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This article reports on an investigation of student understanding of the concept of time in special
relativity. A series of research tasks are discussed that illustrate, step-by-step, how student reasoning
of fundamental concepts of relativity was probed. The results indicate that after standard instruction
students at all academic levels have serious difficulties with the relativity of simultaneity and with
the role of observers in inertial reference frames. Evidence is presented that suggests many students
construct a conceptual framework in which the ideas of absolute simultaneity and the relativity of
simultaneity harmoniously co-exist. @001 American Association of Physics Teachers.
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[. INTRODUCTION particular, relative motion In many cases, the research tasks
used (e.g., multiple-choice questions or single questions
sure of students in introductory courses to modern physicg:cv.en .toh? srtr;]altl number of StUdez'dD ngt pr;)vu;etwe klndsl t
topics, such as relativity. Proponents of enlarging the scop8 INSIgNts that aré necessary 1o understan € prevalen
modes of student reasoning and to develop effective instruc-

of the curriculum argue that in the beginning of the 21st,. . . ; .
century the content of introductory classes should reﬂecElonal strategies. We review salient results from relevant in-

some of the major intellectual breakthroughs of the 20th cenvestigations.

tury. Others hold that the list of topics that must be covered Ga_lilelar(}reLativity(:jInvisti(?art]ionbs I(_)ffprrllysicsfunderg;adu—
: . ; : es in India have identified the belief that reference frames
is already too daunting. Physics education research can plﬁ}ave limited physical extent. Studies by Passel. and Ra-

a pivotal role in this debate. Whether students first encount | adaset al ot that. for many students. frames of ref-
modern physics concepts at the introductory level or in ad- - Sugg ' y st S, S

vanced courses, it is important to identify what students caffrence ha}lve l'mm?,d physical extent. Students clalm that a
and cannot do after instruction and what steps can be takef’dY canh emerge ffror:n thg. reference fgalrlne of sn %bJeCt by
to help deepen their understanding of the material. In addiic2¥ind the vicinity of the objede.g., “a ball can be thrown
tion, analyzing the ways in which students undergo the trant© go_outs@e a reference.frame. . -
sition between understanding phenomena to which they hav An Investigation by Salt|¢l and Malgrange has 'de.““f'ed
immediate access and understanding phenomena that lie ogfiiculties with relative motion among 11-year-old ?c;hlldren
side their everyday experience can help us identify reasonin hd first- and fourth-ye_ar university st_udents in Fra d‘dae_
skills that are needed for the study of advanced topics. ree groups showed little difference in error rates to written
Over the last five years, the Physics Education Group guestions. Many students tepded to identify an objec;ts mo-
the University of Washington has been investigating stude%On as intrinsic, not a quantity that is measured relative to a
understanding of key ideas in Galilean, special, and generﬁferenfe frf';’\me. _Student_s tended to makg a distinction be-
relativistic kinematics. Extensive research has already beepf €€" real” motion, which has a dynamical cause, and
conducted on student understanding of nonrelativistic kine- apparent” motion, ‘,’Yh'Ch is “an optical illusion, devoid of
matics in the laboratory frameWe wanted to expand this &y Physical reality.”
research base to relativity in order to provide a guide for the, SPecial relativity: Villani and Pacca have demonstrated
development of instructional materials by ourselves anghat. university students’ reasoning in refativistic contexts is
others23 similar to that observed by Saltiel and Malgrange in Galilean
This article reports on an investigation of student under-ConteXtSé A case StUdY by Hewson V‘ffth a phy5|_cs grao_luat”e
standing of time in special relativity. A major purpose is to Student illustrated the importance of “metaphysical beliefs
identify and characterize the conceptual and reasoning diffige'g'.' _tm;e IS absolu)gto his understqndmg of_spema_ll
culties that students at all levels encounter in their study Ofela'uwty. The student in the study classified certain relativ-

special relativity. The emphasis is on the relativity of simul- Istic effects(including length contractionas distortions of

taneity and the role of reference frames. We found that, afteperception. Posneet al. report similar results in interviews

instruction, many students are unable to determine the timglth’mt'roduc.tory students and thelr m_struct@rs. .
at which an event occurs, recognize the equivalence of ob- O’Brien Pride has conducted interviews and administered

servers at rest relative to one another, or apply the definitioﬁ'arly versions of some of the research tasks described here in

of simultaneity. We illustrate the process through which weWhiCh university students appear to believe that the Qrder of
vents depends on observer locatldder results provided

gradually obtained a detailed picture of student thinking byf3 . o i
the design and successive refinement of a set of researdfPetus for the investigation detailed in this paper.

tasks.
Il. PRIOR RESEARCH IIl. FOCUS OF THE RESEARCH

There is growing national interest in increasing the expo

There is currently only a small body of research on student A major goal of the investigation was to determine the
understanding of relativity, mostly in Galilean contexiis  extent to which students, after instruction, are able to apply
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basic ideas of special relativity to simple physical situationsuniversities. Fourteen instructors at our university and one
The context is one spatial dimension. The concepts probefhculty member at each of the other universities have coop-
are summarized below. erated with the Physics Education Group in this study.

