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In everyday life people constantly ob- 
serve and interact with objects in mo- 
tion. We might expect that, as a result of 
this extensive experience, people would 

develop a basic understanding of some of 
the fundamental principles of physics 
governing the behavior of moving ob- 

jects. For example, we might expect 
them to know that objects move in 
straight lines in the absence of external 
forces and that falling objects accelerate. 

Instruction is probably necessary to 
achieve an understanding of complex 
principles or to appreciate the details of 
fundamental laws (such as the fact that 
bodies in free fall on the earth undergo a 
constant acceleration of 9.8 m/sec2). Fur- 
thermore, in some respects perceptual 
experience can be misleading. For in- 
stance, everyday experience suggests 
that objects set into motion eventually 
come to a stop when no obvious external 
force acts on them. Thus, it is not sur- 
prising that many people who lack for- 
mal instruction in physics do not grasp 
the principle of inertia (1). 

Nevertheless, it seems that normal ex- 
perience should be sufficient for a basic 
understanding of many simple mechani- 
cal principles. However, several experi- 
ments that we recently conducted with 
university students suggest that this is 
not the case. The experiments are part of 
a larger project that seeks to characterize 
internal representations of the physical 
world in people with various degrees of 
expertise in physics. The results clearly 
indicate that many students who have 
completed one or more physics courses, 
as well as many of those without formal 
instruction, fail to understand the most 

SCIENCE, VOL. 210, 5 DECEMBER 1980 

In everyday life people constantly ob- 
serve and interact with objects in mo- 
tion. We might expect that, as a result of 
this extensive experience, people would 

develop a basic understanding of some of 
the fundamental principles of physics 
governing the behavior of moving ob- 

jects. For example, we might expect 
them to know that objects move in 
straight lines in the absence of external 
forces and that falling objects accelerate. 

Instruction is probably necessary to 
achieve an understanding of complex 
principles or to appreciate the details of 
fundamental laws (such as the fact that 
bodies in free fall on the earth undergo a 
constant acceleration of 9.8 m/sec2). Fur- 
thermore, in some respects perceptual 
experience can be misleading. For in- 
stance, everyday experience suggests 
that objects set into motion eventually 
come to a stop when no obvious external 
force acts on them. Thus, it is not sur- 
prising that many people who lack for- 
mal instruction in physics do not grasp 
the principle of inertia (1). 

Nevertheless, it seems that normal ex- 
perience should be sufficient for a basic 
understanding of many simple mechani- 
cal principles. However, several experi- 
ments that we recently conducted with 
university students suggest that this is 
not the case. The experiments are part of 
a larger project that seeks to characterize 
internal representations of the physical 
world in people with various degrees of 
expertise in physics. The results clearly 
indicate that many students who have 
completed one or more physics courses, 
as well as many of those without formal 
instruction, fail to understand the most 

SCIENCE, VOL. 210, 5 DECEMBER 1980 

Ney, E. W. Sutherland, J. Biol. Chem. 242, 5535 
(1967); W. W. Davis and L. D. Garren, ibid. 243, 
5153 (1968). 

9. U. K. Laemli, Nature (London) 227, 680 (1970); 
R. Burgess and J. J. Jendrisak, Biochemistry 14, 
4634 (1975). 

10. G. Shanker, H. Ahrens, R. K. Sharma, Proc. 
Natl. Acad. Sci. U.S.A. 76, 66 (1979). 

11. W. M. Bonner and R. A. Laskey, Eur. J. Bio- 
chem. 46, 83 (1974). 

12. Supported by grants from the National Science 
Foundation (PCM 80-88730) and the National 
Cancer Institute (CA-16091). 

* Present address, Department of Cell Biology, 
Mayo Clinic, Rochester, Minn. 55901. 

t Address reprint requests to R.K.S. 

28 April 1980; revised 17 June 1980 

Ney, E. W. Sutherland, J. Biol. Chem. 242, 5535 
(1967); W. W. Davis and L. D. Garren, ibid. 243, 
5153 (1968). 

