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ABSTRACT 

Common misconceptions provide a window into how people learn about and understand 

the world. This study explores the misconceptions of both children (5.5 to 6.5 year olds) 

and adults of how multiple components of motion combine in complex events. Children 

were shown to have basic, accurate conceptions of complex motion, but only if all 

components of motion were in the same dimension. For events that span two dimensions 

most children responded inconsistently, but some already showed a common adult 

misconception – one force dominating the motion. Across all ages, dominance was most 

strongly elicited when forces were applied sequentially, with the most recently applied 

force determining the motion. The results suggest a developmental trajectory for 

(mis)conceptions of motion that is strongly influenced by a tendency to incorrectly break 

complex events down into independent sub-events. Evidence also points to spatial 

thinking as a potentially important tool for fostering correct conceptions of motion. 
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CHAPTER 1 

INTRODUCTION 

All of us have a stake, as individuals and as a society, in scientific literacy. 
An understanding of science makes it possible for everyone to share in the 
richness and excitement of comprehending the natural world. (NRC, 1996, 
p. IX) 

 

A billiard ball (A) rolls across a table, hitting a second, stationary ball (B) straight 

on. What happens when the two balls collide? A should stop and B should roll away 

immediately. By six months of age infants recognize this outcome as probable and react 

to it differently than less probable alternatives (Cohen & Oakes, 1993; Leslie & Keeble, 

1987; Oakes & Cohen, 1990). That is, after habituation to A rolling into B, infants 

recover their looking time to a reverse event (B rolling into A). These infants show 

significantly less recovery when presented with improbable motion instead, such as one 

ball stopping and the other rolling away before they touch (spatial discontinuity) or the 

second ball rolling away after a delay (temporal discontinuity). These two events are 

treated equivalently. These results suggest that humans possess some tacit understanding 

of the underlying causal structure of motion events from a very young age 

The velocity of A and B, the force of A striking B, and the change in their 

velocities during the collision (i.e., their acceleration) are all vector quantities; they have 

both a magnitude (e.g., 25 mph or 1 Newton) and a direction (e.g., east). Infants appear to 

also be sensitive to these more abstract physical concepts. Kotovsky and Baillargeon 

(1998) found that, by 6.5 months, infants recognize that increased size of object A 

implies an increased motion in object B, tacitly relating the magnitude of the vectors 
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involved. Similarly, infants also tacitly relate the direction of the vectors. Seven-month-

olds are surprised when the direction of the motion does not follow the direction of the 

force (George, Göksun, Hirsh-Pasek, & Golinkoff, 2013). In fact, seven-month-olds may 

not even view events in which the motion of B does not exactly mirror A as probable 

even when they depict a likely event, such as when A hits B off-center (Oakes, 1994). 

Infants not only recognize correct motion in simple events from infancy, but also attend 

to both the magnitude and size of forces and motion, though perhaps not both at once. 

However, the motion events that we encounter over the course of a normal day 

are far more complex than a single force being applied to a stationary object. Motion 

events typically involve multiple forces acting over a period of time on an object. For 

example, what would change about the event if B had been moving instead? When A 

strikes B it will still apply a force that causes B to accelerate in the direction A was 

moving, but now the initial velocity of B must also be considered to determine B’s 

subsequent motion. This seemingly small change can result in a problem that is far more 

difficult. 

One particular aspect of increased difficulty is that complex motion problems are 

deeply spatial. In the simple case, when A strikes B, the motion of B is completely 

dictated by and inline with the motion of A. Predictions are simple in this case; the 

direction of A is just transferred to B. This is not the case for these more complex 

problems. When A and B are instead both moving the solution is dependent on the 

relation of the direction of their movement before they collided. Not only must the spatial 
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component of their motion be considered, but the spatial relation must be taken into 

account as well.  

If both billiard balls were moving in the same direction the problem remains fairly 

simple – B will simply speed up. However, B could also have been moving in the 

opposite direction or in a different direction entirely. In the former case B could slow 

down, stop, or begin heading back in the opposite direction, depending on their relative 

magnitude. Determining the result if the direction of A and B are orthogonal is even more 

complex. In this case, B will head off in a new direction, one that is different from but 

related to both the initial direction of B and the direction A. The degree to which this new 

direction is similar to that of the initial velocity or that of A depends on their relative 

magnitude. 

The direction of the vector quantities involved also impacts the quantitative 

component of how fast B will move. Performing calculations on quantities that include a 

direction are inherently different from doing so on quantities that only have a magnitude 

(i.e., scalar quantities). For example, mass is a scalar quantity; 1 gram + 1 gram = 2 

grams. However, with vector quantities like force, acceleration, and velocity 1 + 1 can 

equal 0, 2, or many values in between. If the vectors are in the same direction, 1 + 1 still 

equals 2, which is why B would speed up if A was moving in the same direction. 

However, if the vectors are instead in directly opposite directions 1 + 1 = 0 and if they are 

at 90 degrees to each other then 1 + 1 = √2, by the Pythagorean Theorem. In the billiard 

balls example these outcomes would translate to B stopping or B moving at an angle 
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(with a slightly increased speed), respectively. Ignoring the spatial aspect of motion 

problems makes all but the simplest problems impossible to solve.  

The correct answer for such motion problems may not be intuitive. The process of 

combining vector quantities is dictated by the vector superposition principle. It states that 

multiple vector quantities that are acting simultaneously can be integrated by instead 

considering their impact independently in a sequence (see Figure 1 for a graphical 

example). This process simplifies the problem by highlighting the spatial components of 

the vector quantities involved. Unfortunately, even at the college level students typically 

lack knowledge about vector quantities and vector mathematics (Flores, Kanim, & Kautz, 

2004; Nguyen & Meltzer, 2003). 

 

 

 

 

 

 

Figure 1 Graphical vector superposition. The two figures on the left show two forces of 
equal magnitude but different direction being applied simultaneously. It is not obvious 
the resultant should be zero for the directly opposite forces or diagonal for the orthogonal 
ones. The two figures on the right show the forces rearranged according to the vector 
superposition principle to make the resultants more obvious. 
 

It should therefore be unsurprising that many adults frequently make mistakes 

predicting motion in these complex events and harbor multiple misconceptions (Clement, 

1982; Halloun & Hestenes, 1985a, 1985b; Viennot, 1979). These misconceptions are not 
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merely temporary errors due to lack of knowledge, easily remedied by instruction, but 

rather a persistent problem that can last a lifetime (Halloun & Hestenes, 1985a; Viennot, 

1979). Students in traditionally taught introductory physics courses typically show no 

change in their conceptual understanding across a wide variety of topics, even after 

having successfully passed their course (Halloun & Hestenes, 1985b). For example, many 

adults predict some degree of horizontal motion in a pendulum bob after its string is cut 

at the apex of its swing (Caramazza, McCloskey, & Green, 1981; Kaiser, Profitt, Whelan, 

& Hecht, 1992). At the apex the velocity is zero. Confusion is likely due to the fact that 

the bob’s velocity previously had a non-zero horizontal component (away from the 

center) or that there is a horizontal component to its acceleration (towards the center). 

