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1 Starting Point 

1.2 State of the art and preliminary work 
Pointing is a ubiquitous gesture in human communication and becomes increasingly relevant in 

human-computer interaction or in collaborative virtual environments. Hence, this gesture has been 
scrutinized to a considerable extent, including topics as diverse as its role in the acquisition of 
language (e.g., Butterworth, 2003), its development (Tomasello et al., 2007), animal pointing (e.g., 
Leavens & Hopkins, 1999), application in human-computer interaction (e.g., Wong & Gutwin, 2014), 
or its integration in speech acts (e.g., Bangerter, 2004). 

Pointing gestures come in various forms. Pointing may refer to abstract entities (e.g., pointing 
upward to refer to one’s boss), refer to a general direction or a rough area (e.g., pointing while 
informing a tourist which road to follow at an intersection), or refer to very specific, often distant 
locations (e.g., pointing at a star in the night sky, at a hidden marmot during a mountain hike, or a 
specific chocolate candy at the pastry shop). In this proposal, we focus on the latter kind and use the 
terms “pointing” or “gestures” to refer to the pointing gestures typically produced in comparable 
situations (i.e., index finger pointing at a small, distant, non-salient object, often with an extended 
arm). In such situations, pointing seems an especially attractive communicative device because it 
promises to quickly identify an object whose identity or location can only be verbalized with some 
effort. However, everyone who has tried to identify a star, a hidden marmot, or a specific chocolate 
candy only by means of pointing will have noted that pointing is usually insufficient and additional 
verbal descriptions are almost always necessary. 
1.2.1 Own prior work on pointer-observer misunderstandings without speech 

One reason for the insufficiency of pointing is that the addressee of a pointing gesture (in the 
following: observer) systematically misunderstands the location that the pointer wants to convey. The 
fine-grained, isolated analysis of pointing production and perception offers a clear explanation for 
pointer-observer misunderstandings.1 In one of our experiments (Herbort & Kunde, 2016), participants 
were asked to point at various positions on a vertical number line. Somewhat unsurprisingly, 
participants pointed by putting the tip of their index finger on the vector from their eyes to the referent 
(c.f., Wnuczko & Kennedy, 2011). Another study, in which participants were immersed in a virtual 
environment and pointed at objects on a whiteboard in front of them confirmed these results (Herbort, 
Krause & Kunde, 2021). 

Interestingly, when the same participants were asked to identify the locations implied by various 
pointing gestures, they used other geometric relationships between the pointing gesture and the 
environment to identify a referent. When the pointer was observed from the side, the observers tried 
to extrapolate the vector defined by arm and index finger and thus attend positions that were located 
higher than the actual referent (Herbort & Kunde, 2016, 2018). When observers moved very close to 
the pointer, the position of the index finger in the observer’s visual field became an increasingly 
important cue (Krause & Herbort, 2021). That is, observers increasingly tended to extrapolate the line 
from their eyes over the pointer’s fingertip to identify the referent, thus introducing additional biases. 

The isolated analysis of pointing production or pointing perception, often using virtual pointers, was 
complemented by experiments in more natural settings. Experiments involving naïve or confederate 
human pointers and naïve observers interacting in real environments exhibited the expected 
misunderstandings (Krause & Herbort, 2021; Herbort & Kunde, 2016, 2018). Of course, beside such 
systematic biases, unsystematic variability in pointing production and perception additionally limits the 
information that can be conveyed with a point. 

 
1 This research has been partly conducted with DFG funding (Project: HE6710/5-1). 
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In summary, systematic pointer-observer misunderstandings as revealed in experiments in which 
pointing gestures were not accompanied by speech show that pointing alone does not suffice to 
communicate the exact location of a relatively small, distant object. Hence, pointing in such situations 
can only be effectively used together with speech. 
1.2.2 Integration of pointing and speech 

Pointing gestures are typically complemented by verbal descriptions of object features or locations 
to provide information that is not conveyed by the gesture alone. Thereby, the verbal information is 
tailored to the apparent usefulness of pointing. For example, Bangerter (2004) observed director-
matcher dyads, in which the directors had to inform matchers about the identity of a specific figure in 
an array of similar figures. The dyads used the more verbal descriptions the further away the 
interlocutors sat from the array and hence, the less informative pointing was. However, reliance on 
verbal description does not only increase once pointing fails, but also depends on a speaker’s 
expectation about the adequacy of pointing (O’Neill & Topolovec, 2001; Pechmann & Deutsch, 1982). 
For example, in an experiment by Pechmann and Deutsch (1982), participants had to single out one 
of several items. Already the initial speech act and whether it was accompanied by pointing depended 
on the spatial layout of the situation and thus the expected usefulness of pointing gestures as means 
of reference. Thus, pointers have expectancies about the information conveyed by their pointing 
gestures and use this information to provide verbal descriptions to add the information that 
presumably cannot be conveyed by pointing. Likewise, observers of pointing gestures may be hesitant 
to rely on the gesture alone and check back whether they interpreted it correctly (Goodwin, 2003). 
Thus, also observers have expectancies about the information that is conveyed with a pointing 
gesture, and, for example, use this information to decide whether they inquire more information from 
a pointer. 
1.2.3 Short summary 

The production and interpretation of a pointing gestures is based on intricate rules, which we were 
able to formalize with mathematical models (Herbort & Kunde, 2016; Krause & Herbort, 2021), and 
which explain frequent misunderstandings between pointers and observers. To establish a joint focus 
of attention on a small, distant object, pointing thus needs to be complemented by speech. To 
integrate pointing and speech efficiently, pointers and observers rely on expectations about the 
information that is conveyed by a pointing gesture and adapt their verbal descriptions accordingly. 
However, little is known about the exact expectations of uncertainties on the side of pointer or 
observer, their relationship among each other, their relationship to situational or interactional factors, 
and – most importantly – how they relate to the information that pointing actually conveys. 
1.3 Project-related publications (by year) 
Krause, L.M., & Herbort, O. (2021). The observer’s perspective determines which cues are used when interpreting 

pointing gestures. Journal of Experimental Psychology: Human Perception and Performance, 47(9), 1209-1225. 
https:// 10.1037/xhp0000937 