9. U. K. Laemli, Nature (London) 227, 680 (1970); 
R. Burgess and J. J. Jendrisak, Biochemistry 14, 
4634 (1975). 

10. G. Shanker, H. Ahrens, R. K. Sharma, Proc. 
Natl. Acad. Sci. U.S.A. 76, 66 (1979). 

11. W. M. Bonner and R. A. Laskey, Eur. J. Bio- 
chem. 46, 83 (1974). 

12. Supported by grants from the National Science 
Foundation (PCM 80-88730) and the National 
Cancer Institute (CA-16091). 

* Present address, Department of Cell Biology, 
Mayo Clinic, Rochester, Minn. 55901. 

t Address reprint requests to R.K.S. 

28 April 1980; revised 17 June 1980 

fundamental principles of mechanics. 
Furthermore, the data suggest that the 
students do not merely lack such knowl- 
edge; they espouse "laws of motion" 
that are at variance with formal physical 
laws. 

In this report we describe the results 
of an experiment designed to assess un- 
derstanding of the principle that objects 
move in straight lines in the absence of 
external forces. The subjects were 50 
students enrolled in undergraduate 
courses at Johns Hopkins University. 
Three subjects failed to follow instruc- 
tions. Of the remaining 47 subjects, 15 
had taken no high school or college phys- 
ics courses, 22 had completed one high 
school course, and 10 had completed at 
least one college physics course. Each 
subject was presented with 13 simple 
problems. Each problem consisted of a 
line drawing and instructions that ex- 
plained the drawing and specified the 
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subject's task. The drawings for the four 
problems discussed in this report are 
shown in Fig. 1. 

In problems 1 to 3, the subjects were 
instructed as follows: 

Each of the first several pages shows a thin 
curved metal tube. In the diagrams you are 
looking down on the tube. A metal ball is put 
into the end of the tube indicated by the ar- 
row. The ball is then shot out of the other end 
of the tube at high speed. Your task is to draw 
the path the ball will follow after it comes out 
of the tube .... In drawing the path of the 
ball ignore air resistance. Assume that the ball 
will come out of the tube at the same speed for 
all of the tubes. 

In problem 3, the subjects were also 
told that a ball is shot out of each of two 
tubes and that they should draw the 

paths of both balls. 
In problem 4, the subjects were told: 

Imagine that someone has a metal ball at- 
tached to a string and is twirling it at high 
speed in a circle above his head. In this dia- 
gram you are looking down on the ball. The 
circle shows the path followed by the ball and 
the arrows show the direction in which it is 
moving. The line from the center of the circle 
to the ball is the string. Assume that when the 
ball is at the point shown in the diagram, the 
string breaks where it is attached to the ball. 
Draw the path the ball will follow after the 
string breaks. Ignore air resistance. 

Many of the students clearly did not 
know that objects move in straight lines 
when no external force acts on them. 
Fully 36 percent of the pathways drawn 
were curved lines. More specifically, the 
paths were curved in 49 percent of the 
drawings by students with no formal 
physics instruction, 34 percent of the 
drawings by students who had taken one 
high school physics course, and 14 per- 
cent of the drawings by students who 
had completed one or more college 
courses. 

Figure 2 presents the correct response 
and the most common erroneous re- 
sponses to each of the four problems. 
Consider first the problems involving 
tubes (problems 1 to 3). For the simple 
C-shaped tube, one-third of the subjects 
drew a curved pathway for the ball (Fig. 
2B). The results were even more striking 
for the spiral tube: half of the subjects 
drew curved lines. Of particular interest 
is the fact that for 19 of the 25 subjects 
who drew curved paths for at least one of 
the first two problems, the path drawn 
for the spiral tube (Fig. 2D) had a greater 
curvature than the path drawn for the C- 
shaped tube (Fig. 2B). 
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These results suggest that many 
people believe that when an object is 

passed through a curved tube, it will con- 
tinue in curved motion even when no ex- 
ternal forces act on it. Furthermore, 
some people believe that the more dra- 
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matic the curvature of the tube (or per- 
haps the longer the object is in the 
curved tube), the more curved its motion 
will be after it emerges. 