The construct of aeference framés at the heart of rela-
tive motion. Most courses in special relativity begin with a
discussion of a reference frame as a system of obse(wers
device$ by which the positions and times of events are de- Most of the research was conducted at the University of
termined. Understanding the concept of a reference framg/ashington in courses that include special relativity. The
forms the foundation for understanding any topic in speciaktudy has involved about 800 students from about 30 sec-
relativity. It provides the basis for the determination of all tions of various courses. The populations include: non-
kinematical(and other physicalquantities and serves as the physics student§in the descriptive course for non-majars
framework for relating measurements made by different obintroductory students(in the introductory calculus-based
servers. The concept of a reference frame presupposes &Bnors course and in the sophomore-level course on modern
understanding of more basic measurement procedures. Fphysicg; students in the junior-level courses on electricity
clarity in the discussion that follows, we review some of theand magnetism and relativity and gravitation; and students in
operational definitions associated with reference frames, i.equr upper-division course for prospective high school phys-
the determination of the position and time of an event andcs teacherd® We also present results from physics graduate
the conditions under which two events are simultanédus. students at the University of Washington who participated in

An eventin special relativity is associated withsingle interviews and others who were given a written question on
location in space andsingleinstant in time. Theposition of  a graduate qualifying examination. In addition, the investiga-
an events defined to be the coordinate label on a rigid rulertion includes students in the honors section of the calculus-
at the location of the event. The ruler is envisioned to extendbased course at one of the other research universities and
indefinitely from some chosen origin.Thetime of an event advanced undergraduate students from the other collaborat-
is most naturally defined as the reading on a clock located dhg university. We found that student performance from alll
the event’s position at the instant at which the event occurghree universities was similar. The results, therefore, have
The rulers and clocks used by any observer are at rest rel@deen combined for corresponding clasSes.
tive to the observer.

All observers in special relativity are assumed to be “in-
telligent observers” who use synchronized clocks. To deterB- Research methods

mine the time of a distant event, an observer corrects for the The research was conducted through the analysis of stu-
travel time of a signal originating at the eveAt® Inertial  dent responses to written questions and the analysis of inter-
observers at rest relative to one another determine the sanjaws with individual students. The written questions were
pOSitiOﬂS and times for eventand hence the same relative posed on course examinations and on ungraded prob]ems
ordering of events Such observers are said toibehe same  given during class® In some classes the questions were ad-
reference framé‘l. ) ) . _ ministered before instruction on the relevant concepts; in
Events are defined to m@multaneousn a given frame if  other classes, the questions were administered after instruc-
their corresponding time readings are identical, according tgon. Except where otherwise noted, no class was given the
the definition of the time of an event discussed above. Aygme question twice.
judgment of the simultaneity of widely separated events nec- The one-hour interviews were conducted with volunteers,
essarily includes an appropriate definition of the time of ayho were primarily first-year physics graduate students. Sev-
distant event® The invariance of the speed of light has aneral advanced undergraduate students and a few advanced
inevitable and unsettling implication. Two events atdifferentgraduate students also participated. In the interviews, we
locations that occur at the same time in a given frame are nQfere able to probe student thinking in greater depth than is
simultaneous in any other frame. possible with short written questions. The interviews were

The relativity of simultaneity is among the key results of gudiotaped or videotaped and transcribed for later analysis.
special relativity and one that is particularly difficult to

grasp, as evidenced by the numerous “paradoxes” that arise

from it. It is not reasonable to expect that studefegsen C- Research tasks

those facile with mathematical formaligwill master all the To obtain an increasingly deeper understanding of how
intricacies of the counterintuitive results that follow from the ¢t,gents apply the concepts of simultaneity and reference
operational definition of simultaneity. In this study, we con-fame we used variants of three questions: Emacecraft
sidered a meaningful understanding of relativistic Simuna”%uestion(four versions, the Explosionsquestion, and the

ity_ to include the abili_ty to identify relevant events, to deter- Seismologistquestion. All involve two observers with a
mine the time at which an event occulisy correcting for given relative motion. Students are told the time ordering of
signal travel timg, and to recognize that the time interval {he events for one observer and asked about the time order-

between two events is not invariant but depends on the retyq of the events for the second observeThese questions
erence frame. Other aspects of student ideas about time andy their solutions are described below.

reference frames are not discusgedy., synchronization of
clocks in relative motion, spatial measurements, differences. Spacecraft question
between inertial and noninertial frames

A. Student populations

Results from four versions of th&pacecrafguestion are
IV. OVERVIEW OF THE RESEARCH dis_cqssed in this paper. All involye two volcanoes, Mt.
Rainier and Mt. Hood, that erupt simultaneously according
This investigation was conducted over the last five years aib an observer at rest on the ground, midway between the
the University of Washington and at two other large researclvolcanoe<® A spacecraft moves at a given relativistic veloc-
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ity from Mt. Rainier to Mt. Hood?* Students are asked ques- asked whether Mt. Rainier erupts before, after, or at the same
tions that probe their beliefs about the order of the eruptiongnstant as Mt. Hood in the reference frame of the assistant.
in the moving frame. To answer theSeismologistguestion correctly, students

A correct answer to all versions can be obtained by qualimust be able to apply the definition of simultaneity and un-
tative or quantitative reasoning or from a spacetime diagranderstand the role of a reference frame in establishing a com-
The following is an example of a qualitative argument thatmon time coordinate for observers at rest relative to one
we would have accepted as corréchn the spacecraft frame, another. Since the seismologist and the assistant are in the
light from the two eruptions moves outward at the speed ofame reference frame, they obtain the same answer for the
light in spherical wavefronts from two points that are station-order of the eruptions. Since the seismologist is equidistant
ary. In that frame, the observer on the ground, who receivefom the mountains, the signal travel times are the same.
both signals simultaneously, is moving backwérd., in the  Therefore, the eruptions occurred at the same time in the
direction of an arrow pointing from the front of the space-frame of the seismologist and the assistant.
craft toward the rear According to the spacecraft observer,
the ground-based observer is closer to the center of the signal Commentary
from Mt. Rainier at the instant that observer receives both . .
signals. The spacecraft observer therefore concludes that Mt, At €ach stage of our study, we tried to determine whether
Hood erupted first since its signal travels farther in order to>iudent responses truly reflected their understanding of the

reach the ground-based observer at the same time as the s aterial. For instance, we wanted to determine the extent to
nal from Mt. Rainier. hich specific difficulties are linguistic or conceptual and the

A correct answer can also be obtained using theg)(tenlt :10 l(\;vh_:_chthmistaléen belieft_s arﬁ ea?ily da%dressed ohr
Lorentz transformation for time:at' =y(8t—vox/e?), o Q@¥ecci tom carler tasks guided us in designing new
y=(1-v%c? Y2 In this context, 8t'=t/,—ts and &t ' g gning

X _ questions that would enable us to probe student thinking
=ty—tr are the elapsed times between the eruptions ahore thoroughly.