Herbort, O., Krause, L.-M., & Kunde, W. (2021). Perspective determines the production and interpretation of pointing 
gestures. Psychonomic Bulletin & Review, 28, 641-648. https://doi.org/10.3758/s13423-020-01823-7  

Herbort, O., & Kunde, W. (2018). How to point and to interpret pointing gestures? Instructions can reduce pointer-observer 
misunderstandings. Psychological Research, 82(2), 395-406. https://doi: 10.1007/s00426-016-0824-8 

Herbort, O. & Kunde, W. (2016). Spatial (mis-)interpretation of pointing gestures to distal referents. Journal of 
Experimental Psychology: Human Perception and Performance 42(1), 78-89. https://doi: 10.1037/xhp0000126 

2 Objectives and work programme 

2.1 Anticipated total duration of the project  
The anticipated duration is three years (1.9.2022 – 31.8.2025). 
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2.2 Objectives 
The proposed project is concerned with a specific but prototypical situation in which people typically 

integrate pointing gestures with speech: The precise communication of a relatively small, distant, and 
non-salient object, which is difficult to identify verbally (such as stars in the night sky, specific items in 
a shopping window, a person in a crowd, or an interesting feature of a building). Empirical (Bangerter, 
2004) evidence and anecdotal observations suggest that successful reference requires some effort 
in such situations. 

This proposal is guided by the general hypothesis that difficulties in establishing a joint focus of 
attention via pointing and speech results from overconfidence in pointing gestures and 
consequently insufficient verbal descriptions. Fig. 1 illustrates the hypothesis. The pointer wants 
to show the observer her home (A). She points and expects that her gesture directs the observer’s 
attention somewhere close to her house but not necessary exactly to it. That is, she expects that the 
observer’s interpretations of her gesture will follow a specific probability distribution. We refer to that 
distribution as the pointer’s expected distribution of the observer’s guess or the guess distribution for 
short (red area).2 As there are two houses in the guess distribution (i.e., might be considered the 
referent by the observer with reasonable probability), she provides additional verbal descriptions to 
single out her home. 

 
Fig. 1: The figure illustrates expectations and actual information conveyed with pointing gesture and the consequences for 
descriptions. The pointer assumes that her gesture moves the attention of the observer somewhere within the guess 
distribution (red) and provides verbal descriptions that are tailored to this assumption. The observer assumes that the pointer 
means something within the referent distribution (blue). The interpretation distribution represents the information that is 
conveyed by the pointing gesture (grey). 

Likewise, the observer assumes that the pointing gesture might indicate various positions with 
different probabilities within the observer’s expected distribution of the pointer’s referent or the referent 
distribution, for short (blue area). As an object matching the pointer’s description is in the referent 
distribution (with reasonable probability), he assumes that he has identified the correct house. 

Finally, the observer’s actual spatial interpretations of pointing gestures follow a probability 
distribution, which we label the factual interpretation distribution or interpretation distribution, for short 
(grey area). Due to biases and variability in pointing production and perception, the interpretation 
distribution is not centered on the referent (Herbort & Kunde, 2018; Krause & Herbort, 2021) and 
potentially dispersed more than the guess distribution and the referent distribution. Indeed, the 
referent distribution is expected to have typically little overlap with the guess distribution. Moreover, 
neither pointer nor observer expects their interpretations to be systematically biased and both might 
overestimate the precisions of the pointing gesture or their interpretation, respectively. This 
overconfidence may entice the pointer into using a frugal verbal description. Had she known that the 
observer’s interpretation may fall into a relatively wide area, she may have used a more elaborate 
description (e.g. “Do you see the two adjacent small houses on the left of the city? I live in the house 
beside the trees.”). Likewise, the observer might be tempted to search for the referent in an area that 

 
2 This concept is related to the concept of the pointing cone (Kransted et al., 2005; Lücking et al., 2015). 
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is overly small and may not even contain the referent or assume an incorrect referent. If he had a 
proper representation of the variability of his pointing interpretations, he might have checked back 
with the pointer (e.g., “Do you mean the house to the right or left of the pine tree?”). However, as we 
expect pointer and observer to be typically overconfident and verbal information hence to be 
insufficient to disambiguate the referent, misunderstandings can be expected. 

Note that the guess and referent distribution are subjective – and most likely rather distorted – 
representations of the interpretation distribution. Thereby, the referent distribution is necessary 
located within the interpretation distribution but will be centered on different positions in each pointing 
episode and is expected to be dispersed less than the interpretation distribution. Both guess and 
referent distributions could be represented explicitly or implicitly, however, the level of awareness of 
the distributions is outside the scope of this proposal.  

The objective of the proposed project is to identify which spatial information pointers expect to 
communicate with pointing gestures (guess distributions), which spatial information observers expect 
to be implied by pointing gestures (referent distributions), to which extent both distributions match, 
and how they relate to factual interpretation distributions. Whereas our recent research provided 
insights into the interpretation distribution and how it is affected by factors such as the observer 
perspective (e.g., Herbort & Kunde, 2016; Krause & Herbort, 2021), less is known about the subjective 
guess distribution and referent distribution and especially their dispersions. However, an 
understanding of those distributions is of fundamental importance to understand gesture speech 
integration. We aim to close this important gap with the proposed project. 

