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Abstract: Teaching and learning about the sizes of the objects that are too small to see with 

human eyes (called imperceptible sizes) have been a difficult issue in science education. 

Because representations are the only external input that learners use to make sense of 

imperceptible phenomena, the design of the representations becomes critical. However, 
studies imply that commonly used conventional visual representations tend to direct learners 

to overestimate imperceptible sizes and underestimate the difference between them. Hence, 

the need for a novel representation that can provide the way learners an alternative experience 

with the imperceptible sizes emerges. To address this issue, we designed a multimodal 

representation that incorporates temporal sense to transmit imperceptible sizes. In this paper, 

we introduce our recent research that explored the different effects of the compressed and 

extended form of temporal experience on student learning of the range of imperceptible sizes. 

�nt�od�ct�on�
When students try to conceptualize imperceptible phenomena such as the size and behavior of subatomic 

particles, it re�uires them to think about things that humans cannot see with naked eyes. To support learners to 

construct such knowledge that are beyond human senses, teachers provide various forms of representations to 

learners. Representations allow him�her to understand a concept which could have been beyond his or her 
cognitive capability (Hutchins, 1995� Pea, 1993� Salomon, Perkins, & Globerson, 1991� Zhang & Norman, 

1994) and shape or promote a learner’s mental model of the knowledge. In this way representations have made 

critical contributions to the advancement and education of science.  

The role of representations becomes particularly critical in teaching and learning about imperceptible 

phenomena because what learners perceive and conceptualize is mediated only by the representations they 

exploit. Particularly, a number of learning technologies have been developed to support learners to understand 

imperceptible sizes by adopting various forms of visual representations such as logarithmic scale, static graphics 

(e.g., aligning enlarged images of a strand of hair and a red blood cell for size comparison), video (e.g., Powers 

of Ten) or interactive graphics (e.g., Scale Ladder). Such learning technologies convey imperceptible sizes 

usually by providing alternative visual experience of imperceptible objects (e.g., atoms, molecules, bacteria, 

virus, and cells). For example, the visual representations of imperceptible objects are enlarged to a visible scale 

or they gradually grow as a student interacts with them. In many cases such visual representations are 

incorporated with the mathematical descriptions (e.g., “The diameter of a Hydrogen atom is about 10,000,000 

smaller than one millimeter”) that re�uire students to mentally visualize the sizes of the objects through 

proportional reasoning. Sometimes the visual representations are accompanied even with absolute sizes such as, 

“The diameter a Hydrogen atom is about 0.1 nanometers.”

However, research indicates that learners are likely to face cognitive challenges in interpreting and 
comprehending such visual representations of imperceptible sizes. Fre�uent exposure to the macroscopic visual 

depictions of imperceptible objects seems to mislead students to overestimate the sizes, even those who are 

aware of the fact that such representations are controversial in terms of size. For example, in Tretter et al.’s 

study(Tretter, Jones, Andre, Negishi, & Minogue, 2006a), their participants answered, “when I picture 

�microscopic ob�ects� I see the drawing �in textbooks�.’’ In one of our interviews with middle school students 

we noticed that some 7th grade students even thought that bacteria and viruses (“germs”, in their term) are as 

big as dust or a particle of fine-grained salt, but they are only invisible because they are transparent, inferring 

from what they have observed in educational video. Some other students thought that the germs would be 

visible under a simple magnifier according to what they have seen in media such as a disinfectant spray TV 

commercial. As a result, students construct na�ve beliefs that all imperceptible objects are roughly the same size, 

even similar with small macroscopic objects such as a grain of rice or an ant (Tretter, et al., 2006a) although 

there exist a vast range of different imperceptible sizes.  

Students’ such misconceptions seem to be developed under the significant influence of the big-

enough-to-see images of imperceptible objects. Visual representations are very effective for illustrating the 
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         (a)                                            (b)                                           (c)          

Figure 2. A screen capture of the TAVR of Hydrogen atom.

Figure 1. An illustration of the 

accumulation process in TAVR.

(a) The first object is placed on the 

pinhead, and one click is played. (b) The 

second object is placed on the pinhead 
next to the first one, and one click is 

played. (c) The process continues until the 

object spans the pinhead.

shape, features, movement or physical relationship between certain objects, as the way they are fre�uently and 

effectively used to illustrate many scientific concepts, however, they tell learners the opposite of “too small to 

see”. When representations stand between the goal knowledge and learners, they act as an intermediary, 

re�uiring them to be proficient in both interpreting the representations and making sense of the concept. 