Hood and Rainier in the spacecraft frame and the ground

frame, respectivelyy is the velocity of the spacecraft rela- \, prRELIMINARY INVESTIGATION OF STUDENT
tive to the ground, andx=xy —Xg is the spatial coordinate | ;NDERSTANDING OF THE CONCEPTS OF

separation between the eruptions in the ground fratiak- SIMULTANTEITY AND REFERENCE FRAMES
ing the positive direction to be directed from Rainier to

Hood, thenv>0 and 6x>0. Since 6t=0 (simultaneous Our preliminary investigation of student understanding of
eruptions in the ground framethen 6t’ <0. special relativity was based on two versions of Bace-
craft question: arundirectedand adirectedversion. The two

2. Explosions question versions and the results from each are described below.

The Explosionsguestion is the converse of tigpacecraft A Failure to recognize spontaneously that simultaneity
question. Students are told that two events occur at differer® elative
times in a given frame and are asked if there is another frame \we refer to the first version of thBpacecrafuestion as
in which the events are simultaneous. undirected We were interested in finding out whether or not
In the Explosionsquestion, an explosion occurs at eachstudents would recognize, without prompting, that simulta-
end of a landing strip with a proper length of 3000 m. In theneity is relative and, if not, the degree of prompting that is
frame of an engineer at rest on the strip, the explosion at thgecessary for them to apply the relativity of simultaneity.
right end occurs a timest=1200m after the explosion on  Spacecraft question: Undirected versiofihe students
the left end[In some variations, students were given a timewere asked to draw spacetime diagrams for both the ground
of 6t=(1200 m)t=4 us. The conversion seemed to presentand spacecraft frames. They were told to show the volca-
no difficulty.] Students are asked whether there is a frame imoes, the spacecraft, and the eruption events. They were not
which the explosions are simultaneous, and, if so, to deterasked explicitly whether the eruption events are simulta-
mine the relative velocity of that frame. neous in the spacecraft frame. Rather, we inferred their ideas
A correct answer can be found through use of the Lorentiandirectly from their diagrams.
transformationé* The spatial separation between the explo- We administered thisindirectedversion as an interview
sions (¥x) is 3000 m and the time separatiomdf) is  task to 7 graduate students and later to 20 advanced under-
1200 m. Thus the time duration between the explosiongraduate students enrolled in a course in special and general
(cét’) is zero in a frame that moves from left to right with relativity. All the graduate students had had undergraduate
speed 0.d. instruction in special relativity and were studying relativistic
kinematics, dynamics, and electromagnetism in their
graduate-level electricity and magnetism course at the time
of the interviews. The undergraduates had completed instruc-
The Seismologistuestion probes student understanding oftion on the relativity of simultaneity. All had worked with
reference frames and simultaneity within a single referencepacetime diagrams in their current or previous courses.
frame. The context is similar to that of ti&pacecrafgues- All the graduate students correctly drew the worldlines of
tion: two volcanoes, Mt. Rainier and Mt. Hood, suddenly each object in the spacetime diagram for each frame. How-
erupt and a seismologist at rest midway between them seever, only one recognized spontaneously the relativity of si-
the eruptions at the same instant. Theismologisjuestion  multaneity in this context. All the others indicated on their
differs from theSpacecraftquestion in that the second ob- spacetime diagrams and in their verbal explanations that the
server(the “assistant’) is not moving, but remains at rest two eruptions had identical verticéime) coordinates in the
relative to the ground at the base of Mt. Rainier. Students arground frameandidentical time coordinates in the spacecraft

3. Seismologist question
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Fig. 1. Spacetime diagrams for the fitendirected version of theSpacecrafguestion(a) Correct diagram for the ground fram®) Correct diagram for the
spacecraft frame(c) Typical incorrect diagram for the spacecraft frame drawn by students.

frame. (See Fig. 1 for examples of correct and incorrect Essentially all of the students who gave a correct answer
spacetime diagramsThe results from the undergraduate stu-with incomplete reasoning answered in a similar way. The
dents were similar. All drew spacetime diagrams that in-responses below are typical.

cluded the correct features except that about 85% denoted
the eruption events as simultaneous in both frames. Some of
the difficulty may have been related to a lack of facility in
relating spacetime diagrams for two frames. Nonetheless, the
majority of the students failed to recognize spontaneously

“Mt. Hood erupted first because the spacecraft is
moving towards it, so the wavefront of the erup-
tion of Mt. Hood will reach the craft first.’(in-
troductory student

that simultaneity is relative and to draw their diagrams ap- ~ “Hood first, because the spacecraft will encoun-
propriately. ter those wavefronts first.”(introductory stu-
The relativity of simultaneity is arguably the central result denj

of relativistic kinematics and a key consequence of the Lor- \ye categorize the reasoning given by these students as
entz transformations. The fact that advanced students do ”mcomplete since these students describe only the order in
apply this idea spontaneously is a matter of concern. On thgich the signals from the distant events reach the space-
other hand, the fact that the time order of events is framegatt They make no explicit mention of the relative velocity
dependent is among the most counterintuitive ideas in Sp&sy he relativity of simultaneity. The sequence in which the
cial relativity. We wondered whether students might applygjgnajs are received does not provide enough information to
the relativity of simultaneity if prompted explicitly to do S0. yetermine the time ordering of the eruption events. Different
choices of observer location result in different reception or-
ders and some students might have obtained the correct an-