More specifically, the proposed project contains four work packages. WP1 establishes the basic 
paradigm and scrutinizes the mechanisms underlying the integration of pointing gestures and speech 
in a visual search task. WP2 addresses how guess and referent distribution reflect different situational 
factors, which are known to affect the factual distribution. WP3 will examine the effect of (potential) 
pointer-observer interactions on gesture-speech integration and the guess distribution. Finally, WP4 
aims to apply the insights from WP1 to 3 to improve pointing-based communication in real and virtual 
settings. 
2.2.1 Relevance to priority programme 

The envisioned priority programme is centered around three aspects. These three aspects have 
also been central to our research so far and will continue to be pivotal for the proposed work 
programme. First, the call for proposals asks for the formulation of “formally explicit models of […] 
cognitive mechanisms underlying visual communication”. In our previous work, we proposed explicit, 
computational models of pointing perception and production (e.g., Herbort & Kunde, 2016; Krause & 
Herbort, 2021). With the current proposal, we aim to extent these models by including representations 
of uncertainty and include mechanisms for gesture-speech interaction. Second, the call asks for 
“testing these models using empirical methods”. Our previous work was strictly empirical, applying 
various methods, such as motion capture (Herbort & Kunde, 2016), virtual reality (VR; Herbort, Krause 
& Kunde, 2021; Krause & Herbort, 2021), or real-life dyadic interactions (Herbort & Kunde, 2016, 
2018). The current proposal continuous this empirical focus and broadens the spectrum of methods, 
for example by including eye-tracking in virtual and real scenarios. Third, the call for proposals asks 
for “new applications […] to improve the usage of visual communication”. With the current proposal, 
we want to extent previous work with an applied perspective (Herbort & Kunde, 2018), by evaluating 
methods for improved pointing-based communication in real and virtual settings. With this focus, we 
expect our project to contribute to ViCom’s stated goals of advancing “cognitive theories that properly 
deal with […] the modality-specific integration of […] gestures and spoken language” and to develop 
“new formal tools” for understanding “multimodal communication”, based on “experimental studies on 
the […] semantic interaction of language and gesture”. Finally, we aim to provide “new didactic […] 
tools as well as computational systems” to improve visual communication in real and virtual 
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environments. In summary, we have a record of experimental studies, formal models, and applied 
research on visual communication with pointing gestures, which we aim to extent with the proposed 
work programme. 
2.3 Work programme including proposed research methods 

2.3.1 Research methods 
In the following section, the choices for different methods will be briefly described and justified. 

2.3.1.1 Experimental task 
The proposed experiments place participants in front of a large array of relatively small, distant, and 

similar-but-yet-distinct objects (such as the colored letters in Fig. 2). The task of the observer will 
typically be to identify the object that a real or virtual pointer wants to show based on the pointer’s 
gesture and their initial verbal description of the object (i.e., visual search). In experiments with real, 
naïve pointers, the pointers’ gestures and descriptions are of additional interest. We typically focus 
on episodes including a single gesture and a single description. While natural communication is much 
more complex (e.g., Goodwin, 2003; Stukenbrock & Birkner, 2010) the examined situation 
nevertheless is an elemental building block of typical real-life interactions and thus pertains to 
everyday behavior. 
2.3.1.2 Isolated assessment of pointing perception in VR and combined assessment of pointing 

production and perception in real environments 
The proposal is based on two types of experiments. One category examines pointing production 

and the perception of the gestures in real environments. The aim of these studies is to assess the 
information that naïve pointers hope to convey with their gestures and directly relate it to the 
information picked up by naïve observers. By testing naïve dyads, a situation will be created that asks 
for relatively natural communication, although it is of course confined by the requirements of the 
experiment. However, pointing gestures and speech production of naïve pointers are beyond the 
control of the experimenter in this type of experiment, which limits the quantitative analyses of 
observer responses to specific pointing gestures and verbal descriptions. Moreover, repeated pointing 
is rather strenuous for participants and thus limits the number of trials that can be administered in 
these experiments. Hence, they are complemented by VR studies with computer-generated pointers, 
in which pointing gestures and the pointer’s speech can be perfectly controlled and in which a higher 
number of trials can be administered. VR Headsets will be used to provide a wide field of view and 
depth information. While pointing perception in VR is interesting on its own, we showed that it is also 
qualitatively like pointing perception in real settings (Krause & Herbort, 2021). Thus, the basic 
perceptual mechanism identified in VR are expected to generalize to real settings, but the different 
methods would also provide a critical test for the generalizability of our conclusions. 
2.3.1.3 Determination of sample sizes 

Considering the complexity of the proposed experimental designs, it is difficult to determine effect 
sizes a priori. We generally aim for a power of 1-b = .90 (given a = .05) or 1-b = .95 if null-results need 
to be interpreted. To determine the sample sizes for individual experiments, we plan to boot-strap 
simulations based on previous experiments. However, as the data will only become available 
throughout the project, we will determine the power analytically based on expected effect sizes in this 
proposal using G*Power (Faul et al., 2007). In some experiments, a higher-than-necessary sample 
sizes will be collected to allow counterbalancing the order of experimental conditions. The expected 
sample sizes are summarized in Table 1 at the end of Section 2. Previous research yielded very large 
effect sizes of, e.g., perspective, instructions, or pointer-observer misunderstandings (Herbort, Krause 
& Kunde, 2021; Herbort & Kunde, 2018). Hence, we tailor our experiments to enable detecting 
medium or large effect sizes, depending on the specific research design, research question, and the 
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practicability of data collection. Note, that in our previous experiments on pointing, already numerically 
relatively small effect resulted in large effect sizes.  
2.3.1.4 Modelling approach 