Reported predicted paths in these studies reflect both these directional misconceptions. 

Misconceptions about motion are not a unique result of individual experience; 

they are common amongst individuals and mirror common pre-Newtonian theories 

(Halloun & Hestenes, 1985b). These misconceptions often involving confusing one 

quantity for another or confusing their directions, as with the pendulum.  

The pervasive presence of misconceptions about motion is troubling for 

educators, but it provides opportunity for insight into the principles through which people 

understand the world around them. For example, Halloun and Hestenes (1985a) describe 

a common misconception they call the “dominance principle.” The dominance principle 

dictates that when two forces are combined one will win out over the other. In other 

words, the net force is equal to the “largest” force (i.e., ����� � max ����, ���, … , ����). This 

misconception correctly treats these forces as vectors, but does not combine them 
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according to the vector superposition principle. The dominance principle can lead to 

incorrect beliefs about both the magnitude (i.e., that an object will only move or 

accelerate as fast as the strongest force dictates) and the direction (i.e., that an object will 

only go in the direction of the strongest force). Showing evidence of this misconception 

implies that a person may believe that outcomes have to be traced back to single, direct 

causes, at least in some situations.  

The transition from early success at recognition to later failure at prediction also 

provides an opportunity to better understand how conceptions of the world develop. 

Shared misconceptions about the world are not limited to adults and children also show 

evidence of relying on a dominance principle. Unlike with adults however, 

misconceptions in childhood show evidence of changing over time and appear to have a 

developmental trajectory. For example, children treat gravity as a dominating force. 

Three-year-olds will predict that a ball will fall straight down, even when rolling through 

a tube that is bent to prevent a straight drop (Hood, 1995). This misconception was 

specific to motion from gravity; children did not make this error when balls were 

“magically” moving upwards (Hood, 1998). Children will eventually progress beyond the 

straight down error in Hood’s tube problem, but this is not because they have left the 

misconception completely behind. Four- and five-year-olds will continue to treat gravity 

as a dominating force, incorrectly predicting that a ball rolling off a table or down a ramp 

will fall straight down rather than continuing to move forward as it falls down (Kaiser, 

Proffitt, & McCloskey, 1985; Kim & Spelke, 1999). Performance on these tasks also 

improves with age.  
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Considering these shared misconceptions as a window into how people learn 

about and understand the world raises three important questions. First, what, if any, 

shared misconceptions do children hold about the more complex problems typically 

reserved for adults? Second, what is the general ability of children on these problems? In 

other words, how complex can a motion problem be for children to generally be able to 

solve it? The answer to this question has important implications for the optimal timing of 

any educational intervention. Third, what features of a problem influence the application 

of a common misconception and how does this compare across age groups? For example, 

dominance could be implied by both timing and size. Continuing the billiard ball 

example, suppose that there is now a third ball (C). If A and C impart the same force and 

A strikes B after C, the application of the dominance principle would be expected to 

ignore the motion associated with the early C collision in favor of the later A collision. 

Similarly, if C imparts a noticeably larger force than A, but strikes B at the same time, the 

dominance principle would clearly dictate C should now dominate. What happens if C is 

both earlier and noticeably larger, how might people determine dominance when two 

forces are “larger” in different ways?  

This dissertation will address these questions as a lens for better understanding 

how and why people arrive at simplified, intuitive misconceptions about motion. 

Specifically, both children’s and adult’s qualitative conceptions of motion will be tested 

with respect to Newton’s second law of motion and the vector superposition principle. 

Newton’s second law of motion defines the relation between the change in motion of an 

object and the forces that caused the change, with respect to both magnitude and 
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direction. It states that the change in the motion of an object (i.e., its acceleration) will be 

proportional in magnitude to and in the same direction as the (net) force responsible1. 

This relation does not mean that the motion itself will be in the same direction, the vector 

superposition principle must be applied to integrate the direction in which the object was 

already moving.  

The highly spatial nature of these problems suggests that spatial thinking may be 

related to the ability to solve them. Difficulty with vectors, particularly neglecting the 

directional information in fundamental physics vector quantities, is thought to play a key 

role in student difficulty with complex motion events (Knight, 1995; Schaffer & 

McDermott, 2005). Furthermore, a relative lack of attention to the qualitative spatial 

aspects of physics problems has been identified as a key difference between novices and 

experts (Larkin, 1981, 1982, 1983; Van Heuvelen, 1991). Therefore, this dissertation will 

address a fourth question as to whether or not spatial thinking predicts the ability to 

successfully solve problems involving combining multiple components of motion. 

  

                                                 
1 The second law also specifies that the magnitude of the change is inversely proportional 
to the mass of the object. 
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CHAPTER 2 

THE CURRENT STUDY 

Physics-naïve adults and children, age 5.5 to 6.5 years, were given the Hedgehog 

Game, a novel computerized assessment of conceptions about motion following 

Newton’s second law in situations with multiple forces. The Hedgehog Game is a 

multiple-choice test with foils designed to capture specific misconceptions, including 

multiple possible applications of the dominance principle. Multiple levels of difficulty are 

presented. 

Adults were not predicted to succeed at all levels of difficulty and were expected 

to show evidence of the dominance principle when they failed. Children were predicted 

to perform above chance for items that only included a single dimension. Child responses 

were interpreted in the context of adult performance. Spatial thinking was predicted to 

positively correlate with success in both ages due to the spatial nature of the task.  

Method 

Participants 

Fifty-eight adults (28 male) were recruited. They ranged in age from 18 to 65, 

with a mean age of just over 23 years. Participants were recruited from a major 

northeastern U.S. city through a university’s psychology subject pool or when visiting an 

associated child development laboratory with their child. Six adults (1 male) were 

deemed to not be physics naïve and their data were excluded. Adults were classified as 

potentially physics aware if they had 1) received college physics instruction within the 
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previous year or 2) had taken more than one college physics course. The mean age of the 

final sample was 22.75 years. 

Sixty-nine children (35 male) between 66 and 78 months old (5.5 to 6.5 years) 

were recruited (mean age = 70.96 months). Participants were recruited from the suburbs 

of a major northeastern U.S. city. They were predominately Caucasian and from upper-

middle class families. The data from six children were discarded due to a change in the 

procedure and the data from three additional children were discarded because they did 

not complete the study. The final sample of 60 children (31 male) had a mean age of 

70.63 months.  

The child age-range was selected because children at this age have been shown to 

succeed at motion in one-dimension problems and there is some indication that they 

might be able to solve more complex problems as well (Krist, Fieberg & Wilkening, 

1993, Göksun, George, Hirsh-Pasek, & Golinkoff, 2013, Howes, Tavares, & Devine, 

2012, Kaiser, Proffitt, & McCloskey, 1985; Kim & Spelke, 1999). This age is also the 

time at which dynamic spatial transformations seem to come online (Estes, 1998; Frick & 

Newcombe, 2009; Harris, Newcombe, & Hirsh-Pasek, 2013; Marmor, 1975, 1977; 

Newcombe & Frick, 2010; Rosser, Ensing, Gilder & Lane, 1984; Rosser, Ensing, & 

Mazzeo, 1985). 