reference frame in determining the time of an event way between the two volcangedVe started to suspect the
presence of incorrect ideas when we realized that most of the
We decided to develop a new version of tBpacecraft remaining studentéabout 25% seemed to have made a dif-
guestion that would be more directive than the first. Thisferent assumption about the spacecraft location. These stu-
version was written in collaboration with the course instruc-dents obtained the opposite answer for the time ordering of
tor. The terminology was identical to that used in class.  the events but gave explanations similar to those illustrated
Spacecraft question: Directed versidn.thedirectedver-  above. The following response was typical.
sion of theSpacecrafguestion, students are asked explicitly
whether, in the reference frame of the spacecraft, Mt. Rainier
erupts before, after, or at the same time as Mt. Hood. They
are also asked to find the time between the eruptions.
We administered thiglirected version of theSpacecraft 3 s
guestion to 49 students on an examination in an introductory ggrrg Mt. Hood's explosion.” (introductory stu-
honors calculus-based physics class. The students had com-
pleted the study of the relevant material. All students an- Several students regarded both the velocity and position of
swered that the eruptions are not simultaneous in the spacthe spacecraft as important in the time ordering of the erup-
craft frame. (Very few students had done so on thetion events. However, like the students above, they focused
undirected version However, only about 45% gave the cor- on the reception of the light signals by the observer. They
rect time orderingHood erupts first in the spacecraft frame did not treat relative motion as the determining feature of a
with correct reasoning’ About 25% of the students gave the reference frame but as a factor that complicates the calcula-
correct time order of events but used incomplete reasoning ttion of the time at which the observer receives the signals.
support their answers. About 25% of the class gave the re©ne student claimed necessary information was missing
verse time ordering. from the problem statement.

“The observer will witness Mt. Rainier erupting

first because they are directly over Rainier when
the explosion happens, so the light from the ex-
plosion has less distance to travel than the light
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“It would depend on Where the Spaqeqraﬁ: was Mt Rainier and Mt. Hood, which are 300 km apart in their rest frame, suddenly erupt

when the first eXp|OSIOn occurs. If it is close at the same time in the reference frame of a seismologist at rest in a laboratory midway
; between the vol A fast sp ft flying with constant speed v = 0.8¢ from

en,OUQh to Hood that the_ distance bet\_Neen the Rainier toward Hood is directly over Mt. Rainier when it erupts,

ship and Hood plus the distance the ship travels

while the light is en route, then it sees Hood

explode first.” (introductory StUdEI)t In the reference frame of the spacecraft, does Event 1 occur before, after, ot at the

same time as Event 27 Explain your reasoning.

The students quoted above all failed to treat the spacecra
observer as representative of a class of observers, all moving gy 2 | ocation-specifioversion of theSpacecrafguestion.
with the same velocity. They seemed to interpret the time of
an event as an observefot frame) dependent quantity.

These results suggest that students, on their own, fail to ap-

ply the formalism of reference framei$e., a system of |ocation for the moving observer ari@) rewording the ques-
clocks and rodsin defining the time of an event. tion to describe the eruptions as spacetime events. By choos-
ing the observer location appropriately, we sought to distin-
guish between students who obtained a correct answer for

The versions of th&Spacecraftquestion used in the pre- correct reasons and those who thought the observer’s loca-
liminary investigation are similar to many end-of-chaptertion affects the time ordering of the events. By describing the
questions on relativistic simultaneity. Students are told thagruptions as events, we tried to make clear to students that
two events are simultaneous in one fraf® and asked the time interval of interest is not that between the reception
about the time order of the events in another frai®g that  of the light signals by the moving observer, but rather that
moves relative to the first with a given velocity. between the emission of the signals by the volcanoes.

In the context of theSpacecraftquestion, we found that Spacecraft question: Location-specific versionthe third
many students fail to apply spontaneously the relativity of(location-specifit version of theSpacecraftquestion, stu-
simultaneity. When prompted to think explicitly about the dents are told that the spacecraft, which is flying from Mt.
order of the events, essentially all students state that thRainier to Mt. Hood, is over Mt. Rainier at the instant Mt.
events are not simultaneous in the spacecraft frame. HowRainier erupts. The eruption events, which are simultaneous
ever, most reason incorrectly. They tend to focus on the relan the ground frame, are explicitly labeled as Even(Mt.
tive positionof the spacecraft and volcanoes and fail to rec-Rainier eruptsand Event 2ZMt. Hood erupt$. Students are
ognize that the relativeelocitydetermines the time order of to determine whether, in the reference frame of the space-
the eruptions in the spacecraft frame. craft, Event 1 occurs before, after, or at the same time as

The results from the undirected and directed versions oEvent 2.(See Fig. 2.
the Spacecraftquestion suggested the presence of serious Table | summarizes the results of the location-specific
conceptual and reasoning difficulties with basic concepts irfSpacecrafguestion, which was administered as an ungraded
special relativity. We considered, however, the possibilitywritten question to non-physics students, introductory stu-
that student responses did not reflect what students actualtlents, and advanced undergraduate students. The question
thought. We needed to probe more deeply into the nature ofias also given as an interview task to advanced undergradu-
their conceptions of time, simultaneity, and reference framesates and physics graduate students. In most cases, the ques-

tion was posed after lecture instruction on the relativity of

VI. DETAILED INVESTIGATION OF STUDENT simultaneity. As can be seen from the table, prior instruction

UNDERSTANDING OF THE CONCEPTS OF TIME, had little effect on student performan%?e. .
SIMULTANEITY, AND REFERENCE FRAMES In every student group, fgwer than 25% of the students
gave a correct responsgignoring reasoning Of those who