We previously proposed a computational model for how humans interpret pointing gestures (Herbort 
& Kunde, 2016; c.f.; Krause & Herbort, 2021). The model is based on the framework of Bayesian 
optimal integration of different information sources, each of which is associated with a specific level 
of uncertainty (Körding & Wolpert, 2004). Based on this information, the interpretation of the gesture 
is computed as maximum-likelihood-estimate of the available information sources. In this project, we 
aim to extent this formal model to not only predict point estimates of interpretations but their factual 
distribution, the subjective guess and referent distribution, and potential mechanisms for gesture-
speech integration. Giving its foundation on Bayesian theory, the model is well prepared to reflect 
uncertainty and to integrate further information sources, such as verbal information. We thus plan to 
gradually extent this model based on data gathered from our experiments in WP1-3. The model will 
then be a cornerstone to derive potential improvements for pointing-based communication that will be 
examined in WP4. 
2.3.2 WP1: Basic processes of gesture speech integration 

The objective of work package 1 is to establish the basic experimental procedures and methods for 
VR experiments, which focus on the observer, and real-world experiments with naïve pointer-observer 
dyads. In addition, we take the opportunity to address whether pointing perception is based on point 
estimates of the indicated position or whether pointing gestures are directly interpreted as indicating 
an area. The expected sample sizes, durations, required resources, and scheduled dates of the 
experiments are summarized in Table 1 at the end of Section 2. 
2.3.2.1 Experiments 1a+b: Does pointing indicate a position or an area for the observer (computer-

generated pointers, naïve observers, VR)? 
In Exp. 1, we establish the basic paradigm and methods for the planned observer-centered VR 

experiments. Additionally, we use the opportunity to consider two potential mechanisms of gesture-
speech integration when observing pointing gestures. It has been suggested that pointing gestures 
refer to areas in space (Bangerter, 2004; Butterworth & Itakura, 2000). If that is how observers 
interpret gestures, each gesture would define an area in the environment, which might include several 
objects. By contrast, pointing gestures could be interpreted as identifying a specific location (or a very 
small area that cannot contain more than a single potential referent). If the referent is not at the 
identified position, participants might use the position as a starting point when scanning nearby 
objects for the referent, without assuming that a specific area is implied a priori. To disentangle both 
possibilities, we extend the visual search paradigm of Louwerse and Bangerter (2005, 2010) and 
utilize, that dense arrays of objects are usually searched systematically when looking for a specific 
object (i.e., Pomplun et al., 2013). If pointing gestures are interpreted as indicating an area, systematic 
scanning predominantly in reading direction can be expected. If pointing gestures are interpreted as 
indicating a specific position, scan paths starting from a central position can be expected. Exp. 1a will 
provide referent data by inducing visual search based on a positional cue or an area cue. Exp. 1b will 
then examine scanning behavior resulting from processing pointing gestures. 
Figure 2 shows the layout of Exps. 1a and b. Participants will be immersed in VR using HTC Vive 

Pro Eye headsets with integrated eye-trackers. In VR, participants will sit 150 cm in front of a screen 
(210 cm x 120 cm) on which similar but distinct objects are projected (e.g., letters in different colors 
and formats).3 The objects are placed randomly in the cells of an imaginary 15 cm x 15 cm raster. In 
each trial, a 7x7 cell array will be selected randomly and the to be identified letter (target) will be 

 
3 In the proposal, we use letters in different format as an example. The precise type of search items will be 

determined in pilot studies. 
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placed on one of the diagonals or main axes of the array (25 possible positions). In Exp. 1a, no pointer 
will be present. Instead, in one half of the experiment, the selected cell array will be surrounded by a 
rectangle (area cue). In another half of the experiment, the center of the selected rectangle will be 
marked (position cue). The different cues are expected to induce point-based or area-based search 
patterns. In Exp. 1b, a static virtual pointer that is perceived as pointing to the center of the 7x7 array 
will be presented in 4 blocks of 100 trials, each. The necessary configurations of the pointer will be 
determined individually before the presentation of the search trials, by presenting various 
configurations and asking participants to indicate the target unaccompanied by speech (15 arm 
postures, each presented 12 times in random order).  

 
Fig. 2: The figure shows the layout of Exps. 1a and 1b. Participants will be immersed in VR in front of a screen (left). The 
screen shows unique but similar objects (right). In Exp. 1a, either an area (area cue) including the target or a position close 
to the target (position cue) will be shown. In Exp. 1b, these cues will be replaced by a virtual pointer, that is perceived as 
pointing to a position close to the target. 

Each trial begins with an empty screen. Then, the letters are displayed and the target is uniquely 
identified via an audio recording (e.g., “The underlined, blue, c”). Participants are asked to find the 
announced letter and to report a specific feature (e.g., whether its shadow is on the left or right) with 
a keypress. Reaction times (RT) and eye-movements are recorded. 

The analyses follow the findings of Pomplun et al. (2013). If participants scan the search display 
systematically, as predicted by the pointing-indicates-area hypothesis, RTs are expected to depend 
linearly on the x- and y-position of the target but not on target eccentricity. We expect initial saccades 
to the periphery of the search area and a saccadic scan path that moves systematically through the 
scan area (e.g., more right and down saccades then up and left saccades). If participants scan the 
array starting from the center, as predicted by the pointing-indicates-position hypothesis, we expect 
a u-shaped relationship between RT and target x- and y-position and an increase of RT with 
increasing eccentricity. We expect initial saccades to stay in the center of the search array and a 
saccadic scan path that moves from the center to the periphery (e.g., no preferred saccade direction). 
Exp. 1a provides reference conditions to assert these predictions when visual search is induced based 
on a position or area cues. RTs and eye-movements will also give an indication of the referent 
distribution in Exp. 1b. The referent distribution will become apparent as the area of the display with 
relatively low search times. In addition, based on the pointer’s eye and finger position, an estimate for 
the interpretation distribution can be computed (see Table in Fig. 3). 
2.3.2.2 Experiment 2: Comparison of guess distribution, referent distribution and interpretation 

distribution (naïve pointers and observers, real environment) 
Whereas Exps. 1a+b focused on the perception of pointing gestures, Exp. 2 examines pointing 

production and its reception in a visual search task comparable to Exps 1a+b. More specifically, Exp. 
2 assesses what information pointers expect to convey with a pointing gesture (guess distribution), 
what observers assume to be implied by a naïve pointer’s gesture (referent distribution), and how it 
relates to the information that is factually picked up by another person (interpretation distribution).  

