#*"+%&8J$&2)$2&7+,$)&#J$&17)V$&
#J2#&*5&3"12#$,&*+&#J$&+$92#*V$&I&2I*5&2)$2&()"V*,$5&#J$&()"@2@*3*#<&"-&*+1"))$1#&,*51)*.*+2#*"+5%&

 



 200 

J."#'%(5#+#%4.+($.-3(./'+,%4.+&$.1.'*(./'%$#+9/'+#+%&*'%-#%.'0#$$#4%0$/1%$#9$/43&(./'%
$#+9/'+#+%-)%1/4#66.'2%(5#%'/.+#%/0% (5#%4.+($.-3(./'%B*'4%1/(/$%&/$$#&(.'2% .(F%*+%*'%
*6(#$'*(."#%(/%(5#%$#+*196.'2%*99$/*&5%4#+&$.-#4%#*$6.#$:%G5#%*4"*'(*2#+%/0%1/4#66.'2%
(5#% '/.+#% .+% 1/+(% &6#*$6)% .663+($*(#4% -)% 96/((.'2% (5#% 4.00#$#'&#% -#(7##'% (5#% (7/%
4.+($.-3(./'+%B𝐷1 − 𝐷2	L%_.23$#%\c-F:%%

%
V/$$#&(.'2% 0/$% (5#% 1/(/$% '/.+#% .6631.'*(#4% (5#% $#1*.'.'2% +#'+/$)% "*$.*-.6.()% B0$/1%
.'(#$'*6%$#9$#+#'(*(./'+%/0%WE%*'4%WCF%9$#+#'(%43$.'2%*%4.+&$.1.'*(./'%/0%(7/%+(.136.:%
G5.+%+#'+/$)%'/.+#%7*+%4.+96*)#4%.'%(5#%+#'+/$)%"*$.*-.6.()%J*3++.*'+%/0%WE%*'4%WC%
B+##%_.23$#%\c-F:%G5#%6.M#6.5//4%/0%1*M.'2%1.+(*M#+%B*'4%+3-+#Q3#'(%9#$&#'(%&/$$#&(F%
&/364%-#%&*6&36*(#4%-*+#4%/'%(5#%/"#$6*9%-#(7##'%(5#%+#'+/$)%J*3++.*'+%0/$%#*&5%
WE%*'4%WC:%G5.+%.+%-#&*3+#%75#'%&*6&36*(.'2%(5#%4.00#$#'&#%B+3-($*&(./'F%-#(7##'%(5#%
J*3++.*'%&3$"#+%6#*4+%(/%(5#%*44.(./'%/0%(5#.$%"*$.*-.6.()%+Q3*$#4%*+%*%1*(5#1*(.&*6%
$36#:%G5#$#0/$#,%(5#%/"#$6*9%-#(7##'%WE%*'4%WC%-#&/1#+%(5#%*$#*%3'4#$%(5#%&3$"#%/0%

(5#%4.00#$#'&#%-#(7##'%(5#%(7/%&3$"#+%B+##%_.23$#%\c-F:%
%
H#$&#'(% &/$$#&(% 4.+&$.1.'*(./'% 7*+% #+(.1*(#4% -)% &*6&36*(.'2% (5#% 9$/9/$(./'% /0% (5#%
4.00#$#'&#%4.+($.-3(./'%0*66.'2%(5#%*99$/9$.*(#%+.4#%/0%@#$/:%X5#'%.+%WE%7*+%95)+.&*66)%
6*$2#$% (5*'%WC,% (5#% *$#*% /'% (5#% $.25(% 5*'4% +.4#% /0% @#$/% B9/+.(."#F%7/364% +5/7% (5#%
9#$&#'(%&/$$#&(:%N/7#"#$,%.'%&*+#+%75#$#%WEn%WC%(5#'%(5#%*$#*%/0%(5#%6#0(%5*'4%+.4#%
/0%@#$/%B'#2*(."#F%7/364%#Q3*(#%(/%(5#%9#$&#'(%&/$$#&(%0/$%(5*(%4.+&$.1.'*(./'%/0%WE%*'4%
WC:%%
%
Y/(/$U&/$$#&(#4%$#9$/43&(./'%4*(*%
_.23$#% \K% +5/7+% +.136*(#4% $#9$/43&(./'% 4*(*% 3+.'2% 1/(/$U&/$$#&(#4% #+(.1*(#+% /0%
+#'+/$)% '/.+#:% d#+36(+% /-(*.'#4% 3+.'2% (5#% 1#*'% 9#$&#'(% &/$$#&(% 4*(*% +5/7% &6#*$%
#".4#'&#%/0%*%G!T:%G!T+%7#$#%*6+/%+5/7'%*(%(5#%.'4.".43*6%6#"#6%0/$%0/3$%9*$(.&.9*'(+%
BZY,%IJTX,%jXd%*'4%dZF%-3(%7#$#%'/(%*+%&6#*$%0/$%(5#%/(5#$%(5$##%9*$(.&.9*'(+%BTN,%
AAJ%*'4%dTF:%;'(#$#+(.'26),%0/$%dT,%(5.+%6*&M%/0%G!T%7*+%*6+/%$#06#&(#4%.'%(5#.$%#*$6.#$%
4.+&$.1.'*(./'%4*(*%B+##%_.23$#%\\F:%%
%
%
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%

%
%
%

%
%
%
%
%
%
%

Y*97)$&Ni%&R"#")&1"))$1#*"+&"-&#J$&)$()",71$,&,7)2#*"+5&U25&75$,&#"&()"V*,$&2+&*.()"V$,&*+-$))$,&
,*51)*.*+2#*"+&-")&$21J&(2)#*1*(2+#&2+,&#J$&.$2+&($)1$+#&1"))$1#&1231732#$,&21)"55&233&(2)#*1*(2+#5.&

!"#$%&8J$5$&(3"#5&5J"U&#J$&($)1$+#&1"))$1#&-")&#J$&S*+-$))$,&,*51)*.*+2#*"+T&"-&#J$&."#")&1"))$1#$,&)$()",71$,&
,7)2#*"+5&"-&`L&2+,&`E&25&2&-7+1#*"+&"-&#J$&`L&,7)2#*"+5%&f+5#2+1$5&UJ$)$&`Lc`E&2)$&5J"U+&*+&)$,&2+,&
*+5#2+1$5&UJ$)$&`La`E&2)$&5J"U+&*+&@37$%& 
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V/1-.'#4%4*(*e%W.+&$.1.'*(./'%
_/$% (5#% 4*(*% 4#+&$.-#4% (53+% 0*$,% 43$*(./'% 4.+&$.1.'*(./'+% 7#$#% .'0#$$#4% 0$/1%
$#9$/43&(./'+%/0% 43$*(./'+%9$#+#'(#4% .'% .+/6*(./':%N/7#"#$,% (5#$#%*$#% (7/%9/(#'(.*6%
.++3#+% 7.(5% &/19*$.'2% (5#+#% +.136*(#4% $#+9/'+#+% 7.(5% *&(3*6% 4.+&$.1.'*(./'%
a342#1#'(+e% BEF% (5#%4.+&$.1.'*(./'%*'4%$#9$/43&(./'%4*(*%7*+%&/66#&(#4% .'%+#9*$*(#%
+#++./'+L%*'4%BCF%+(.1363+%+#Q3#'&#+%0/$%$#9$/43&(./'%a342#1#'(+%4.00#$#4%0$/1%(5/+#%
3+#4% 0/$%4.+&$.1.'*(./'% a3421#'(+% .'% (5*(%/'6)%*%+.'26#%+(.1363+%7*+%9$#+#'(#4:%G/%
*((#19(% (/% *44$#++% (5.+,% *% &/1-.'#4% 1#(5/4% /0% $#+9/'4.'2% 7*+% 3+#4% (/% &/66#&(%
4.+&$.1.'*(./'%*'4%$#9$/43&(./'%$#+9/'+#+%+.136(*'#/3+6)%.'%#*&5%($.*6:%G5.+%9$/&#++%
.'"/6"#4%(5#%9*$(.&.9*'(+%3+.'2%*%-3((/'%9$#++%(/%.'4.&*(#%75.&5%+(.1363+%(5#)%(5/325(%
7*+%6/'2#$%*'4%5#64%.(%0/$%*%(.1#%(5*(%7*+%#Q3*6%(/%5/7%6/'2%(5#)%(5/325(%.(%6*+(#4:%
%
%
G5#%4*(*%7#$#%*'*6)+#4%3+.'2%(5#%+*1#%9$/&#++%*+%(5#%93$#%4.+&$.1.'*(./'%($.*6+%.'%

/$4#$%(/%9$/43&#%(5#%9#$&#'(%&/$$#&(%*&&3$*&)%0/$%#*&5%WE%*'4%WC%9*.$%B+##%_.23$#%
]DF:% G5#$#% .+% *% G!T% -.*+% +5/7'% 0/$%1/+(% 9*$(.&.9*'(+,% *6(5/325% 0/$% C% 9*$(.&.9*'(+%
BIJTX% *'4%jXdF,% (5#% .'(#$+#&(./'% /&&3$$#4% 43$.'2% (5#% +5/$(#$% 43$*(./'+% *'4% 0/$%
*'/(5#$%(7/%9*$(.&.9*'(+%BAAJ%*'4%dZF%(5#$#%7*+%'/(%*%&6#*$6)%4#0.'#4%.'(#$+#&(./'%/0%
(5#%(7/%96/((#4%6.'#+:%_/$%9*$(.&.9*'(%dZ,%(5#%WEnWC%6.'#%7*+%'#*$%EDD%9#$&#'(%&/$$#&(%
0/$% (5#%43$*(./'%/0% (5#%+#++./':%G5#%1#*'%9#$&#'(%&/$$#&(%4*(*%5/7#"#$,%+5/7#4%*%
G!T%-3(%4.+96*)#4%*%$#6*(."#6)%#*$6)%.'(#$+#&(./'%/0%(5#%(7/%6.'#+:%
%
%
%
%
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%

%
V/1-.'#4%4*(*e%$#9$/43&(./'%+6/9#+%
G5#%$#9$/43&(./'%+6/9#+%0/$%(5#%&/1-.'#4%($.*6+%7#$#%9$/43&#4%3+.'2%(5#%+*1#%1#(5/4%
*+%(5*(%3+#4%0/$%(5#%93$#%$#9$/43&(./'%($.*6+%*'4%7#$#%96/((#4%0/$%.'4.".43*6+%*'4%*+%*%
2$/39%*"#$*2#%.'%_.23$#%]E:%Y/+(%.'4.".43*6+,%+.1.6*$%(/%(5#%9*((#$'%+##'%.'%(5#%93$#%
$#9$/43&(./'%($.*6+,%+5/7#4%1/$#%/"#$#+(.1*(./'%*(%+5/$(#$%43$*(./'+:%O6(5/325%AAJ%
+5/7#4%1/$#% /"#$#+(.1*(./'% *(% 6*$2#$% 43$*(./'+% *'4% ZY% &/'(.'3#4% (/% +5/7% 6*$2#%
*1/3'(+%/0%/"#$#+(.1*(./'%*(%*66%43$*(./'%6#'2(5+%0/$%WE%*'4%WC:%_/$%(5#%4*(*%(5*(%7*+%
*"#$*2#4% *&$/++% *66% 9*$(.&.9*'(+,% +/1#% -.*+% (/7*$4+% (5#% 1#*'% /0% (5#% +(.1363+%
43$*(./'+%B*+%.'4.&*(#4%-)%*%4#&$#*+#%.'%(5#%+6/9#%2$*4.#'(F%%7*+%".+.-6#%.'%WE%*'4%WC%

Y*97)$&]F%&8J$&($)1$+#&1"))$1#&(3"##$,&25&2&-7+1#*"+&"-&#J$&`L&,7)2#*"+&-")&#J$&1".@*+$,&#)*235&&
-")&$21J&(2)#*1*(2+#&2+,&#J$&.$2+&($)1$+#&1"))$1#&1231732#$,&21)"55&233&(2)#*1*(2+#5. 
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-3(% (5#% 2$*4.#'(% +5/7'% .'% WE% BYhD:^\\F% 7*+% +1*66#$% B06*((#$% +6/9#F% (5*'% .'% WC%
BYhD:``[F:%O%/'#%(*.6#4%(U(#+(%7*+%+.2'.0.&*'(%(B^F%h%UC:EEK,%9%hD:D[K:%

%
%
%
%
%
%
%
%
%
%
%
%

Y*97)$&]L%&8J$&)$()",71$,&,7)2#*"+5&"-&*+,*V*,7235&2+,&2&9)"7(&2V$)29$?&25&.$257)$,&,7)*+9&#J$&
1".@*+$,&()"1$,7)$?&(3"##$,&25&2&-7+1#*"+&"-&#J$&(J<5*123&,7)2#*"+&V237$5&"-&`L&2+,&`E%&

 

!"#$%&Z&3*+$2)&)$9)$55*"+&3*+$&U25&-*##$,&#"&5J"U&#J$&2."7+#&"-&@*25&*+&#J$&)$()",71#*"+5&"-&`L&2+,&`E%&f+&
1".@*+$,&#)*235?&#J$&(2)#*1*(2+#5&U$)$&25W$,&#"&)$()",71$&UJ*1J&,7)2#*"+&#J$<&#J"79J#&U25&3"+9$)&"-&#J$&
,7)2#*"+5%&8J$)$-")$?&#J$<&.2<&J2V$&()",71$,&$*#J$)&`L&")&`E&,$($+,*+9&"+&#J$*)&($)1$(#*"+% 
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V/1-.'#4%4*(*e%V<+%
V<+%0/$%$#9$/43&(./'+%43$.'2%(5#%&/1-.'#4%($.*6+%7#$#%&*6&36*(#4%*+%-#0/$#%*'4%96/((#4%
.'%_.23$#%]C:%_/3$%.'4.".43*6%9*$(.&.9*'(+%4#1/'+($*(#4%*%9#*M%*(%+5/$(%43$*(./'+%75.&5%
6*(#$%96*(#*3#4,%*6(5/325%(5#%/(5#$%(5$##%9*$(.&.9*'(+%+5/7#4%06*(%V<+%*'4%(5#$#0/$#%
4#1/'+($*(.'2%*%3'.0/$1%$#6*(./'+5.9%-#(7##'%(5#%AW%*'4%Y:%;'%(5#%2$/39%4*(*,%WE%
*2*.'% +5/7#4% &/'+.+(#'(6)% 5.25#$% "*63#+% /0% V<% (5*'% WC:% G5#% V<+% 0/$% (5#% WE%
$#9$/43&(./'+%7*+%'/(%0/3'4%(/%-#%+.2'.0.&*'(6)%6*$2#$%(5#%V<%0/$%(5#%WC%$#9$/43&(./'+%
3+.'2%*%/'#%(*.6#4%(U(#+(,%(B^F%h%E:E\\,%9hD:E\c:%