This section is divided into three interrelated and interde-gave the correct order, most used complete reasoning. Only a
pendent parts. Part A deals primarily with a prevalent andew used incomplete reasoning similar to that in the prelimi-
persistent student interpretation of simultaneity that ishary investigatior(e.g., “Hood erupts first since the space-
observer-dependent. Many students believe that the time ograft is flying towards Hood).
der of distant events is determined by the time order in which The majority of students in every student group answered
signals from the events are perceived by an observer. Part Bcorrectly. Analysis of student responses revealed two re-
presents evidence that many students have a deeply held uated modes of incorrect reasoning.
derlying belief that simultaneity is absolute. Part B also de-
scribes how students often attempt to reconcile these two ) ) )
contradictory beliefs with each other and with what theyl. Tendency to associate the time of an event with the
have been taught about the relativity of simultaneity. Studentime at which an observer receives a signal from
interpretations and beliefs about simultaneity described irthe event
parts A and B have direct implications on student under- . . o ]
standing of the role of an observer in a given frame. Part C is Despite having been told explicitly that the events of in-

devoted to an exploration of student beliefs about the cont€rest are Event IMt. Rainier erupts and Event 2(Mt.
cept of a reference frame. Hood erupty many students attributed the time of each

) . ) eruption to the time at which a given obsergeeshe erup-
A. Belief that events are simultaneous if an observer tion. Both the advanced students in the interviews and the
receives signals from the events at the same instant introductory students on the written problems made this er-

We decided that th&pacecrafguestion would be a better OF- The following statements are typical.
probe of student thinking about simultaneity if two changes “The spacecraft is near Rainier, so he gets the
were madei(1) specifying not only the velocity but also a signal about the same time Rainier erupts. So the

Let Event 1 be “Mt Rainier erupts,” and Event 2 be “Mt. Hood erupts.”

C. Commentary
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Table I. Results from the thirlocation-specifit version of theSpacecraftjuestion. Students are told the eruptions are simultaneous for one observer and are

given the location of an observer in a second frame moving relative to the first. They are asked for the order of the eruptions in the frame of the second
observer(Percentages have been rounded to the nearest 5%.

Written question Interview task
Non-physics Introductory students
students (Honors calculus-based physjcsAdvanced undergraduates
Before After Before After Before After Advanced undergraduates
instructior? instruction  instruction instruction instruction instructiorf and graduate students
(N=23) (N=16) (N=67) (N=73) (N=20) (N=93) (N=11)
% % % % % % %
(N) (N) (N) (N) (N) (N) (N)

Correct answergHood erupts firgt 15% 15% 5% 10% 15% 25% 25%

with correct reasoning ()] 2 3 (8) )] (24) 3

or incomplete reasonirig
Simultaneous eruptions 45% 30% 20% 5% 25% 20% 0

(reasoning consistent with being (10 (5) (12 (5) (5) (19 0

based on absolute simultangity
Rainier erupts first 35% 45% 70% 75% 45% 40% 55%

(reasoning consistent with being (8) (7) (46) (55 9 (39 (6)

based on the times at which signals

are received by the obseryer
Other 10% 15% 10% 5% 15% 10% 20%

(e.g., student stated not enough 2) 2 (6) (5) )] (11 2

information given

aSome students gave a correct answer with reasoning that was incomplete, but not incorrect. Although it was not possible to tell whether thegtuere corre
their reasoning, in this article the responses are treated as correct.

PThese students had received research-based instruction on reference frames in Galilean relativity in which they had developed a definition dbiathe ti

event. We have evidence that this special instruction may have been responsible for the low percentage of students answering that Rainieilbeupts first
students had had no instruction in special relativity.

‘One of the five classes of advanced undergraduates who were given the location-specific versidBpattueafiquestion had previously been given a
variant of the question as a pretest. The results were comparable to the other four classes.

spacecraft pilot would say Rainier erupts before or not distant events are simultaneous is, therefore, judged by
Hood.” (graduate student many students only on the basis of the time order of the
“Mt. Rainier erupts first because the light from received signals. The difficulties seem to be intimately tied
Mt. Hood takes time to reach the spaceship.” to their ideas of reference frames. . L
(introductory student The tendency of students to interpret simultaneity in terms

of signal reception had, thus far, prevented us from determin-
ing whether or not the student recognized that the events
2. Tendency to regard the observer as dependent only on yhemselves are not simultaneous in all frames. We thought,
his or her personal sensory experiences however, that the failure to use the emission events might be
The failure to distinguish between the time of an event ancasy to correct with upper-level undergraduate students and
the time at which an observer sees that event occurring digiraduate students. We wondered whether students would ap-
not seem to be a superficial error but seemed to have ded}ly the relativity of simultaneity properly if, during inter-
roots. Many students failed to recognize that an observer igiews, it was pointed out to them that the reception events
not isolated but has access to information provided by othe@re not the ones to consider.
observers in his or her frame.

“For example if he looks afthe volcano, i B. Belief that simultaneity is absolute
looks peaceful. There is nothing going on. So he . . _
would say it hasn't erupted. | would say, to state As described earlier, we found that many students fail to

evidence, and he hasn't got any evidence that ter instruction. On the other hand, we also found that many

something happened. So it hasn't happened.” students appear to believe in a type of relativity of simulta-
(graduate student neity that we would term excessive. Students often claim that
observers at different locations determine different time or-
3. Commentary derings for events based on the reception of signals from the

events. We now present evidence that these apparently con-
The third, location-specific version of ti8pacecrafgues-  tradictory beliefs(that simultaneity is absolute, and that si-
tion provided insights into student thinking about simultane-multaneity is “excessively” relativeoften coexist harmoni-
ity that the first two versions had not. The responses to theusly. Our results suggest that many students believe that
written questions and interviews show that many studentsimultaneity is relativeonly in the limited sense that signals
very strongly associate the time of an event with the time afrom events arrive at different observers at different times—
which an observer receives a signal from the event. Whetheaand that, fundamentally, simultaneity is absolute.
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In this problem, all events and motions occur along a single line in space. Non-
inertial effects on the surface of the Earth may be neglected.

Two volcanoces, Mt. Rainier and Mt. Hood, are 300 km apart in their rest frame.
Each erupts suddenly in a burst of light. A seismologist at rest in alaboratory
midway between the volcanoes receives the light signals from the volcanoes at the
same time. The seismologist’s assistant is at rest in a lab at the base of Mt. Rainier.

Define Event 1 to be “Mt. Rainier erupts,” and Event 2 to be “Mt. Hood erupts.”

