ABSTRACT
MATALENAS, LAURA ANN. Food Portion Estimation: Training Flexible Spatial-Cognitive
Estimation Strategies using Augmented Reality. (Under the direction of Dr. Anne Collins
McLaughlin).

It is currently unclear how to train portion size estimation in a way that is accessible and
generalizable to novel contexts. Though there are many ways to support spatial judgments, from
measuring cups to rulers, much is unknown about supporting spatial skills through training. In
portion estimation, it is important to understand the cognitive strategies that may help to
overcome the perceptual biases relating to food estimation. For example, people tend to
underestimate the amount in their portion choices (e.g., Matalenas, 2017; Riley et al, 2007),
leading to larger portions. Augmented reality (AR) might be effective for providing customized
and flexible training and cognitive support. This study is composed of two experiments
examining ways to train people to estimate food portions using AR. In Experiment 1, the effect
of “shape” was examined by comparing absolute error and error across participants in non-AR
and two types of AR conditions (solid volume and breaking into components), finding a
significant benefit of estimating using a solid shape, as opposed to a shape broken into
components. In Experiment 2, the effect of “meaningfulness” of cognitive anchoring during
practice (i.e., is an anchor point more effective if it is familiar?) and the strategy of creating
smaller portions out of a larger example amount were examined. Performance and learning were
measured in both experiments. Using meaningful AR anchors resulted in the best performance
and most learning. The results from this study contribute to a theoretical framework surrounding
AR design for training, specifically spatial estimation. Based on the findings, the

recommendation is to provide meaningful cues and solid shapes via AR during training. Using



this information, general guidelines were created for augmented reality experiences specific to
food portion estimation.
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Food Portion Estimation: Training Flexible Spatial-Cognitive Estimation Strategies using
Augmented Reality
Diabetes affects 29 million people in the U.S. (CDC, 2011). Diet is the greatest risk
factor for type 2 diabetes; self-management through diet alone can contribute to positive
outcomes for people who currently have type 2 diabetes (Fung et al., 2004). However,
approximately 48% of people with type 2 diabetes do not follow a meal plan (Shultz et al, 2001).
When investigating meal plans, portion size may be particularly important because of its direct
relationship to calorie and carbohydrate intake. It is currently unclear how to train portion size
estimation in a way that is accessible and generalizable. One potential avenue is through
currently ubiquitous technologies, such as smartphones, tablets, and other mobile devices, and
through new software supported by these devices such as mixed or augmented reality (AR).
While there is great potential for AR to benefit estimation training, there are many unknowns
regarding the design of the AR. For example, it is not known if there is a benefit to providing
known objects as exemplars of volume, whether it is advisable to show larger objects as broken
into components, or whether situated AR training also supports retention and transfer of the skill.
The goal of this research was to gain basic knowledge regarding AR design for training while
also understanding which AR designs result in more effective portion size estimation training.
Portion Size Estimation & Measurement: Perceptual and Cognitive Considerations
Rolls, Roe, and Meengs (2007) found that when people are given oversized portions at

mealtime, they tend to overeat. Overeating that stems from being given an oversized portion
continues past a single meal; people continue to overeat for a series of days if the meals they are
offered continue to be oversized. For example, if a person goes to a restaurant and is given an

oversized portion, they will eat more than a normal portion size. If they go to another restaurant



with oversized portions the next day, they will still eat more than a normal portion size. When
portion sizes given to a person are reduced, the same levels of satiety are self-reported (Rolls,
Roe, & Meengs, 2006), meaning that overeating is not due to feeling less full. For people with
diabetes, it is particularly important to think about these oversized portions when considering
carbohydrate intake, as proper estimation of these portions could significantly reduce the total
carbohydrates consumed, especially for foods with higher carbohydrate content. Providing
strategies for portion estimation has been studied in the past (e.g., Ordabayeva & Chandon,
2016) but strategies vary in effectiveness for improving estimation skills. Before discussing
potential strategies to mitigate poor estimation skills, it is important to understand the perceptual
biases present in food estimation tasks.

Ordabayeva & Chandon (2016) discussed potential perceptual, cognitive, and affective
reasons for the underestimation of portion sizes for consumers. Two of these may be particularly
helpful to understand when trying to mitigate volume estimation errors: (1) Supersized portions
appear smaller due to the disconnect between the visible surface area and volume. As an object
grows in size, volume increases faster than surface area, leading them to have inaccurate
estimations of volume based off the surface area of the object. People with higher scores on tests
of reasoning and spatial ability are less affected by this disconnect (e.g., Taylor & Jones, 2013).
(2) Portions are underestimated strongly when more of the physical dimensions (i.e., height,
width, length) change simultaneously. If a 3D shape or food package increases only in one-
dimension (e.g., height) people are more accurate than when it changes in multiple dimensions
(e.g., height and width; height, width, and length). Shapes that allow for differentiating change in
volume (e.g., a conical glass where radius is changing as the glass is filled vs. a cylinder with

straight sides where only the height changes) likely increase error-prone estimation.



Cognitive Strategies & Cognitive Aids for Volume Estimation Error

A cognitive strategy is a set of skills, methods, and knowledge a person uses when
learning a new skill; the goal of a cognitive strategy is to promote acquisition, transfer, retention,
and retrieval in real-world settings (Baker et al., 2002; Rigney, 1978). For estimation of food
portions, cognitive strategies may help to overcome the underestimation bias. For example,
Ordabayeva and Chandon (2016) noted that a potential strategy is to physically or cognitively
break apart a meal into smaller components, effectively reducing the increased potential for error
from perception of size by having smaller components to estimate. However, people do not
always have the knowledge and skills needed to enact a specific cognitive strategy and may need
support. A way to support cognitive strategies (e.g., breaking apart portions into smaller
components) may be to use cognitive aids, which have been shown to be helpful for supporting
people during difficult cognitive tasks in domains such as pedagogy (Makany, Kemp, & Dror,
2009) and medicine (Bould et al, 2009; Marshall & Mehra, 2014; Neily et al, 2007).

Cognitive aids are designed to make people more efficient when completing tasks by
offloading information to a tool instead of using cognitive resources to store and retrieve the
information (Rosenthal & Downs, 1985). According to Fletcher and Bedwell (2017), there are
two types of cognitive aids: those that support immediate performance and those that support
generalization and learning. Cogpnitive aids that target performance make the operator more
accurate and faster in the short term (e.g., a checklist during a medical emergency), but will be
less likely to generalize or lead to long lasting changes in cognition. Thus, these types of
cognitive aids work best in situations where it is critical the task is done quickly and correctly
but does not need to generalize to situations without a cognitive aid present. In the context of

food estimation, a cognitive aid should also focus on learning transferable knowledge and skKills.