Inasmuch as cognitive processes re�uired of the intermediary are extra cognitive burdens and foreign to learners, 

it can add to the overall cognitive complexity for learners. The more premises and premise-based 

inconsistencies, the more alternative mental models are constructed, making the cognitive task more difficult 

(Rapp, 2005). There are too many cognitive steps that learners have to deal with to conceptualize an 

imperceptible size with its macroscopic depiction. Learners have to accept the macroscopic images but at the 
same time have to cognitively resist them to grasp the concept that the objects are not in fact seeable to human 

eyes, then they have to try to imagine how actually small the objects would be through mental calculation that 

they are not capable of. Therefore, there rises a need for a novel form of representation that tells learners, “This 

is what too small to see means, and this is how small they are” via non-visual modality and with less cognitive 

burdens. 

Inappropriately designed representation can bring disadvantages in learning. Without proper designs,

students are less likely to know what to look and what is being conveyed by the representation because learners 

tend to focus on the surface features of a representation (Kozma, Chin, Russell, & Marx, 2000). Preexisting 

naive beliefs are resistant to modify, but this resistance can be lessened if a learner is provided with an 

explanation that show why the flawed beliefs are incorrect. It is known that a new type of representation that 

guides learners to explore the concepts in a different way may help them realize and revise their misconceptions 

by revealing the inconsistencies between their exiting mental model and the new representation (Ainsworth, 

1999� Chi, 2005). To refute the na�ve conceptions in learners and to provide an alternative way to think about 

the range of imperceptible sizes, we designed a temporal-aural-visual representation (TAVR).  

�A�����em�o��l�����l���s��l��e��esent�t�on�
TAVR does not employ a visual modality as a main vehicle for conveying imperceptible sizes� it takes the 

temporal sense as a main modality. The sense of time here refers to the duration of a se�uential accumulation 

across the head of a pin (1 millimeter in diameter). This se�uential accumulation of an imperceptible object is 

continued until the object fully spans across the pinhead. Hence the duration of the se�uential accumulation 

inferentially implies the size of the placed object via the inverse relationship between the accumulation time and 

size� the longer the accumulation, the smaller the object and vice versa.  

The temporal representation is incorporated with two other modalities – aural and visual, which are 

adopted to augment learners’ temporal experience. They were added based on the dual coding theory (Paivio, 

1986), which explains that information is processed through two separate but parallel channels - visual and aural. 

When one object is placed, an audio clip that sounds like a single click of a mouse button (aural representation) 

is played once. The accumulation within imperceptible scale is indicated via the click, and visual representation 

(the red line) is added only after the length of the accumulation enters macroscopic scale. The elapsed time is

shown as illustrated in Figure 1. Figure 2 is the screen captures of the accumulation of Hydrogen atom at three 

different phases: (a) before a learner presses the Play button, (b) the progress of the accumulation during about 

11 hours (notice the short red line that indicates the current progress of the accumulation), (c) the accumulation 
is completed. The completion is notified by the bright cyan-colored s�uare around the icon and the label on the 

button (says Replay). Students can jump ahead the accumulation by clicking ��FF button (meaning Fast 

Forward) below the Play button.  
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We believe that a temporal modality may be able to provide an alternative perceptual experience of

sizes because the studies on spatial cognition imply that the concept of time and the concept of space are 

interwoven in people’s mental model (Droit-Volet, 2001� McCormack & Hoerl, 2008� Tretter, Jones, & 

Minogue, 2006b� Vallesi, Binns, & Shallice, 2008). Our mental representations of things we can never see or 

touch may be built, in part, out of representations of physical experiences in perception and action that happens 

over a certain period of time (Casasanto & Boroditsky, 2008). For example, the students participated in Tretter 

et al.’s (2006a) study compared the time that took for driving across their town and the state of North Carolina 

not only to judge which distance is longer and but also to reason how distinctively different they are with each 

other.  
Furthremore, the units of time (e.g., second, minute, hour, day, week, month, and year) may work as 

the conceptual metaphors for the vast range of imperceptible sizes. Conceptual metaphor is created by 

analogically extending the conceptual structure from richer, experience-based domains (the units of time in this 

study) to structure learners’ understanding of relatively more abstract domains (the sizes of imperceptible 

objects) (Boroditsky, 1997� Boroditsky & Ramscar, 2002� Lakoff & Johnson, 1980). Literature on size 

cognition (see Kosslyn, 1980) indicates that conceptual size categories (e.g., “small”, “large”) are critical 

components of the mental model of sizes, as categorization is one of the main ways that people make sense of 

experience and repair misconceptions with (Chi & Roscoe, 2002� Lakoff, 1987). From the daily experiences 

most of learners have a very firm idea about the units of time and their orders in terms of the length. It may be 

easier for them to interpret the difference between the sizes represented in TAVR time (e.g., “the size of 