The data for the problem involving 
two tubes (problem 3) show that the re- 
sults for the first two problems do not 
represent some misunderstanding of the 
problems by the subjects (for example, a 
belief that the tubes were oriented verti- 
cally, so that the diagram presented a 
side view). For this problem approxi- 
mately one-third of the students drew 
clearly diverging pathways for the two 
balls (Fig. 2F). 

Finally, consider problem 4, in which 
a ball spinning around at the end of a 
string flies off when the string breaks. In 
terms of physical principles, this prob- 
lem is similar to the tube problems. In 
both types of problems, a force exerted 
on an object causes it to move in a 
curved path and the force is then re- 
moved. Not surprisingly, the results for 
problem 4 were similar to those for prob- 
lems 1 to 3: 30 percent of the subjects 
believed that the ball would follow a 
curved path after the string broke. A typ- 
ical response of this type is shown in Fig. 
2H (2). 

Two additional types of incorrect re- 
sponses, which may be termed sophisti- 
cated errors, were also observed for 
problem 4. Three subjects believed that 
the ball would follow a straight path that 
continued the line formed by the string at 
the point at which it broke (Fig. 21). In- 
terviews revealed that this response rep- 
resents an attempt to analyze the situa- 
tion in terms of the forces acting on the 
ball. Specifically, these subjects believed 
that a centrifugal force was pulling the 
ball outward, but that the string was 
holding the ball in. Thus, when the string 
broke, the centrifugal force yanked the 
ball outward, causing it to follow a path 
that continued the line of the string (3). 

In the second type of sophisticated er- 
ror (also made by three subjects), it was 
thought that the ball would travel in a 
straight line oriented approximately mid- 
way between the path the ball would ac- 
tually follow and the path leading along 
the line of the string (Fig. 2J). Interviews 
revealed that this response was made 
when subjects considered both centrifu- 
gal force and instantaneous velocity of 
the ball at the point where the string 
breaks, so that motion of the ball was 
seen as a compromise between motion in 
the direction of the velocity vector and 
motion produced by supposed centrifu- 
gal force. 

The fact that most subjects who made 
errors gave the same erroneous response 
(a curved path for the ball) in all four 
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problems suggests that these subj 
were not simply responding rando 
but rather were basing their response 
a system of naive laws of motion (4) 
so, given that the errors were consis 
across subjects, it does not appear 
each individual had a unique set of 
conceptions. 

An important question concerns 
nature of the naive beliefs about mc 
that led many of our subjects to 
curved trajectories. The interviews 
ducted after the experiment pro 
some answers to this question. Mo, 
the subjects who drew curved pathv 
believed that an object moving throu 
curved tube (or otherwise forced to 1 
el in a curved path) acquires a "force 
"momentum" that causes it to cont 
in curvilinear motion for some time , 
it emerges from the tube. However 
force or momentum eventually 
sipates, and the object's trajectory g 
ually becomes straight. (The ever 
straightening of the trajectory is evi 
in the drawings of many of the subje 
One subject explained the curved 
she had drawn by stating that "the 

Problem 1 
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B 
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6% 

Fig. 2. Correct and most common inco 
responses to the problems. The correc 
sponses appear in (A), (C), (E), and (G). 
percentage shown for each drawing give 
percentage of subjects who made tha 
sponse. 

jects mentum from the curve [of the tube] 
mly, gives it [the ball] the arc ... the force 
is on from the curve eventually dissipates and 
. Al- it will follow a normal straight line." An- 
stent other subject, who had completed 1 year 
that of high school physics and 1 year of col- 
mis- lege physics, expressed essentially the 

same belief in somewhat different terms: 
the "The momentum that is acquired as it 