Learning encourages long-term procedural change for behavior and is measured after a
retention interval or transfer task (Dweck, 1986; Johnson, Perlow, & Pieper, 1993; Salmoni,
Schmidt, & Walter, 1984; Schmidt & Bjork, 1992; Soderstrom & Bjork, 2015). Performance is
short-term and is measured by the accuracy and outcomes of responses during or immediately
after training; performance gains may or may not predict learning (Soderstrom & Bjork, 2015).
Transfer learning allows people to generalize their knowledge and skills to different situations
and estimation tasks. For example, in the case of portion estimation, a person would need to
estimate correctly in a wide variety of situations including when a food may have misleading
perceptual characteristics (e.g., food modality), the container the food is in (e.g., drinking glass,
bowl, plate, storage containers), or environmental impacts to estimation (e.g., at home, ina
restaurant, lighting changes). In the case of food estimation, it is important to balance
performance and learning so that accuracy is not sacrificed early in training (i.e., performance)
even with the goal of long-term behavior change (i.e., learning). Two types of cognitive aids that
focus on performance and learning specifically for portion size estimation are: (1) 2D and 3D
models of food portions: abstract or high-fidelity shapes that serve as metaphors for the food
portion (e.g., blocks, rubber food portions) and (2) photographs of real food of specific types or
modalities and in measured portion sizes.

There are strengths and limitations to using models and photographs for portion size
estimation. One group of researchers found that both methods improved participants’ estimation
abilities, though improvements were higher using food photographs than 3D models (Howat et
al. 1994). This indicates that specific information about the food (e.g., context, modality, etc.)
gained from the photograph allowed participants to be more accurate. Further, differences in

perceived size of food portions with pictures are similar to those in real world situations (Brown



and Oler, 2000). However, similar to real world situations, when examining 2D photographs of
foods, the accuracy of reported portion sizes depends on the specific food and the physical
characteristics of the food (i.e., food modality; a liquid vs a solid; Lucas et al., 1995). The size of
the portion is also important when examining food photographs: people tend to think that smaller
portions are larger than they are (overestimated), and they think that larger portions are smaller
than they are (underestimated; Lucas et al., 1995). Thus, to promote learning, it may be
important to provide 3D visual information and scaffolding for cognitive strategies to train
people to overcome these perceptual biases from real world situations and food photographs.

Unless a cognitive aid specifically targets practicing and transferring skills, performance
declines without the cognitive aid present (e.g., in a restaurant). While researchers have
investigated different cognitive aids for portion size estimation, attention to specific elements of
practice and transfer is lacking. For the examples above (i.e., physical measurement aids such as
paper photos, hand-held 3D models), it is particularly important to address their limitations in
transfer and learning due to their impracticality for use outside the home. Without the proper
design of training and enough practice with the cognitive aid to support learning and transfer, the
benefits of using one of these models in the home may not generalize to the real world (e.g., a
restaurant; Rapp et al., 1988). Part of this issue may come from variability in measurement aids
leading to poor transfer of estimation skills (Robson and Livingstone, 2000). Standardization of
measurement aids can help to alleviate some of the issues with food estimation (Bucher et al.,
2017); however, if the person who is estimating their portion size does not have a clear reference
for contextual learning, they will not be able to flexibly use the strategies they used with the

cognitive measurement aid in a real setting.



Many of the studies discussed showed a performance benefit for using a real food, a
photograph, or a known object for comparison. However, it is unclear from the literature if this
also helps people learn and transfer their skills. It might be the case that a photograph of food is
helpful because the specificity of a photograph creates a more semantically relevant anchor point
(i.e., a cue that indicates what the amount is with reference to other amounts) than abstract 3D
models provided in these types of studies and that a clear comparison point is crucial for transfer.
Whether a visual anchor point promotes performance at the cost of learning and transfer for
volume estimation is unknown; however, there have been studies on anchor points relating to
properties of food such as calorie content.

Cognitive Anchoring and Potential Applications to Volume Estimation

Using anchor points may be beneficial for food estimation because they provide
transferable points of reference to compare across situations. One study examined the use of a
standardized calorie system that used an anchoring methodology for calorie content of foods and
combined this with a photograph measurement aid (Martin et al., 2007). The anchors in this
study were not directly related to physical size or volume of the item but were related to number
of calories. Participants were provided with calorie information for each food group and
reference foods with known calorie content. Participants trained with and memorized these
calorie anchor point foods over several weeks and were able to successfully estimate calorie
content of meals at a test. Participants were also tested on their ability to estimate portion sizes
and were more accurate after learning the calorie anchor points, though not as accurate as with
calorie content. Because participants trained with and memorized these anchor points, they
became familiar with them over time. When an anchor point is more familiar, it may be the case

that it is more easily retrieved from memory and readily available to compare to environmental
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cues. However, while this trained familiarity is helpful, it may be less meaningful than shapes or
volumes of items that have been overlearned (e.g., the size of a deck of cards, the size of a tube
of toothpaste). It is important to investigate how meaningfulness of the anchor points chosen
impacts training people to estimate food portions.
Meaningfulness of Cognitive Anchor Points

People naturally make associations between things in their environment. Using this
natural tendency combined with anchor points such as those described in the previous section to
create more meaningful anchor points may help improve the ability to train estimation skills.
During some training methods for food estimation, people are given meaningful anchor points to
estimate volume. For example, the American Cancer Society describes the amount of meat
people should eat per day using household object anchors: a 3 0z portion of meat (the
recommended portion for a meal) is about the size of a deck of cards or a bar of soap. This is
different from training just an anchor point (e.g., a 3 0z portion of meat is the recommended
portion of a meal) because it is more tangible and related to previous knowledge about size and
volume. New technologies such as AR may help provide meaningful anchor points that are
visible on ubiquitous devices such as smartphones rather than accessed from human memory.
Benefits of AR Training

AR is a software that enables the user to see virtual elements projected by a computer or
mobile device in the real world. Thus, the real world is “augmented” by virtual elements from
the computer. AR has the potential to provide interactive, situated learning for estimating portion
sizes. For people with diabetes, the mismatch between the environment and eating goals makes

skill practice a challenge, but AR allows skill practice in a safe, real-world, simulation. Further,



AR is more likely to be present in the environment when used on a ubiquitous device such as a
smartphone.