In detail, a naïve pointer and a naïve observer will be seated in a real environment with a spatial 
layout like Exp 1b. They will be looking at display comparable to Exp 1a+b (except, each item will be 
labeled with a unique number and no position or area will be cued). Both participants’ eye movements 
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are tracked with SmartEye eye-trackers. At the beginning of the trial, the observer is asked to close 
the eyes (as confirmed by the eye-tracker recording) and only the target is displayed, allowing the 
pointer to fixate the target. After the target is fixated, the full display appears, and the pointer begins 
to point at the target and describe it (without naming the target number). The task of the observer is 
to guess the target and secretly type its number into a computer. In addition, the confidence of the 
guess is entered. Once the target number is entered, a beep will inform the pointer that the trial is 
over and remind the observer to close the eyes again. The pointer will not be informed about the 
observer’s guess. Then, the next trial will start. In total, 160 trials will be presented. 

  
Fig. 3: The figure illustrates the data gathered in experimental trials (upper part), the planned analyses and in which type of 
experiment they can be conducted (table). For simplicity, the example is shown for the one-dimensional case and not the 
two-dimensional situation used in the proposed experiments. In the example, item 4 is the target, the observer’s confidently 
but incorrectly guesses item 6. The green circles represent fixations. This caption provides additional information for 
estimating the guess and referent distribution from verbal responses. For each trial, the unambiguous areas are computed 
for both interlocutors. That is, the area around the target (pointer) or guess (observer) in which the target/guess is unique 
according to the verbal description (dark grey blocks). The pointer’s unambiguous area represents the size of the guess 
distribution. To estimate the referent distribution, the confidence-threshold of the observer is computed. It is the size of the 
unambiguous area that equally often results in “confident” and “not confident” ratings throughout the experiment, comparable 
to the point of subjective equivalence in psychophysics. It indicates the size of the referent distribution. As it is not guaranteed 
that the verbal descriptions of naïve pointers always allow to compute the confidence threshold, the experiments with naïve 
pointer-observer dyads are limited with respect to this analysis and are complemented by the observer-centered VR 
experiment. Note also that a complementary approach is used in Exps 1a, b. Note that we are mainly interested in the sizes 
of the guess and referent distribution but also the centers of these distribution can be computed easily. 

The analysis is based on the following rational (Fig. 3): To be able to disambiguate the referent 
verbally, pointers need to scan the objects in the guess distribution and identify locally unique features 
of the referent. This allows to measure the pointer’s guess distribution in two complementary ways 
(table in Fig. 3). First, the distribution of fixations indicates the guess distribution. Second, the verbal 
descriptions will be analyzed. To this end, the display will consist of items with several features each. 
Objects will be arranged in such a way, that by adding features to the description, items will be 
disambiguated in defined, increasing areas. Thus, longer descriptions disambiguate the items within 
larger areas of the display and thus indicate larger guess distributions. Likewise, the eye-movements 
of an observer and the objects identified by the observer will be used to measure the observer’s 
referent distribution and the interpretation distribution, respectively. To determine the observer’s 
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referent area, we first determine a confidence-threshold, which is the size of the area in which the 
verbal description is unique and observers are confident in 50% of trials. 

In line with our general hypothesis, we expect that the dispersion of both the guess distribution and 
the referent distribution are smaller than the interpretation distribution. That is, both interlocutors are 
overconfident in their gestures or their interpretations, respectively. In addition, in line with previous 
findings (e.g., Herbort & Kunde, 2016), we expect that the centers of the guess distribution and the 
interpretation distribution differ considerably. In addition, the relationship between the distributions 
estimated from eye movements and participant responses will be compared, addressing for example 
whether pointers tend to over-specify the referent. 
2.3.3 WP2: Situational factors 

The effectivity of pointing depends on several situational factors. In WP 2, we address whether such 
factors are reflected in the guess distribution and referent distribution. Previous research suggested 
that this may be the case for some factors but not for others. For example, Pechmann and Deutsch 
(1982) showed that pointers use more detailed descriptions or even refrain from pointing when the 
required accuracy of pointing gestures would be very high. However, it remains unclear how guess 
distributions relate to the factual interpretation distribution. Another important factor are the relative 
positions of pointer and observer. While this factor has a considerable effect on pointing perception 
(Krause & Herbort, 2021), naïve pointers did not appear to consider it in our previous experiments 
(Herbort & Kunde, 2016, 2018). On the other hand, the anecdotal observation that interlocutors move 
closer to each other after failed attempts to communicate via pointing suggests that people expect 
the spatial relationship between pointer and observer to influence communication with pointing 
gestures. In WP2, we thus want to examine whether and how the guess- and referent distribution 
reflect spatial accuracy requirements and different pointer-observer-configurations, and how they 
relate to the interpretation distribution. 
2.3.3.1 Experiment 3a: Effect of inter-object distance on referent distribution (computer-generated 

pointers, naïve observers, VR) 
Exp. 3a addresses how the spatial distance between potential referents affects the referent 

distribution. According to a geometric analysis (e.g., Kranstedt et al., 2005), the guess distribution 
might depend only on the gesture and always cover the same area of space, regardless of the number 
of objects within it. Alternatively, the guess distribution might be affected by the number of objects 
(e.g., due to a narrowed focus of attention; Kirsch et al., 2018) and, for example, shrink in metric terms 
if it contains many potential referents. 