The Hedgehog Game 

The structure of the game was inspired by the causality board game presented in 

Göksun et al. (2013). Children were presented with both slightly complex two-force 

problems (i.e., both forces in the same direction) and more complex problems like those 
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used with adults (i.e., the forces arrayed at 180 and 90 degrees to each other). Unlike 

Göksun et al.’s (2013) causality board game, the Hedgehog Game presents problems in a 

multiple-choice format, for comparison to chance, and without demonstrating any two-

force motion before test. Sequentially applied forces are also presented, providing 

problems of comparable difficulty to those found in the Force Concept Inventory, a 

commonly used measure of conceptions of force in motion in college students (see 

problem 8 in Hestenes, Wells, & Swackhamer, 1992). 

Forces in the Hedgehog Game are cartoon hedgehogs that jointly blow a ball 

around the board. The problem set addresses a range of contexts to measures conceptions 

about Newton’s second law (see Table 1 for concepts tested at each level). Differences in 

difficulty arise from varying the context. The test begins with a single-force question 

(Figure 3). Single-force trials are followed by one-dimension trials in which forces act in 

the same direction (Figure 4) and then one-dimension trials where the forces act in 

opposition (i.e., the forces act at 180 degrees to each other). The remaining problems 

introduce a second dimension and orthogonal forces (i.e. the forces act at 90 degrees to 

each other). Every two-force level includes a context for interpreting the motion – the 

square in which the ball would land if only one hedgehog blew the ball is highlighted.  

The inclusion of a second dimension of motion not only allows for more complex 

motion, but also allows for a nuanced evaluation of the dominance principle 

misconception. This misconception has been demonstrated when the forces are unequal 

in size (the biggest force wins), but also when they act sequentially (the most recently 

applied force wins). With orthogonal forces it is possible for the forces to be applied 
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simultaneously (Figure 8) or sequentially (Figure 5), thus allowing for the separation of 

size and recency. It is currently unclear which factor more strongly implies dominance.  

The problem sets are first presented in terms of prediction; given the forces the 

test-takers must determine where the ball will end up (Figure 3, Figure 4, and Figure 5). 

This response format is common on tests. However, response format matters and 

prediction has been shown to elicit misconceptions even when recognition tasks (Howes, 

Tavares, & Devine, 2012; Kaiser et al., 1992) and more embodied response formats do 

not (Krist, Fieberg, & Wilkening, 1993).  

The Hedgehog Game therefore introduces an additional response format: 

inference (Figure 6, Figure 7, and Figure 8). Each level is repeated, but in the second half 

of the Hedgehog Game the end point is shown and the test-takers are instead asked to 

determine the location of the second force that must be added to make the ball reach it. 

This response format would fit equally well in typical formal assessments. The inference 

format was not expected to be less likely to elicit misconceptions, but was included 

because it might result in different errors and a more complete understanding of 

participants’ conceptions of motion. Prediction trials are always first because pilot data 

suggested that this presentation order helps test takers understand the convention that two 

hedgehogs will both blow on a ball, even if one stands between the other and the ball 

(Figure 4 and Figure 7). 
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Table 1   
   
Dimensionality and concepts of games levels 
Forces Dimensionality Concept 
1 force (Figure 3, Figure 6) 1 dimension Motion occurs in the direction of 

the force 
2 forces, same direction (Figure 4) 1 dimension Vector superposition (addition) 
2 forces, opposite direction  
(Figure 7) 

1 dimension Vector superposition 
(subtraction) 

 
2 forces, orthogonal, simultaneous 
(Figure 8) 

2 dimensions Vector superposition (addition – 
diagonal resultant). The resultant 
is now in a different direction 
(diagonal), requiring more 
careful attention to be paid to the 
directional component of the 
vector. 

2 forces, orthogonal, sequential 
(Figure 5) 

2 dimensions Vector superposition (addition – 
diagonal resultant) and inertia. 
The addition of inertia makes 
this a physically different 
problem, though the vector 
addition is the same. This 
problem requires some physics 
knowledge, though this is 
knowledge that could be gained 
through observation. 

 Same force  A basic case, should not bias 
people to focus on either force. 

 Big force first 
(Figure 5) 

The errors reflect the idea that 
people may fail to integrate the 
forces and instead focus on one 
alone. Test-takers may apply the 
dominance principle to the first 
force because it is larger or the 
second force because it is more 
recent. 

 Small force first With the big force second, both 
strength and recency should lead 
people to apply to the dominance 
principle to the second force, if it 
is applied at all. 
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Figure 2 Sample hedgehogs 

 
Figure 3 One-force prediction array 
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Figure 4 Two-force prediction array (same dimension) 

 

 
Figure 5 Two-force prediction array (different dimensions) 
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Figure 6 One-force inference array 

 

 
Figure 7 Two-force inference array (same dimension) 
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Figure 8 Two-force inference array (different dimensions) 

 
The game is introduced by explaining that the hedgehogs in the game are going to blow a 

set of balls. Participants are shown that hedgehogs can blow the balls up, down, left, 

right, and diagonally. The three “rules” for the game are then introduced to the 

participant. First, there are two types of hedgehogs. Red hedgehogs are small and, by 

themselves, will blow a ball three squares. Brown hedgehogs are larger and can blow a 

ball five squares (Figure 2). The distances are shown, but not specified. Second, the 

further away a hedgehog is from a ball the weaker it will blow the ball. Third, the 

hedgehogs do not get to move or turn around. Interspersed with these instructions are 

practice items that ensure the participant understands the rules and concurrently explain 

the two trial types (i.e. prediction and inference) that will be encountered.  

All answers are given in a multiple-choice format. Answer choices are 

represented as light purple squares (Figure 3, Figure 4, Figure 5) for prediction trials or 

faded hedgehogs that indicate the size, color, and direction of the hedgehog that would 

stand at that choice (Figure 6, Figure 7, Figure 8) for inference trials. Participants are 
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only ever asked to place a single force, so one force is already in place on two-force 

trials. There are two sets of three trials for each level of difficulty hardcoded into the 

game. Participants are randomly assigned to one set at each level. The sets differ on 

direction (horizontal or vertical for the “first” hedgehog) to ensure this factor does not 

impact performance. 

The test is untimed and each participant can move forward at his or her own pace. 

They cannot change their answer once they have moved on to a different question.  

Each trial began with an explanation of the context for interpreting answers (“This 

square shows where this hedgehog would blow the ball if he was all alone.”). The target 

square for this single hedgehog is a light purple square. This square is a potential answer 

choice for the prediction trials.  