Rhinovirus is about 1 hour of TAVR time”) than in the relative sizes (e.g., “the diameter of a Rhinovirus is 

about 40,000 times smaller than one millimeter”) or in the measurement units that are used to discuss absolute 

sizes (e.g., “the diameter of a Rhinovirus is about 25 nanometer”)
1
.

Application: Wow, it is small! (WIIS)
We designed Wow, It Is Small� (WIIS), a Flash-based learning environment where students can interact with 

TAVRs for selected imperceptible objects following the scaffolding work in �uintana et al. (2004) (see a screen 

capture in Figure 4 in the next page). In WIIS, the largest units of the accumulation time of the selected sample 
imperceptible objects match with the scale category they belong to (see Figure 3). For example, it takes several 

seconds for microscopic objects, hours for nanoscopic objects, and days for sub-nanoscopic objects. A

simplified demo of TAVRs and WIIS are available at http:��www.wow-it-is-small.info�index.html. 

Figure 3. The sizes and the duration of accumulation for the imperceptible objects used in this study. 
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Figure 4. A screen capture of WIIS. Students can exhibit their prior knowledge and hypothesis in the lower part 

of the screen (white background) and interact with TAVRs in the upper part of the screen (light blue 

background). For more information and to try the full version of WIIS, visit http:��www.wow-it-is-

small.info�index.html.

���o����nd�ngs�
In a pilot study we explored whether middle school students could understand temporal-aural-visual 

representation (Song & �uintana, 2009) and how they make use of their experience with TAVR to revise their 

mental model of the range of imperceptible sizes. The students’ performance on learning tasks and interviews 

showed that students could understand that: (1) one click corresponds to one object placed on the head of a pin, 

(2) the smaller the object, the longer the accumulation (the inverse relationship between the accumulation time 

and size), and (3) sound is the only indicator for the accumulation until the accumulation becomes macroscopic.

The inverse relationship between the accumulation time and the size of the object was not difficult to understand 

for middle school students. We also observed that TAVR was particularly more effective for supporting 

students to realize extremely small sizes (i.e., the size of an atom and molecule), which conse�uently lead them 

to construct refined mental models of the range of imperceptible sizes. It was apparent that time is a meaningful 

concept with which learners can construct a comprehension of abstract spatial knowledge. 

�om��essed��s����tended��em�o��l����e��ence�o���m�e�ce�t��le����es�
The goal of our recent study is to 

investigate the different learning effects 

with the compressed and extended 

temporal experience of imperceptible. The 

first version of TAVR places 10 objects in 

one second and was designed for the 

practical in-class use. If the simulation took 

too long teachers would not be able to use 

WIIS in their classrooms that allows 

limited amount of instruction time although 

students could fast forward the 
accumulation process with the “jump 

ahead” button. However, the initial 

prototype was designed to place one object per second. We thought in this way it might be easier for learners to 

approximately grasp the sense of the number of the object that was placed on the pin during the elapsed time. 

Object

Accumulation rapidity

1 object � sec

(extended)

10 objects � sec

(compressed)

Hydrogen atom 115 d 17 h 46 min 40 s 11 d 13 h 46 m 40 s

Water molecule 23 d 3 h 30 min 35 s 2 d 7 h 33 m 35 s

DNA helix 5 d 18h 53 min 20 s 13 h 53 m 20 s

Rhino virus 12 h 37 min 30 s 1 h 15 m 45 s

E coli bacterium 8 min 20 s 50 s

Red blood cell 2 min 40 s 16 s

Table 1: Comparison between two different accumulation velocities 

and the corresponding total accumulation time in TAVR.

Students exhibit 

their hypotheses 

Students interact 

with TAVRs 
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Table 2: The composition of the 

participants in this study.

Additionally, as Table 1 shows, the total durations of accumulation become dramatically longer when the 

rapidity of accumulation is one object in one second, and hence the relative difference between the 

accumulation durations of different objects become greater.  