)tion went around here [through the tube]- 
Iraw well, the force holding it in has given it 
con- angular momentum, so as it comes 
vide around here [out of the tube] it still has 
st of some of that momentum left, but it loses 
vays the momentum as the force disappears." 
lgh a These beliefs are strikingly reminis- 
trav- cent of the medieval theory of impetus, 
" or which claimed that an object set in mo- 
tinue tion acquires an impetus that serves to 
after maintain the motion. According to some 
, the versions of the theory, the impetus grad- 
dis- ually dissipates, causing the object to de- 

;rad- celerate and eventually stop (5, 6). Some 
itual impetus theorists postulated a circular 
dent impetus that served such purposes as 
cts.) sustaining the rotation of a wheel and 
path maintaining the motion of the celestial 
mo- spheres around the earth. Buridan (7), 

writing in the 14th century, stated the im- 
petus theory as follows: "The motor 
[i.e., the agent that sets an object in mo- 
tion] in moving a moving body impresses 
in it a certain impetus or a certain motive 
force of the moving body, [which impe- 
tus acts] in the direction toward which 
the mover was moving the moving body, 
either up or down, or laterally, or circu- 
larly." 

Clement (8) noted misconceptions in- 
51% volving impetus in students solving prob- 

lems somewhat more complex than 
those in our experiment. Furthermore, 
we have found evidence of naive beliefs 

/ resembling the impetus theory in a wide 
variety of simple situations (an object 
falling off a cliff, a ball rolling along a flat 
surface). Thus it appears that belief in a 
force that maintains motion may color 

30% 
the understanding of motion in people 
who lack expertise in physics. 

Psychologists have devoted a great 
deal of attention to nonveridical per- 
ceptions and invalid reasoning processes 
(9). However, in the development of 

30% models of knowledge it has usually been 
assumed that the information represent- 
ed is correct. At least in the study of 
adult cognition, little consideration has 
been given to the possibility that knowl- 
edge representations may frequently be 

6% at variance with physical reality (10). 
>rrect Cognitive scientists should seek to char- 
t re- acterize the "knowledge" that people The 
s the acquire from their experience with the 
It re- physical world (11) and should try to dis- 

cover how this knowledge is obtained. 
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Our results and those of other inves- 
tigators (8, 12) suggest that educators 
in the sciences should not treat students 
as merely lacking the correct informa- 
tion. Instead, educators should take in- 
to account the fact that many students 
have strong preconceptions and miscon- 
ceptions (8) and problem-solving strate- 
gies that are different from those used 
by experts (12). When a student's naive 
beliefs are not addressed, instruction 
may only serve to provide the student 
(as, for example, our subject who spoke 
of angular momentum) with new ter- 
minology for expressing his erroneous 
beliefs. 

The Aristotelian view of motion, that 
an object remains in motion only so long 
as it is in contact with a mover, histori- 
cally preceded the impetus theory. It has 
been described as the most natural way 
to conceptualize motion (5). Why, then, 
did our subjects evidence beliefs that 
echo medieval thinking rather than Aris- 
totelian concepts? 
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1. Indeed, the history of science suggests that the 
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statement of this principle was not made until 
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the target and what they said they did. How- 
ever, he mentioned that in describing the behav- 
ior of the ball even the youngest child said that it 
followed a straight line when the string was re- 
leased. Of course, unlike the subjects' reports in 
our experiment, the children's descriptions of 
the ball's behavior were based on observation of 
the ball. Thus, Piaget's result illustrates the 
point that it is unlikely that nonveridical per- 
ception of situations like those depicted in our 
problems is the source of our subjects' belief 
that the balls would follow curved trajectories. 