The experimental setup is similar to Exp. 1b. Participants will assume a virtual viewpoint next to a 
computer-generated pointer in front of a screen of similar-but-distinct objects. The pointer will assume 
a realistic pointing gesture at the randomly selected target (that is not to close to the edge of the array) 
and describe either no, one, two, or three features. Unlike Exp 1b, the pointer will always point at the 
target as a real pointer would do. Note that the referent will never be described unambiguously to 
prevent the calibration of interpretations. The task of the participant is to identify the object they believe 
to be referred to and mark it with a virtual cursor. In addition, they rate the confidence of their choice. 
The key independent variable of Exp 3a is the spatial separation of the items on the search display 
(inter-object distances: 7.5 cm vs. 15 cm vs. 22.5 cm).4 Each combination of number of verbal feature 
description and display spacing will be presented 48 times (8 repetitions of 6 distinct gestures). 

The observer referent distribution is computed according to Fig. 3 from oculomotor data and 
participant responses. Note that we explicitly manipulate the number of verbal feature descriptions to 

 
4 For pointing, the critical variable is of course the angular distance from the pointer’s or observer’s point of 

view, which could be manipulated by changing the distance between the participants and the objects or 
changing the metric distance between objects. For practical reasons, we manipulate the latter and keep the 
participant-display-distance constant. 
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be able to arrive at a valid estimate of the confidence threshold (Fig. 3) and thus the referent 
distribution – which may be difficult in experiments with naïve dyads (e.g., Exp., 2, 4a+b, 5, 7). If the 
referent distribution is defined in purely metric terms, we expect it to remain constant over inter-object 
distances in metric units. If the referent distribution depends on the environmental structure, for 
example because participants tend to consider only the immediate neighbor objects of a point-based 
interpretation of the gesture, the referent distribution in absolute units is expected to decrease with 
decreasing inter-object distances. 
2.3.3.2 Experiment 3b: Effect of pointer-observer-configuration on referent distribution (computer-

generated pointers, naïve observers, VR) 
The pointer-observer configuration has a considerable influence on the location-based interpretation 

of pointing gestures (Krause & Herbort, 2021) but also on the variability of interpretations (Herbort, 
Kunde & Krause, 2021). For example, interpretations from the pointer’s viewpoint are less variable 
than interpretations from a viewpoint on the pointer’s side. In Exp. 3b, we hence want to analyze the 
effect of the pointer-observer-configuration on the referent distribution and test whether it reflects the 
effect of the configuration on the interpretation distribution. 

The method of the experiment is identical to Exp. 3a, with the exception that the spatial distance 
between objects is kept constant (15 cm) and instead, the pointer is observed from different 
viewpoints. These viewpoints will be close to the pointer’s shoulder or on the side of the pointer, either 
on the left or right. The analysis will be identical to Exp. 3a. 

In line with Krause & Herbort (2021), we expect that the centers of the referent distribution are close 
to the position resulting from the extrapolation of the index finger for side views and close to the 
position resulting from the extrapolation of the observer’s-eye-to-pointer’s-fingertip-vector for shoulder 
positions. More importantly, if the dispersion of the referent distribution corresponds to the 
interpretation distribution, we expect more dispersed referent distributions for the side viewpoints than 
for the shoulder viewpoints. 
2.3.3.3 Experiment 4a: Effect of inter-object distance on guess-, referent-, and interpretation 

distribution (naïve pointers and observers, real environment) 
Exp. 4a addresses how inter-object distance affects the guess distribution of pointers and how it 

relates to the interpretation distribution and referent distribution. Following the finding that participants 
point less and speak more when the visual angle between potential referents is small (Bangerter, 
2004), we expect the pointer’s guess distribution to be relatively independent from the inter-object 
distance. However, it is an open question how it is precisely tailored to inter-object distance and how 
it relates to the factual interpretation distribution. Whereas a geometric analysis suggests a 
proportional relationship, some empirical observations hint at a non-proportional relationship 
(Bangerter, 2004). 

Exp. 4a will use the same procedure and analysis as Exp. 2 (i.e., set in the real word), but introduce 
the additional factor inter-object distance (7.5 cm vs. 15 cm vs. 22.5 cm). That is, a naïve pointer will 
point and verbally describe a target object. A naïve observer will secretly guess the target and give a 
confidence rating. Both persons’ eye-movements are recorded. The experiment will consist of 120 
trials, separated in three blocks (3 inter-object distances x 40 randomly selected referents). The factor 
inter-object distance will be presented blockwise in randomized, counterbalanced order. 

If the guess distribution is defined in metric terms, we expect it to remain constant over inter-object 
distances. As in Exp. 2, again, we expect the interpretation distribution to be considerably larger and 
not centered on the guess distribution. We expect the referent distribution to confirm the results of 
Exp. 3a. 
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2.3.3.2 Experiment 4b: Effect of pointer-observer-configuration on guess-, referent-, and interpretation 
distribution (naïve pointers and observers, real environment) 

Exp. 4b addresses how the relative position of pointer and observer affects the guess distribution 
and how it relates to the interpretation- and referent distribution. Experiment 4b uses the methods of 
Experiment 4a. However, the factor inter-object distance will be replaced by the factor pointer-
observer-configuration. We plan to use the same configurations as in Exp 3b. In total, 160 trials will 
be presented in Exp. 4b, split into four blocks. Observer positions will be varied blockwise in random, 
counterbalanced order. 