Because in a prior study we noticed that learners tend to make meaningful interpretations of the 

differences between the accumulation durations of each imperceptible object, we expected that the radical 

differences between the total durations of accumulation may direct them to form even more distinguished 

conceptual categories of imperceptible sizes. Hence, we hypothesized that the students who interact with the 

TAVRs with the slower accumulation rapidity (“extended”, 1 object�sec) would experience more discrete and 

distinguished imperceptible sizes and therefore construct more refined imperceptible size categories (i.e., more 
number of groups and elaborated labels) than the students with the TAVRs with faster accumulation rapidity 

(“compressed”, 10 objects�sec). The result of the study would let us discuss the potential design suggestions for 

a temporal representation for an adjusted concept such as abstract spatial information that re�uires learners to 

construct fine grained conceptual categories of it. 

�et�ods�
Fifty seven 7

th
 grade students from a public middle school in a 

mid-western state in the United States were recruited for this study 

through their science teacher. Students were divided into two groups, 

by their class hour. See Table 2 for the composition of the participants 

in each group. One of the researchers went into each group’s science 

class and instructed them for one class hour (50 minutes) and collected

the data with the help of their science teacher. Every student was 

assigned to an individual computer in a computer lab. Students were 

not allowed to go back to previous phases of the learning activity to revise their answers. They were told to 

move onto the next page of the learning activity all together at the same time with an instruction. Before 

beginning to work Phase 3, the instructor made sure that the students understood the inverse relationship 

between the accumulation time and size. The students were provided with the objects in Figure 3 for this study. 
They were allowed to discuss about what the tasks are about and how TAVRs (and WIIS) work with peers, but 

they were asked to create hypotheses on their own. Each student was provided with a real pin for easier 

visualization of the size of the head of a pin. During the instruction students were continuously reminded of the 

fact that the accumulation is happening on the tiny little pin head in front of them.  

The goal of this study is not to compare the numeric increase in student performance to judge which 

group scored higher� rather, it is to see how students change their hypotheses through the learning activity with 

TAVRs that provide different temporal experiences (extended vs. compressed). To meet this goal we had the 

students set up hypotheses for the range of the imperceptible sizes and later compare it with the result. Then 

they were asked to reflect on the difference between their hypotheses (their preexisting knowledge) and the 

result. The data that show the changes in the students’ mental models of the range of imperceptible sizes would 

let us investigate what kinds of different learning impact the different accumulation conditions have on students.

Student learning activity for was composed of five phases. First, students represented their preexisting 

knowledge in card sorting task. The card sorting task has three sub-tasks� (1) ordering the given imperceptible 

objects from the smallest to the biggest, (2) grouping the objects by similar sizes (The number of groups could 

vary from 1 to 6), and (3) labeling the groups. For the labeling task the students were provided with prompts (a 

set of adjective - small, tiny, mini, teeny, and a set of adverbs - extremely, very, strikingly, surprisingly). 

Students could also use any additional vocabulary they can come up with. In the second phase students were 
introduced to mini learning activities that showed how TAVR works and what it represents. They solved a �uiz 

(on the computer screen) that aimed to examine whether they understood the mechanism of TAVR correctly. In 

the third phase, the students represented their existing idea of the sizes of the imperceptible objects in the 

durations of accumulation time. For this task, a TAVR of the thickness of human hair was shown to the students 

to provide them with an idea of how long it takes for a small macroscopic object to accumulate (hair takes 1 

second for the compressed condition, 10 seconds for the extended condition). In fourth phase, the students 

finally played and interacted with the TAVRs for all objects. During this time they were told to revise their 

hypotheses, if they wanted to, observing the TAVRs. At the final phase, students reflected on the differences 

between the actual accumulation time and their hypotheses on seven point bipolar Likert scale that ranged 

between “extremely smaller than I thought” and “extremely bigger than I thought” centered by “similar with 

what I thought” after the learning activity.  

The card sorting task was adopted as a main student task because the conceptual size categories play a 

critical role in making sense of what learners experience (Chi & Roscoe, 2002� Lakoff, 1987) and constructing 

the mental model of sizes (Kosslyn, 1980� Tretter, et al., 2006a). Having more conceptual sizes categories 

means more refined mental model of the range of sizes and being able to make shifts in conceptual categories 

(which is the process of repairing misconceptions). Hence, the increase in the number of groups and the 

Groups Male Female Total

1�sec

(Extended)
16 13 29

10�sec

(Compressed)
15 13 28
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descriptive words in the labels would imply the positive effects of TAVR (in either compressed or extended 

temporal condition) on the student’s mental model.  