A fast spacecraft flies past Mt. Rainier toward Mt. Hood with constant velocity
v = 0.8¢ relative to the ground (y = 5/3). At the instant Mt. Rainier erupts, the
spacecraft is directly above it and so the spacecraft pilot receives the light from Mt.
Rainier instantaneously.

All observers are intelligent observers, ie., they correct for signal travel time to
determine the time of events in their reference frame. Each observer has
synchronized clocks with all other observers in his or her reference frame.

For each intelligent observer below, does Event 1 occur before, after, or at the same
time as Event 27 Explain.

* Seismologist
* Seismologist’s assistant
* Spacecraft pilot

Fig. 3. Explicit version of theSpacecrafuestion.

Spacecraft question: Explicit versiolVe wanted to en-

1. Tendency to regard the relativity of simultaneity as an
artifact of signal travel time

During the interview, many students seemed to resist
thinking about simultaneity in terms of emission, rather than
reception, of the signals. As the interviews progressed, we
realized that part of the difficulty was that they believed
strongly that, in every reference frame, the two events oc-
curred at the same instant. Many seemed to treat the nonsi-
multaneity of the reception of the signals as a way of recon-
ciling this belief with what they thought they had learned
about the relativity of simultaneity.

Four of the seven advanced undergraduate and graduate
students who responded to the expliSpacecraftquestion
clearly articulated the idea that the order of events in the
spacecraft frame is determined by the order in which the
signals from the events arrive at the spacecféfhout 60%
of the graduate students did so on the qualifying examina-
tion.) Their explanations were similar to those quoted previ-
ously in response to the other versions of tBpacecraft
question. When reminded to consider the spacecraft observer
as making corrections for the signal travel time, all of these
interview subjects claimed that after making such correc-
tions, the intelligent observer in the spacecraft would deter-

sure that students were not hindered by semantic misintemine the eruptions to have been simultaneous.

pretations of technical terms such as “intelligent observer”
and “reference frame.” In an effort to remove possible am-
biguity from the task and to probe even more explicitly than
before, we designed a fourth version of tBpacecrafgues-
tion. We refer to it as thexplicit version because it makes
explicit the correction for signal travel time employed by
intelligent observersSee Fig. 3.

We initially administered the question as an interview task
so that we could carefully observe and correct, as necessary,
the way in which students interpreted the question. We
probed both qualitative and quantitative reasoning. The in-

“Using her correction, assuming she’s intelli-
gent...I mean if she measured the effect relativ-
istically, she would measure them happening at
the same time if she subtracted the time she cal-
culated.” (graduate student

“If we are in relative motion we will measure
different distances and so on but if we are all
intelligent observers we will all figure out that
the events were simultaneous in our rods-and-
clocks reference frame.(graduate student

terviews were conducted with two advanced undergraduate®n advanced undergraduate reached a similar conclusion af-
and five graduate students. The question was subsequentff Some clarification:

given to 23 graduate students as part of a written qualifying
examination for doctoral candidacy.

In the explicit version of theSpacecrafguestion, students
are told that “observers are intelligent observers, i.e., they
correct for signal travel time in order to determine the time
of events in their reference frame. Each observer has clocks
that are synchronized with those of all other observers in his
or her reference frame.” In the course of the interview, stu-
dents were reminded repeatedly to consider all observers as
making corrections for signal travel time. When students
used technical terms such as “reference frame,” the inter-
viewer probed their understanding of the term. If a student’s
interpretation differed from the conventional interpretation,
the interviewer attempted to correct the student, and asked
the student to reconsider his or her response in light of the
accepted interpretation.

The results from the interviews and the written doctoral
examination were similar. In the interviews, a correct answer
was given by one of the two advanced undergraduates, and
two of the five graduate students. On the written question, 7
of the 23 graduate student80%) answered correctly. The
guotes given in the discussion below are from the interviews
since the interview format allowed us to probe student rea-
soning in greater detail than is possible in a written question.
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I: Can you tell which order the eruptions occur
in, in the spacecraft frame? Considered sepa-
rately from the time of the light Hiting] the
spacecraft.

S: I'm not really sure how to do that. It would
seem to me that just logically, it doesn’t matter,
it would still go Rainier, Hood.

I: You're speculating, if | can paraphrase you,
that after the spacecrdfbbservel made correc-
tions for the fact that it took the Hood signal
some time to get to him, after he made those
corrections he would wind up concluding that
Rainier went first?

S: If he did everything right then he would have

appropriately come up with the amount of time

the signal would have traveled, the distance be-
tween the two mountains would probably also

have been different to him, and so he'd have to
account for that too, but once he made all of
those accounting things then he would have to
say that yes, they went up at the same time.

I: Oh, at the same time. | thought you said
Rainier went first.
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he sees them at different time@raduate stu-
dend

S: No, no, no, he would see Rainier go up first,
but he would eventually after doing all of the
math would agree witfitwo observers at rest on

the ground, that they went up at the same time. 2. Tendency to regard the Lorentz transformation for time
(advanced undergraduate student as correcting for signal travel time

These students appeared to believe that events simulta-

_ . .~“"In deriving the relativity of simultaneity, many instructors
neous in the ground frame would be simultaneous accordin g y Y Y

corrections for signal travel tirrr:e. In the folflowing example @ 54 event can prevent students from interpreting appropriately
graduate student compared the spacecraft observer to an QR terms in the Lorentz transformations. In particular, many

server on the ground under the spacecraft, at Mt. Rainier: gy ,dents appeared to believe that the Lorentz transformations

“There is no real difference between the space-

constitute a correction for signal travel time:

craft and thgobserver on the ground under the
spacecraft Because | said the signals redthat
observet at different times, but he can determine
at which times the signals were emitted. ...So |
can do the same thing on the spacecraft: | might
see the signals at different times but | can figure
out that they happened at the same time.”
(graduate student

Such responses indicated students’ belief that simultaneity
is absolute. Yet students, in their discussion of relativistic
effects, appeared to have heard of the idea of the relativity of
simultaneity. How could these incompatible ideas coexist so
openly? The resolution to this apparent contradiction came

S: In the reference frame of the spacecraft, does
Event 1 occur before, after, or at the same time
as Event 27 ... Before. Even though the space-
craft is traveling very fast, | would say that it's
right next to Mt. Rainier so it's going to see Mt.
Rainier go off, and even though it's traveling to-
wards Mt. Hood and the light from Mt. Hood is
traveling towards it, it will still take some
amount of time for the information of Mt. Hood
exploding to reach it.