In our previous experiments, we did not find any evidence that participants adopt their gestures to 
the observer position. Hence, we don’t expect the observer position to affect the centers of the guess 
distribution. However, it is an open question whether the configuration affects the guess distribution’s 
dispersion. If pointers take the observer position into account, we expect larger guess distributions for 
the side observer positions than for the shoulder positions. Otherwise, we expect constant size of the 
guess distribution. Furthermore, we expect that the centers of the interpretation distribution 
systematically deviate from guess distribution’s center (Krause & Herbort, 2021). We expect the 
observer’s referent distribution to replicate Exp 3b. 
2.3.4 WP3: Interaction 

WP1 and WP2 focused on the initial step of pointing-based communication by examining situations 
in which pointers and observers have only one attempt to agree on a referent. While it is not 
unreasonable to assume that interlocutors may want to communicate efficiently, everyday 
communications leaves room for errors and their corrections. In WP 3, we examine how the possibility 
for interaction affects gesture-speech coordination and how it might affect measures of the guess 
distribution. For this reason, WP3 focusses mostly on the pointer. Note that in everyday 
communications, this role can be assumed by either interlocutor at any moment of a conversation. 
For example, a person who initially assumed an observer-like role may switch to a pointer-like role 
when verifying whether the correct referent was identified. 
2.3.3.1 Experiment 5: Effect of prospect of observer feedback on gesture-speech coordination (naïve 

pointers and observers, real environment) 
Exp. 5 aims to disentangle two hypotheses that pertain to how pointers strike a balance between 

efficiency and effectivity in their verbal descriptions. On the one side of this efficiency-effectivity 
continuum, pointers could generally try – based on their guess distribution – to unambiguously refer 
to an object with gesture and speech. On the other side of the continuum, pointers might accept 
misunderstanding in a considerable percentage of episodes to reduce verbal effort assuming that 
information can be incrementally added, if necessary. If such considerations affected verbalizations, 
verbal estimates of the guess distribution might underestimate its size. Thus, Exp. 5 examines 
whether pointers consider the possibility for later corrections when selecting their initial descriptions. 

Exp. 5 uses a simplified version of Exp. 4a (without variation of the inter-object distance) but adds 
a condition in which pointers receive feedback about the observers’ choices and can provide 
additional descriptions. More specifically, participants in a no-feedback group are informed that 
observers need to guess the referent as accurately as possible after the pointer finished the 
description, as in Exps. 2, 4a, and 4b. By contrast, participants in a feedback group are informed that 
the pointer needs to show the observer a specific item and that both participants are free to talk until 
the observer confidently identified the referent – thus giving the pointer the opportunity to correct initial 
misunderstandings. The crucial dependent variables in this experiment are the numbers and types of 
feature and location descriptions of the pointers before they first respond to an observer’s utterances. 
To limit adaptation of pointers and observers, for example from noting certain types of 
misunderstandings, only twenty trials will be collected for each dyad. For practical reasons, eye-
movements won’t be tracked. The two conditions will be tested in independent groups.  
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If pointers aim to be unambiguous with their initial reference, we expect no group differences with 
respect to the number or type of feature or location descriptions. If, however, pointers consider the 
possibility for later corrections, we expect them to initially provide fewer descriptions in the feedback 
condition than in the no-feedback condition. 
2.3.3.2 Experiment 6: Effect of observer feedback on gesture-speech coordination (naïve pointers, 

confederate observers, real environment) 
While Exp. 5 focused on how the prospective level of interaction affects verbal descriptions, Exp. 6 

addresses whether and how pointers adapt gesture and speech during repeated episodes of pointing-
based communication. This might be important to consider to which extent “professional pointers” 
such as teachers or guides are able to adapt their gestures and verbal descriptions. Specifically, we 
want to address how pointers react to different levels of bias and dispersion of the observers’ guesses. 
Exp. 6 uses the same setup as Exp. 2, except for three important modifications. First, pointers receive 
feedback about the observer’s guess, which will be shown to the pointer once the observer entered 
their guess. Second, naïve pointers interact with observers, whom they believe to be likewise naïve, 
but who are in fact helpers of the experimenter. The pretend observers are instructed to base their 
interpretations on predefined observer reference positions and not the actual pointing gestures. For 
example, if the pointer is instructed to refer to an item in the center of the screen and describes it as 
“This blue b, over there”, the observer may be instructed to look for a blue letter b close to a position 
30 cm to the right of the center of the screen. Third, the pointing gesture will be recorded using an 
electromagnetic motion capture system (comparable to the setup used by Herbort & Kunde, 2016). 

Two factors will be manipulated between groups. First, the observer reference position will be either 
unbiased (i.e., on average at the position of the pointer’s referent) or biased (i.e., on average at a 
position 30 cm to the left or right of the pointer’s referent, counterbalanced across participants). 
Second, the level of dispersion will be either low (observer reference position is randomly selected 
within a radius of 10 cm around the average observer reference position) or high (randomly within a 
radius of 30 cm). To blind the observer as far as possible with respect to the experimental conditions, 
pointer referents will be selected such that they result in similar observer reference positions on all 
conditions. Each participant will complete 60 trials (a 10 trial pre- and post-test without feedback and 
40 adaptation trials in between with feedback). 

If pointers calibrate the size of their areas of uncertainty to the observers’ guesses (which define 
ground truth for pointers), we expect that, at the end of experiment, pointers guess distribution will be 
larger in the high dispersion group (indicated by more verbal descriptions) than in the low dispersion 
group. If pointers can calibrate the center of their guess distribution, we expect a modification of the 
pointing gestures and possibly adaptations of verbal descriptions. 
2.3.5 WP4: Application 

The aim of WP1-3 is to identify the guess- and referent distribution and their relationship to the 
interpretation distribution. Based on previous empirical work and everyday observations, we expect 
that the interpretations of pointing gestures are not only centered on another position than expected 
by the pointer but also have a higher dispersion than assumed by the pointer and the observer. That 
is, people are overconfident when pointing and interpreting points. In WP4, we want to test whether 
reference with pointing and speech can be improved by bringing the attention of pointers to the biases 
and uncertainties associated with pointing perception. In WP4, we focus on the pointer because 
teachers, instructors, or guides often rely on pointing (e.g., Roth, 2001; Stukenbrock & Birkner, 2010). 
Moreover, these persons are more likely to be in situations in which direct feedback from observers 
is less likely than in everyday dyadic interaction (e.g., a professor in front of a crowded lecture hall). 
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2.3.5.1 Exp. 7: Improving human-human pointing-based interactions (naïve pointers and observers, 
real environment) 

Exp. 7’s objective is to check, whether pointing-based communication between humans can be 
enhanced by informing pointers about the effectivity of their gestures. We assume that inefficiencies 
in pointing-based communication arises in part because pointers have incorrect expectations about 
pointing gestures: They expect to indicate other position than perceived and they overestimate their 
specificity, which in turn results in inadequate verbal descriptions. Hence, in the present experiment 
we want to test whether making pointers aware of biases and/or variability in pointing perception can 
improve reference. 