%
%
%
%

Y*97)$&]E%&8J$&1"$--*1*$+#&"-&V2)*2#*"+&(3"##$,&25&2&-7+1#*"+&"-&`L&V237$5&-")&#J$&1".@*+$,&()"1$,7)$&
-")&*+,*V*,723&(2)#*1*(2+#5&2+,&#J$&9)"7(&.$2+%&

 

!"#$%&8J$&"($+&1*)13$5&U$)$&75$,&-")&#J$&;=&255"1*2#$,&U*#J&`L&)$()",71#*"+5&2+,&#J$&-*33$,&1*)13$5&U$)$&
75$,&-")&#J$&;=&255"1*2#$,&U*#J&`E&)$()",71#*"+5%&8J$&,"##$,&2+,&5"3*,&3*+$5&U$)$&75$,&-")&#J$&-*##$,&3*+$5&
"-&`L&2+,&`E&)$()",71#*"+5&)$5($1#*V$3<% 
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V/1-.'#4%4*(*e%$#9$/43&(./'%1/(/$%&/$$#&(#4:%
G5#%4*(*%0/$% (5#%1/(/$%&/$$#&(#4%$#9$/43&(./'+%7#$#%*'*6)+#4%3+.'2%(5#%V<%1/4#6%
(5*(% 7*+% 3+#4% 0/$% (5#% 93$#% $#9$/43&(./'% ($.*6+% *'4%7#$#% 96/((#4% .'% _.23$#% ][:% G5#%
.'4.".43*6%4*(*%*'4%(5#%o1#*'%9#$&#'(%&/$$#&(b%0.23$#,%(5#%4*(*%4.4%'/(%4.+96*)%*%&6#*$%
G!T:%G5#%.'(#$+#&(./'%/0%(5#%(7/%6.'#+%7*+%/'6)%9$#+#'(%*(%(5#%0.$+(%"*63#%/0%(5#%+(.1363+%
4.+($.-3(./':% N/7#"#$,% (5.+% 7*+% *6+/% ($3#% /0% (5#% 4.+&$.1.'*(./'% 4*(*% G!T% (5*(% 7*+%
*'*6)+#4%0$/1%(5#%&/1-.'#4%($.*6+%B+##%_.23$#%]DF:%
%
G5#% .'4.".43*6% 4*(*% 9*((#$'+% $#06#&(#4% (5#% 6*&M% /0% G!T% +##'% .'% 1/(/$% &/$$#&(#4%
$#9$/43&(./'% 0/$% C% 9*$(.&.9*'(+% -#&*3+#% (5#% (7/% 9*$(.&.9*'(+% 7.(5% *% 7#*M#$% G!T%
+5/7#4%6#++%/"#$%*'4%3'4#$#+(.1*(./'%/0%WE%BAAJ%*'4%dZL%+##%_.23$#%]EF:%O6(5/325%
(5.+%7*+%'/(%($3#%0/$%IJTX%*'4%dT%75/%+(.66%+5/7#4%".+.-6#%3'4#$%*'4%/"#$%#+(.1*(./'%
/0%WE%B+##%_.23$#%]EF,%-3(%'/%".+.-6#%G!T%#00#&(%.'%(5#%9#$&#'(%&/$$#&(%4*(*%B+##%_.23$#%
][F:%

%
%
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%
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Y*97)$&]P%&R"#")&1"))$1#*"+&"-&#J$&)$()",71$,&,7)2#*"+5&U25&75$,&#"&()"V*,$&2+&*.()"V$,&*+-$))$,&
,*51)*.*+2#*"+%&

!"#$%&8J$&($)1$+#&1"))$1#&"-&#J$&*+-$))$,&,*51)*.*+2#*"+&,2#2&(3"##$,&25&2&-7+1#*"+&"-&#J$&`L&,7)2#*"+&-")&#J$&
1".@*+$,&#)*235&()"1$,7)$&-")&$21J&(2)#*1*(2+#&2+,&#J$&.$2+&($)1$+#&1"))$1#&1231732#$,&21)"55&233&
(2)#*1*(2+#5%&8J$&*+5#2+1$5&UJ$)$&#J$&(J<5*123&V237$5&"-&`Lc`E&U$)$&(3"##$,&*+&)$,&2+,&#J$&*+5#2+1$5&"-&
`La`E&U$)$&(3"##$,&*+&@37$% 
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6.4 Discussion 
 
G5#%&3$$#'(%#>9#$.1#'(%*.1#4%(/%(#+(%(5#%*-.6.()%/0%*%8*)#+.*'%0$*1#7/$M%(/%*&&/3'(%
0/$%(.1#%/$4#$%#$$/$+%.'%-.'*$)%4.+&$.1.'*(./'%a342#1#'(+:%Y/$#%+9#&.0.&*66)%(5#%*-.6.()%
/0% 8*)#+.*'% 1/4#6% (/% #>96*.'% 5/7% 1#1/$)% 4#2$*4*(./',% 75.&5% 6#*4+% (/% *% 6*$2#$%
&/'($*&(./'% -.*+% /0% WE% (5*'% WC,% #"#'(3*66)% &361.'*(#+% .'% *% G!T:% Z/2.&*66),%
4.+&$.1.'*(./'%/0%*%(7/%+(.1363+%&/19*$.+/'%+5/364%-#%+3-a#&(%(/%(5#%+*1#%1#1/$)%
4#2$*4*(./'%9$/&#++#+%*+%$#9$/43&(./'%/0%*%+.'26#%+(.1363+%B75#$#%#.(5#$%(5#%0.$+(%/$%
(5#%+#&/'4%+(.1363+%/0%(5#%9*.$%7*+%$#96*&#4%7.(5%*%4#6*)F:%O(%(5.+%&3$$#'(%9/.'(%.'%(.1#,%
(5#%9$#"*.6.'2%AX%1/4#6%4/#+%'/(%5*"#%*'%#>96*'*(./'% 0/$% (5.+:%W.+&$.1.'*(./'%*'4%
$#9$/43&(./'% 4*(*% 7#$#% 4.$#&(6)% &/19*$#4% (/% .'"#+(.2*(#% (5.+% 9/++.-.6.():% _$/1% (5#%
4.+&$.1.'*(./'%4*(*,%9*$(.&.9*'(+%+5/7#4%*%(.1#%/$4#$%#$$/$%(5*(%.+,%(5#%#$$/$%7*+%4$."#'%
-)%*'%.'&$#*+#4%&#'($*6%(#'4#'&)%-.*+%0/$%(5#%9#$&#9(./'%/0%WE%&/19*$#4%(/%WC:%G5#%
9$/43&(./'%/0%*% (.1#%/$4#$%#$$/$%7*+%"#$.0.#4%-)% (5#%/-+#$"*(./'% (5*(%4.+&$.1.'*(.'2%
.'+(*'&#+%75#$#%WEnWC%-#&*1#%1/$#%4.00.&36(%*+%WE%.'&$#*+#4%-3(%WEiWC%-#&*1#%
#*+.#$%*+%WE%.'&$#*+#4:%d#+36(.'2%.'%(5#%#>9#&(#4%&$/++%+5*9#%/0%(5#%(7/%96/((#4%6.'#+:%%
%
G5#% 9$/43&(./'% /0% *% G!T% .'% (5#% &3$$#'(% $#+#*$&5% +399/$(#4% 9$#"./3+% 6.(#$*(3$#:%
H$#"./3+% #19.$.&*6% 4*(*% 5*+% 5.+(/$.&*66)% -##'% .'(#$9$#(#4% (5$/325% (5#% +#'+*(./'%
7#.25(.'2% 1/4#6% BAXF:% G5#% AX% 1/4#6% 4#+&$.-#4% (5*(% 9*$(.&.9*'(+% &/19*$#4% *%
7#.25(#4%"#$+./'%/0%(5#%(7/%+(.136.%*'4%'/(%(5#%#>*&(%+(.1363+%"*63#+%BN#66+($x1,%EK`K,%
CDDDL% Z*3$.#% O''#% A*9#)UG$./195#,% G.11#$1*'+,% #(% *6:,% CDCEF:% G5#% 3'#"#'%
*++.2'1#'(%/0% (5#%7#.25(+% (/%#*&5%+(.1363+%*&&/3'(#4%0/$% (5#%0.'4.'2+%(5*(% (5#%0.$+(%
.'(#$"*6%.+%$#6*(."#6)%1/$#%-.*+#4%B/"#$%/$%3'4#$#+(.1*(#4F%.'%(5#%9#$&#9(./'%/0%.(+%+.@#%
(5*'%(5#%+#&/'4:%G5#%0*4.'2%($*&#%*&&/3'(%+322#+(#4%(5.+%7*+%43#%(/%5/7%(5#%1#1/$)%
/0%(5#%0.$+(%.'(#$"*6%5*+%4#2$*4#4%$#6*(."#%(/%(5#%+#&/'4:%G5.+%3'&#$(*.'()%*++/&.*(#4%
7.(5%(5#%0.$+(%+(.1363+%5*+%+.'&#%-##'%&/''#&(#4%(/%8*)#+.*'%#>96*'*(./'+%BO+5/3$.*'%
R%Z/#7#'+(#.',%CDEEL%N#66+($x1%R%d*11+*)#$,%CDE]L%d*"."%#(%*6:,%CDECF:%O+%*%$#+36(,%
(5.+% $#+#*$&5% *.1#4% (/% 3'4#$+(*'4% 75#(5#$% (5#% +*1#% 0*4.'2% ($*&#% *&&/3'(,% *'4%
+3-+#Q3#'(%8*)#+.*'%.'(#$9$#(*(./'+%/0%0*4.'2%($*&#%BO+5/3$.*'%R%Z/#7#'+(#.',%CDEEL%
d*"."%#(%*6:,%CDECF,%&/364%9$/".4#%*'%#>96*'*(./'%/0%G!T%43$.'2%$#9$/43&(./':%
%
%
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H*$(.&.9*'(+b%$#9$/43&(./'+%&6#*$6)%4.+96*)#4%&#'($*6%(#'4#'&)%-.*+%.'%-/(5%WE%*'4%WC:%
N/7#"#$,% (5#% *1/3'(% /0% -.*+% 0/$%WE%7*+% 6*$2#$% (5*'% (5#% *1/3'(% /0% -.*+% .'%WC%*+%
4.+96*)#4%.'%(5#%2$/39%4*(*:%G5.+%7*+%.'%6.'#%7.(5%0*4.'2%($*&#%*&&/3'(+%/0%(.1#%/$4#$%
#$$/$%-3(,%4/#+%'/(%4.$#&(6)%$#"#*6%*')%4.00#$#'&#%.'%(5#%*-.6.()%/0%+#'+*(./'%7#.25(.'2%
/$%8*)#+.*'%.'0#$#'&#%1/4#6+%(/%*&&/3'(%0/$%G!T%-.*+:%O44.(./'*66),%(5#%&/#00.&.#'(%/0%
"*$.*(./'%BV<F%/0%9*$(.&.9*'(%$#9$/43&(./'+%+399/$(#4%(5#%o0*4.'2%($*&#b%/0%WE%-#&*3+#%
(5#$#%7*+%1/$#%"*$.*-.6.()%*++/&.*(#4%7.(5%$#9$/43&(./'+%/0%WE%&/19*$#4%(/%WC:%G5.+%
6*$2#$% "*$.*-.6.()% *++/&.*(#4% 7.(5% WE% $#9$/43&(./'+% 7*+% +5/7'% (/% -#% +.2'.0.&*'(% .'%
93$#6)% $#9$/43&(./'% ($.*6+% -3(% 7*+% '/(% +.2'.0.&*'(% 0/$% &/1-.'#4% ($.*6+:% W.00#$#'&#+%
-#(7##'%(5#%$#9$/43&(./'%*'4%&/1-.'#4%($.*6+%*$#%/3(6.'#4%6*(#$%.'%(5.+%4.+&3++./':%
%
G5#% V<+% 7#$#% *6+/% 3+#4% (/% 1/4#6% (5#% +#'+/$)% *'4% 1/(/$% '/.+#% .'% 9*$(.&.9*'(+%
$#9$/43&(./'+:% G5.+% 1/4#66.'2% 9$/&#++% 0*&.6.(*(#4% (5#% *-.6.()% (/% .'0#$% 4.+&$.1.'*(./'%
9#$0/$1*'&#%0$/1%(5#%1/(/$%&/$$#&(#4%$#9$/43&(./'%4*(*:%G5#%*1/3'(%/0%-.*+%+##'%.'%