For food estimation, AR may be beneficial. As a cognitive aid, AR can support many 2D
and 3D visualizations without having to carry many individual devices. The modality of the
images displayed can be flexible (i.e., can change from liquid to solid, solid to amorphous, etc.).
As a tool to train cognitive strategies, AR can promote learning through a digital environment
created with proper learning principles in mind. The user does not have to learn to train
themselves, as they may have to with a physical 3D model or a picture. This technology affords
manipulation of physical size and shape which may help compensate for estimation biases
related to perception. AR was found effective for portion size measurement in other studies (e.qg.,
Rollo et al., 2017). In this study, usability and ease of use were high; however, the researchers
used AR as a perceptual measurement aid (i.e., to help with performance) instead of a cognitive
strategy training estimation tool.

Study Goals
This project is composed of the following specific aims:

1. To understand the potential of reducing the underestimation bias and the impact of AR,
error was compared across participants in non-AR and two types of AR conditions (AR
displayed as a solid volume and AR displayed broken into components)

2. To understand the impact of different cognitive strategies for reducing underestimation of
portion size, the effect of “meaningfulness” of cognitive anchoring during practice (i.e., is
an anchor point more effective if it is already familiar?) was examined. An AR display of
the volume broken into components as a cognitive training aid was used during practice

and no AR was used for a learning test.



3. To understand how AR and cognitive strategies impact performance and learning, error
was measured at the time of practice and from two transfer tasks.
4. To understand if individual differences impact estimation error, scores on spatial ability
tests and estimation error were compared.
The results of these experiments will be used to inform the design of an augmented reality
cognitive strategy training tool for the self-management of type 2 diabetes through better portion
size estimation.
Two experiments were conducted to satisfy the project aims. The results of the two
experiments were hypothesized to reflect the following:

1. A benefit of AR conditions when compared with the control condition. The error
would be greater in the control condition than in the experimental conditions.

2. A benefit of component strategy over solid strategy. The error would be greater if
the shape was solid than if it was in components.

3. A benefit of meaningfulness when compared with random conditions. The error
would be greater in the random conditions than in the meaningful conditions.

4. A relationship between paper folding and liquid estimation, where people with
greater spatial abilities performed more accurately than those with poorer spatial
abilities. Both paper folding and liquid estimation would predict AR estimation
error.

Method: Experiment 1
Participants
There was a total of n = 52 participants in Experiment 1. Two additional participants

were excluded from analysis after completing a conservative form of the interquartile range
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(IQR) outlier calculation. To identify outliers, participants who fell 3 times the IQR below the
first quartile or above the third quartile on any of the means of practice trial or test trial error
were excluded from all analyses. Participants were all undergraduate students recruited from a
large southeastern university using an online participant recruitment system and from in-class
recruitment. The group of participants from the online recruitment system received course credit
for participation, and the participants recruited in-class were provided extra credit. Participant
characteristics from Experiment 1 are described in Table 1 below.

Table 1

Characteristics of Participants in Experiment 1

Characteristic Mean SD n %
Gender
Female - - 31 59.62
Male - - 21 40.38
Age 20.12 194 52 100
18-19 - - 24 46.15
20-24 - - 26 50.00
25-29 - - 2 3.84
Race
White Caucasian - - 40 76.92
Black/African American - - 3 577
Asian - - 7 135
Native Hawaiian/Pacific Islander - - 1 1.92
Multi-racial - - 1 1.92
Self-efficacy score 26.81 4.41 52 100

Paper folding score 11.92 4.43 52 100
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Materials

Materials consisted of a 1) Samsung Galaxy S4 tablet with an AR application created in
Unity using Vuforia (see Figure 1), 2) a computer for demographics, surveys, and ability tests, 3)
a food scale, dry quinoa, clay, paper consent forms and pens, and 4) the following

questionnaires, surveys, and ability tests:

AR Display

Figure 1. An example trial from the AR estimation task.

AR Application. The AR application used a marker (in this case, a piece of paper with a
picture on it; see the red paper in Figure 1). The program displayed a 3D image when the camera
detected the picture of the marker. For this experiment, there were two programs: one that
projects a picture of a solid 3D shape using AR, and another that projects the same volume,
broken into 4 pieces using AR. There was also a control condition with no AR display, just a
picture. See Figure 2 for an example of solid versus component views that were on the AR

display.
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Figure 2. An example of solid vs component views. The left shows the solid view on the AR display and the right
shows the component view on the AR display. Both the solid and component view have the same volume and the

piece of clay is the same volume.

Measurement Ability. To understand participants’ measurement experience, they rated
themselves on statements such as: “How well would you be able to estimate the correct volume
of the following foods without a measuring device (e.g., a measuring cup, a measuring spoon)?”
Each question consisted of a common food object (e.g., bread, cereal, juice), US, or metric
amounts (e.g., ounces, liters). Questions that were related to each other (e.g., US measures,
Metric measures) were summed to make sub scores. All scores were summed to look at an
aggregate score as well.

Estimation Self-Efficacy Scale. In this experiment, the general self-efficacy scale was
modified for the estimation task and is used to see if there are relationships between belief in
successful outcomes in the measurement task (task-specific self-efficacy) and task performance.
The general self-efficacy scale is a self-report measure to assess personal beliefs of capacity to
perform certain behaviors, meet goals, and achieve success in a general sense (Schwarzer &
Jerusalem, 1995). The scale consists of 10 items and is scored by adding the items together.
Total score is between 10 and 40 points. In a previous experiment, it was found that estimation

self-efficacy was related to task performance, where participants who were higher in self-
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efficacy performed with significantly lower error for several tests (see Matalenas, 2017 for more
detail).

Spatial Ability Tests. Paper folding. The paper folding task consists of an image on the
left displaying a piece of paper folded in various ways (Ekstrom, French, Harman, & Dermen,
1976; Thurstone, 1938). The final folded piece of paper has a dot representing a hole punched
through the piece of paper. The task is to select the appropriate unfolded piece of paper from a
list with resulting holes in the correct configuration based on the punched hole. Participants were
instructed to aim for high accuracy and quick response time.

Liquid Estimation Test. This task was modeled off the Piagetian conservation task
conducted with children (Ginsburg & Opper, 1969; Hooper, 1969; Piaget, 1965). For adults, the
goal of the task was to understand how estimation ability (as opposed to direct conservation) is
affected by changes in attributes of the containers. Participants were presented with liquid in a
first container on the left side of the screen and instructed the participants to indicate the volume
that liquid would fill in a second container on the right of the screen. The following properties of
the right glass were manipulated: the radius of the bottom of the right glass was small or large
and the slant angle was 0°, 15°, or 30° (see Figure 3 for an example trial). Performance is
calculated as a percentage of error (i.e., the ratio of the amount reported in the left glass to the

amount in the right glass).
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Estimate the volume of liquid on the left by filling the glass on the right. Use the mouse to adjust the fill level, then click to lock or unlock it. Click 'Submit’
to submit your response and continue to the next set of glasses. When there are no more glasses, you will be redirected to the end survey.