Exp. 7 will use the same procedure as the feedback condition of Exp. 5. That is, pointers and 
observers are free to talk until the observer wants to make a guess. Both interlocutors will be naïve 
participants. However, special instructions will be provided to the pointer before the experiment, which 
are manipulated in a two-factorial between-participant design. The first factor (bias instruction) will 
inform pointers about how observers process pointing gestures on average, allowing them to 
counteract systematic misunderstandings, or provide no information on the topic. The second factor 
(dispersion instruction) will inform pointers about the variability of pointing perception (i.e., the 
interpretation distribution), allowing pointers to give sufficient verbal descriptions to disambiguate the 
referent for the observer, or provide no special information. The specific instruction on bias and 
dispersion will be derived from the results of WP1-3. The main dependent variables will be the 
efficiency of the communication in terms of errors, the time until the referent was identified, and the 
number of words used. However, also measures of the guess distribution will be computed from the 
pointer’s initial description and eye-tracking data. Each dyad will complete 60 trials which are split in 
four blocks. One week after this session, participants will be invited again for a retention test, which 
uses the same procedure as the first session but does not provide specific instructions and matches 
the pointer with a new, naïve observer. Moreover, in the retention test, the seat positions of pointer 
and observer will be flipped in 50% of the blocks to check whether improvements generalize to new 
situations. 

If the instructions improve pointing-based communication, we expect some performance 
improvements (fewer errors, less time and words needed) in the groups that received instructions 
about either bias or dispersion and larger improvements in the group that received instruction about 
bias and dispersion, compared to a control group. Additionally, we expect initial verbal descriptions to 
be more extensive under the dispersion instruction and pointing gestures to be adapted to counteract 
perceptual biases under the bias instruction. In the retention test, we check whether any 
improvements in the first session persist and whether improvements generalize. 
2.3.5.2 Exp. 8: Improving the legibility of computer-generated pointing (computer-generated pointers, 

naïve observers, VR) 
In virtual environments, computer-generated characters may use pointing and speech for reference 

and these gestures may be specifically tailored to the perceivers (Sousa et al., 2019; c.f. Holladay et 
al., 2014). In Exp. 8, we examine different ways to integrate speech and reference, based on the 
outcomes of WP1-3. In Exp. 8, we want to examine three factors which might hinder successful 
reference: biases, inappropriate verbal descriptions, and the observers’ overconfidence in their 
interpretations. 

Exp. 8 will use a procedure like Exp. 3a, however without the variation of the inter-object distance. 
Instead, the following three factors will be manipulated. First, the computer-generated pointing gesture 
will be naturalistic (as produced by naïve pointers) or observer-centric (distorted to be understood by 
the observer; Sousa et al., 2019). Second, the verbal descriptions will either be exhaustive (i.e., 
disambiguating the object) or minimal (disambiguating the object in the observer’s referent 
distribution). Third, the pointing gesture will be static or designed to indicate the interpretation 
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distribution by movements of the arm and finger (e.g., the pointing finger describes a small circle to 
indicate that the referent may be in a larger area than expected by the observer). 

The eight different combinations of these factors will be repeated 20 times in trial-wise randomized 
order. The main dependent variables will be the interpretation accuracy, measured as spatial distance 
between referent and the observer’s guess, as well as RT. The condition-wise referent distributions 
will be assessed as mediators of possible effects. 

We expect that in conditions with an exhaustive verbal description, observer-centric pointing 
gestures and indication of perceptual variability will mainly lower RTs but – due to the exhaustive 
description – errors will be generally low. In conditions with minimal descriptions, we expect lower 
spatial error in condition with observer-centric and indications of perceptual variability but a limited 
effect on RT. We expect the best overall performance in conditions with minimal descriptions, 
observer-centric gestures, and indications of perceptual variability. 
2.3.6 Summary and Schedule 

Table 1 provides the planned sample sizes, participant-hours, and dates for each experiment. 
       Planned Month 

Exp. Power 

Design 
/ 

Effect size 
Sample Size 

(dyads or participants) Duration (min) Total Participants Hours 
Total Experimenter 

Hours 

1 
- 
6 

7 
- 

12 

13 
- 

18 

19 
- 

24 

25 
- 

30 

31 
- 

36 
1a .9 within / medium 44 part. 45 33 33       
1b .9 within / medium 44 part. 60 33 33       

2 .95 within / medium 54 dyads 75 135 67.5       
3a .9 within / medium 36 part. 60 36 36       
3b .9 within / medium 36 part. 75 45 45       
4a .95 within / medium 48 dyads 60 96 48       
4b .95 within / medium 48 dyads 70 112 56       

5 .95 between / large 68 dyads 15 34 17       
6 .95 between / large 68 part. 30 34 68       
7 .95 between / large 68 dyads 60 136 68       
8 .95 within / medium 44 part. 60 44 44       
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4 Relevance of sex, gender and/or diversity 
In our previous experiments, factors such as sex or gender, did not have effects beyond differences 

in the average body geometry (e.g., arm length). To guarantee equal applicability of our data to 
women and men, we aim for an approximately equal representation of men and women in our 
experiments and will use computer generated pointers that resemble average women and men. 
  