3. J. Larkin, J. McDermott, D. Simon, and H. Si- 
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ty (1979)] suggested that, at least for physics ex- 
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approaches or methods. A person working on a 
problem adopts a particular approach and at- 
tempts to solve the problem by applying the 
principles appropriate to that approach. Accord- 
ing to this view, our subjects who made sophisti- 
cated errors adopted an inappropriate approach 
(a "forces" approach). Also the knowledge about 
forces that these subjects applied included mis- 
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the subjects arrived at incorrect answers to the 
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4. We are suggesting that people, through their ex- 
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Neurochemical and Behavioral Evidence for a Selective 

Presynaptic Dopamine Receptor Agonist 

Abstract. A new dopamine analog, 6,7-dihydroxy-2-dimethylaminotetralin (TL- 
99), was compared to apomorphine in three tests of dopaminergic function in the 
central nervous system. The tests, performed on rats, included production of 
changes in locomotor activity (involving both presynaptic and postsynaptic recep- 
tors), inhibition of dopa accumulation (quantifying presynaptic receptor activity), 
and the rotation model (quantifying postsynaptic receptor activation). Apomorphine 
was efficacious at both presynaptic and postsynaptic receptors, whereas TL-99 was 
much more efficacious at the presynaptic receptor. This result indicates not only that 
differences exist between presynaptic and postsynaptic dopamine receptors, but also 
that these differences may be exploited in the design of selective dopamine agonists. 
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d dopamine receptors (soma-dendritic, 
r presynaptic, or postsynaptic) (1). Each 
e dopamine receptor has a characteristic 
- function in the brain, with soma-dendritic 
.t receptors controlling dopaminergic neu- 
f ronal activity, presynaptic receptors in- 

hibiting the synthesis and release of 
dopamine, and postsynaptic receptors 
mediating the normal physiological re- 
sponse to dopamine characteristic of 
the particular brain region. 

Identification of a drug that selectively 
activates one subpopulation of dopamine 

Fig. 1. Comparison of the dose-response curves 
for apomorphine and TL-99 during dark-activat- 
ed activity. After 48 hours of exposure to contin- 
uous light, two rats were given subcutaneous in- 
jections of saline, apomorphine, or TL-99. Five 
minutes later both rats were placed in a clear 
Plexiglas cage (14.5 by 50 by 20 cm) on top of an 
Automex activity meter. The lights were turned 
off, and activity was determined for 30 minutes 
by movements of the rats through an electromag- 
netic field. Two rats were placed in each cage to 
stimulate each other and therefore raise control 
activity. Solid circles represent the means, and 
the vertical lines denote 1 standard error as de- 
termined in five groups of two rats. At 16.0 mg/ 
kg, there was only enough TL-99 for one group of 
two rats. Asterisks indicate a significant decrease 
(P < .05, one-way analysis of variance with 
least-significant-difference test; two-tailed analy- 
sis). 

d dopamine receptors (soma-dendritic, 
r presynaptic, or postsynaptic) (1). Each 
e dopamine receptor has a characteristic 
- function in the brain, with soma-dendritic 
.t receptors controlling dopaminergic neu- 
f ronal activity, presynaptic receptors in- 

hibiting the synthesis and release of 
dopamine, and postsynaptic receptors 
mediating the normal physiological re- 
sponse to dopamine characteristic of 
the particular brain region. 

Identification of a drug that selectively 
activates one subpopulation of dopamine 

Fig. 1. Comparison of the dose-response curves 
for apomorphine and TL-99 during dark-activat- 
ed activity. After 48 hours of exposure to contin- 
uous light, two rats were given subcutaneous in- 
jections of saline, apomorphine, or TL-99. Five 
minutes later both rats were placed in a clear 
Plexiglas cage (14.5 by 50 by 20 cm) on top of an 
Automex activity meter. The lights were turned 
off, and activity was determined for 30 minutes 
by movements of the rats through an electromag- 
netic field. Two rats were placed in each cage to 
stimulate each other and therefore raise control 
activity. Solid circles represent the means, and 
the vertical lines denote 1 standard error as de- 
termined in five groups of two rats. At 16.0 mg/ 
kg, there was only enough TL-99 for one group of 
two rats. Asterisks indicate a significant decrease 
(P < .05, one-way analysis of variance with 
least-significant-difference test; two-tailed analy- 
sis). 