WE%*'4%WC%7*+%$#06#&(#4%43$.'2%.'0#$$#4%4.+&$.1.'*(./'%-)%(5#%9$#+#'&#%/0%*%&6#*$%G!T%
#00#&(:%G5#$#0/$#,%%+.'26#%$#9$/43&(./'+%/0%WE%$#"#*6#4%6*$2#$%-.*+%(5*'%$#9$/43&(./'+%
/0%WC%*'4% (5.+%&/364%-#%4$."#'%-)% (5#% 0*4.'2% ($*&#%1#&5*'.+1%B*+% .(%*6$#*4)%#>.+(+%
7.(5.'%(5#%AX%1/4#6F:%G5.+%.'&$#*+#4%-.*+%*++/&.*(#4%7.(5%WE%7*+%+.2'.0.&*'(%.'%*%/'#%
(*.6#4%9*.$#4%+*196#+%(U(#+(:%d#2*$46#++,%(5#%+#'+*(./'%7#.25(.'2%1/4#6,%*'4%.(+%0/&3+%
/'% #>96*.'.'2% (5#% G!T% (5$/325% &/19*$.+/',% 1#*'+% (5*(% .(% 4/#+% '/(% 9$/".4#% *'%
#>96*'*(./'% 0/$% (5#% 9$#+#'&#% /0% *% G!T% -#.'2% 9$/43&#4% 43$.'2% (5#% $#9$/43&(./'% /0%
+.'26#%+(.136.:%%
%
8*)#+.*'%1/4#66.'2%$#+#*$&5%5*+%9$#4/1.'*'(6)%0/&3+#4%/'%(5#%$#9$/43&(./'%/0%+.'26#%
+(.136.%BJ6*+*3#$%R%A5.,%CDCE-L%?*@*)#$.%R%A5*46#',%CDEDF%*'4%5*+%'/(%/0(#'%9$/".4#4%
*'%#>96*'*(./'%/0%5/7%(7/%+3&&#++."#%+(.136.%1*)%-#%9#$&#."#4:%G5$/325%*%8*)#+.*'%
#>96*'*(./'% /0% G!T% 5/7#"#$,% (5#% 0.$+(% +(.1363+% &/'(*.'+% $#6*(."#6)% 1/$#% +#'+/$)%
3'&#$(*.'()% *+% (5#% 1#1/$)% ($*&#% 0*4#+:% G5#% *-.6.()% /0% (5#% 8*)#+.*'% 0$*1#7/$M% (/%
#>96*.'% (.1#%/$4#$%#$$/$%-.*+% 0$/1%(5.+% $#9$/43&(./'%#>9#$.1#'(%1#*'+% (5*(% .(%1.25(%
*&&/3'(%0/$%G!T%1/$#%&/19$#5#'+."#6)%(5*'%(5#%+#'+*(./'%7#.25(.'2%1/4#6:%
%
d#+*196.'2%7*+%(5#%.'.(.*6%*99$/*&5%(/%*'*6)+.'2%(5#%$#9$/43&#4%43$*(./'+%.'%*%0/$1%
(5*(%7*+%*'*6/2/3+%(/%(5#%*'*6)+.+%/0%(5#%4.+&$.1.'*(./'%($.*6+:%G5.+%*99$/*&5%4.4%'/(%
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$#"#*6% *% (.1#% /$4#$% #$$/$% .'% (5#% 2$/39% $#+*196#4% 4*(*:% N/7#"#$,% (5#% 9$#+#'&#% /0%
*44.(./'*6%1/(/$%'/.+#%.'%$#9$/43&(./'+%(5*(%7*+%'/(%9$#+#'(%43$.'2%4.+&$.1.'*(./'+:%
G5.+%1*4#%.(%4.00.&36(%0/$%(5#%$#+*196#4%43$*(./'+%(/%4.+96*)%($3#%4.00#$#'&#+%-#(7##'%
WE% *'4% WC% $#9$/43&(./'+% -#&*3+#% (5#)% 7#$#% /-+&3$#4% 7.(5% *44.(./'*6% '/.+#:%
G5#$#0/$#,%(5#%&/#00.&.#'(%/0%"*$.*(./'%7*+%3+#4%(/%9$/".4#%*%1/4#6%/0%(/(*6%"*$.*-.6.()%
*'4% (5#% &/'($.-3(./'% /0% 1/(/$% '/.+#% &/364% -#% &/$$#&(#4% 0/$:% G5#% 1/(/$% &/$$#&(#4%
$#9$/43&(./'+%B*'4%+3-+#Q3#'(%.'0#$$#4%4.+&$.1.'*(./'+F%9$/".4#4%(5#%#>9#&(#4%G!T%
#00#&(:% G5.+% 4#1/'+($*(#4% (5#% '#&#++.()% /0% 03(3$#% $#+#*$&5% .'% (5#% *$#*% /0% G!T%
$#9$/43&(./'+%(/%&/'+.4#$%(5#%.19*&(%/0%1/(/$%'/.+#:%!"#$*66,%G!T%1*)%-#%9$#+#'(%.'%
$#9$/43&(./'%(*+M+,%.'%*44.(./'%(/%4.+&$.1.'*(./'%(*+M+,%*'4%(5#%8*)#+.*'%1/4#6+%+5/7+%
9$/1.+#%.'%-#.'2%*-6#%(/%9$/".4#%*%1#&5*'.+1%0/$%(5#+#%9$/&#++#+:%
%

G5#%&/1-.'#4%($.*6+%9$/&#43$#%4#1/'+($*(#4%(5*(%(5#%G!T%#00#&(%7*+%'/(%".+.-6#%75#'%
(5#%(*+M%.'&/$9/$*(#4%4.+&$.1.'*(./'%*'4%$#9$/43&(./'%7.(5.'%(5#%+*1#%($.*6:%;0%(5.+%7#$#%

*6+/%(5#%&*+#%0/$%(5#%$#9$/43&(./'%/'6)%($.*6+,%(5#'%(5#%&/19*$.+/'%/0%(7/%+(.136.%7/364%
5*"#%-##'%'#&#++*$)%(/%9$/43&#%*%G!T%B*'4%+/1#%#>96*'*(./'%1*M.'2%$#0#$#'&#%(/%
.'(#$0#$#'&#% /$% &/19*$.+/'F:% N/7#"#$,% (5#% +9#&.0.&% $#Q3.$#1#'(% (/% $#9$/43&#% *'4%
4.+&$.1.'*(#%+.136(*'#/3+6)%B*'4%(5#%*++/&.*(#4%&/2'.(."#%6/*4F%6#4%(/%(5#%*-+#'&#%/0%
(5#%G!T:%G5.+%+322#+(#4%(5*(%9*++."#%1#1/$)%1#&5*'.+1%/0%(5#%0*4.'2%($*&#%*&&/3'(%
1*)%'/(%9$/".4#%*%+300.&.#'(%#>96*'*(./':%O+%*%$#+36(,%03(3$#%$#+#*$&5%+5/364%#>96/$#%
&/2'.(."#%#>96*'*(./'+%$#6*(.'2%(/%WE%*'4%WC%.'(#$0#$#'&#%*'4%.(+%9/(#'(.*6%'#&#++.()%.'%
9$/43&.'2%(5#%#00#&(:%%
%
O44.(./'*66),%.'%(5#%&/1-.'#4%($.*6+,%9*$(.&.9*'(+%7#$#%#>96.&.(6)%*+M#4%(/%$#9$/43&#%/'6)%
(5#%o6/'2#$b%43$*(./':%_/$%(.1#%/$4#$%#$$/$%-.*+,%WE%1/$#%0$#Q3#'(6)%*99#*$+%6/'2#$%(5*'%
WC%*(%(5#%+5/$(#$%43$*(./'+%3+#4%5#$#%B9/+.(."#%G!TL%O66*',%EK``F:%G5.+%&/364%1#*'%
(5*(%75#'%*+M#4%75.&5%43$*(./'%7*+%6/'2#$,%(5#$#%7#$#%0#7#$%$#+9/'+#+%/0%WEnWC%
$#6*(."#%(/%(5#%$#+9/'+#+%0/$%WEiWC:%_#7#$%/-+#$"*(./'+%7.66%5*"#%9$/43&#4%'/.+.#$%
#+(.1*(#+%*'4%+/%(5#%*44#4%'/.+#%7/$M#4%(/%$#43&#%*')%4.00#$#'&#+%-#(7##'%(5#%(7/%
96/((#4%6.'#+%BWEiWC%*'4%WEnWCF:%_.'*66),%*')%4.00#$#'&#+%-#(7##'%(5#%$#9$/43&(./'%
*'4%(5#%&/1-.'#4%($.*6+%&/364%-#%9$/43&#4%-)%*%&5*'2#%.'%(*+M%4.00.&36(),%0/$%#>*196#%
&#.6.'2%#00#&(+%-#.'2%9$#+#'(%.0%&/1-.'#4%($.*6+%7#$#%(//%4.00.&36(:%

%
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_3(3$#%$#+#*$&5%&/364%.'"#+(.2*(#%(5#%.19/$(*'&#%/0%.'(#$0#$#'&#%-)%4.$#&(6)%&/19*$.'2%
*')%4.00#$#'&#%-#(7##'%$#9$/43&(./'+%/0%*%+.'26#%43$*(./'%3'4#$%&.$&31+(*'&#+%75#'%
EF% /'6)% *% +.'26#%43$*(./'%*'4%*%4#6*)%*$#%9$#+#'(% *'4%CF%75#'%-/(5%43$*(./'+%*$#%
9$#+#'(#4%-3(%9*$(.&.9*'(+%*$#%/'6)%*+M#4%(/%$#9$/43&#%*%+.'26#%/'#%#*&5%(.1#%B#.(5#$%
WE%/$%WC%*+%4#&.4#4%9$./$%(/%(5#%+(*$(%/0%(5#%#>9#$.1#'(%*'4%'/(%(5#%.'(#$"*6%9#$&#."#4%
*+%6/'2#+(%/'%#*&5%($.*6%*+%7*+%(5#%&*+#%7.(5%/3$%&/1-.'#4%($.*6+F:%J."#'%(5#%+399/$(%
9$/".4#4%5#$#%0/$%(5#%.19/$(*'&#%/0%(5#%0*4.'2%($*&#%/0%(5#%0.$+(%43$*(./',%.(%7/364%-#%
3+#036% (/%&/'(.'3#% (/%3'4#$+(*'4% (5#% .19*&(%/0% (5#% ;A;%/'% (5#%+.@#%/0% (5#%G!T%*'4%
75#(5#$%.'(#$0#$#'&#%-#&/1#+%*%6*$2#$%0*&(/$%.'%(5#%G!T%4#9#'4.'2%/'%(5#%+.@#%/0%(5#%
;A;:%
%
;'%+31,%(5#%(.1#%/$4#$%#$$/$%-.*+%1*)%-#%4$."#'%-)%*%1#&5*'.+1%(5*(%.+%'/(%#>&63+."#%
(/%&/19*$*(."#%#+(.1*(./'+,%*+%.(%7*+%".+.-6#%43$.'2%$#9$/43&(./'%($.*6+:%G5#%8*)#+.*'%
1/4#6%+##1#4%*%6.M#6)%&*'4.4*(#%(/%#>96*.'%(5.+%#$$/$%43#%(/%.(+%*-.6.()%(/%4.00#$#'(.*66)%

7#.25(%(5#%4.00#$#'(%+(.136.%*&&/$4.'2%(/%(5#.$%3'&#$(*.'():%G5.+%1/4#6%7*+%+3&&#++036%
-#&*3+#%(5#%.'&$#*+#4%3'&#$(*.'()%B43#%(/%1#1/$)%4#2$*4*(./'F%*++/&.*(#4%7.(5%WE%
$#6*(."#%(/%WC%7*+%+##'%(/%4$."#%(5#%G!T+%43$.'2%4.+&$.1.'*(./'%*'4%$#9$/43&(./':%G5.+%
1#*'+%(5*(%(5#%.'&$#*+#4%-.*+%4$.".'2%(5#%G!T%&/364%-#%*&&/3'(#4%0/$%-)%*%8*)#+.*'%
.'0#$#'&#% 1/4#6% .'% (5#% &3$$#'(% $#+#*$&5% -#&*3+#% (5#% 0.$+(% +(.1363+% 7*+% 1/$#%
+3+&#9(.-6#%(/%&#'($*6%(#'4#'&)%-.*+%(5*'%(5#%+#&/'4%+(.1363+%.$$#+9#&(."#%/0%75#(5#$%
.(%7*+%&/19*$#4%/$%$#9$/43&#4:%O6(5/325%(5#%+9#&.0.&+%/0%(5#+#%1#&5*'.+1+%$#1*.'%
3'&6#*$%*+%&/1-.'#4%($.*6+%4.4%'/(%9$/43&#%(5#%#>9#&(#4%G!T%-.*+F:%
%
%
%
%
%
%
%
%
%
%
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7. General discussion. 
%
7.1 Summary 
 
G5#%1#$.(+%/0%(5#%8*)#+.*'%/-+#$"#$%1/4#6%.'%*&&/3'(.'2%0/$%1*2'.(34#%#+(.1*(./'+%
5*"#%-##'%4#1/'+($*(#4% (5$/325/3(% (5.+% (5#+.+:%O44.(./'*66),% (5#%9/(#'(.*6% 0/$% 9$./$%
*&Q3.+.(./'%+($*(#2.#+%(/%"*$)%5*+%-##'%#>96/$#4,%.'%$#6*(./'%(/%(5#%&5*$*&(#$.+(.&+%/0%
(5#%+(.1363+%+#Q3#'&#,%4.00#$#'(%+(*2#+%/0%4#"#6/91#'(%*'4%.'4.".43*6%4.00#$#'&#+%.'%
*3(.+(.&% ($*.(+:%H$#"./3+%$#+#*$&5% (5*(% .'&/$9/$*(#4%8*)#+.*'%9$./$% 6#*$'.'2% .'0/$1#4%
1*2'.(34#%#+(.1*(./'%-.*+#+%+3&5%*+%136(.+#'+/$)%&3#%&/1-.'*(./'%BIx$4.'2%#(%*6:,%
CDD`F,% ".+3*6% 1/(./'% BO6*'% O:% A(/&M#$% R% A.1/'&#66.,% CDDcF,% 9*(5% .'(#2$*(./'%
BH#(@+&5'#$% R%J6*+*3#$,% CDEEF% *'4% (.1.'2% -#5*"./3$% B?*@*)#$.% R% A5*46#',% CDEDF:%
d#6*(."#6)%+9#*M.'2,%6#++%.+%M'/7'%*-/3(%#>*&(6)%5/7%9$./$+%4#"#6/9,%-3(%*'%.(#$*(."#%
1/4#6%5*+%4#1/'+($*(#4%(5#%-#+(%0.(%(/%9*$(.&.9*'(+%4*(*%.'%$#&#'(%6.(#$*(3$#%BJ6*+*3#$%
R%A5.,%CDCE-L%H#(@+&5'#$%R%J6*+*3#$,%CDEEF:%!"#$*66,%(5.+%(5#+.+%4#1/'+($*(#4%(5*(%
4.00#$#'(%9$./$%*&Q3.+.(./'%+($*(#2.#+%1*)%-#%+3.(#4%(/%4.00#$#'(%+(.1363+%0#*(3$#+%*'4%
/9#$*(#%4.00#$#'(6)%*&$/++%(#19/$*6%*'4%+9*(.*6%4/1*.'+:%O44.(./'*66),%+/1#%#".4#'&#%
5*+%-##'%0/3'4%0/$%"*$.*(./'%/0%+($*(#2)%-#(7##'%*436(+%*'4%&5.64$#',%-3(%(/%*%6#++#$%
#>(#'(% '#3$/()9.&*6% 9*$(.&.9*'(+% 7.(5% 4.00#$.'2% 6#"#6+% /0% *3(.+(.&% ($*.(+:% G5#+#%
&/'&63+./'+%7.66%-#%#6*-/$*(#4%/'%-#6/7%.'%$#6*(./'%(/%+#"#$*6%+3-%Q3#+(./'+:%
%
%
7.2 How are Bayesian priors learned in the general population? 
 