Data were collected at phase 1, 3, 4, and 5. The student activities in their computers were automatically 

transferred and stored in a database. Observation notes were also recorded. The student performance on the card 

ordering task was analyzed by a coding scheme that scored between 0 and 5. For the grouping task, we counted 

the number of groups that the students created in phase 4, then we compared it with what the students did in 

phase 1 to see how much they increased. To analyze the labeling task, we counted the number of adverbs and 

adjectives in the labels in phase 4 and also compared with the data from phase 1. Data were �uantitatively 

analyzed with one-way analysis of variance (ANOVA) to test for the statistical significance between two groups.  

�es�lts��nd���sc�ss�ons�
In phase 1 and 3, where the students represent their preexisting knowledge, the students in both groups 

performed poorly and did not show any significant group difference (p�0.05). All students overestimated the 

sizes of the imperceptible objects and underestimated the range of imperceptible sizes (i.e., number of groups 

less than 2, minimal use of descriptive words in labels). In phase 4 and 5, the students in both groups had 

increases in their card sorting task. This is a natural result since students were allowed to refer to the TAVRs in 

their computer screens to sort the cards. The students in both groups scored perfectly at the ordering task,

however, statistically significant differences were found for the grouping task and labeling task. As we predicted,

the students in the extended group outperformed the compressed group.  

Ordering by size
In Phase 4, all participating students in both groups correctly ordered (scored 5 points) the objects by size. The 

students actively referred to the total duration of accumulation shown in TAVRs in both compressed and 

extended conditions when they were asked to think about the order of the sizes of the imperceptible objects. The 

accumulation rapidity did not make difference in the ways the students perceived and conceptualized the order 

of different imperceptible sizes because they could complete this task only by looking at the total accumulation 

durations once they understood the inverse relationship between the duration and the represented size. 

Grouping by similar size
In this task the students exhibited different patterns in their 

answers according to the treatment group they belonged to. As 

Table 3 shows, the students in the extended group have created 

a more number of groups (M�5.1, SD�0.85)� (F(1, 55) � 

29.73, p � 0.001) than the students in the compressed group 

(M�3.�, SD�0.81) as we hypothesized. This implies that the 

difference between the accumulation times of the objects 

seemed to be relatively bigger to the students in the extended 

group than to the students in the compressed group. We also examined the difference between the phase 1 and 4 

to examine if the increases in the number of size groups were also significantly different between two groups.

The increase in the number of size groups was calculated by 

subtracting the number of the student-generated size groups in 

Phase 1 from that in Phase 4 (see Table 4 for the brief 

summary of the result). We noticed that none of the students in 

both groups had a decreased number of the size groups in 

phase 4 although few of them had zero increase. The students 

in the extended groups had more increases that were 

statistically significant (M�2.�, SD�0.�5)� (F(1, 55) � 24.08, p
� 0.001) than the students in the compressed group (M�1.6,

SD�0.�7). Taken together, after the learning activity with TAVRs, the students in the extended group had 

created more refined classifications of the sizes than the students in the compressed group.   

Labeling the groups
Our hypothesis for the labeling task was that the extended 

group would outperform the compressed group in Phase 4. 

Accordingly, the students in the extended group generated 

significantly richer descriptions for each object group they 

created than the compressed group (see Table 5), and the 

descriptions for the smallest size group were even richer� all of 

the students in the extended group used more adjectives, 

adverbs to name the smallest size group in phase 4 

Group Mean SD min max

1 � sec
(Extended)

2.9 0.95 1 4

10 � sec
(Compressed)

1.6 0.97 0 4

Group Mean SD min max

1 � sec
(Extended)

5.1 0.85 4 6

10 � sec
(Compressed)

3.9 0.81 2 5

Group Mean SD min max

1 � sec
(Extended)

6.6 1.66 5 11

10 � sec
(Compressed)

5.6 1.33 4 9

Table 3: The average number of the size

groups that the students created in phase 4.

Table 4: The average increases in the number 

of the the size groups.