Figure 3. An example trial from the liquid estimation task. The shape and size of the left glass was held constant

throughout the experiment as an example the participants had to match. However, the amount of liquid in the left

glass changed trial by trial.

AR Estimation Design
There were three between-participants conditions:

(1) ano AR condition, where participants were instructed to estimate the volume in mL by
molding a piece of clay of the same volume without an example picture or an object of
similar size

(2) asolid AR visualization condition where participants were instructed to estimate while
viewing a single solid AR volume by molding a piece of clay of the same volume

(3) acomponent AR visualization condition, where participants were instructed to estimate
by molding a piece of clay of the same volume while viewing an AR volume broken into
four smaller components. Participants in this condition were instructed to create a solid

object using clay instead of creating each of the four pieces separately.
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Dependent variables were error for practice and test trials and absolute error for practice and
test trials. The dependent variables were assessed during two practice sets and three test sets. The
experiment included 4 trials in each set (a total of 8 trials); each trial alternated between 45mL
and 90mL until both sets were completed. There were two orders between participants starting
with either 45mL or 90mL (i.e., the presentation order was counterbalanced). The test trials
consisted of one of the two amounts they practiced (45mL), a near transfer (150mL), and a far
transfer (45mL of dry quinoa). Additional descriptives collected were demographics,
measurement ability, estimation self-efficacy, paper folding score, and liquid estimation score.

NASA-TLX. The NASA-TLX provides a subjective assessment of workload via an
average of six weighted items: mental demand, physical demand, temporal demand, task
performance, effort, and frustration (Hart & Staveland, 1988). The assessment takes
approximately five minutes to complete and is scored by averaging the six ratings and then
instructing them to prioritize pairs of the items (e.g., mental vs. physical) to establish a weight of
importance for each item for the task. For this experiment, the NASA-TLX was used to
understand how workload was related to task performance after participants completed the AR
estimation task.
Procedure

When participants arrived, they were instructed to fill out the informed consent
documents, complete the demographics survey, and complete the measurement ability survey.
Then they were instructed in the estimation task. For the estimation task, they were instructed to
either visualize what they thought the volume would be or would look at an AR visualization on
the tablet. All conditions had a tablet, but only the AR conditions saw an AR display. They

practiced two amounts with clay, alternating between the two each trial. Participants were
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instructed to practice the amounts for a total of 8 trials, 4 trials for each amount. After they
practiced, they were instructed to complete the NASA-TLX, paper folding task, and liquid
estimation task on the computer. They were then tested on their ability to estimate volume. The
first test was a clay estimation test using 45mL, one of the two amounts they practiced. In the
second test, participants were instructed to estimate a near transfer amount, 150mL. The last test
was a far transfer test using 45mL of a different type of food (dry quinoa). Each test was
completed four times for a total of 12 test trials. The entire experiment took about an hour.
Results: Experiment 1

Primary Analyses

To explore whether the control, solid, and component conditions differed, first a
multivariate ANOV A was conducted with experimental condition as the independent variable
and the mean absolute error for each of the practice and test trials as the dependent variable. For
the practice trials where participants practiced 45mL, there was a significant difference between
the conditions with F(2, 49) = 4.04, p =.024, n> = 0.14. At practice for 90mL, there was also a
significant difference between the conditions with F(2, 49) = 6.32, p =.004, 2 = 0.21. When
tested on 45mL, there was a significant difference between the conditions with F(2, 49) = 5.16, p
=.009, 5,2 = 0.17. For the near transfer (150mL) test, there was also a significant difference
between the conditions with F(2, 49) = 6.71, p =.003, #, = 0.22. The solid condition had
significantly lower absolute error than both the control and component conditions in these four
types of trials. There was not a significant difference between the conditions for far transfer (F(2,
49) = 3.01, p =.059, 72 = 0.11). A visualization of the mean absolute error broken by trial and
condition is in Figure 4 below. Note: for all figures in this document, components will be

indicated by the diamond “tile” pattern as seen below.
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Figure 4. Mean absolute error (%) for practice and test trials divided by condition. The error bars represent the

standard error of the means.

To further understand the differences between the three conditions, a multivariate
ANOVA was conducted with experimental condition (3 levels: control, solid, component) as the
independent variable and the mean error (i.e., including the direction of the error, positive or
negative, in the mean) for each of the practice and test trials as the dependent variable. Including
error in addition to absolute error allows us to explore how just making an error at all (i.e.,
absolute error) might differ from exploring error in the context of overestimation (i.e., seeing the
AR obiject as larger than it is; negative error) and underestimation (i.e., seeing the AR object as
smaller than it is; positive error). For the practice trials there were no significant differences
between the conditions when participants practiced 45mL with F(2, 49) = 3.03, p =.058, 7, =
0.11 or when participants practiced 90mL, with F(2, 49) = 2.73, p = .08, 7> = 0.10. When tested
on 45mL, there was a significant difference between the conditions with F(2, 49) =4.92, p =

.011, »> = 0.17. For the near transfer (150mL) test, there were no significant differences between
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the conditions with F(2, 49) = 1.77, p = .181, 5> = 0.67. There was a significant difference

between the conditions for far transfer (F(2, 49)= 3.20, p = .049, 5 = 0.12). A visualization of
the mean error broken by trial and condition is in Figure 5 below.
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Figure 5. Mean error (%) for practice and test trials divided by condition. The error bars represent the standard error

of the means.

To explore underestimation and overestimation, the frequencies of positive and negative error
were also examined for each condition and trial type. Overall, participants were underestimating
more often than they were overestimating; in the component condition, participants were
underestimating 81% of the time, in the solid condition participants were underestimating 67%
of the time, and in the control condition participants were underestimating 49% of the time. The
frequency of whether the error was positive or negative in direction is represented in Figure 6

below.
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Figure 6. A comparison of the frequencies of positive and negative error by condition and trial type.

To understand the differences in magnitude of error between underestimating and overestimation

for each trial and condition, the means for positive and negative error for each condition and trial
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type were compared. Although the control condition had the fewest participants underestimating,
the mean error by which they were underestimating was higher than the solid condition at
90.61%. The mean for underestimation for the solid condition across all trials was 43.14%, and
the mean for underestimation for the component condition across all trials was 104.09%. The
means for overestimation were -41.83% error for the control condition, -23.94% error for the
solid condition, and -41.74% error for the component condition. Thus, when a participant
underestimated, they tended to underestimate with more error than a participant who

overestimated. This is depicted in Figure 7 below.
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Spatial abilities and AR estimation

To understand how spatial abilities were related to performance in the AR task, a
bivariate correlation was conducted between the two measures of spatial ability (i.e., Liquid
Estimation and Paper Folding) and the accuracy of participants in each of the three AR
estimation conditions for absolute error. The paper folding task was not related to any of the trial
types for the control condition or the component condition. However, there were significant
correlations between the paper folding task and absolute error in the solid condition (Tables 2-4).