Physics notes. The explanations and the graphics are meant to convey the idea 

that the hedgehogs exert an instantaneous force on the ball as soon as the ball passes in 

front of them, with an accompanying instantaneous acceleration. However, the program 

actually models the motion, assigning a specific initial velocity to the ball. The velocity is 

decremented as the ball moves to model the negative acceleration due to friction. The 

program does not model forces directly, but does simulate movement similarly to that 

which people encounter in their everyday life by modeling the resulting acceleration and 

associated velocity. The one slightly unrealistic element in the game is that hedgehogs 

exert a force on the ball even if there is another hedgehog standing between the hedgehog 

and the ball (Figure 4). This feature was required so that two-force, same direction trials 

could be presented clearly.  
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The correct solution to the two force problems cannot be found by performing 

vector addition on the distance traveled when each force acts in isolation. Rather, vector 

addition should be performed on the instantaneously imparted velocities because the total 

distance traveled by a ball before coming to a stop is a function of its initial velocity. The 

distance traveled will be proportional to the square of the initial velocity. A ball with a 

higher initial velocity will roll for a longer amount of time before its velocity is reduced 

to zero, resulting in an increased distance traveled. When an object is acted on 

simultaneously by two forces oriented at 90 degrees (or less) to each other the initial 

velocity will be higher than if the same object was acted upon by either of the two forces 

individually (e.g., 1 + 1 = √2 in the perpendicular case). This leads to the somewhat 

counterintuitive truth that the ball will go further in both dimensions than performing 

vector addition on the distance traveled would indicate. For example, if Figure 5 were 

rearranged so that the red hedgehog did not blow the ball until it had come to a complete 

stop then the ball would have rolled 5 squares to the left and 3 squares up. However, 

because the ball will be moving under two perpendicular components of motion at once it 

moves slightly further. In the case of the level shown in Figure 5, the ball will not only 

move further, but it will end up in a different square (i.e., 6 squares to the left and 4 

squares up). 

Additional Measures 

Spatial thinking was measured through mental folding and mental rotation in both 

groups, though different, age-appropriate tests were used. Mental folding and mental 

rotation were chosen because psychometric research has identified these tests as 
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representative measures of spatial thinking (Lohman, 1979). Vocabulary was also 

measured as a control for g. There is a minor quantitative component to the Hedgehog 

Game (i.e. the brown hedgehog blow 5 squares while the red hedgehog blows 3 squares), 

which may have benefited children with higher math skills. Math skill was therefore also 

assessed in children, but not adults. Math skill was measured as linearity of number 

representation and ability to estimate as these skills are related to spatial thinking at this 

age (Gunderson, Ramirez, Beilock, & Levine, 2012). Heavily spatial math skills, such as 

linearly representing numbers, are most likely to be useful with this problem set. 

Adult mental folding was measured using the ETS’s Paper Folding Test (PFT - 

Ekstrom, French, Harman, & Dermen, 1976). This test shows a piece of paper being 

folded multiple times and then a hole being punched through it. Participants are required 

to select the image that shows how the paper would look when it was unfolded, from 

amongst five answer choices. It has two pages, with 10 items each. Participants are given 

3 minutes for each page. The manual reports reliability between .75 and .84, across three 

samples (Ekstrom et al., 1976). 

The University of Chicago Children’s Mental Folding Test (CMFT) was used to 

measure mental folding in children. This measure is valid for children from 60 to 119 

months (Levine et al., 2011). This test consists of two practice items and 11 test items. It 

is an untimed four-choice multiple-choice test. The examiner folds a piece of a paper and 

then punches a hole in. The child must select the answer from amongst the choices that 

depicts how the paper will look when it is unfolded. 
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Adult mental rotation was measured using and Vandenburg & Kuse’s MRT-A 

(1978). The MRT-A consists of pictures of 3D objects made of multiple small blocks. 

Answer choices are four objects, two of which are the same object at a different 

orientation. The instructions indicate that each item has two correct answers and both 

should be identified. There are two pages, with 12 items each. Each participant is given 3 

minutes per page. This test has a (KR-20) reliability of .88. 

Mental rotation in children was measured through the animal portion of 

Neuburger, Jansen, Heil, and Quaiser-Pohl’s (2011) mental rotation task (MRT). This 

task consists of two completed sample items demonstrating the task, two sample items 

the child must complete, and 16 test items. Each item consists of an animal standing 

upright and facing either left or right. Four answer choices are provided, each of which 

has been rotated from an upright position. Two are facing the same direction as the target 

animal and two are facing the opposite direction. Children must select the two matching 

animals. The instructions were provided to us in German and translated by Joanna 

Schiffman, a research assistant on the project. This test is untimed. 

The WJ-III Achievement Picture Vocabulary (PV) subtest (Woodcock, McGrew, 

& Mather, 2001) was used to measure vocabulary in both groups. This measure is 

untimed and free-response. Participants are shown drawings of objects and asked to 

identify them. The items administered are based on basal and ceiling criteria and are 

therefore different between participants. A minimum of 12 items and a maximum of 44 

items can be administered. Children begin at an earlier test item than adults, but follow 

the same basal and ceiling rules. It is therefore unlikely that most adults will see all of the 
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item children see or that most children will see many of the adult items, but nothing in the 

nature of the test mandates that any item not be given to either group. There are some 

items commonly given to both age groups. This test has a median reliability of .81, across 

the age of intended use (24 months to 90 years and older). 

Linearity of number sense was measured through a number line task. Children 

were asked to place a hatch mark to represent where the numbers 3, 25, 86, 6, 2, and 67 

fell on a 0 – 100 number line. This task allows children’s number representation to be 

investigated (Siegler & Opfer, 2003). Specifically, this task compares how linear, or non-

linear, a child’s number representation is. This task is untimed. Scores for this test were 

percentage of variance (R2) in hatch mark placement explained by a linear number 

representation (as in Gunderson et al., 2012).  

Children’s ability to estimate was measured through a symbolic approximation 

(SA) task. Two quantities are compared to a third; all presented symbolically as 

numerals. This task was adapted from Gunderson et al. (2012). This version only 

included approximate addition. Two practice items and 10 test items are presented. 

Children are shown that one character received two quantities of cookies, which are then 

hidden. They are then shown a second character receiving a different of amount of 

cookies and asked to determine who has more. This task is untimed.  

Procedure 

After obtaining consent, a brief questionnaire was given to adults and to the 

children’s parents. Then participants were brought to a quiet room for testing. Testing 

always began with mental folding. For adults this was followed by mental rotation. For 
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children the order of the mental rotation, number line, and symbolic approximation tasks 

were counterbalanced. This ordering was the result of some children simultaneously 

participating in another study. The vocabulary measure followed these tests and testing 

concluded with the Hedgehog Game. The Hedgehog Game was delivered on a touch 

screen tablet. The tablet was always placed horizontally on a table, to avoid any 

implication that gravity was involved.  

Pilot data indicated that adults were nervous prior to taking these tests. Multiple 

reassurances and explanations were therefore added to the procedure to ensure that 

participation was not unpleasant. Pilot data also indicated that the PV test and the 

Hedgehog Game elicited nervousness in both groups because they span multiple levels of 

difficulty. The experimenter prefaced both tasks with an explanation that some problems 

might be very easy and others might be very hard. The experimenter also emphasized that 

the only important thing was for them to show what they thought. Participants were 

explicitly instructed that an answer of, “I don’t know,” was an acceptable response for 

PV. Participants appeared to be relaxed by these instructions. 

The entire testing procedure lasted between 40 and 80 minutes for children and 40 

to 60 minutes for adults. Children were allowed to take breaks between tests at their 

request. Breaks were encouraged between tests if a child appeared to be losing focus. 