8*)#+.*'%9$./$%7#.25(.'2%5*+%9$/".4#4%*%+3&&#++036%#>96*'*(/$)%1#&5*'.+1%0/$% (5#%
&#'($*6%(#'4#'&)%-.*+%+5/7'%(5$/325/3(%(5.+%(5#+.+:%_.'4.'2+%9#$(*.'.'2%(/%5/7%9$./$+%
7#$#% *&Q3.$#4% *'4% 0/$1#4% /"#$% (.1#% +##1#4% (/% &/'06.&(% 7.(5% $#&#'(% $#+#*$&5:% ;'%
J6*+*3#$%*'4%A5.%BCDCEF%*%0.>#4%I*61*'%0.6(#$%+($*(#2)%7*+%+5/7'%(/%-#%(5#%1/+(%6.M#6)%
+($*(#2)%0/$%(#19/$*6%#+(.1*(./'%-#&*3+#%(5#$#%7*+%*%+.2'.0.&*'(%$#43&(./'%.'%&#'($*6%
(#'4#'&)%-.*+%0/$%*3(/&/$$#6*(#4%+(.136.%$#6*(."#%(/%0366)%$*'4/1%+(.136.:%N/7#"#$,%;'%
V5*9(#$%C%/0%(5.+%(5#+.+,%*%$#43&(./'%.'%&/19$#++./'%0/$%*3(/&/$$#6*(#4%43$*(./'%+(.136.%
7*+%'/(%+5/7':%O44.(./'*66),%(5#%1/4#6%(5*(%9$/".4#4%(5#%-#+(%0.(%0/$%-/(5%3'0.66#4%*'4%
0.66#4%43$*(./'+%7*+%(5#%+(*(.&%1/4#6:%G5#$#0/$#,%.(%.+%9/++.-6#%(5*(%1/$#%(5*'%/'#%9$./$%
*&Q3.+.(./'%+($*(#2)%0/$% (.1#%9#$&#9(./'%#>.+(+,%-3(% (5#%+(*(.&%9$./$%9$/".4#4%(5#%-#+(%
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#>96*'*(./'%0/$%(5#%4*(*%+#(%+5/7'%.'%V5*9(#$%C:%_3(3$#%$#+#*$&5%7.66%-#%'##4#4%(/%
4#(#$1.'#%(5#%(.1#0$*1#%0/$%*%+7.(&5%.'%+($*(#2):%S'4#$%&/'4.(./'+%75#$#%9*$(.&.9*'(+%
*$#%'/(%2."#'%#'/325%(.1#,%*%+7.(&5%1*)%'/(%-#%+##':%%
%
G5#% 6*&M%/0% +399/$(% 0/$%*'% .(#$*(."#%1/4#6% .'%V5*9(#$%C%1*)%5*"#%/&&3$$#4%43#% (/%
&#$(*.'% &3#+% .'% (5#% #>9#$.1#'(*6% #'".$/'1#'(:% _/$% #>*196#,% .'% J6*+*3#$% *'4% A5.%
BCDCE-Fb+%#>9#$.1#'(%(5#)%1.25(%5*"#%9$/".4#4%&#$(*.'%&/'4.(./'+%B+3&5%*+%*%"*$.*-6#%
+(#9%$*'4/1%7*6MF%(5*(%93+5#4%9*$(.&.9*'(+%(/7*$4+%*%(.99.'2%9/.'(,%75#$#%(5#%+(*(.&%
1/4#6%'/%6/'2#$%9$/".4#4%(5#%-#+(%*99$/*&5%*'4,%+/%9*$(.&.9*'(+%4#".*(#4%*7*)%0$/1%
*% +(*(.&% 1/4#6% *'4% (/7*$4+% *% I*61*'% 0.6(#$:% G5#% &/'&#9(% /0% *% o(.99.'2% 9/.'(b% .+%
+($#'2(5#'#4%-)%(5#%$#6*(."#%+3&&#++%/0%(5#%(7/%+(*(#%1/4#6%&/19*$#4%(/%(5#%I*61*'%
0.6(#$% .'%(5#%&3$$#'(%$#+#*$&5:%G5#%+1*66%*4"*'(*2#%9$/".4#4%-)%(5#%(7/%+(*(#%1/4#6%
$#6*(."#%(/%(5#%+(*(.&%1/4#6,%43#%(/%.(+%*-.6.()%(/%&*9(3$#%*%+5.0(.'2%9$./$%1#*':%O6(5/325%
.(%.+%.19/$(*'(%(/%'/(#%(5*(%0/$%(5#%&3$$#'(%$#+#*$&5,%(5.+%*-.6.()%/0%(5#%(7/%+(*(#%1/4#6%

(/%#>96*.'%(5#%4*(*%7*+%"#$)%+.1.6*$%(/%(5#%+(*(.&%1/4#6:%G5.+%+322#+(#4%(5*(%(5#%(.99.'2%
9/.'(%.'(/%*%0366)%.(#$*(."#%1/4#6%7*+%'/(%1#(:%O44.(./'*66),%(5#%3'#>9#&(#4%0.'4.'2+%.'%
$#6*(./'% (/% /-a#&(% ()9#,% *6+/% &*66#4% .'(/% Q3#+(./'% (5#% *++319(./'% (5*(% (#19/$*6%
&5*$*&(#$.+(.&+%/0%+.'26#%/-a#&(+%7#$#%".#7#4%*+%1/$#%*3(/&/$$#6*(#4%(5*'%*%2$/39%/0%
/-a#&(+:% N#$#,% .(% 7*+% *++31#4% (5*(% (5#% +9*(.*6% &5*$*&(#$.+(.&+% /0% /-a#&(+% B75#(5#$%
136(.96#% /$% +.'26#% /-a#&(+% 7#$#% 9$#+#'(#4F% 7#$#% $#6*(#4% (/% (5#% 9#$&#."#4% (#19/$*6%
&5*$*&(#$.+(.&+:%G5#%/-a#&(%()9#%#00#&(%.'%V5*9(#$%C%7*+%+##'%.'%(5#%/99/+.(#%4.$#&(./'%
(/%75*(%7*+%#>9#&(#4%+/%.(%7*+%9/++.-6#%(5*(%#.(5#$%EF%9*$(.&.9*'(+%4.4%'/(%9.&M%39%/'%
(5#%+.'26#%*'4%136(.96#%/-a#&(%&3#+%/$%CF%(5*(%(5#%+9*(.*6%/-a#&(%&5*$*&(#$.+(.&+%7#$#%'/(%
".#7#4%*+%$#6#"*'(%(/%(5#.$%(#19/$*6%&5*$*&(#$.+(.&+:%;'%03(3$#%$#+#*$&5%.(%1*)%-#%3+#036%
(/%.'0/$1%9*$(.&.9*'(%*-/3(%(5#%'*(3$#%/0%(5#%/-a#&(+%*+%(/%75.&5%/'#+%*$#%(/%-#%($#*(#4%
*+%+.'26#%/$%136(.96#%/-a#&(+:%%
%
_3$(5#$1/$#,% (5#$#% 7*+% '/% &6#*$% $#6*(./'+5.9% -#(7##'% -.*+% *'4% "*$.*-.6.()% .'% (5#%
(#19/$*6% $#9$/43&(./'% 4*(*:% G5#% &/19$#++./'%1*2'.(34#% -.*+% +5/7#4% 4.00#$#'&#+%
*&$/++%&/'4.(./'+,%-3(% .'4.".43*6%9*$(.&.9*'(%"*$.*-.6.()%7*+%5.256)%+.1.6*$%*&$/++% (5#%
4.00#$#'(%&/'4.(./'+:%O%$#6*(./'+5.9%-#(7##'%-.*+%*'4%"*$.*-.6.()%7*+%#>9#&(#4%-#&*3+#%
-/(5%"*63#+%*$#% .19*&(#4%-)%&5*'2#+% .'%+#'+/$)%'/.+#%3'4#$%8*)#+.*'% .'(#2$*(./':%
O6+/,% .'% +.136*(./'+% /0% .(#$*(."#% 1/4#6+,% #"#'% .0% +#'+/$)% '/.+#% .+% 3'&5*'2#4,% (5#%
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+(.1363+% +#Q3#'&#% B4#2$##% /0% *3(/&/$$#6*(./'F% .19*&(+% -.*+% *'4% "*$.*-.6.():% ;(% .+%
9/++.-6#%(5#'%(5*(%*%4.00#$#'(%3'M'/7'%0*&(/$%1*)%5*"#%6#4%(/%.'&$#*+#4%7#.25(.'2%/0%
(5#% 9$./$% B'/(% (5#% 9*$(.&.9*'(% "*$.*-.6.()F% .'% &#$(*.'% &/'4.(./'+:% !$% *6(#$'*(."#6),% (5*(%
9*$(.&.9*'(+% 7#$#% '/(% /9#$*(.'2% .'% *% 7*)% (5*(% 7*+% /9(.1*6% 3'4#$% (5#% 8*)#+.*'%
0$*1#7/$M:%;'%+31,%(5#%4*(*%0$/1%V5*9(#$%C%9$/".4#4%.'+300.&.#'(%#".4#'&#%(/%&6*.1%(5#%
/9#$*(./'%/0%*%I*61*'%0.6(#$,%*+%*%+(*(.&%1/4#6%9$/".4#4%(5#%-#+(%0.(%0/$%1/+(%9*$(.&.9*'(+:%
!"#$*66,%(5.+%&/364%1#*'%(5#$#%.+%1/$#%(5*'%/'#%9/++.-6#%+($*(#2)%0/$%(#19/$*6%9$./$%
6#*$'.'2,%2."#'%(5#%6*&M%/0%*2$##1#'(%7.(5%9$#"./3+%0.'4.'2+:%
%
G/% .'"#+(.2*(#% (5#%9/++.-.6.()% (5*(%*% o9$#"./3+% (*$2#(b%9$./$% 6#*$'.'2%+($*(#2)%1*)%-#%
-#((#$%+3.(#4%(/%+9*(.*6%#+(.1*(./'+,%*%+#$.#+%/0%+9*(.*6%6/&*6.+*(./'%#>9#$.1#'(+%7#$#%
&/'43&(#4%.'%V5*9(#$%\:%X5#'%0.((.'2%(5#%1/4#6+%+.136(*'#/3+6)%(/%*66%&/'4.(./'+,%(5#%
9$#"./3+% (*$2#(% 1/4#6% 9$/".4#4% (5#% -#+(% 0.(:% N/7#"#$,% 75#'% 0.((.'2% (5#% 1/4#6+%
+#9*$*(#6)% (/% (5#% (7/% 4.00#$#'(% +(.1363+% +#Q3#'&#+,% (5#% -#+(% 0.((.'2% 9$./$% 394*(.'2%

+($*(#2)% *99#*$#4% (/% -#% 06#>.-6#% *&&/$4.'2% (/% (5#% +(.1363+% 0#*(3$#+% 9$#+#'(:% G5#%
9$#"./3+%(*$2#(%1/4#6%7*+%1/+(%+3&&#++036%75#'%(5#%1/4#6+%7#$#%0.((#4%(/%(5#%$*'4/1%
7*6M%+#Q3#'&#4%+(.136.,%-3(%(5#%1/".'2%*"#$*2#%1/4#6%(5#'%-#&*1#%(5#%-#+(%0.((.'2%
1/4#6%0/$%(5#%0366)%$*'4/1%+#Q3#'&#+:%G5#%/-+#$"#4%o+7.(&5b%.'%(5#%-#+(%0.((.'2%1/4#6%
&/364%5*"#%/&&3$$#4%-#&*3+#%9$#"./3+%(*$2#(%+($*(#2.#+%1*)%5*"#%9$/".4#4%*%1/$#%
+3&&#++036%7*)%(/%9$#4.&(%(5#%'#>(%"*63#%0/$%*3(/&/$$#6*(#4%+#Q3#'&#+:%G5.+%.+%(5#%0.$+(%
4#1/'+($*(./'% (5*(% 9$./$% *&Q3.+.(./'% +($*(#2.#+% &/364% &5*'2#% (/%1*(&5% (5#% +(.1363+%
0#*(3$#+%/$%+#'+/$)%.'93(:%
%
O+%4#+&$.-#4%#*$6.#$,%*%+(*(.&%1/4#6%1*)%-#%(5#%4#0*36(%0/$%(.1.'2%-#&*3+#%(5#%.(#$*(."#%
1/4#6%+5/7#4%*%"#$)%9//$%0.(% .'%V5*9(#$%C%*'4%4#+9.(#%(5#%$#6*(."#6)%2//4%0.(%/0%(5#%
(7/U+(*(#% 1/4#6,% .(% 9$/".4#4% 6.((6#% .19$/"#1#'(% 39/'% (5#% +(*(.&% 1/4#6% 0/$% *66%
9*$(.&.9*'(+:%W#1/'+($*(.'2%(5*(% (5#% .(#$*(."#%#6#1#'(%/0% (5#%(7/%+(*(#%1/4#6%*44#4%
"#$)%6.((6#%(/%(5#%9$./$%*&Q3.+.(./'%9$/&#++:%N/7#"#$,%+9*(.*6%Q3*'(.(.#+%+##'%.'%'*(3$*6%
+#((.'2+%1*)% 0$#Q3#'(6)% 4.+96*)% *3(/&/$$#6*(./'% -#&*3+#% +9*(.*6% 9/+.(./'% /0% /-a#&(+%
(#'4+%(/%"*$)%2$*43*66)%*+%/99/+#4%(/%&*(#2/$.&*66)%/$%+9/$*4.&*66):%O+%*%$#+36(,% (5#%
*99$/9$.*(#% 1/4#6% 0/$% +9*(.*6% #+(.1*(./'+% 1.25(% 0*"/3$% (5#% *-.6.()% (/% ($*&M% 2$*43*6%
&5*'2#:%G5.+%&/364%-#%$#6*(#4%(/%(5#%4.00#$#'&#%.'%(5#%'*(3$*6%+(*(.+(.&+%/0%+9*(.*6%*'4%
(#19/$*6%.'93(+:%;(%&*'%-#%4#43&#4%(5*(%.'%(5#%+9*(.*6%4/1*.',%(5#%6/&*(./'+%/0%*'%/-a#&(%
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/"#$%(.1#%*+%.(%1/"#+%.+%6.M#6)%(/%-#%*3(/&/$$#6*(#4%*'4%+/%(//%*$#%*++/&.*(#4%0#*(3$#+%
+3&5%*+%+9##4:%N/7#"#$,%(5.+%.+%'/(%(5#%&*+#%0/$%(#19/$*6%Q3*'(.(.#+%*'4%+/%(5#$#%.+%
6#++%$#*+/'%0/$%9*$(.&.9*'(+%(/%".#7%(#19/$*6%43$*(./'%.'%(5.+%1*''#$:%;(%.+%9/++.-6#%(5*(,%
&/19*$#4%(/%(#19/$*6%1*2'.(34#+,%(5.+%&/364%(.9%(5#%+&*6#+%/0%*%o4#0*36(b%2#'#$*6%+(*(.&%
+($*(#2)%-#&*3+#%(5#$#%7#$#%#'/325%&3#+%.'%(5#%+9*(.*6%6/&*6.+*(./'%+(.136.%(/%+322#+(%
*%9$#"./3+%(*$2#(%+($*(#2)%7*+%'##4#4:%
%
%
O%&/1-.'*(./'%/0%-/(5%+($*(#2.#+%1*)%*6+/%9$/".4#%*%96*3+.-6#%1#(5/4%0/$%9$./$%6#*$'.'2%
43$.'2% +9*(.*6% a342#1#'(+:% G5#% (7/% +(*(#%1/4#6% 3+#4% *% &/1-.'*(./'% /0% +(*(.&% *'4%
.(#$*(."#%+($*(#2.#+%(/%9$/".4#%*%$#6*(."#6)%2//4%0.(%(/%(#19/$*6%#+(.1*(./'%4*(*:%O6(5/325%
(5#%($*'+.(./'%9*$*1#(#$,%75.&5%7*+%4#+.2'#4%(/%$#06#&(%*%($.*6%(/%($.*6%+5.0(%.'%(5#%1#*',%
7*+%&6/+#%(/%D%0/$%1/+(%9*$(.&.9*'(+:%G5#$#0/$#,%.'%(5#%&3$$#'(%$#+#*$&5,%*%+(*(.&%1/4#6%
9$/".4#4% *% $#6*(."#6)% +($/'2% &*'4.4*(#% 0/$% (5#% 9*$(.&.9*'(+% +($*(#2):% O6(5/325% (5#%