We examined the relationship between liquid estimation scores and the accuracy of
participants in each of the three AR estimation conditions. There was a significant correlation
between one sub score of the liquid estimation task and the AR estimation trials for the solid
condition and two significant correlations between the 90mL practice and two trial types in the
liquid estimation task for the component AR condition. However, there were many significant
correlations between the sub scores in the liquid estimation task and the AR estimation trials for
the control AR condition. As a reminder, the glasses in the liquid estimation task varied in radius
and side angle. The correlations between different trial types in the liquid estimation, the paper

folding scores, and the AR estimation task are represented in Tables 2-4 below.



Table 2

Correlations between spatial abilities and estimation accuracy in the solid condition

Practice: Practice: Test: Near Transfer: Far Transfer:
45mL 90mL 45mL 150mL 45mL

Liquid Estimation

Mean of all trials 0.12 -0.05 -0.02 -0.23 0.12

Small radius, straight-sides ~ “0-11 -0.05 0.03 -0.18 0.05

Small radius, 15° angle -0.20 -0.31 -0.24 0.07 0.18

Small radius, 30° angle -0.01 -0.30 0.19 -0.04 0.29

Large radius, straight sides ~ 9-12 0.04 0.09 -0.27 -0.18

Large radius, 15° angle 0.11 0.35 -0.17 -0.04 0.03

Large radius, 30° angle 0.57° 0.43 0.12 -0.39 -0.01

Control -0.13 -0.28 -0.10 -0.01 -0.09
Paper Folding Score -0.55* -0.48* -0.56* 0.23 0.15

Note. These correlations are for the n = 18 participants in the solid condition only. Correlations indicated with a * and ** are
significant at the p < .05 level and p < .01 level respectively.
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Table 3

Correlations between spatial abilities and estimation accuracy in the component condition

Practice: Practice: Test: Near Transfer: Far Transfer:
45mL 90mL 45mL 150mL 45mL

Liquid Estimation

Mean of all trials 0.22 0.45 0.14 0.20 0.14

Small radius, straight-sides ~ ~0-34 -0.19 -0.40 -0.17 -0.02

Small radius, 15° angle 0.02 0.12 -0.07 -0.01 0.41

Small radius, 30° angle -0.09 0.09 -0.08 -0.17 0.29

Large radius, straight sides ~ 9-23 0.38 0.12 0.23 0.05

Large radius, 15° angle 0.45 0.64™ 0.40 0.34 0.19

Large radius, 30° angle 0.44 0.59" 0.37 0.39 0.32

Control 0.10 0.37 0.10 0.18 -0.43
Paper Folding Score -0.13 -0.18 -0.13 -0.07 -0.11

Note. These correlations are for the n = 17 participants in the component condition only. Correlations indicated with a * and ** are
significant at the p < .05 level and p < .01 level respectively.
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Table 4

Correlations between spatial abilities and estimation accuracy in the control condition

25

Practice: Practice: Test: Near Transfer: Far Transfer:
45mL 90mL 45mL 150mL 45mL

Liquid Estimation

Mean of all trials 0.72** 0.64** 0.67** 0.49* 0.03

Small radius, straight-sides  0.69** 0.62** 0.54* 0.31 0.05

Small radius, 15° angle 0.73** 0.70** 0.71** 0.58* 0.18

Small radius, 30° angle 0.50* 0.59* 0.39 0.56* 0.29

Large radius, straight sides  0.41 0.31 0.49* 0.10 0.01

Large radius, 15° angle 0.29 0.16 0.26 0.20 0.03

Large radius, 30° angle 0.36 0.19 0.35 0.12 -0.04

Control 0.09 0.10 0.10 0.10 -0.23
Paper Folding Score -0.36 -0.15 -0.36 -0.30 0.88

Note. These correlations are for the n = 17 participants in the control condition only. Correlations indicated with a * and ** are
significant at the p < .05 level and p < .01 level respectively.
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Self-efficacy, NASA-TLX, Measurement Ability, and AR Estimation

To understand how self-efficacy, NASA-TLX, and measurement ability were related to
performance in the AR task, a bivariate correlation was conducted between the two measures of
spatial ability and the five AR estimation trial types. There were no significant correlations
between self-efficacy or measurement ability and AR estimation. There were significant
correlations between the NASA-TLX weighted sub score of perceived Performance and the
mean absolute error for the practice trials of 45mL (r(50) =-.35, p =.011) and the test trials of
45mL (r(50) = -.35, p =.011). When looking at error instead of absolute error, Performance was
significantly correlated with the practice 45mL (r(50) = -.41, p = .002), the practice 90mL (r(50)
=-.35, p =.012), the test 45mL (r(50) = -.44, p =.001), and the near transfer test (r(50) =-.28, p
=.047). None of the other sub scores nor the composite weighted workload were related to AR
estimation.

Discussion: Experiment 1

A summary of the primary analysis findings from Experiment 1 are in Table 5 below.
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Table 5

General findings from Experiment 1

Near Transfer  Far Transfer

Practice 45mL Practice 90mL  Test 45mL 150mL 45mL

Error

= Component = Component = Component = Component

Control No Differences

> Solid > Solid > Solid > Solid
o Conponent < Comporent < Component < Companet o ifrncs
Componere ZO0L - =Omel - =Contel = Cotl o ptrnces
Absolute Error
Control No Differences No Differences < Component No Differences < Component
Solid No Differences No Differences < Component No Differences < Component
Component No Differences No Differences - gosn?:ijdl No Differences - éoi?:io(i

Note. Greater than/less than signs reference the comparison of error between the conditions.