Breaks lasted no longer than 5 minutes. 
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Results 

Adult Scores 

Sex differences are expected in qualitative physics measures (Coletta, Phillips, & 

Steinert, 2011; Docktor & Heller, 2008; Kost, Pollock, & Finklestein, 2009; Lorenzo, 

Crouch & Mazur, 2006) and mental rotation, but not mental folding (Linn & Petersen, 

1985; Voyer, Voyer, & Bryden, 1995). These results were replicated here. Scores on the 

Hedgehog Game were not normally distributed so a Mann-Whitney test was used to 

evaluate sex differences. Men scored higher on both prediction (Mdnmale = 15, Mdnfemale 

= 6) and inference (Mdninf = 18, Mdninf = 6) trials on the Hedgehog Game, Upred = 143, 

ppred < .001, rpred = .50, Uinf = 167.5, pinf < .01 rinf = .44. Men also scored higher on mental 

rotation (Mmale = 12.3, Mfemale = 7.4), t(50) = 3.85, p < .001, d = 1.06. There was no sex 

difference for paper folding (Mmale = 11.48, Mfemale = 9.96) or vocabulary (Mmale = 32.37, 

M female = 32.96), tPFT(50) = 1.58, pPFT = .12, dPFT = 0.43, tvocab(50) = .52, pvocab = .60, dvocab 

= 0.14.  

Due to the sex difference in scores all analyses were done separately for men and 

women. The two trial types in the Hedgehog Game potentially require different skills, so 

scores for prediction items and inference items were examined separately as well.  

 Men performed above chance on every trial type (Table 2). Women only 

performed above chance for one-dimensional trials, though they did so for both 

prediction and inference trial types (Table 2). This is not to say that no women performed 

well, but in general performance was quite poor for two-dimensional trials; only 2 
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women scored above the men’s average on production trials and only 4 did so for 

inference.  

Child Scores 

MRT, SA, number line, and Hedgehog Game scores were not normally 

distributed, so a Mann-Whitney test was used on these measures to investigate sex 

differences. No sex differences were observed on any measure but the symbolic 

approximation (Mdnmale = 9, Mdnfemale = 8) and number line (Mdnmale = .83, Mdnfemale = 

.72) tasks, USA = 269, p < .01, r = .35, UNL = 236.5, p = .03, r = .31. A lack of sex 

differences on mental rotation was unexpected. Previous research showed a small, but 

significant male advantage (Neuburger et al., 2011). Unlike the adult analyses, all 

analyses of performance on the Hedgehog Game were collapsed across sex, with the 

exception of correlations with the math measures.  
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Table 2   

   
Comparison to chance for all trial types 

Trial Type W p 
Prediction –  
One dimension 

 

 Female 324 < .001 
 Male 374 < .001 
 Children 1717 < .001 
Prediction –  
Simultaneous  

 

 Female 142 .57 
 Male 363 < .001 
 Children 777 .30 
Prediction –  
Sequential 

 

 Female 137 .48 
 Male 309 < .01 
 Children 398a < .001 
Inference –  
One dimension 

 

 Female 322 < .001 
 Male 378 < .001 
 Children 1615 < .001 
Inference – 
Simultaneous  

 

 Female 81 a .023 
 Male 317 <.01 
 Children 317 a < .001 
Inference -  
Sequential 

 

 Female 159 .92 
 Male 316 < .01 
 Children 390 a < .001 
   
a mean was below chance 
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Children were only above chance for one-dimension trials for both production and 

inference (Table 2). Performance was significantly below chance for both two-

dimensional inference trial types, suggesting that children were not guessing, but were 

actually following a maladaptive strategy or strategies. Performance was also 

significantly below chance for sequential predication trials. 

Conceptions (and Misconceptions) 

 Answer choices in the Hedgehog Game were designed to follow different 

potential conceptions of how two components of motion might combine. This design 

allowed for an analysis of what types of responses a participant gave, rather than only 

considering the correctness, or lack therefore, of his or her answers. All groups performed 

above chance on one-dimension trials so the analyses of misconceptions focused on the 

two-dimensional trials. A participant was identified as following a specific response 

pattern if their responses adhered to that pattern for 5 out of every 6 responses (see 

Appendix A for coding schema). This fairly strict coding system was used to ensure that 

participants were not labeled as having a conception when they were merely guessing 

intelligently. During piloting multiple adults reported to the experimenter that they were 

considering switching between two answers to ensure that at least some of their answers 

were correct, though none decided to do so. For the purposes of understanding an 

individual’s conceptions of motion a less strict set of criteria might be appropriate. 

Eleven adult males (41%), 11 adult females (44%), and 40 children (67%) were 

not identified as following any pattern for prediction trials. Twenty-four children (40%) 

were not identified as following any pattern for the inference trials, but all adults at least 
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identified the force should not be facing away from the goal. This lack of consistency 

does not necessarily indicate that these individuals were guessing, though some likely 

were. Rather, this classification indicates either some degree of not being sure how to 

respond or changing strategies partway through the test. Participants who were able to 

self-correct their conceptions as the test progressed were unavoidably included in this 

group. 

Prediction trials. Dominance could emerge as random (always only following 

one, but not consistently favoring either), context (always selecting the context response), 

size (always following the larger force), temporal (always following the most recent 

force), or both only (only showing dominance when second force is larger and more 

recent). It was possible for a participant to change the type of dominance response shown 

as additional context (i.e. different force sizes and sequential application) was added. 

Adults showed correct, dominance, and slowing patterns. The slowing pattern was not 

initially predicted, but during piloting multiple participants indicated that they believed 

the second force was, “slowing the ball down.”  

For adult males, the majority of those with an identified pattern (37% of the entire 

group) were responding correctly (Table 3). The rest of those with a pattern showed the 

temporal dominance error. Temporal dominance was not always possible (i.e. during 

simultaneous trials) and some adult males showed additional misconceptions during these 

trials. Size dominance was shown when forces were unequal and when the forces were 

equal (i.e. size dominance is also not possible) then a slowing response was provided. 
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Adult females were more diverse (Table 3). The majority of the adult females 

with an identifiable pattern showed a temporal dominance error (44% of the entire 

group). As with adult males, some adult females also showed slowing and size 

dominance on simultaneous trials. This pattern was more common in this group. 

Additionally two adult females provided slowing responses for all simultaneous trials 

before switching to temporal dominance on sequential trials. Two others adult females 

only provided a slowing response to two-dimension trials. Notably, they did respond 

correctly to the one-dimension, same-direction problems, indicating that this was not 

simply a preference for that answer location. Rather, these two appeared to understand 

how to combine components of motion in one dimension, but believed that the addition 

of two orthogonal components of motion resulted in a decreased amount of motion in a 

single dimension.  

The most common identified pattern in children was also temporal dominance 

(Table 3). Somewhat surprisingly three children consistently succeeded at all trials. One 

child was similar to some adults in switching from size dominance for simultaneous trials 

to temporal dominance in sequential trials, but without the initial slowing response for 

same-force items. Unlike adults, no child showed the slowing misconception.  