+($#'2(5%/0%*%&/1-.'#4%+($*(#2)%B(7/%+(*(#%1/4#6F%7*+%'/(%#>96/$#4%.'%$#6*(./'%(/%(5#%
+9*(.*6%4*(*%-#&*3+#%(5#%'#&#++*$)%&5*'2#+%(/%(5#%1/4#6%7#$#%-#)/'4%(5#%+&/9#%/0%
(5#% &3$$#'(% (5#+.+% 2."#'% (5#% 6*$2#% 4.00#$#'&#+% .'% 5/7% 3'&#$(*.'()% 7*+% 9$#+#'(#4%
-#(7##'%(5#%(7/%(*+M+:%_3(3$#%$#+#*$&5%7/364%-#%'##4#4%(/%#>96/$#%+($*(#2.#+%(5*(%
#>.+(%.'%(5#%+9*&#%-#(7##'%.(#$*(."#%*'4%+(*(.&%+($*(#2.#+:%G5.+%&/364%.'"/6"#%#>96/$.'2%
(5#%.'063#'&#%/0%9$#"./3+%($.*6+%B3+.'2%*'%jU-*&M%*'*6)+.+%*+%4#+&$.-#4%.'%N*66#@%#(%*6:,%
CDEKF% .'%1/$#% 4#(*.6% *'4,% 9/(#'(.*66)% &/'($*+(.'2% (5.+% 7.(5% 3+#% /0% (5#%1#*'% /0% (5#%
9$#"./3+%C%(/%]%($.*6+%(/%0/$1%9$./$+,%.'%*%7*)%(5*(%7*+%+.1.6*$%(/%(5#%4#+.2'%/0%Z.#4#$%
*'4%&/66#*23#+%BCDEKF:%G5#%0.'*6%4.00#$#'&#%-#(7##'%(5#%(.1.'2%*'4%+9*(.*6%(*+M%7*+%
(5#%0##4-*&M%9$/".4#4%43$.'2%#*&5%($.*6%/0%(5#%+9*(.*6%(*+M:%G5.+%1*)%5*"#%.'063#'&#4%
9*$(.&.9*'(+%*-.6.()%(/%+7.(&5%9$./$%394*(.'2%+($*(#2.#+,%75#'%4##1#4%'#&#++*$),%.'%6.'#%
7.(5%+*.4%0##4-*&M:%%
%
7.3 How may prior learning vary i) throughout development and ii) with 
autistic traits? 
%
i) Prior learning throughout development  
 
G5#%*.1%/0%V5*9(#$%]%7*+%(/%#>96/$#%4.00#$#'&#+%.'%+9*(.*6%6/&*6.+*(./'%-#(7##'%*436(+%
*'4%&5.64$#'%*2#4%^% (/%EE%)#*$+%/64:%G5#%*1/3'(%/0%"*$.*-.6.()%+5/7'% .'%9*$(.&.9*'(%
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$#+9/'+#+%4#&$#*+#4%7.(5%*2#%-#&*3+#%-/(5%2$/39+%/0%&5.64$#'%+5/7.'2%+.2'.0.&*'(6)%
6*$2#$% "*$.*-.6.()% (5*'% (5#% *436(+:% G5#% -.*+% (/7*$4+% (5#% 1#*'% /0% (5#% +(.1363+%
4.+($.-3(./',%*6+/%4#&$#*+#4%7.(5%*2#,%7.(5%(5#%)/3'2#+(%&5.64$#'%B^Uc%)#*$+F%+5/7.'2%
+.2'.0.&*'(6)% 6*$2#$% -.*+% (5*'% (5#% /64#$% &5.64$#'% BKUEE% )#*$+% /64F% *'4% (5#% *436(+:%
V$3&.*66),%(5#%*1/3'(%/0%-.*+%7*+%'/(%+.2'.0.&*'(6)%4.00#$#'(%-#(7##'%/64#$%&5.64$#'%*'4%
*436(+:%G5.+%4#1/'+($*(#4%(5*(%(5#%*1/3'(%/0%9$./$%7#.25(.'2%4.+96*)#4%43$.'2%(5.+%(*+M%
$#*&5#+%*'%*436(%6#"#6%-#(7##'%(5#%*2#+%/0%K%*'4%EE:%G5#%&/'&3$$#'(%4#&$#*+#%.'%(5#%
-.*+%*'4% "*$.*-.6.()% +5/7'%5#$#% +399/$(#4% (5#% 0.'4.'2+%/0%I*$*1.'.+%*'4% &/66#*2#+%
CDE^,%*6(5/325%.'%(5#%&3$$#'(%$#+#*$&5,%-.*+%4#&$#*+#4%1/$#%Q3.&M6)%(5*'%"*$.*-.6.()%
43$.'2%4#"#6/91#'(:%
%
G5#% 9$#"./3+% (*$2#(% 1/4#6% 7*+% 0*"/3$#4% 43$.'2% $*'4/1% 7*6M% +#Q3#'&#+% 0/$%
9*$(.&.9*'(+%/0%*66%*2#%2$/39+%75#'%(5#%4*(*%7*+%0.((#4%+.136(*'#/3+6):%G5#$#0/$#,%(5#%
9$#"./3+%(*$2#(%.'.(.*66)%*99#*$#4%(/%-#%(5#%4#0*36(%1/4#6%*&$/++%&/'4.(./'+%*'4%*2#+%

43$.'2%+9*(.*6%6/&*6.+*(./':%!'&#%(5#%1/4#6+%7#$#%0.((#4%+#9*$*(#6)%(/%#*&5%&/'4.(./',%
(5#%1/4#6% 0.(+%+5/7'%+399/$(#4% (5#% .4#*% (5*(%*436(+%&/364%-#%+7.(&5.'2% (5#.$%1/4#6%
*&&/$4.'2%(/%(5#%+(.1363+%+#Q3#'&#%&3#+:%N/7#"#$,%/'6)%+/1#%/0%(5#%*436(+%4.+96*)#4%
(5.+%+7.(&5.'2%9*((#$':%V5*9(#$%\%*.1#4%(/%$#"#*6%75#(5#$%&5.64$#'%1*)%+5/7%1/$#,%/$%
6#++,%06#>.-.6.()%(5*'%*436(+:%_/$%/64#$%&5.64$#'%9$#"./3+%(*$2#(%1/4#6%9$/".4#4%(5#%-#+(%
0.(%.'%*66%&*+#+%+5/7.'2%(5#1%(/%-#%$#6*(."#6)%1/$#%$.2.4%(5*'%(5#%*436(+:%N/7#"#$,%(5#%
)/3'2#$%&5.64$#'%+5/7#4%+/1#%06#>.-.6.(),%-3(%(5.+%7*+%6.M#6)%*%$#06#>."#%$#+9/'+#%(/%
(5#%()9#%/0%+(.1363+%+#Q3#'&#%(5#)%7#$#%9$#+#'(#4%7.(5%0.$+(:%G5#%*436(%2$/39%7#$#%
9$#+#'(#4% 7.(5% 1/$#% ($.*6+% *'4% 7#$#% (#+(#4% .'% (5#.$% 5/1#% #'".$/'1#'(% (5$/325%
H*"6/".*:%G5#$#0/$#,%(5#%'31-#$%/0%($.*6+%*'4%0#*(3$#+%/0%(5#%(#+(.'2%#'".$/'1#'(%1*)%
-#%$#6#"*'(%0/$%03(3$#%$#+#*$&5%(/%#>96/$#%.'%$#6*(./'%(/%06#>.-.6.():%
%
%
ii) Prior learning and autistic trait scores.  
 
;'%V5*9(#$%[,%OP%($*.(%+&/$#+%7#$#%&/$$#6*(#4%7.(5%43$*(./'%$#9$/43&(./'%4*(*:%;'%(#$1+%
/0%(5#%$#6*(./'+5.9%-#(7##'%OP%+&/$#+%*'4%&/19$#++./'%1*2'.(34#,%(5#%$*'4/1%7*6M%
&/'4.(./'+% 9$/".4#4% (5#% /'6)% +.2'.0.&*'(% &/$$#6*(./':% G5.+% &/$$#6*(./'% 7*+% 7#*M6)%
'#2*(."#%-3(%1*)%+322#+(%(5*(%(5/+#%7.(5%5.25%($*.(%+&/$#+,%1.25(%5*"#%$#43&#4%(5#.$%
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&/19$#++./'%75#'%9$#+#'(#4%7.(5%*3(/&/$$#6*(#4%+(.136.%(/%*%2$#*(#$%#>(#'(%(5*'%(5/+#%
7.(5%6/7#$%($*.(%+&/$#+:%
%
G5#% &/$$#6*(./'% -#(7##'% 9*$(.&.9*'(% "*$.*-.6.()% *'4% *3(.+(.&% ($*.(% +&/$#+% 7*+% '/(%
+.2'.0.&*'(:% ;0%*+,%8$/&M%BCDECF%+322#+(#4% (5*(%*3(.+(.&% .'4.".43*6+%1*)%4.+96*)%1/$#%
9$#&.+#%+#'+/$)%6.M#6.5//4+,%(5.+%7/364%-#%$#06#&(#4%.'%9*$(.&.9*'(%"*$.*-.6.():%G5#$#0/$#,%
.(%.+%3'6.M#6)%(5*(%(5#%5.25#$%($*.(%.'4.".43*6+%5#$#%5*4%1/$#%9$#&.+#%6.M#6.5//4+%-#&*3+#%
(5#)% +5/7#4%1/$#% '/.+#% .'% (5#.$% $#+9/'+#+% (5*'% 6/7#$% ($*.(% .'4.".43*6+:% ;'&$#*+#4%
'/.+#,%1/$#%+9#&.0.&*66)%1/(/$%'/.+#,% .'%5.25%($*.(% .'4.".43*6+%&/364%-#%$#6*(#4%(/%(5#%
.'&$#*+#4%6#"#6+%/0%1/(/$%4.00.&36(.#+%+##'%.'%*&(3*66)%*3(.+(.&%.'4.".43*6+%BJ$##'%#(%*6:,%
CDDKL%Z.&*$.%#(%*6:,%CDCDL%X*'2,%H#($366*,%f*19#66*,%X*66#$,%R%A&536(@,%CDCCF:%%
%

O%'#2*(."#%&/$$#6*(./'%-#(7##'%OM*.M#%7#.25(+%*'4%5.25%OP% ($*.(+%1*)%5*"#%-##'%
#>9#&(#4,%2."#'%5/7%(5#%$#43&#4%&/19$#++./'%0/3'4%0/$%$*'4/1%7*6M%+#Q3#'&#+%.'%

5.25%OP%.'4.".43*6+% .196.#4%I*61*'%0.6(#$%3+#:%N/7#"#$,%39/'%03$(5#$%#>96/$*(./'%/0%
1/4#6%0.(+%/'%*%($.*6%-)%($.*6%-*+.+,%(5.+%7*+%'/(%(5#%&*+#:%OM*.M#%7#.25(+%9$/".4#4%*%
1#($.&% 0/$% 5/7%7#66% (5#%1/4#6+%7#$#% 0.((#4% (/% (5#% 4*(*% 0/$% -/(5% +(*(.&% *'4% .(#$*(."#%
1/4#6+,% 75#$#% &6/+#$% (/% E% .'4.&*(#4% *% +(*(.&%1/4#6:% G5#% $#6*(./'+5.9% -#(7##'% (5#%
Q3*6.()%/0%0.(%/0%(5#%I*61*'%0.6(#$,%*+%4#(#$1.'#4%-)%(5#%OM*.M#%7#.25(,%*'4%OP%+&/$#%
4.4% '/(% 9$/".4#% *% +.2'.0.&*'(% &/$$#6*(./':% G*M.'2% .'(/% &/'+.4#$*(./'% (5*(% 1/+(%
9*$(.&.9*'(+%.'%(5#%+*196#%7#$#%0*"/3$.'2%(5#%+(*(.&%1/4#6,%(5#'%+5/7.'2%*'%.'&$#*+#4%
3+#% /0% *'% .(#$*(."#% 1/4#6% 0/$% 5.25#$% ($*.(% .'4.".43*6+% 7/364% 5*"#% -##'% 3'6.M#6):%
_3$(5#$1/$#,%43#%(/%(5#%+1*66%'31-#$%/0%5.25%OP%.'4.".43*6+%(5.+%1*)%'/(%5*"#%-##'%
*%($3#%$#06#&(./'%/0%*3(.+(.&%9#$&#9(3*6%#>9#$.#'&#%+/%03(3$#%$#+#*$&5%.'%(5.+%*$#*%7/364%
-#'#0.(%0$/1%+#6#&(.'2%5.25%($*.(%*'4%/$%4.*2'/+#4%*3(.+(.&%.'4.".43*6+:%G5#%.19/$(*'&#%
/0%(5.+%4.+(.'&(./'%5*+%-##'%+5/7'%.'%$#&#'(%$#+#*$&5%-#&*3+#%*%&/$$#6*(./'%/0%OP%($*.(+%
7.(5%&#'($*6%(#'4#'&)%-.*+%7*+%'/(%0/3'4%-3(%+.2'.0.&*'(%4.00#$#'&#+%7#$#%+5/7'%0/$%
(5/+#% 4.*2'/+#4% 7.(5% *3(.+1% &/19*$#4% 7.(5% '/'U*3(.+(.&% 9*$(.&.9*'(+% BG5#.+.'2#$,%
CDCCF:%
%
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7.4 Comparing the mechanisms underlying biases during discrimination 
and reproduction. 
 