I: Okay, so it'll see Mt. Rainier first. In the
spacecraft’s reference frame, after he makes any
corrections for signal travel time that might be

from in-depth probing.

S: There are really two separate kinds of refer-
ence frames. There is the kind of reference
frames with all those rods and clocks extending
to infinity, like in [the textbook But in practice,
nothing happens except right where you are. So
really, your reference frame is something you
carry around with you...

I: There is this thing about simultaneity being
relative, about events that are simultaneous in
my reference frame not necessarily being simul-
taneous in another reference frame. Which kind
of reference frame does that refer to?

S: Relativity of simultaneity is this local thing.
It's not the rods and clocks thing, because if we
are intelligent, we correct for that. It's this thing
that if | see them at different times, they occurred
at different times in my reference framgradu-
ate student

Responses such as these seemed to indicate that the be
that simultaneity is absolute is deeply héldAny appear-

appropriate—

S: Are we including Lorentz transformations in
that?(advanced undergraduate student

The “desynchronization term” in the Lorentz transforma-
tion for time (—wv dx/c?) presented particular difficulty for
students® Several cited that term in support of the idea that
the time of an event is influenced by the position of an ob-
server relative to the event:

“[This term is the correction for the travel time
of the light. The time | have to wait in my frame
to seeone event and then the next onddradu-
ate student

The student above went on to express his confusion about
the fact that the term iproportional to the speed of the
spacecraft. He thought it should be inversely proportional
since the travel time for the signal from Hood is reduced as
the speed of the spacecraft in the ground frame is increased.

..Tendency to treat simultaneity as independent of
llgfative motion

anceto the contrary is only that—a visual appearance due to Some students stated explicitly that the relativity of simul-
differences in the reception of signals from the events. Thiganeity is not directly related to relative motion. Even gradu-
belief was typical among students who asserted that the ordate students expressed this idea. As in the preliminary inves-
of events in the spacecraft frame is the order in which signal§igation, some students appeared to believe that relative

arrive at the spacecratft.

I: This thing about events that are simultaneous
in one reference frame not being simultaneous in
another reference frame? Do you have a sense of
where that comes from?

S: Light has a finite speed, so it's going to take
some time for the information to travel from
point A to point B wherever the observer is. This
is a pretty good example actually. One observer
is right between the mountains and he sees them
at the same time, the other observer is not and so
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motion does play a role in the timing of events in the space-
craft frame—but only to the extent that it influences the re-
ception of signals by the spacecraft.

4. Commentary

We have found that students often incorporate the relativ-
ity of simultaneity into their own conceptual framework in a
way that allows them to continue to believe in absolute si-
multaneity. They do so by treating the time of an event as the
instant at which that event iseento occur by an observer
and attributing the relativity of simultaneity to signal travel
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time. Such incorrect beliefs can insulate students from gain-
ing an understanding of the relativity of simultaneity as a
consequence of the invariance of the speed of light. Instruc-
tors and textbooks often admonish students to distinguish
between the corrections of a finite signal travel time and the
inevitability of the relativity of simultaneity® Apparently,
such admonitions are insufficient.

“There is no ‘frame’ that you will always see
them [the two explosionkat the same instant,
but there is a position. We can pe certain num-
ber of] meters from the righfend and see them
at the same time.{introductory student

The student seems to have interpreted the question “Is
there a frame in which the events are simultaneous?” to
mean “Is there an observer who sees the events at the same
time?” This student apparently believes that a set of observ-
ers at rest relative to one another would not agree that the

The Spacecrafquestion discussed thus far had originally explosions are simultaneous since such observers would not
been designed to probe student understanding of simultan?” receive light from the two explosions at the same instant.

C. Belief that every observer constitutes a distinct
reference frame

ity. The results suggested, however, that we needed to inveg€ Student was unable to apply the idea of a reference
rame as a system for measuring the time of events.

tigate more deeply their understanding of reference frames.

We therefore developed other questions to probe student be- S€ismologist questiorin the Seismologisguestion, stu-
liefs about simultaneity, reference frames, and the role of€Nts are asked about the relative ordering of two events for
observers. Results from two of these, #Eeplosionsques- a seismologist and an assistant at rest relative to one another.

tion and theSeismologistuestion, are described below. The question was designed to probe whether students would

Explosions questiorin the Explosionsquestion, students incorrec?ly treat simultaneity as relative, even for two ob-
are given the time interval between two nonsimultaneous$€'Vers in the same reference frame. .
events in one frame and asked whether there is a second ' N€ guestion has been adm|n|stgreq to mtroc_iuctory and
frame in which the events are simultaneous. As in the firsfdvanced students both as an examination question and as an
two versions of theéSpacecrafguestion, no mention is made Ungraded written question. It has also been given during in-
of a specific observer in the second frame. However, studengr‘”e.WS to advanced undergraduates and graduate students.
often raised the issue of observer location spontaneously. Relatively few students at any level answered correctly about

The question has been given in written form to introduc-the time order of events in the frame of the assistant. Only
tory students in sophomore modern physics courses and tween 15% and 40% of the students answered correctly on
students in a junior-level course on electricity and magne:[ e written questions. As showr) n Ta_LbIe Il, even advanced
tism. In both cases, the question was administered on agiudents had difficulty answering this question correctly.
examination after instruction in special relativity. We haveMany of the errors indicated the following tendency.
also asked th&xplosionsquestion during interviews with 5 .
advanced undergraduate and 12 graduate students. 2. Tendency to treat observers at rest relative to one