Children also showed a number of response patterns not exhibited by adults 

(Table 3). Some children would always ignore one force, without consistency as to which 

force was ignored. Other children always added the two forces, ignoring the direction of 

the second force. One child unexpectedly ignored the second force, consistently 

predicting the ball would end up in the location they had been explicitly instructed was 
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the one that would occur without the second hedgehog. This child did not do so for the 

trials in which the forces acted in the same dimension. Two children consistently selected 

the farthest answer; this may have been a perseverative error since the correct answer on 

the first and simplest two-force trials was this response. 

Table 3    
    
Prediction patterns 

 
Adult 
Males 

Adults 
Female Children 

Correct 37% 4% 5% 
No pattern 41% 44% 67% 
Temporal 18% 24% 13% 
Size, temporal - - 2% 
Slow, temporal - 4% - 
Slowing, size, temporal 4% 16% - 
Any single  - - 5% 
Just add - - 3% 
Always far - - 3% 
Context - - 2% 
Slowing  - 8% - 

 

Inference trials. The patterns explored for inference trials were: correct, random 

orientation, or dominance. Random orientation could occur if the direction (towards or 

away from the goal) or angle (perpendicular or diagonal) was held constant while the 

other was changed. Dominance errors could result in always ignoring the placed force 

(always picking the answer aimed at the target), size dominance (only aiming at the target 

when the second force is big and the placed force is small), or temporal dominance. 

Temporal dominance could occur in two ways for the inference trials. The first is that the 

correct, perpendicular answer choice appears correct, until it is placed so as to act 

sequentially – at which point the participant switches to the diagonal answer choice 
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(temporal dominance 1). The other way is the reverse. In this scenario, the participant 

does not recognize the diagonal answer choice is incorrect, until the perpendicular answer 

choice is placed sequentially (temporal dominance 2).  

In contrast to the prediction trials, adult females were fairly similar in their 

responses to the inference trials and adult males were more diverse (Table 4). The 

majority of the adult females (68%) made an in line response, completely ignoring the 

original placed force, regardless of size or timing. Adult females did not make any other 

error consistently. The most common error for adult males was also the in line response 

(26% of entire group), but many adult males responded correctly and a few made other 

errors (Table 4). Two adult males showed size dominance and selected the diagonal 

response when the second force was the larger hedgehog and the perpendicular response 

when it was the smaller one. One adult male showed the first temporal dominance 

pattern. It is important to note the ways in which the answer array changes for sequential 

forces may have offered a clue that the perpendicular response was correct.  

No adult participant consistently made a directional error (i.e., all adults generally 

recognized that a force in the wrong direction would not work). In fact, only three adults 

ever made such a response and each only ever gave it once. 

Children performed somewhat similarly to adults in that many selected the answer 

that was directly in line with the target (Table 4). Three children also identified that the 

second force must be aimed at the goal, without consistently differentiating between the 

two that were. As with the prediction trials, they also showed errors that adults did not 

make. Seven children consistently responded with a diagonal answer, but ignored which 
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direction it was facing (i.e. at least one third of the time they selected an answer that 

would blow the ball away from the goal). Four children consistently responded with a 

perpendicular answer, but again ignored its direction. These 11 children that completely 

ignored the direction of the forces may have a consistent response due to a preference for 

the appearance of a type of hedgehog, rather than a concept of motion. 

Table 4    
    
Inference patterns 

 
Adult 
Males 

Adult 
Females Children 

Correct 33% 8% - 
No pattern - - 40% 
Any towards goal 30% 24% 5% 
Any diagonal - - 12% 
Any perpendicular - - 7% 
In line 26% 68% 37% 
Size dominance 7% - - 
Temporal dominance 1 4% - - 

 
Spatial Thinking 

MRT-A and PFT scores were correlated with performance on the prediction and 

inference scores, controlling for g using WJIII-PV score. Adult males were analyzed 

using total score for each trial type, while adult females were analyzed using their scores 

on the one-dimensional trials only (i.e. only for trial types for which their group was 

above chance). None of the correlations reached significance.  

CMFT, MRT, SA, and number line scores were correlated with performance on 

the prediction and inference scores, controlling for g using WJIII-PV score. Male and 

female children were analyzed separately for SA and number line scores because of the 

observed sex difference. As with adult females, correlations to other measures were done 
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with respect to score on one-dimensional trials only since children were not above chance 

for all other levels of the game. Mental folding was predictive of success on both 

prediction and inference trials, rpred = .43, ppred < .01, rinf = .34, pinf < .01. Symbolic 

approximation was predictive of success for male children on prediction trials, rpred = .41, 

ppred < .03, but not inference trials, rinf = -.01, pinf = .95. Symbolic approximation was not 

predictive of success for female children on either trial type. Mental rotation and number 

line performance were both not predictive for either trial type for either sex. 

Discussion 

This dissertation explored conceptions and misconceptions of motion following 

Netwon’s second law of motion and the vector superposition principle. Children and 

adults were asked to combine two forces to predict the resulting motion of a ball and to 

infer the relation of forces given the outcome. Misconceptions were captured through 

analyzing patterns on the multiple-choice response format. Four questions about complex 

motion events were addressed: What, if any, shared misconceptions do children hold 

about complex motion events? What is the general ability of children to reason about 

them? What problem features influence the application of the dominance principle when 

making predictions and inferences about the outcomes of these events? Does spatial 

thinking predict the ability to successfully solve such problems? 

Previous research on common misconceptions of motion in complex events was 

extended to children, showing that even early in life there are shared misconceptions 

about these problems. Furthermore, these misconceptions were found to be similar to 

adults; the most common consistent response in children followed the dominance 
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principle. The most common error in adults on the Hedgehog Game also reflected the 

dominance principle, replicating error data from previous research. Previous research has 

also shown that people evidence the dominance principle by preferring to aim a second 

force directly at a goal (diSessa, 1982). This tendency was clearly evident on inference 

trials in both age groups.  

However, there was also strong evidence that conceptions of motion are still 

developing at this point and, unlike most adults, the majority of children’s patterns of 

responses were not consistent with having a concept. This likely, but does not 

necessarily, reflects confusion amongst a majority of the child participants for these more 

complex events. Children also showed additional misconceptions not seen in adults. 

These response patterns generally suggest a simplified understanding of the problem, as 

would be expected. Somewhat surprisingly, there was also evidence that a new 

misconception – slowing – arises with age.  

While children generally demonstrated misconceptions or inconsistent responses 

to two-dimension problems, they also demonstrated a general ability to successfully 

reason about complex motion problems when limited to a single dimension. Young 

children, 5.5 to 6.5 years old, are already capable of thinking about how different 

components of motion might combine. They were above chance for single-dimension 

trials, even for trials in which the forces acted in opposite directions. Interventions aimed 

at improving qualitative understanding of complex motion events could therefore begin 

as children are first entering formal schooling. Early intervention may be particularly 

important to help address sex differences commonly found in adults. While these 
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differences were replicated in the adult sample, they were not found in children, 

suggesting that sex differences emerge later in childhood than 6.5 years.  