Contrary to the hypotheses for this experiment and the literature on estimation, results
from Experiment 1 indicated a benefit of solid shape in the AR display across trials when
looking at absolute error. Overall the component condition showed the highest absolute error.
While there was a perceptual difference between solid and component shapes, the effect of that
perceptual difference on estimation accuracy was the opposite of what was expected. In previous
studies (e.g., Ordabayeva & Chandon, 2016), cutting food into smaller pieces helped participants

because it made the food appear larger, prompting them to remove or avoid eating some of the
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food. Thus, it was a cognitive/perceptual heuristic that allowed people to see the oversized
portion size as even larger than it was, prompting them to avoid eating as much. However, in this
experiment, participants were instructed to examine the component view and reconstruct the
solid object using clay. In this case, the component view made the object look larger, like the
previous studies, but because they were matching the perceived volume from the AR display
instead of using it as a heuristic to view a large portion as even larger and remove some volume,
they had higher levels of error. Geier, Rozin, and Doros explain this effect as the “unit bias,” a
bias that leads people believe there is more food if broken into smaller pieces (2006). Like
findings that Ordabayeva and Chandon pointed out, this bias leads people to eat less if food is
broken into smaller units because they think there is more food present (2016). Breaking
oversized, predetermined solids into components may be a valuable strategy when choosing how
much food to consume because the component view may make the object look larger, but it is
inaccurate when using AR to train people how to portion foods accurately. From our findings, it
is more helpful to teach people what the true values of solid shapes look like instead of using
breaking food portions into components as a heuristic when using AR to train people about
accurate portion sizes.

When examining the error for Experiment 1, participants in the component condition had
the highest error, but the benefit seen for participants in the solid condition using absolute error
was smaller. This may be due to participants alternating under and over estimation between
trials, especially in the control condition, which had high variability (see Figures 3, 4, and 6). It
is helpful to look at both absolute error and error to understand how the data is distributed, how
errors are taking place, and how underestimation and overestimation of food portions are

quantitatively different. The mean of positive error was higher than negative error. This could
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indicate a floor effect (i.e., each percentage lower a person estimates, the less likely they are to
decrease by another percentage); however, it is also possible there is perceptual bias when using
the AR display that influenced people to underestimate. Other researchers have outlined some of
the potential perceptual biases of AR (e.g., Drascic & Milgram, 1996; Kruijff, Swan, & Feiner,
2010), but specific examination for food portion estimation has not been conducted.

In Experiment 1 there was a consistent relationship between the liquid estimation and the
AR estimation tasks for the control condition. This relationship was not as consistent for other
conditions. This indicates that the impact of spatial abilities on estimation is important for the
control condition, but that with the presence of AR training, the impact of spatial abilities all but
disappears. Thus, a person does not need high spatial abilities to learn food estimation skills if
the training program is designed effectively.

Perceived performance as measured by the NASA-TLX was related to AR error. This
may indicate that people have some idea of when they are performing well with estimation tasks,
even if they are more difficult and abstract, like the control condition in Experiment 1.

Method: Experiment 2
Participants

There were n = 73 participants in Experiment 2. Three additional participants were
excluded from the analysis: one failed to follow instructions, and two were excluded using a
conservative outlier calculation. To identify outliers, participants who fell 3 times the IQR below
the first quartile or above the third quartile on any of the means of practice trial or test trial error
were excluded from all analyses. All participants were undergraduates recruited from a large

southeastern university using an online participant recruitment system (i.e., Sona) and from in-
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class recruitment. Participants were ineligible if they participated in the first experiment.
Information about participant demographics is in Table 6 below.
Table 6

Participant Characteristics in Experiment 2

Characteristic Mean SD n %
Gender
Female 41  56.16
Male 32 43.84
Age 20.03 248 73 100
18-19 43  58.90
20-24 26  35.62
25-29 3 4.11
30-35 1 1.37
Race
White Caucasian 52 71.23
Black/African American 7 9.59
Asian 7 9.59
Multi-racial 2 2.74
No primary group 2 2.74
Other 3 4.1
Self-efficacy score 27.97 524 73 100
Paper folding score 11.66 5.62 73 100
Materials

Except for the AR Display, materials were the same as in Experiment 1. Revised design

and procedures are below.
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AR Application. The AR application used a marker (in this case, a piece of paper with a
picture on it; see the red paper in Figure 1). The program displayed a 3D image when the camera
detected the picture of the marker. For this experiment, there were four programs: 1) a
meaningful solid 3D shape (i.e., dental floss, a deck of cards) 2) meaningful component shape
(i.e., dental floss, a deck of cards cut into four pieces), 3) random solid (i.e., same size and shape
as the previous solid, but the colors were randomized across the box’s surface to control for the
impact of color on accuracy), and 4) random component (i.e., same as 3; cut into 4 pieces). There
was also a control condition with no AR display, just the same picture used for the AR display to
control for the physical image having an impact on accuracy. See Table 7 for an example of the

views that were on the AR display.
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Table 7

AR visualizations for Experiment 2

Solid Component

Meaningful

Random

Meaningful

Random

Note. The top left in each of the two sections shows the meaningful solid, the top right shows the
meaningful component, the bottom left shows the random solid, and the bottom right shows the

random component. All conditions have the same volume.
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Design

The design of the second experiment was a 2 x 2 factorial. Both factors were between
participants. The first factor was broken into independent variables of meaningful (e.g., a deck of
cards) or non-meaningful (e.g., a box) cognitive anchors. The second factor consisted of
independent variables of either solid or component strategy training. The purpose of including
this manipulation in this experiment is to determine if meaningfulness of a cue impacts the
significance of the solid benefit observed in Experiment 1. Dependent variables were error and
absolute error for practice and test trials. The practice and test trials were the same as in
Experiment 1. Additional descriptives collected were demographics, measurement ability,
estimation self-efficacy, NASA-TLX, paper folding score, and liquid estimation score.
Procedure

The procedure for this experiment is the same as Experiment 1 except for the following
differences: 1) the meaningful anchors were shown on the AR display as either a container of
dental floss (45mL) or a deck of cards (90mL), 2) participants in the non-meaningful conditions
were shown containers with the same colors as the meaningful condition, but with the pixels
randomized across the boxes, and 3) the control condition was instructed to imagine “A standard
dental floss container that is usually the brand ‘Reach,’ is white, and roughly medium sized
compared to other dental floss brands” or “A standard deck of poker playing cards” instead of
“45mL” and “90mL” respectively.

Results: Experiment 2

Primary Analyses

To explore the relationship between meaningfulness and shape of the AR images, a

multivariate ANOVA was conducted with meaningfulness of the objects and shape of the objects
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as the independent variables and the mean absolute error for each of the trials as the dependent
variables. Practice and test trials were not compared to each other, but each trial was examined
independently for all analyses.

Meaningfulness. For the practice trials of 45mL, there was a benefit of meaningfulness
with F(1, 54)=12.16, p = .001, # = 0.18. At practice for 90mL, there was no impact of
meaningfulness (F(1, 54) = 2.18, p = .145, 5> = 0.04). When tested on 45mL, there was a benefit
of meaningfulness with F(1, 54) = 4.05, p =.049, », = 0.07. For the near transfer (150mL) test,
there was no impact of meaningfulness (F(1, 54) = 2.53, p =.117, 5, = 0.045). There was not a
significant impact of meaningfulness for far transfer (F(1, 54) = .24, p = .625, 5> = 0.004). A

visualization of the mean absolute error broken by trial and meaningfulness is in Figure 8 below.
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Figure 8. Mean absolute error (%) for practice and test trials divided by meaningfulness. The error bars represent the

standard error of the means.