Y/$#%$#&#'(%8*)#+.*'%(5#/$.#+%/0%*3(.+(.&%9#$&#9(./'%5*"#%9$/9/+#4%(5*(%9$./$+%1*)%
5*"#%-##'%0/$1#4%-3(%4.00#$#'&#+%1*)%#>.+(% .'%(5#%*-.6.()% (/%06#>.-6)%*4a3+(% (5#%9$./$%
9$#&.+./':% % A*9#)% G$./195#% *'4% &/66#*23#+% BCDCEF% 4#1/'+($*(#4% 9$./$+% /0% *3(.+(.&%
.'4.".43*6+%7#$#%+($/'2%*'4% 6#++% 06#>.-6)%*4a3+(.'2% (/% (5#%&/'(#>(%3+.'2%/0% (5#%G.1#%
!$4#$%T$$/$%BG!TF:%G5.+%.+%-#&*3+#%(5#)%4.4%'/(%394*(#%(5#.$%9$./$%9$#&.+./'%(/%*&&/3'(%
0/$%*%7.4#$%+(.1363+% $*'2#:%G5#$#0/$#,%G!T%7*+%3+#4%-)% (5#%*3(5/$+% (/%+5/7%5/7%
8*)#+.*'%9$./$%4.+($.-3(./'%6#*$'.'2%7*+%6#++%06#>.-6#%0/$%*3(.+(.&%.'4.".43*6+:%
%

A*9#)% G$./195#% *'4% &/66#*23#+% BCDCEF% *++31#4% (5*(% 1#1/$)% 4#2$*4*(./'% 6#4%
.'&$#*+#4%-.*+%*'4%7#.25(.'2%/0% (5#% 0.$+(% +(.1363+% (/%9$/43&#% (5#%G!T%-.*+:% ;'% (5#%
&3$$#'(%(5#+.+,%(5#%6/2.&%/0%(5.+%*++319(./'%7*+%(#+(#4%.'%$#6*(./'%(/%(5#%$#9$/43&(./'%
/0%+.'26#%+(.136.%.'%V5*9(#$%^:%G5.+%7*+%4##1#4%'#&#++*$)%*+%*'%.'(#$.1%+(#9%9$./$%(/%
#>96/$.'2% (5#% 8*)#+.*'% 9$./$% 0/$1*(./'% 9$/&#++% .'% *3(.+(.&% .'4.".43*6+% -#&*3+#% (5#%
*++319(./'+%/0% (5#%G!T% .(+#60%'##4#4% (/%-#% .'"#+(.2*(#4%-#0/$#%&/'(.'3#4%3+#% (5.+%
(*+M% 0/$%3'4#$+(*'4.'2%*3(.+(.&%9$./$% 6#*$'.'2:%G5#%&/$#%*++319(./'%/0% (5#%8*)#+.*'%
1/4#6%.+%(5*(%(5#$#%.+%6*$2#$%3'&#$(*.'()%B*'4%(5#$#0/$#%6*$2#$%-.*+F%*++/&.*(#4%7.(5%(5#%
0.$+(% .'(#$"*6% 43$.'2% (5#% &/19*$.+/'% /0% (7/%7#.25(#4% +(.136.:% G5#% &3$$#'(% 9$#"*.6.'2%
1/4#6% /0% G!T,% +#'+*(./'% 7#.25(.'2,% *'4% (5#% 8*)#+.*'% 1/4#6% % -/(5% .196#1#'(% *%
1#&5*'.+1%/0%4.00#$#'(.*6%7#.25(.'2%/0%(5#%0.$+(%*'4%+#&/'4%+(.1363+:%N/7#"#$%/'6)%(5#%
8*)#+.*'%1/4#6%*66/7#4%(5.+%*++319(./'%(/%-#%(#+(#4%.'%$#6*(./'%(/%$#9$/43&(./'%/0%(5#%
+(.1363+%43$*(./':%%
%

;'%V5*9(#$% ^,% $#9$/43&(./'% -.*+%7*+% 2$#*(#$% 0/$% (5#% 0.$+(% +(.1363+% (5*'% (5#% +#&/'4%
+(.1363+% *'4% *%G!T%7*+% +5/7'%3+.'2% .'0#$$#4% 4.+&$.1.'*(./'+% 0$/1%*%1/(/$% '/.+#%
&/$$#&(#4% 4.+($.-3(./'% /0% 9*$(.&.9*'(% $#9$/43&(./'+:% G5.+% 0.'4.'2% +3&&#++0366)%
4#1/'+($*(#4% (5#% $#6#"*'&#%/0%+(.1363+%-.*+%/3(+.4#%/0%*% (7/%+(.1363+%&/19*$.+/'%
9$/&#++:%N/7#"#$,%.(%7*+%'#&#++*$)%(/%3'4#$+(*'4%(5#%$#6#"*'&#%/0%(7/%0*&(/$+e%EF-/(5%
+(.136.%*99#*$.'2%.'%(5#%+*1#%($.*6%*'4%CF%4.+&$.1.'*(./'%*'4%$#9$/43&(./'%/&&3$$.'2%
43$.'2%(5#%+*1#%#>9#$.1#'(*6%+#++./':%W3$.'2%(5#+#%&/1-.'#4%($.*6+% (5#%(.1#%/$4#$%
#00#&(%7*+%'/(%9$#+#'(,%75.&5%&/364%-#%$#6*(#4%(/%(5#%9$#+#'&#%/0%-/(5%4.+&$.1.'*(./'%
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*'4%$#9$/43&(./'%43$.'2%(5#%+*1#%($.*6:%!'#%$#*+/'%0/$%(5.+%&/364%-#%(5*(%&/1-.'#4%
($.*6+%7#$#%1/$#%4.00.&36(%(5*'%/(5#$%($.*6%()9#+:%%
%

!"#$*66,% 0.'4.'2+% 0$/1% (5#% $#9$/43&(./'% /'6)% ($.*6+% /0%V5*9(#$% ^% +322#+(#4% (5*(% (5#%
9$#+#'&#% /0% (7/% .'(#$"*6+% 7*+% '/(% '#&#++*$)% 0/$% (5#% G!T% #00#&(% B*'4% *++/&.*(#4%
-.*+#+F% (/%-#%9$/43&#4:%G5.+%9$/".4#4%+($#'2(5% 0/$%*%8*)#+.*'% .'(#$9$#(*(./'%/0% (5#%
.'&$#*+#4%3'&#$(*.'()%*++/&.*(#4%7.(5%$#9$/43&.'2%(5#%0.$+(%.'(#$"*6%*'4%(5#%$#+36(*'(%
.'&$#*+#4% -.*+% .'% (5#% 0.$+(% +(.1363+% $#6*(."#% (/% (5#% +#&/'4:% G5#% &/'(.'3#4% 3+#% /0% *%
8*)#+.*'%0$*1#7/$M%1*)%*++.+(%.'%3'4#$+(*'4.'2%(5#%G!T%-.*+%.'%03(3$#%$#+#*$&5:%
%

%
7.5 Conclusion. 
 
O'%/"#$*$&5.'2%*.1%/0%(5.+%(5#+.+%7*+%(/%-$.'2%(/2#(5#$%8*)#+.*'%/-+#$"#$%1/4#6+%*'4%
(5#%&/'&#9(+%6#*$'#4%0$/1%4#"#6/91#'(*6%9+)&5/6/2):%S'(.6%1/$#%H#66.&*'/%*'4%83$$%
BCDECFb+%+322#+(./',%(5#+#%*$#*+%+##1#4%(/%-#%+(34.#4%+#9*$*(#6)%*'4%-*+#4%/'%(5#.$%
+322#+(./'+%*'4%03$(5#$%9*9#$+,% .(%-#&*1#%.'&$#*+.'26)%&6#*$%5/7%'#&#++*$)%.(% .+%(/%
3'.(#%(5.'M.'2%.'%(5#%6.(#$*(3$#:%G5#%&3$$#'(%(5#+.+%-$/325(%(/2#(5#$%(5#+#%*$#*+%(5$/325%

+(34).'2% 9#$&#9(./'% 3+.'2% (5#% 8*)#+.*'% /-+#$"#$% 1/4#6+% .'% ()9.&*6% 9/936*(./'+%
BV5*9(#$%C%*'4%V5*9(#$%\F%*'4%*&&/$4.'2%(/%OP%($*.(+%BV5*9(#$%[F%*'4%4.00#$#'(%*2#+%
BV5*9(#$%]F:%
%
;'%$#6*(./'%(/%(5#%(#19/$*6%0.'4.'2+,%(5#%+(*(.&%1/4#6%7*+%0*"/3$#4%0/$%(#19/$*6%43$*(./'%
#+(.1*(./'% .'% (5#% &3$$#'(% $#+#*$&5,%75.&5%7*+% .'% &/'($*+(% (/% (5#% 0.'4.'2+% /0% $#&#'(%
6.(#$*(3$#% BJ6*+*3#$% R% A5.,% CDCE-F:% G5.+% &/364% $#06#&(% *% 4#0*36(% +(*(.&% +($*(#2)% 0/$%
(#19/$*6% $#9$/43&(./'% *'4% (5#% #>.+(#'&#% /0% *% o(.99.'2% 9/.'(b% (/7*$4+% *'% .(#$*(."#%
+($*(#2)%75#'%0*&#4%7.(5%&#$(*.'%+(.1363+%&3#+:%;(%&/364%-#%(5*(%(5#%1/$#%#>96.&.(%&3#+%
/0%*3(/&/$$#6*(./'% (5*(%#>.+(% .'%'*(3$*6% +9*(.*6%/-a#&(+% B+3&5%*+% 6/&*(./'%*'4%+9##4F%
&/364%1*M#%*%+7.(&5%(/%*%9$#"./3+%(*$2#(%1/4#6%1/$#%6.M#6):%!$%.'%*%+.1.6*$%"#.',%.(%&/364%
-#%(5*(%*%"*$.*-6#%+(#9%$*'4/1%7*6M%B3+#4%-)%J6*+*3#$%*'4%A5.%BCDEKL%CDCE-%F%*'4%
(5#% +9*(.*6% 6/&*6.+*(./'% (*+M% .'%V5*9(#$% \F,% 9$/".4#4% (5#% *99#*$*'&#% /0% +(.136.% (5*(%
&5*'2#4%.'%*%1/$#%'*(3$*6%*'4%2$*43*6%7*)%(5*'%(5#%$#6*(."#6)%1/$#%4.+&$#(#%0.>#4%+(#9%
+(.136.:%
%
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;'% &/'($*+(,% (5#% +9*(.*6% 6/&*6.+*(./'% #>9#$.1#'(+% .'% V5*9(#$% \% +5/7#4% (5*(% *436(%
9*$(.&.9*'(+% 0*"/3$#4% *% 9$#"./3+% (*$2#(% 1/4#6:% O6(5/325,% (5#% -#+(% 0.((.'2% 1/4#6%
+7.(&5#4%(/%*%1/".'2%*"#$*2#%1/4#6%75#'%+(.1363+%+#Q3#'&#%&5*'2#4:%O%+7.(&5%.'%
+($*(#2),% +3&5% *+% (5.+% /'#,% 43$.'2% (5#% &/3$+#% /0% (5#% #>9#$.1#'(% 5*+% '/(% -##'%
4#1/'+($*(#4% .'% 9$#"./3+% 6.(#$*(3$#:% G5#% *-.6.()% /0% (5#% &3$$#'(% $#+#*$&5% (/% &*9(3$#%
4#"#6/91#'(*6%4.00#$#'&#+%7*+%6.1.(#4%.'%+&/9#%(/%*%'#3$/()9.&*6%9/936*(./':%O6(5/325%
.'%(5#%4#"#6/91#'(*6%($*a#&(/$)%4*(*%+#(,%.(%7*+%+5/7'%(5*(%/64#$%&5.64$#'%7#$#%'/(%*-6#%
(/%+7.(&5%+($*(#2)%*'4%)/3'2#$%&5.64$#'%0*"/3$#4%75.&5%#"#$%+(.1363+%&3#+%(5*(%7#$#%
&/'(*.'#4%7.(5.'%(5#%0.$+(%(*+M%(5#)%&/196#(#4:%G5#$#0/$#,%*')%$#*6%*-.6.()%(/%+7.(&5%7*+%
'/(%9$#+#'(%3'(.6%*436(5//4:%W3$.'2%*436(5//4,%(5#%+($*(#2)%+7.(&5%/&&3$$#4%0/$%+/1#%
9*$(.&.9*'(+%-3(%'/(%*66:%
%
O'/(5#$%/99/$(3'.()%0/$%(5#%#>96/$*(./'%/0%4#"#6/91#'(*6%4.00#$#'&#+%7*+%9$/".4#4%.'%
(5#% 0/$1% /0% *3(.+(.&% ($*.(% &/$$#6*(./'+:% d#43&#4% &/19$#++./'% -.*+% 7*+% +5/7'% 0/$%