Beginning instruction on multiple forces and their qualitative impact on motion is 

an important update to the suggested timeframe found in the National Science Education 

Standards (NRC, 1996). The Standards call for science education to begin in 

kindergarten, but it is not until 5th – 8th grade that two-force motion problems are 

introduced. Only after fourth grade are students to begin to describe motion in terms of 

position, velocity, and the direction of the motion. The idea that students should not be 

expected to understand that “if more than one force acts on an object along a straight line, 

then the forces with reinforce or cancel one another, depending on their direction and 

magnitude” (p. 154) only by the end of the 5th to 8th grade period may not be fully 

capitalizing on children’s capabilities. 

The late start suggested by the Standards may be motivated by the fact that it is 

not until this time that children have developed enough math skills to begin to solve 

simple equations. Typical classroom instruction and assessment focus on quantitative 

answers, unintentionally encouraging novices to search for formulas to plug numbers 

into, rather qualitative knowledge of how the world works (Hammer, 1989; Larkin, 

McDermott, Simon & Simon, 1980; Van Heuvelen, 1991). As a result, older students rely 

too heavily on math and this appears to lead them to reduce, if not entirely abandon, their 

attempts at conceptual understanding. Beginning instruction prior to the development of 

elementary math skills may actually be a benefit in that instruction would now be forcibly 

constrained to establishing a conceptual basis prior to introducing math.  
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Together these results suggest that there is a developmental trajectory for a 

person’s conceptions of motion, one in which educators may be able to intervene. 

However, there does not appear to be a single trajectory common to all children. Some 

children develop early and can succeed at the task. Others show the temporal dominance 

pattern – a complex, though inaccurate, conceptualization of the motion that is fairly 

close to the truth and is common amongst adults. Still others have yet to develop the 

conceptions they are likely to hold as adults. While there may be shared developmental 

trajectories between males and females, each group must also contain unique trajectories. 

This study also builds upon previous work by placing size and temporal 

dominance in direct competition. Timing appears to be a key factor that influences the 

application of a dominance principle; temporal dominance was far more common on 

prediction trials and trumped size dominance when participants were forced to choose, at 

all ages. Susceptibility to a temporal dominance misconception was also demonstrated in 

the individuals who responded correctly until a sequential application of the forces was 

added. It appears that people have a tendency to think of a series of motion events as 

independent and unrelated even when the motion is continuous, going beyond simple 

dominance. For inference trials dominance was applied more generally, suggesting that 

people may look for simple causes to explain events.  

Spatial thinking was found to predict performance on the Hedgehog Game for 

children, but not for adults. This result does not necessarily suggest that spatial thinking 

would not be helpful for adults on these problems. Rather, it may be that adults have 

entrenched misconceptions that discourage them from considering the problem anew by 
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relying on their spatial thinking skills. Schwartz and Black (1996) demonstrated that 

people switch strategically between using spatial visualization and following a heuristic, 

depending on perceived familiarity. When faced with a completely novel problem or a 

problem to which their heuristic would obviously not apply, people will consider the 

spatial aspects of the problem by attempting to visualize motion. However, when people 

believe that the answer can be determined by a heuristic, that strategy is preferred. The 

adults in this study may have actively decided not to attempt to visualize the motion and 

instead follow a heuristic derived from the dominance principle. For example, many 

responses were consistent with a rule – “Following each force until a new force is 

applied, then follow that force.” Interestingly, this approach is very similar to the vector 

superposition principle, despite leading to very different answers by not taking the timing 

into account accurately.  

Unlike adults, children were able to rely on spatial thinking to help imagine the 

answer to these problems; at least for problems they were capable of solving. However, 

this approach was either not used or not used successfully when the second component of 

motion was in a different dimension. Children were not generally able to succeed at these 

items and showed evidence of following an incorrect strategy. It is unclear why mental 

folding, but not mental rotation was correlated with successfully solving one-dimension 

problems. The difference may lie in the fact that mental rotation is a rigid transformation 

(i.e., the distance between all points within the object is preserved) and mental folding is 

not. A fold creates two distinct regions and the relation between them must be maintained 

within the context of the larger whole. Similarly, applying two forces two an object 
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creates two distinct components of motion and the relation between them must be 

considered to understand the single resultant motion that will occur. 

Somewhat unexpectedly symbolic approximation was related to success on one-

dimensional predication trials in male children. This result is particularly surprising in 

light of the fact that the Hedgehog Game was meant to be qualitative and not quantitative. 

However, estimating how two quantities compare to a third is a somewhat qualitative task 

(i.e. they are not meant to be able to actually add) and is actually quite similar to what is 

required in the Hedgehog game. One-dimension predication trials require estimating how 

two forces can be added or subtracted and then compared to the answer choices. It may 

be that it is not math, per se, that is predictive of success, but rather the ability to 

estimate, compare, and treat quantities flexibly. This interpretation is supported by the 

lack of relationship between linearity of number representation and the Hedgehog Game. 

Limitations and Future Research 

The main limitation of this study is that the actual development of any 

individual’s conceptions was not explored. True understanding of exactly how 

misconceptions develop requires a longitudinal design with a focus on individual 

differences.  

The early emergence of these adult-like misconceptions suggests that the 

difficulty in altering adult conceptions may be due to the fact that they are quite long-held 

by the time adults receive explicit instruction. Earlier education efforts may have a large 

payoff by helping turn misconceptions into more correct conceptions before they become 

entrenched. However, these problems are quite complex and even at this early age 



   

39 
 

intuitive conceptions of motion may be difficult to overcome. Future work should 

investigate whether children’s conceptions are more malleable than adults by attempting 

to train children. Special interest should be paid to children who show adult-like 

misconceptions and how the malleability of their conceptions compares to those of 

similar adults. 

A key goal to early physics instruction should be an increased awareness of the 

spatial component of physical concepts, such as force and velocity. The correlation 

between spatial thinking skills and performance on the Hedgehog Game in children, 

suggests that early education could rely on spatial thinking and the development of such 

skills in ways in which college-level physics courses cannot. It may also be possible to 

leverage early estimation and qualitative addition to support the development and use of 

vector thinking.  

There is also a need for additional consideration of how conceptions of motion are 

assessed in the future. These studies began to explore inference in addition to prediction 

and the results suggest that these two methods are different. The errors made in the 

inference trials reflect far simpler reasoning about the problem. There is also room for 

further, direct contrast of recognition to both prediction and inference.  

Perhaps most importantly, more attention should be paid to measuring 

conceptions of motion through asking people to directly act in the world. Success in 

physics certainly requires being able to predict, describe, and make inferences from 

motion events. However, there is much to be said for simply being able to effectively act 

in the world. The initial evidence suggests people are far more skilled at doing so than at 
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reasoning abstractly about these problems (Krist, Fieberg, & Wilkening, 1993). Assessing 

conceptions this way may add important depth to evaluating people’s understandings. 

Beyond assessment, demonstrating the contrast between people’s predictions and their 

actions might actually prove to be an effective teaching tool as well. 
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APPENDIX A  
 

CONCEPT CODING SCHEME 
 

All groups were above chance on single-dimension trials so only two-dimension 

trials were analyzed for misconceptions. The conditions for categorization require 5 out 

of 6 responses to fit into a particular pattern. When the number of trials was not evenly 

divisible by 6 the cut-off point for categorization was rounded up. This coding scheme 

was meant to be fairly strict so that people were only identified as having a concept if 

there was very strong evidence for that categorization.  