Shape. For the practice trials of 45mL, there was no benefit for either shape (F(1, 54) =
2.40, p =.128, 2 = .04). For the practice trials of 90mL, there was a benefit of solid shape with

F(1, 54) = 6.64, p =.013, 52 = .11. There were no benefits for either shape for the 45mL test
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(F(1, 54) = .26, p = .613, 5,2 = .005), the near transfer (F(1, 54) = .51, p = .478, 5> =.009), or the

far transfer (F(1, 54) = .24, p = .625, 2 =.004). A visualization of the means for the different

trials by shape is in Figure 9 below.
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Figure 9. Mean absolute error (%) for practice and test trials divided by shape. The error bars represent the standard

error of the means.

Meaningfulness and Shape Interaction. There were no significant interactions between
shape and meaningfulness. A visualization of the trials split by the four conditions in the 2x2

design is in Figure 10 below.
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To further understand the differences between the three conditions, a multivariate
ANOVA was conducted with the same 2x2 design for independent variables, but using the mean
error (i.e., including the direction of the error, positive or negative) for each of the practice and
test trials as the dependent variable. There were benefits of meaningfulness when looking at error
for the 45mL practice (F(1, 54) = 19.83, p <.001, > = .27), the 90mL practice (F(1, 54) = 5.83,
p =.019, 2= 0.10), and the 45mL test (F(1, 54) = 10.10, p =.002, #,> = 0.16). There were no
other differences for meaningfulness or shape, and no interactions when looking at error. A
visualization of the mean error broken by trial, shape, meaningfulness, and condition are in

Figures 11-13 below.
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Control Condition Pairwise Analysis. To understand whether the control group was
significantly different from the other conditions, the means of both absolute error and error from
the control group trials were compared with the other conditions using pairwise comparisons.
The mean absolute error for the control condition was on average 36.7% lower than the random
component condition (p = .019) for the 45mL practice, 38.8% lower than the random component
condition (p = .001) for the 90mL practice and was not different from the random component or
other conditions for any other trial types. Figure 14 below shows the comparison between the

control condition and other conditions for the different trials.
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For error, the mean for the control condition was on average 37.9% lower than the
meaningful component condition (p =.037), 66.5% lower than the random solid condition (p <
.001), and 86.6% lower than the random component condition (p <.001) for the 45mL practice
condition. For the 90mL practice condition, the control condition was on average 54.6% lower
than the random component condition (p = .001). For the 45mL test, the control condition was on
average 71.1% lower than the random solid condition (p <.001) and 75.3% lower than the
random component condition (p < .001). For the near transfer test, the control condition was on
average 48.2% lower than the random component condition (p = .02). Figure 15 below shows the

comparison between the control condition and other conditions for the different trials.
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Figure 15. Control condition compared with other conditions for mean absolute error for all trials. The error bars

represent the standard error of the mean.
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To explore underestimation and overestimation, the frequencies of positive and negative
error were also examined for each condition and trial type. Overall, participants were
underestimating more often than they were overestimating with the mean of their trials having
positive error in 65.11% of cases; however, in the control condition, participants were
overestimating more where the mean of their trials had negative error 66.22% of the time. In the
meaningful solid condition, the mean of participants’ trials was positive 57.33% of the time, in
the meaningful component condition they were positive in 67.50% of the time. The most
underestimation occurred in the random solid and random component conditions which were
positive in 85.33% and 85.00% of cases respectively. The frequency in which error was positive

or negative in direction is represented in Figure 16 below.
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Figure 16. A comparison of the frequencies of positive and negative error by condition and trial type.
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To understand the differences in magnitude of error between underestimating and
overestimation for each trial and condition, the means for positive and negative error for each

condition and trial type were compared and are depicted in Figure 17 below.
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Figure 17. A comparison of the absolute value of the means of positive and negative error by condition and trial

type. The error bars represent standard error of the means.
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Spatial abilities and AR estimation

To understand how spatial abilities were related to performance in the AR task, a
bivariate correlation was conducted between the two measures of spatial ability and the five AR
estimation trial types. The paper folding task was related only to the far transfer task for the AR
control condition (r(13) = 0.57, p =.026) There was not a significant relationship between sub
scores of the liquid estimation and the AR estimation trials for Experiment 2.
Self-efficacy, NASA-TLX, Measurement Ability, and AR Estimation

To understand how self-efficacy, NASA-TLX, and measurement ability were related to
performance in the AR task, a bivariate correlation was conducted between the two measures of
spatial ability and the five AR estimation trial types. Self-efficacy was significantly correlated to
the far transfer task for both the meaningful solid condition (r(13) =-.52, p =.047) and the
random component condition (r(10) = .65, p =.023). There were no significant correlations
between measurement ability and AR estimation. There were no consistent correlations between

the NASA-TLX and the mean absolute error for the trials.



Table 8

A summary of the findings from Experiment 2

Discussion: Experiment 2
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] . Near
Practice Practice Far Transfer
A5mmL 90mL Test 45mL Transfer A5
150mL
Error
Meaninafulness Meaning < No Meaning < No No
g Random  Differences Random Differences Differences
Shane No Solid < No No No
P Differences Component Differences Differences  Differences
Error
Meaninafulness Meaning< Meaning< Meaning < No No
g Random Random Random Differences Differences
Shape No No No No No
P Differences  Differences Differences Differences Differences

Note. Greater than and less than symbols reference the amount of error in each of the conditions.

The primary analyses in Experiment 2 showed an overall benefit of meaningfulness, and
for the 90mL practice, a benefit of solid shape. Interestingly, the findings about shape from the
previous experiment were overshadowed by the impact of meaningful cues. Thus, when creating
a training program using AR and volume estimation, it is more important to make sure the cues
are meaningful than to worry about the design of the shape being shown. Familiar objects help
people have flexible reference points to estimate more accurately.