*3(/&/$$#6*(#4%+(.136.%.'%5.25%($*.(%9*$(.&.9*'(+:%N/7#"#$,%'/%/(5#$%$#6*(./'+5.9+%7#$#%
0/3'4%*'4%+/%(5#%.'&63+./'%/0%5.25%($*.(%BOP%+&/$#%/0%[C%/$%1/$#F%/$%*3(.+(.&%9*$(.&.9*'(+%
.+%&$3&.*6%0/$%03(3$#%$#+#*$&5:%!"#$*66,%8*)#+.*'%9$./$%1/4#6+%9$/".4#4%*%2//4%0.(% 0/$%
'#3$/()9.&*6%*436(+%*'4%4#1/'+($*(#4%5/7%+#"#$*6%4.00#$#'(%9$./$%*&Q3.+.(./'%+($*(#2.#+%
1*)%-#%6#*$'#4%.'%$#+9/'+#%(/%4.00#$#'(%+(.1363+%0#*(3$#+:%N/7#"#$,%(5#%*-.6.()%/0%(5#+#%
1/4#6+%(/%&*9(3$#%($#'4+%7.(5.'%4.00#$#'(%'#3$/4#"#6/91#'(*6%&/'4.(./'+%/$%($*a#&(/$.#+%
$#1*.'+%(/%-#%+##':%
%
%
%
%
%
%
%
%
%
%
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d#+.43*6+%%%C:C\]%% % \K%%%D:D\^%% % % % %%% % % %

j/(#:%%G)9#%;;;%A31%/0%AQ3*$#+%%
%%

%

%

W#+&$.9(."#+%%

d*'4/1.+*(./'%%O2#%% Y#*'%%AW%% j%%

_366%% % ^%(/%c%%%D:[c`%%%D:C^\%%%Ec%%%

%%% % K% (/%
EE%%

%D:EcD%%%D:E[E%%%E]%%%

%%% % O436(+%%%D:ED`%%%D:EEc%%%EK%%%

X*6M%% % ^%(/%c%%%D:[\^%%%D:CDc%%%Ec%%%

%%% % K% (/%
EE%%

%D:E[]%%%D:EcE%%%E]%%%

%%% % O436(+%%%D:D]^%%%D:D\K%%%EK%%%%
%%
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%

%

G#+(%0/$%TQ3*6.()%/0%<*$.*'&#+%BZ#"#'#=+F%

%% _% 40E% 40C% 9%

_366% % ED:cE`% % C% % \K% % n%:DDE% %

d*'4/1% % ED:CEE% % C% % \K% % n%:DDE% %% % % % % % % % % %
%
%
%
%

H/+(%N/&%V/19*$.+/'+%U%O2#%%
% % Y#*'%W.00#$#'&#%%AT%% (%% 9%2)-6!% 9%9)18!%

^,%(/,%c%% %K,%(/,%EE%%%D:CDK%% % D:D][%%%[:K]C%%%n%:DDE%%%n%:DDE%%%

%%% %O436(+%% %D:Cc]%% % D:D]D%%%]:`CD%%%n%:DDE%%%n%:DDE%%%

K,%(/,%EE%%%O436(+%% %D:D`^%% % D:D]C%%%E:\\`%%%D:\^[%%%D:E]\%%%

j/(#:%%HU"*63#%*4a3+(#4%0/$%&/19*$.'2%*%0*1.6)%/0%[%%

j/(#:%%d#+36(+%*$#%*"#$*2#4%/"#$%(5#%6#"#6+%/0e%d*'4/1.+*(./'%%
%

%
Appendix I 
ANOVA on the SD of residuals 
 
%

X.(5.'%A3-a#&(+%T00#&(+%%

V*+#+%% A31%/0%AQ3*$#+%%40%% Y#*'%AQ3*$#%%_%% 9%% ��%%

!$4#$%% %[:CCE#�U\%% % E%% %[:CCE#�U\%% % D:\^[%%%D:\KK%%%^:c^[#�U\%%%

!$4#$%�%O2#%%%D:DDE%% % C%% %]:CKK#�U\%% % D:`^C%%%D:\`C%%%D:DDC%% %

d#+.43*6+%% %D:D[\%% % \K%%%^:K]K#�U\%% % % % %%% % % %

j/(#:%%G)9#%;;;%A31%/0%AQ3*$#+%%
%%
%%
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8#(7##'%A3-a#&(+%T00#&(+%%

V*+#+%% A31%/0%AQ3*$#+%%40%% Y#*'%AQ3*$#%%_%% 9%% ��%%

O2#%% %D:C]C%% % C%% %D:EC^%% % [[:c^K%%%n%:DDE%%%D:][^%%%

d#+.43*6+%%%D:EcC%% % \K%%%D:DD\%% % % % %%% % % %

j/(#:%%G)9#%;;;%A31%/0%AQ3*$#+%%
%
Test for Equality of Variances (Levene's) 
  F df1 df2 p 
Walk  10.304  2  49  < .001  
Full  6.118  2  49  0.004  

%
%

W#+&$.9(."#+%%

!$4#$%%O2#%% Y#*'%%AW%% j%%

_366%% %^Uc%)#*$+%% %D:E^]%%%D:D^[%%%Ec%%%

%%% %KUEE%)#*$+%%%D:ED`%%%D:D\K%%%E]%%%

%%% %O436(%% %D:D]]%%%D:DCK%%%EK%%%

X*6M%%%^Uc%)#*$+%% %D:E^K%%%D:D^^%%%Ec%%%

%%% %KUEE%)#*$+%%%D:EDC%%%D:D[K%%%E]%%%

%%% %O436(%% %D:D\]%%%D:DE`%%%EK%%%

%
%
%
%
%
%
%
%
%
%
%
%

%
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%
%
Appendix J 
t-test for TOE D1 means for reproduction only. 
%
%

H*.$#4%A*196#+%GUG#+(%%

Y#*+3$#%E%% %%% Y#*+3$#%C%% (%% 40%% 9%%

WE%% % U%%% WC%% % UE:K`K%% % ^%% % D:D\c%% %

j/(#:%%_/$%*66%(#+(+,%(5#%*6(#$'*(."#%5)9/(5#+.+%+9#&.0.#+%(5*(%WE%.+%6#++%(5*'%WC:%%

j/(#:%%A(34#'(=+%(U(#+(:%%

%

W#+&$.9(."#+%%

%%% j%%Y#*'%%AW%% AT%%

WE%%%`%%%D:^CE%%%D:C\c%%%D:DK\%%%

WC%%%`%%%D:`DE%%%D:CD\%%%D:D``%%%%
%
%
%
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Appendix K 
t-test for TOE CV for reproduction only. 
%

H*.$#4%A*196#+%GUG#+(%%

Y#*+3$#%E%% %%% Y#*+3$#%C%% (%% 40%% 9%%

WE%% % U%%% WC%% % \:EE\%% % ^%% % D:DD[%% %

j/(#:%%_/$%*66%(#+(+,%(5#%*6(#$'*(."#%5)9/(5#+.+%+9#&.0.#+%(5*(%WE%.+%2$#*(#$%(5*'%WC:%%

j/(#:%%A(34#'(=+%(U(#+(:%%
%
%
%

W#+&$.9(."#+%%

%%% j%%Y#*'%%AW%% AT%%

WE%%%`%%%D:C\[%%%D:DC^%%%D:DED%%%

WC%%%`%%%D:CCE%%%D:DC\%%%D:DDK%%%%
%
%
Appendix L 
t-test for TOE D1 means for combined. 
%

H*.$#4%A*196#+%GUG#+(%%

Y#*+3$#%E%% %%% Y#*+3$#%C%% (%% 40%% 9%%

WE%% % U%%% WC%% % UC:EEK%% % ^%% % D:D[K%% %

j/(#:%%_/$%*66%(#+(+,%(5#%*6(#$'*(."#%5)9/(5#+.+%+9#&.0.#+%(5*(%WE%.+%6#++%(5*'%WC:%%

j/(#:%%A(34#'(=+%(U(#+(:%%

%

W#+&$.9(."#+%%

%%% j%%Y#*'%%AW%% AT%%

WE%%%`%%%D:^\\%%%D:E\C%%%D:D]\%%%

WC%%%`%%%D:``[%%%D:C][%%%D:DK^%%%
%



 254 

%
%
Appendix M 
t-test for TOE CV for combined. 
 

H*.$#4%A*196#+%GUG#+(%%

Y#*+3$#%E%% %%% Y#*+3$#%C%% (%% 40%% 9%%

WE%% % U%%% WC%% % E:E\\%% % ^%% % D:E\c%% %

j/(#:%%_/$%*66%(#+(+,%(5#%*6(#$'*(."#%5)9/(5#+.+%+9#&.0.#+%(5*(%WE%.+%2$#*(#$%(5*'%WC:%%

j/(#:%%A(34#'(=+%(U(#+(:%%
%
%

W#+&$.9(."#+%%

%%% j%% %Y#*'%% AW%% AT%%

WE%%%`%% %D:EK\%% %D:DEc%%%D:DD`%%%

WC%%%`%% %D:E`K%% %D:D[c%%%D:DE\%%%%
%
%
%
Appendix N 
 
 
Individual Akaike weights from Chapter 2: Filled 
      

Permanent 
walk 

Permanent 
full 

Intermittent 
walk 

Intermittent full Mean 
     
     

0.00 0.46 1.00 0.91 0.59 
0.01 1.00 0.99 1.00 0.75 
0.95 0.26 0.32 1.00 0.63 
1.00 1.00 1.00 0.94 0.98 
0.00 0.00 0.00 0.14 0.04 
0.67 0.01 0.99 0.37 0.51 
1.00 0.89 0.00 1.00 0.72 
1.00 0.08 0.99 0.70 0.69 
0.94 0.42 0.99 0.21 0.64 
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1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 0.00 0.75 
0.78 0.47 1.00 0.97 0.81 
1.00 0.94 0.98 1.00 0.98 
1.00 1.00 0.90 1.00 0.98 
0.35 0.99 0.13 0.80 0.57 
1.00 1.00 0.89 0.81 0.93 
0.50 0.00 1.00 0.99 0.62 
1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 0.97 0.99 
1.00 0.65 1.00 0.62 0.82 
1.00 1.00 1.00 0.47 0.87 
1.00 1.00 0.86 1.00 0.96 
1.00 1.00 0.94 1.00 0.99 
0.00 1.00 0.95 1.00 0.74 
1.00 0.78 0.06 1.00 0.71 
1.00 0.76 0.71 0.22 0.67 
0.99 1.00 0.40 0.80 0.80 
1.00 1.00 1.00 0.56 0.89 
1.00 1.00 1.00 0.07 0.77 
1.00 1.00 1.00 1.00 1.00 
0.99 1.00 1.00 0.00 0.75 
0.00 0.00 1.00 1.00 0.50 
1.00 0.98 0.93 0.16 0.77 
0.61 1.00 1.00 1.00 0.90 
1.00 0.53 1.00 0.99 0.88 
1.00 0.00 1.00 1.00 0.75 
1.00 1.00 1.00 1.00 1.00 
1.00 1.00 0.01 1.00 0.75 
0.45 0.51 1.00 1.00 0.74 
0.74 0.29 1.00 0.80 0.70 
0.05 1.00 0.00 1.00 0.51 
0.99 1.00 0.00 1.00 0.75 
1.00 1.00 1.00 0.63 0.91 
1.00 1.00 0.83 1.00 0.96 
0.86 0.97 0.00 0.73 0.64 
0.54 1.00 0.26 1.00 0.70 
1.00 1.00 1.00 1.00 1.00 
0.00 0.55 0.30 0.51 0.34 
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Individual Akaike weights from Chapter 2: Unfilled 
      

Permanent 
walk 

Permanent full Intermittent 
walk 

Intermittent 
full 

Mean 
     
     

0.00 1.00 0.79 1.00 0.70 
1.00 0.90 1.00 1.00 0.98 
0.83 0.98 1.00 0.38 0.80 
0.64 0.34 1.00 0.15 0.53 
1.00 1.00 0.03 1.00 0.76 
1.00 1.00 0.45 1.00 0.86 
1.00 1.00 0.97 0.83 0.95 
1.00 1.00 1.00 1.00 1.00 
0.00 0.39 0.77 0.99 0.54 
1.00 0.56 0.91 0.98 0.86 
0.00 0.06 1.00 1.00 0.51 
1.00 1.00 0.00 1.00 0.75 
1.00 1.00 1.00 0.99 1.00 
0.72 0.45 0.91 1.00 0.77 
1.00 1.00 1.00 1.00 1.00 
0.04 1.00 0.78 1.00 0.70 
0.01 1.00 1.00 1.00 0.75 
1.00 1.00 1.00 1.00 1.00 
1.00 1.00 0.48 0.85 0.83 
1.00 1.00 1.00 1.00 1.00 
0.98 1.00 1.00 0.35 0.83 
0.18 0.61 0.94 0.61 0.58 
1.00 0.14 0.00 1.00 0.54 
1.00 1.00 1.00 1.00 1.00 
0.00 1.00 0.00 1.00 0.50 
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Individual Akaike weights from Chapter 4 
%
%

;'4.".43*6%OM*.M#%7#.25(+%0/$%*66%&/'4.(./'+%B*436(+F%

H*$(.&.9*'(% j/%9$./$%
H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

E% D% E% C:[\D]]TU\c%

C% D% E% \:\`C\]TU`[%

[%
E:cEE^TU
C^[% [:C[][^TUE]% E%

\% D% E% [:K]^KTUEDC%

]%
`:`\K]TU
CDC% D:DE`\^D\D[% D:KcC][K]K`%

^% D% E% ]:\^KCETU\\%

`%
\:DDC^TU
C`c% E% E:][DCTU]`%

c%
K:^^[CTU
E`[% D:KKKKKKK^E% [:cK\\^TUDc%

K%
^:\[\cETU
`]% E% E:c^CDETUC\%

ED%
`:^^K[TU
C[E% [:DEEK]TU\^% E%

EE%
C:CK\\TU
E[C% K:\cC\]TUC]% E%

EC%
E:D\CCTU
C\C% E% c:cc[\CTU^^%

E[%
E:c`ECTU
CK]% E% E:D\]DETU^C%

% % % %
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E]%
E:cK]ETU
CCD% E:^D``KTU[^% E%

E^% D% E% \:C`EEETUKE%

E`%
E:E`]\TU
C]C% `:C^K[KTUCD% E%

Ec%
C:K]\ETU
E^D% D:DD[E^[^cC% D:KK^c[^[Ec%

EK%
^:EDcD`TU
`D% \:[``^]TUED% E%

CD%
`:C``]TU
C\]% E% C:[D[^]TU[D%

 
 