This method does not capture participants who switch strategies across trials. A 

small number of participants explicitly stated they were changing their strategy. Such 

participants are necessarily categorized as not consistently responding, grouping them 

with those who were guessing. 

Patterns that did not occur in this sample are shaded gray.  
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Prediction answer key 

F – first-only response: the location the ball would end up if only one of the forces acted 
on it. This is the context answer choice about which participants were explicitly 
instructed. 

A – addition response: the location the ball would end up at if the two forces were in the 
same dimension and in the same direction. 

S – subtraction response: the location the ball would end up if the two forces were in the 
same dimension and in opposite directions. 

D – dominance response: the location the ball would end up at if only the second force 
acted on the ball. For sequential trials this requires the context force acting first and then 
velocity associated with that force ceasing to exist upon the application of the second 
force. 

C – correct response: the location the ball would actually end up at if both forces acted on 
it as shown. 
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Prediction patterns 
 
PATTERN CONDITION MEANING 
Always far 15 or more addition 

responses on two-force trials 
A simple addition of the forces 
following the direction of the 
context force, ignoring the 
direction of the second force 

Any single 15 or more first-only and 
dominance responses across 
all two-force trials, at least 5 
of each 

Always follows a single force, 
but with no concept of which 
should dominate. This pattern 
may not actually be a dominance 
principle but may instead 
represent an inability to consider 
multiple forces at once. 

Context 15 or more first-only 
responses across all two-
dimensional trials 

Always follows the context 
force, ignoring the second. This 
pattern may not actually be a 
dominance principle but may 
instead reflect ignoring the 
second force. 

Size dominance 5 or more context responses 
on “big force first” trials and 
5 or more dominance 
responses on “small force 
first” trials; responses to 
“same force” trials not 
considered 

Always follow the large force, 
regardless of timing 

Temporal dominance 8 or more dominance 
responses on sequential trials 

Always follow the second force, 
regardless of size. All but two 
people that received this 
classification had a dominance 
response for all three trials in 
which the small force was 
second. Those two individuals 
each selected the subtraction 
response for the first of the three 
trials. 

Size, temporal 5 or more responses 
following the larger force for 
simultaneous trials and 8 or 
more dominance responses 
on sequential trials 

Strong dominance principle, 
applied based on size when 
temporal dominance isn’t 
possible, but switches when 
forces are applied sequentially 

Slow, size, temporal 5 or more subtraction Similar to the “size, temporal” 
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responses for the same force, 
simultaneous trials and the 
big force first simultaneous 
trials; dominance responses 
for all three small force first, 
simultaneous problems; and 
8 or more dominance 
responses for sequential trials 

pattern, except that the slowing 
conception was applied when 
neither size dominance or 
temporal dominance suggested a 
different answer than the context 
response. 

Slow, temporal 8 or more subtraction 
response for the 
simultaneous trials and 8 or 
more dominance response for 
sequential trials 

Similar to the “temporal 
dominance” pattern, except that 
slowing conception was applied 
when temporal dominance was 
not possible 

Both only dominance Dominance response for all 
three small force first, 
sequential trials and 13 or 
more response of any single 
type on other trials 

Weak dominance principle, only 
applied when a force is both 
larger and applied second. Any 
single response other than the 
dominance response could have 
been given. 

Just add 15 or more addition 
responses on two-dimension 
trials and 5 or more addition 
responses on one-dimension 
trials 

A generic preference for the 
addition response, even when 
the forces were in the same 
dimension and facing in 
opposite directions 

Just subtract 15 or more subtraction 
responses on two-dimension 
trials and 5 or more 
subtraction responses on one-
dimension trials 

A generic preference for the 
subtraction response, even when 
the forces were in the same 
dimension and facing in the 
same direction 

Slowing 12 or more subtraction 
responses on two-dimension 
trials (excluding the last three 
trials) but no more than 4 
subtraction responses on one-
dimension trials  

A second force in a different 
dimension will slow down the 
ball. The last three trials were 
excluded because the second 
force is not applied until the ball 
rolls past the subtraction 
response, making it obvious this 
answer is wrong. Individuals 
with the slowing response would 
no longer be expected to select 
this answer. 

First-only 20 or more context responses 
across both one and two-
dimension trials  

Simply ignore the presence of 
the second force, the ball will 
only do what they were 
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explicitly told would happen if 
the first hedgehog was alone. 

Correct 20 or more correct responses 
across both one and two-
dimension trials 

A correct concept of motion in 
complex events 
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Inference answer key 

WD – wrong side, diagonal: the diagonal force that would blow the ball away from the 
target 

WP – wrong side, perpendicular: the perpendicular force that would blow the ball away 
form the target 

RD – right side, diagonal: the force that would blow the ball towards the target, but 
would not hit it 

C – correct response: the force that would result in the ball hitting the target space 
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Inference patterns 
 
PATTERN CONDITION MEANING 
Any towards goal 15 or more correct and right 

side, diagonal responses 
combined; at least 5 correct 
and 5 right side, diagonal 

A basic understanding that the 
second force should be towards 
the goal (necessary since the 
goal is further away than the 
single-force endpoint). No clear 
distinction of the orientation 
aside from being towards the 
goal. 

Any away from goal 15 or more wrong side 
responses, at least 5 
perpendicular and at least 5 
diagonal 

A consistent concept, but 
completely incorrect. No clear 
distinction of the orientation 
aside from being away from the 
goal. 

Any diagonal 15 or more diagonal 
responses, at least 5 on the 
right side and at least 5 on 
the wrong side  

A preference for the diagonal 
hedgehogs, but with no attention 
to their direction. This likely 
represents a preference for their 
look, rather than a concept. 

Any perpendicular 15 or more perpendicular 
responses, at least 5 on the 
right side and at least 5 on 
the wrong side 

A preference for the 
perpendicular hedgehogs, but 
with no attention to their 
direction. This likely represents 
a preference for their look, 
rather than a concept. 

In line 15 or more right side, 
diagonal responses 

Always select the force directly 
in line with the answer, an 
inference dominance principle 

Temporal dominance 1  8 or more correct responses 
on simultaneous trials and 8 
or more diagonal responses 
on sequential trials 

Correct understanding when the 
forces are applied 
simultaneously, but directly 
aiming at the target when the 
perpendicular answer is 
sequential. Reflects a belief that 
a sequentially applied 
perpendicular force would result 
in perpendicular motion. 

Temporal dominance 2 8 or more diagonal 
responses on simultaneous 
trials and 8 or more correct 
response on sequential trials 

Directly aiming at the target 
when the perpendicular option is 
simultaneous, but switches to 
the correct perpendicular 
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response when it would act 
sequentially. 

Size dominance 5 or more diagonal 
responses when the big 
force had to be placed and 5 
or more correct responses 
when the small force had to 
be places 

Directly aim the big force at the 
target, but place small forces 
correctly. Same force trials were 
not considered. 

Correct 15 or more correct 
responses 

A correct concept of how to 
infer the cause of motion in 
complex events 

 
 