In this experiment, when looking at error (as opposed to absolute error), there was
decreased error in the control condition, especially for the 45mL practice and test. The pairwise

comparisons showed significantly decreased error compared to some conditions. This may be



48

because the 45mL practice instructed participants to imagine a container of dental floss. After the
experiment was over, the participants were instructed to describe the box they were thinking of,
and some participants were thinking of a smaller container of dental floss. Because the size of
dental floss containers is not consistent, and the control condition was instructed to use mental
imagery, they may have been putting artificially lower volumes. This is an important
consideration for future design; ensuring that meaningful anchors are a standard size is crucial to
accurate estimation. In future studies, it may be beneficial to show participants in the control
condition the example objects in a similar way the AR is displayed before they are asked to
mentally imagine the objects.
Conclusions

From this study, we conclude that AR is a potentially viable option for training people to
estimate portion sizes if designed correctly. The benefits of meaningful cognitive anchors found
in this study indicate that context is importance for performance on food estimation tasks.
However, certain elements of context can be misleading. In the case of AR, it is important to
investigate the perceptual limitations of AR and adjustments that can be made to compensate for
limitations. One possible way is examining this is by adjusting for error and displaying the
information the way the person perceives it. For example, using Stevens’ power law, a
perception of a specific stimulus is given a value that matches that perception instead of another
characteristic of the stimulus (MacKay, 1963). For example, if people consistently have +10%
error with estimation, would decreasing the size of the AR display by that amount correct for the
error? If so, should we train people on smaller objects using AR to correct for this mis-
perception? Another way context can be misleading was demonstrated during the control

condition in Experiment 2. The control condition received instructions to imagine a specific type
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of dental floss; however, when asked after the study, participants were still mixed on whether
they thought of the correct box of dental floss. This indicates that context needs to be clear and
well communicated or error will occur. Further, designs that use meaningful anchors should use
anchors that have a specific, consistent, and/or standardized size. Context-specific and situated
learning is important, especially for adult learners (Hansman, 2001) and AR is a technology that
may afford both. However, in this study, we found that imagining a deck of cards is better than
seeing one in AR, again indicating there are perceptual issues that need to be researched further.
One way in which these issues can be examined is by comparing different devices. Perceptual
cues provided using a headset differ than those of a tablet and may provide benefit.

Previous research in food portion estimation indicated a benefit of breaking food into
components (e.g., Ordabayeva & Chandon, 2016). The benefit of components was not found in
this study. This may have been due to the way the experiment was designed: participants were
asked to match an object by putting one together, rather than using components as a heuristic
with an amount that was pre-measured. However, it is also likely that the perceptual limitations
of AR also impacted how people saw the components. With technologies like AR, it is
important to continue to conduct research to understand how best to display information.
Unfortunately, not all research directly translates to AR because of its unique affordances and
perceptual challenges.

When comparing the AR estimation accuracy with spatial ability scores, we found little
relationship; however, in the control condition for experiment 1, we saw many correlations
between liquid estimation and AR estimation accuracy. This and the low number of significant

correlations in other conditions indicates that using a technology like AR can effectively remove
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the need to rely on spatial abilities to estimate. Thus, people with poor spatial abilities can still
use a technology like AR to help them learn to estimate portion sizes.
Future Directions

Overall, error and the variability of error was high in both experiments. This leads to
questions about the ability for AR to be used to accurately display volume information. More
research is warranted to investigate the potential for AR to portray volume as accurately as in the
natural world. This may have been a limitation due to the tablet display or AR in general but
needs to be addressed. Because the tablet was a limited-movement display (i.e., participants
needed to pick it up to get different visual perspectives), it is important to explore whether results
are similar for headsets/head mounted displays. These types of displays may provide more
perceptual and environmental cues (e.g., changing perspective, 3D head movement) to improve
accuracy. Future studies investigating AR should investigate potential design changes that can
overcome some of the issues with AR that prevent it from being a highly accurate measuring
device. One potential avenue is through investigation of depth cues in virtual and augmented
reality. Further, future research should investigate display modifications to increase monocular
depth perception cues to help get realistic references for volume.

Though there was a benefit of training people using solid AR displays, it may be
important to investigate the way people are trained using solids. In this study, participants made
solid objects using a solid or component as a reference. However, participants were not
instructed to create components from a solid. This may be important to investigate using AR.

Because of the issue with Experiment 2’s control condition (i.e., non-standardized
containers leading to lower error rates) it is important to note that meaningful cues should always

be objects of standard sizes. For example, some food recommendations list a baked potato to be
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the same size as a computer mouse. This does not consider the non-standard sizes of computer
mice (e.g., a slim Apple mouse vs a large programmable gaming mouse). Recommendations,
training, and AR displays for food estimation that include meaningful anchor points should
ensure they are using anchors that are consistent in size and shape to make sure the user is
practicing accurately and effectively.
Intellectual Merit

Currently, augmented reality research is centered broadly around technology
development and perceptual issues. This study explored specific, theoretical ways we could use
AR to help people estimate volume. The first contribution to the theoretical framework is the
discovery of AR to train people to estimate. With the right design recommendations, this
technology has the potential to be used to train people in estimation skills. If designed well, this
technology can provide a new, ubiquitous way to train people in estimation and similar tasks.
From this study, information about the benefit of cognitive anchor points and the importance of
carefully considering how shapes are presented in AR was uncovered. This provides new
guidance into how to teach estimation skills, not just practice heuristics that may help in the short
term. There is still a lot to learn about spatial abilities and how estimation skills measure up, but
there are some promising trends that may lead us to newer, more specialized ways to test spatial
ability and to explore training of estimation skills.

Broader Impacts

Emerging technologies such as AR have the potential to impact many people and many
scientific domains. The current research specifically focused on volume for estimating food.
While the results were mixed, this technology demonstrated potential to visualize meaningful

information. In creating design recommendations for AR, it is possible to impact the future
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design of perceptual and cognitive spatial AR information. Using these technologies for health
training has the potential to impact any person with a chronic disease which is managed by
portion control. However, volume estimation can also be helpful for domains such as medicine
more generally, robotic simulation, education, and training. Using AR as a platform for situated
learning also has implications for furthering the field of cognitive training and skill acquisition.
By investigating the training implications for situated experiences like AR, it is possible to have
more possibilities for training programs and interventions.

This study discussed the impacts AR had for accurately estimating volume through
standardized visual information, providing meaningful semantic information to help people learn
to flexibly estimate, and overall providing AR as a potential cognitive training aid. Because AR
may be standardized, it is possible to impact mental representation of objects through visual
priming. But not only does AR benefit by accurately depicting a volume, it also can provide
meaningful context that may be lost without this visual information. AR can provide both a
visual depiction of the volume and the context the person will need to learn and apply flexible
skills. By investigating these more basic cognitive and spatial affordances of AR, it is possible to
build a body of literature surrounding design of the technology which will lead to better future
problem solving. More specifically, understanding volume estimation using AR will help to
develop realistic and efficacious AR technologies. AR is a promising new training technology

but has important limitations that need more research.
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