 
;'4.".43*6% OM*.M#% 7#.25(+% 0/$% $*'4/1% 7*6M% &/'4.(./'+%
B*436(+F%

H*$(.&.9*'(% j/%9$./$%
H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

E% C:KDcKTUC`K% E% ]:DCC]cTUKE%

C% D% E% D%

[% E:DK]TUEEE% \:KD[^ETUD`% D:KKKKKK]E%

\% ]:E`D^TUC^^% E% E:ED[C^TUKE%

]% E:``DC`TU]E% D:K\`^[CE`[% D:D]C[^`cC`%

^% D% E% D%

`% [:]cCKTUE\]% E% C:^`\`ETU]\%

c% \:^\DETUEDC% E% ]:E^^[ETUE^%

K% C:C[D[[TU]D% E% E:`K[]^TUC[%

ED% c:`^c^TUE]]% E% \:EcC[KTU[D%

EE% \:\]KK]TUK]% \:^C\`\TUE\% E%

EC% \:`][]TUCDD% E% \:[\\cKTU[c%

E[% c:[\^cTUEc^% E% ^:^^```TU]C%

E]% E:[C[]TUEcD% E% [:C\\^\TU^\%



 259 

E^% D% E% D%

E`% C:^C[KTUCD\% E% E:`KC\CTU[K%

Ec% c:^[^`TUE]K% E% ^:[EC^\TUE]%

EK% D:K[C]D]^\]% D:DDDC]c\[% D:D^`C[]KC]%

CD% E:D`C`TUECD% E% C:`[[`TU\C%

%
%
%
%
%
%
%

;'4.".43*6%OM*.M#%7#.25(+% 0/$% 0366)% $*'4/1%&/'4.(./'+%
B*436(+F%

H*$(.&.9*'(% j/%9$./$%
H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

E%
E:]]D]TU
C^E% \:`C[\KTUC[% E%

C%
K:D\[TU
C[`% C:^]Dc]TU\c% E%

[%
C:EC`^TU
E\c% \:EEETUDc% D:KKKKKKK]K%

\% D% E% E:^`DEKTU\c%

]%
\:DKC`TU
E^\% ]:][\EcTU[D% E%

^%
C:DK]ETU
C]^% [:cE`ECTU`D% E%

`%
K:DK[TU
E`c% C:][[CTUCK% E%

c%
E:E\[K]TU
`\% D:DE[`c[[c`% D:Kc^CE^^E[%
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K%
c:\K]\CTU
C]% D:KKKKKKccC% E:Ec[[cTUD`%

ED%
E:]C[KTU
EDK% C:]cKCKTU\[% E%

EE%
E:\^C`CTU
^\% c:]Ec\`TUE]% E%

EC%
\:\DD[TU
ECD% E:]Kc\CTUD`% D:KKKKKKc\%

E[%
E:``cKTU
EC^% D:KKKKKKK^]% [:]C[CTUDc%

E]%
E:ED^ETU
EEC% C:`\c^TU[D% E%

E^%
K:CKcD^TU
K]% D:KKKKcEE[% E:cc`D]TUD]%

E`%
E:E[^KTU
EDE% [:[[`\TUCD% E%

Ec% E:]`KTU[c% D:KKK`K\^[C% D:DDDCD][^c%

EK%
^:D[`]\TU
`D% \:[]K^[TUE^% E%

CD%
C:EC[`TU
E]C% ]:E`cKCTUEK% E%

%
%
%
%
%
%
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Individual Akaike weights Chapter 5  
%
OM*.M#%7#.25(+%0/$%*66%&/'4.(./'+%B&5.64$#'F%

H*$(.&.9*'(% j/%9$./$% H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

[EE^% E:]E[`^TUD]% D:KKKc`C]K]% D:DDDEECC^`%
^D][% C:^CK]\TUE^% D:KKKKKK`^E% C:[KD[CTUD`%
^Dc`% D:DDD\K``[E% D:KDc`D]^[^% D:DKD`K^^[[%
^c`\% K:E^\\]TUD^% D:KD`c^`c\^% D:DKCECCKcK%
^KE^% E:K`^``TUEK% D:KKKKKKKKc% C:D`[^TUDK%
^K\^% C:]c[]^TUEc% E% E:K\EEcTUE[%
^KK]% D:DDDKD\cKK% D:DDDEc]\]`% D:KKcKDK^\[%
^KK`% K:KDEK[TUDc% D:D]``\^CDE% D:K\CC][`%
`DD`% K:`^^`CTUD^% D:KKECCDDcE% D:DDc``DE]C%
`DEc% [:\C]cKTUD]% D:KKKK]EDKK% E:\^\C]TUD]%
`DCD% D:`c^Kc^\^E% D:ED^]D^`^K% D:ED^]D^`^K%
`D\D% D:\[^]Kc\[E% D:C\\[CD^E[% D:[EKDcDK]^%
`D^D% E:CEc^[TUDc% D:c]^`^K[^E% D:E\[C[D^C`%
`D^\% [:CCK]cTUDc% D:KK`^cC^E% D:DDC[E`[]`%
`D`c% D:DDCDE^]E^% D:][\CD[K`]% D:\^[``K]DK%
`DK[% E:c[DC^TUD]% D:]][cCCcK\% D:\\^E]ccD[%
`EEE% E:DC\C`TUDc% [:`][D[TUD^% D:KKKKK^C[`%
`ECK% D:`c^Kc``^% D:ED^]D^D\% D:ED^]D^C%
`E[D% `:\\[cETUEC% D:KKKKKKKcE% E:K\[^[TUDc%
`E[C% D:\ECKcK[^[% D:C]]`^C\[c% D:[[EC\cEKc%
`E\K% D:CD[EDE[Cc% D:\[ED`E\[% D:[^]cC`C\C%
`E][% D:DDDEE\[]^% D:EK[D\CDEc% D:cD^c\[^C^%
`E]`% E:EC]`ETUDc% C:`c[]CTUDc% D:KKKKKKK^E%
`E^c% D:`c^Kc`E[C% D:ED^]D^[cE% D:ED^]D^\c`%
`Ec[% D:\CCKD``\[% D:\EDD^^KK`% D:E^`DC]C]K%
`Ec^% D:]C^C[DE^^% D:[D`c^K`K[% D:E^]KDDD\E%
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`EcK% C:]`EK]TUD]% D:KKK]^[cCK% D:DDD\ED\]C%
`CD]% D:DDDCK[c\`% D:KKK]Kcc]E% D:DDDED`[DC%
`CD^% D:DDED\]]`c% D:KK`K\\`c`% D:DDEDDK^[]%
`CED% D:]D`^\DDKC% D:D`D[CD\K% D:\CCD[K\Ec%
`CEK% C:cD\]]TUED% D:DECEc^^E^% D:Kc`cE[[c\%
`CC`% K:DD`DETUD`% D:E[DccK\Ec% D:c^KEDK^cE%
`C\]% D:DDDE\`[cK% D:DDDC]^C^C% D:KKK]K^[\c%

%

%
%
%

%

OM*.M#%7#.25(+e%d*'4/1%7*6M%/'6)%

H*$(.&.9*'(% j/%9$./$% H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

[EE^% D:\C]]cE``]% D:\cc[[c[D]% D:Dc^D`KKC%
^D][% `:]Ec][TUD`% D:KKK`\]D`]% D:DDDC]\E`[%
^Dc`% D:DC\[cCD]E% D:`KECEK]K[% D:Ec\[Kc[]^%
^c`\% \:E]CEKTUD]% D:KKCK]^D]E% D:DD`DDC\C`%
^KE^% K:`^cKTUD`% D:KKKKcK^D[% K:\EKc]TUD^%
^K\^% E:\K`[\TUEE% E% \:CE\\KTUEE%
^KK]% D:\]c^cc`^K% D:[EK^cDE[]% D:CCE^[EDK^%
^KK`% D:DDDE[D[[c% D:`^DECDC\\% D:C[K`\K\Ec%
`DD`% D:D]E]CDC\% D:KD]C[D[K`% D:D\[C\K[^[%
`DEc% D:`D\EKED]]% D:CDD]D`C\% D:DK][DE`D]%
`DCD% D:`c^Kc^]D[% D:ED^]D^`\c% D:ED^]D^`\c%
`D\D% D:`c^Kc^[^]% D:ED^]D^cC^% D:ED^]D^cE%
`D^D% D:DC]^C`K]]% D:[E\`^^KKE% D:^]K^D]D]\%
`D^\% D:DC`^Cc\`[% D:]CcCK[DDC% D:\\\D`c]C^%
`D`c% [:DKEEcTUD]% D:KK\`]^KD[% D:DD]CECEc]%

`DK[% D:DDE[E`KCE% D:D[EcC[`[`% D:K^^c]c[\C%
`EEE% D:D]\`cEc`C% D:DC]C`cc^c% D:KEKK[KC]K%
`ECK% D:`][c[cK]\% D:E\\E`[E\[% D:EDEKc`KD[%
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`E[D% D:E`]CcD`EK% D:``C`EK]CK% D:D]EKKK`]C%
`E[C% D:`cEKcK\E`% D:EEDKKD[^E% D:ED`DCDCCC%
`E\K% D:`E]K]`^K^% D:DK`[D][`]% D:Ec^`[^KCK%
`E][% K:^D]C]TUD^% D:KK^CK[KCc% D:DD[^K^\^^%
`E]`% E:D][]\TUD^% K:Ec^E`TUD`% D:KKKKKcDCc%
`E^c% D:`c^Kc^K[K% D:ED^]D^][% D:ED^]D^][%
`Ec[% D:CKD`DK^CC% D:^ED``KKc]% D:DKc]ED[K[%
`Ec^% D:`c^Kc^EDE% D:ED^]D^K]% D:ED^]D^K]%
`EcK% D:DDEK]][]c% D:KK^cDc`\K% D:DDEC[]cK[%
`CD]% D:][`\E`ECE% D:[cKc]E\C]% D:D`C`[E\]]%
`CD^% D:`c]\\E`cc% D:ED^CK`c]K% D:EDcC^D[]C%
`CED% D:`CE\\D\`^% D:DKc^cKc[`% D:E`Kc^K^c`%
`CEK% E:[D[\cTUE[% D:KKKKKK`D]% C:K]E\^TUD`%
`CC`% C:K[KK\TUD`% D:KKCc]\K[\% D:DD`E\\``C%

`C\]% D:C^]]]c\K% D:DcEcDKK[[% D:^]C^[E]``%

%
%
%
OM*.M#%7#.25(+e%_366)%$*'4/1%/'6)%

H*$(.&.9*'(% j/%9$./$% H$#"./3+%
(*$2#(%

d3''.'2%
1#*'%

%

[EE^% [:K\D\^TUD]% D:KKc`Cc\`]% D:DDEC[CECE%
%

^D][% C:E]EK^TUDK% D:KK`]^ECE^% D:DDC\[c`cC%
%

^Dc`% D:D]KCEC`E% D:`[`\[EE\C% D:CD[[]^E\c%
%

^c`\% D:D\]KcD]c[% D:^^][DE]E]% D:Ccc`E`KDC%
%

^KE^% \:]`DD^TUEc% D:^]E[]K`E[% D:[\c^\DCc`%
%

^K\^% E:K\KcTUDc% D:KKcKKDDD^% D:DDEDDKK`\%
%

^KK]% D:DDD[^^KD]% \:K^]]TUD]% D:KKK]c[\\%
%

^KK`% D:DDDEcK]]c% D:DCEKK\C`[% D:K``cE^E^K%
%

`DD`% D:DDE\ECCc% D:]E^CKK\]c% D:\cCCccC^[%
%

`DEc% E:CECKcTUD^% D:KK\C`]c`]% D:DD]`CCKEC%
%

`DCD% D:``Ec`[K^c% D:EC[^^KE^% D:ED\\]^c`C%
%

`D\D% D:DEE\`ccc\% D:[ECE`[`C[% D:^`^[\`[K[%
%
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`D^D% C:]]`][TUD^% D:\KCD^^]cC% D:]D`K[Dc^%
%

`D^\% c:EEc]KTUD^% D:KKCCKEC\]% D:DD``DD^[^%
%

`D`c% D:^`K\^D[D[% D:E]c\[EEcE% D:E^CEDc]E^%
%

`DK[% D:DD`^[c`K^% D:cK^Cc`K\c% D:DK^D`[C]^%
%

`EEE% E:EcE\]TUD`% K:]D`[ETUD^% D:KKKKKD[`]%
%

`ECK% D:`c^Kc`C\]% D:ED^]D^[`]% D:ED^]D^[c%
%

`E[D% ^:^^KC[TUED% D:KKKKcCE^E% E:`c[cCTUD]%
%

`E[C% D:DD\\`K\[]% D:DC[D]`[Cc% D:K`C\^[C[`%
%

`E\K% D:D^]K\^KcE% D:c[\cD]`[^% D:DKKC\`Cc[%
%

`E][% D:EE]\`KcE]% D:EE^E^[[c`% D:`^c[]^`Kc%
%

`E]`% D:ED[\CK% D:DcKK[c^D`% D:cD^^[C[K[%
%

`E^c% D:``[`\c][C% D:ECE][c\C^% D:ED\`E[D\C%
%

`Ec[% D:`[\`[\cK[% D:E[KD[\`KE% D:EC^C[D[E^%
%

`Ec^% D:E\K``CCKc% D:[]CK[D]Dc% D:\K`CK`EK]%
%

`EcK% D:DC``KDC]C% D:c]C^^E]E^% D:EEK]\cC[C%
%

`CD]% D:DD[E`]C`]% D:KKE`c]^`E% D:DD]D[KD]\%
%

`CD^% C:`E^c]TUD]% D:KKKc`E^`E% D:DDDEDEE^E%
%

`CED% D:]`DECK^[% D:D`c[KC\\]% D:[]E\``KC]%
%

`CEK% D:DDD]c[[K[% D:DD\\C^K[% D:KK\KcK^``%
%

`CC`% D:D[Cc^D`]C% D:E\KcD^\CC% D:cE`[[CcC`%
%

`C\]% D:DDD[C\]E]% D:DDD[D[C`\% D:KKK[`CCEE%
%

%

%

%
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Appendix O 
%
;'+($3&(./'+%0/$%*436(%9*$(.&.9*'(+%
%

%
%
%
%
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%

%
%
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