pyright ? 1980 AAAS pyright ? 1980 AAAS 1141 1141 


	Article Contents
	p.1139
	p.1140
	p.1141

	Issue Table of Contents
	Science, Vol. 210, No. 4474, Dec. 5, 1980
	Front Matter [pp.1065-1080]
	Letters
	Nucleic Acid Sequences: Data Bank [p.1074]
	Cancer Risk Counseling [p.1074]

	America's Vanishing Lead in Electronics [p.1079]
	Applications of Laser Radiation Pressure [pp.1081-1088]
	Seismic Models of the Root of the Sierra Nevada [pp.1088-1094]
	Solar Tracking by Plants [pp.1094-1098]
	News and Comment
	Resource Wars: The Lure of South Africa [pp.1099-1100]
	Birzeit: The Search for National Identity [pp.1101-1102]
	Harvard Marches up Hill and down Again [p.1104]
	NSF Boosts Engineering, Applied Research [pp.1105-1106]
	Brailovsky Arrested [p.1106]

	Briefing
	Will Biocommerce Ravage Biomedicine? [pp.1102-1103]
	Hiatt Warns of the ``Last Epidemic'' [p.1103]
	Waiting for Reagan [p.1103]

	Research News
	Voyager 1 at Saturn [pp.1107-1111]
	Rings within Rings within Rings within... [pp.1111-1113]

	AAAS News
	1980 Election Results [pp.1114-1115]
	Short Courses at the Toronto Annual Meeting [pp.1115-1116]
	AAAS Establishes Award for Scientific Freedom and Responsibility [p.1115]
	Meeting Notes [p.1116]
	Report on the 99th Meeting of the French Association for the Advancement of Science [p.1116]
	For the Library [p.1116]

	Book Reviews
	Confronting Cultural Remains [pp.1117-1118]
	A Peat Bog [pp.1118-1119]
	Plant Cells [p.1119]
	Pulsating Stars [pp.1119-1120]

	Reports
	Epileptiform Burst Afterhyperpolarization: Calcium-Dependent Potassium Potential in Hippocampal CA1 Pyramidal Cells [pp.1122-1124]
	Effects of EGTA on the Calcium-Activated Afterhyperpolarization in Hippocampal CA3 Pyramidal Cells [pp.1125-1126]
	Insulin Receptors: Differences in Structural Organization on Adipocyte and Liver Plasma Membranes [pp.1127-1128]
	Gyrate Atrophy of the Choroid and Retina: Improved Visual Function Following Reduction of Plasma Ornithine by Diet [pp.1128-1131]
	Relation of Mammalian Sperm Chromatin Heterogeneity to Fertility [pp.1131-1133]
	High-Affinity [$^{3}$H]Imipramine Binding in Rat Hypothalamus: Association with Uptake of Serotonin but not of Norepinephrine [pp.1133-1135]
	Blood Lead Concentrations in a Remote Himalayan Population [pp.1135-1137]
	Endogenous Substrate for Cyclic AMP-Dependent Protein Kinase in Adrenocortical Polyadenylated Messenger Ribonucleoproteins [pp.1137-1139]
	Curvilinear Motion in the Absence of External Forces: Naive Beliefs about the Motion of Objects [pp.1139-1141]
	Neurochemical and Behavioral Evidence for a Selective Presynaptic Dopamine Receptor Agonist [pp.1141-1143]
	Electrophysiological Correlates of Ethanol-Induced Sedation in Differentially Sensitive Lines of Mice [pp.1143-1145]
	Osmolality and Potassium Ion: Their Roles in Initiation of Sperm Motility in Teleosts [pp.1145-1147]
	Antbutterflies: Butterflies that Follow Army Ants to Feed on Antbird Droppings [pp.1147-1148]
	Evolution of Clutch Size in Birds: Adaptive Variation in Relation to Territory Quality [pp.1148-1150]
	Correction of Enzyme Deficiency in Mice by Allogeneic Bone Marrow Transplantation with Total Lymphoid Irradiation [pp.1150-1152]
	Hormone Binding Alters the Conformation of the Insulin Receptor [pp.1152-1153]

	Back Matter [pp.1120-1174]