Table 5: The average number of the descriptive 

words used for the smallest size group.
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(M�6.6, SD�1.66)� (F(1, 55) � 6.424, p � 0.014) than the compressed group (M�5.6, SD�1.33). Additionally, 

out of our expectations, some students even voluntarily used a number of exclamation marks or capital letters to 

emphasize the smallness of the size of the smallest group. For example, they labeled the smallest group such as, 

“This is the smallest of the smallest x 1000000000!!!!!!”, or “the really surprisingly teeny-weeny smallest!!!” 

while the students in the compressed group were likely to use a less number of adjectives and exclamation 

marks in the labels compared to the extended group. Although 

the students in the compressed group did actively use the 

descriptive words to label their groups, the students in the 

extended group used significantly more descriptive words than 

the compressed group. As shown in Table 6, the increases in 

the number of the descriptive words for the smallest size group 

from Phase 1 to Phase 4 also was also significantly higher for 

the extended group (M�4.43, SD�1.81)� (F(1, 55) � 5.027, p �

0.029) than the compressed group (M�3.51, SD�1.22). This 

result implies that the extended form of temporal experience not only supports learners to construct a vaster 

range of imperceptible sizes but also guides them to form more refined and distinctively different conceptual 

categories for imperceptible sizes than the compressed temporal experience.  

Reflections
The students’ hypotheses on the accumulation time of each object were similar between both groups. The 

students’ predictions of the accumulation time for the smallest object (according to their hypotheses) were 

below ten minutes. Interestingly, even the students in the extended group, who used the TAVRs with slower 

accumulation rapidity, made predictions that were under ten minutes. We think this is natural because mentally 

calculating the accumulation time without the knowledge of the sizes of each imperceptible object is beyond 

their capability, and ten minutes is the long enough duration for students to sit in front of a computer and watch 
it. In general the students in both groups made more extreme response for the object that their prediction had 

bigger difference with the actual accumulation time� the bigger the difference, the more extreme their response. 

For example, a student who predicted that it would take less than one hour (it takes about 11 days and 13 hours 

for Hydrogen atom in the compressed condition) answered that the size of an atom was “extremely smaller than 

I thought” in the bipolar Likert scale. The same student responded that the size of a red blood cell was similar 

with what he thought because his prediction was  10 seconds (it takes about 16 seconds for a red blood cell). 

However, we did not find a statistically significant difference between the groups for all objects. Both 

groups showed a similar pattern of reflections (i.e., most of the students in both groups marked on “extremely 

smaller than I thought” for Hydrogen atom and “somewhat smaller than I thought” for red blood cell). 

Considering the obviously different student performances in the grouping and labeling tasks, we believe this 

result is due to the limits in the test method that provided only seven points in the bipolar Likert scale, which 

only allows three degrees for “smaller than I thought” – “extremely, much, and somewhat.” In fact many 

students in the extended condition group explicitly asked for more options that would allow them to mark on a 

smaller scale than “extremely smaller than I thought”.   

�m�l�c�t�ons��nd��oncl�d�ng��em��ks�
In this paper we have presented a multimodal representation that incorporates a temporal modality to support 
learners to explore the range of imperceptible sizes in two different temporal conditions� extended and 

compressed. The result showed that the extended temporal experience was consistently more effective for 

supporting learners to perform the object grouping and labeling tasks than the compressed temporal experience.

It was not because the compressed temporal experience was not effective, but because the extended temporal 

experience provided more refined analogical size categories for the learners with wider variety of time units. It 

also seems that the students with slower accumulation rapidity tend to give more meanings to their temporal 

experience than those with faster accumulation rapidity. The students knew that 23 days is close to one month 

and 115 days is almost four months. They actively converted the days into a more convenient unit of time and 

attached meanings to them. For example, one student said, “For 115 days, I height will grow 2 inches.” Another 

student said, “�ow, think about how many homework I should do for 23 days.” In addition to interpreting the 

temporal experience within the context of their daily lives, the students in the extended group were more 

critically influenced by the labor-intensive FF button clicking. To see the accumulation completed, for an 

example, for a Hydrogen atom, students had to vigorously click the FF button for at least 10 minutes. This 

observation reminds us of Baddeley (1986)’s discussion on human working memory model that the tactile and 

kinesthetic senses take in information and help learners better understand the information. Overall, the results 

imply that the extended form of temporal experience can guide learners to form a mental model of vaster range 

of imperceptible sizes than the compressed temporal experience of imperceptible sizes. The temporal experience 

Group Mean SD min max

1 � sec
(Extended)

4.43 1.81 2 8

10 � sec
(Compressed)

3.51 1.22 1 6

Table 6: The average increases in the number 

of the the descriptive words for the smallest 

size group.
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can be used to generate the fine grained categorizations of an abstract spatial concept by using different rapidity 

of the se�uential accumulation.   
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