The percentage of correct responses on the written quegnother (but at different locations) as being in separate
tion was 40%. In the interviews, 3 of the 5 undergraduateseference frames

and 7 of the 12 graduate students answered correctly. Many Essentially all of the students who answered Segsmolo-
students attempted to solve the questions mathematically a stquestion incorrectly stated that Mt. Rainier erupts first in

the responces of students at il Ioves often reflecied fhe ojle ffame of the assistant. Some were expiicit about. thei
P nterpretation of the term “reference frame.”

lowing difficulty.

g Y “Assuming the assistant is his reference frame,
Rainier will erupt first because he will see its
light first, and until he sees its light, effectively it
hasn’t erupted yet.’(introductory student

1. Tendency to treat observers at the same location as
being in the same reference frame, independent
of relative motion

The following student correctly determined the relative
speed of the frame in which the two explosions are simulta-
neous.[The student uses the rule developed in class that
clocks in moving frames that followor “chase”) other
clocks read earlier timesHowever, the student places an
additional constraint on the solution by specifying a location
for the observer such that the observer would see the explo-
sions simultaneously.

“If we travel at a speed in whichone] side is the
chasing side, it will be ahead by a certain time.
Now if we set it to becSst=1200 m aheadand

we stand where the engineer is standimge’ll

see the explosions at the same time. So, you must
be traveling at 0.4c, and must be at the point
where the engineer is standing(introductory
student—italics added for emphasis

The student seems to believe that the explosions are simul- In the view of the student above, “the reference frame of
the assistant” consists of a single obseryére assistant
Many students treated a reference frame as being local to the
position of an observef,

taneous only for one observer in the “moving” frantne
observer who sees them simultaneousinother introduc-
tory student answered similarly.
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“Reference frames, they’'re dependent on posi-
tion, so that's why[the seismologigtand [the
assistantmeasure two different things. | think of
them being in different reference frames simply
because some people would say ‘Well, if they're
in the same reference frame everything should
happen the same.” And it doesn’t happen the
same, because they measure two different times.
That's why | am tempted to say although they're
both at rest with respect to each other, they’re in
different reference frames.{graduate studehnt

“... 'in the reference frame of the assistant’
means you're sitting there and waiting for events
to happen, and you record them when you see
them, and that's when you mark them down so
that's when they happen.(graduate student
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Table Il. Results from th&eismologistjuestion. Students are told the erupti
at rest relative to the first. They are asked for the order of eruptions in the

ons are simultaneous for one observer and are given the location of an observer
frame of the second otRerwentages have been rounded to the neare$t 5%.

Written question

Interview task

Non-physics Introductory students
students (Honors calculus-based physjcs Advanced undergraduates
Advanced
During After Before After Before After undergraduates and

instruction instruction instruction instruction instruction  instruction  graduate students
(N=40) (N=26) (N=288) (N=79) (N=48) (N=63) (N=17)

% % % % % % %

(N) (N) (N) (N) (N) (N) (N)

Correct answers 15% 10% 20% 30% 40% 40% 60%
(simultaneous eruptions (6) 3) (19 (25) (20) (24) (10
regardless of reasoning

Rainier erupts first 65% 75% 65% 60% 55% 50% 40%

(25 (20) (57) (49 (26) (33 @)

Other 25% 10% 15% 5% 5% 10% 0

(e.g., Hood erupts first, student (9) (©)] (12 (5) 2 (6) (0)

stated not enough information given

In one version of theSeismologistjuestion, students are
asked explicitly about botlil) the order in which the light
signals from the eruptions reach the assistant @dthe

order of the eruption events in the reference frame of the
assistant. In their responses, some students stated explicitly

that the questions were identical.

“If by his reference frame, you mean, ‘When did
he see it?’ it would be before.(introductory stu-
dend

Despite the fact that both observers are in the same fram
some students referred explicitly to the relativity of simulta-
neity or to the lack of synchronization of clocks.

“Mt. Rainier erupts first in the assistant’s frame
according to the relativity of simultaneity.{in-
troductory student

“According to the assistant Mt. Rainier erupted
first because the two clock®ruptiong are un-
synchronized according to him and the light from
Rainier is closer.”(advanced undergraduate stu-
dend

The belief that each observer constitutes a separate reference
frame was common and seems to be quite strongly held. The

dialogue below provides an example.

S: The assistant is at Mt. Rainier, and Mt.
Rainier erupts, and Mt. Hood erupts at the same
time. But he can'’t see it the same time, because
if you look at this mountain you always see in
the past.

I: So if he made measurements [gfimes and
distance§ and he knew the speed of the signal
and so on, what would he conclude about the
eruption times? ...

S: For the assistant Mt. Rainier would erupt be-
fore Mt. Hood. This is what | would say.

I In the assistant's reference frame Rainier
would erupt first?

S: Yeah, definitely.
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I: And what if the assistant made measurements,
and had assistants of his own, whatever measure-
ments he needed to make to reach a conclusion
about the timing of the eruptions? After all those
measurements, the assistant would say, “In my
reference frame, Mt. Rainier erupted first”?

S: Yes.(graduate student

Unlike some of the introductory students, nearly all of the
gdvanced students distinguished clearly between emission
évents(the eruptionsand reception eventshe arrival of the
light from an eruption at a particular obseruefhey also
recognized that the travel time of light is relevant. However,
nearly all of these students indicated a belief that such cor-
rections were not appropriate for observers to make in at-
tempting to determine the time of an event in their reference
frames. During the interviews, many expressed the view that
“reference frame” describes what an observer perceives at a
particular location. One student went so far as to express the
belief that the time ordering of events in an observer’s frame
depends on which signals that observer is able to detect:

“Within normal human ability to comprehend
time, | would say that the eruptions are going to
be at the same time. But if he’s blind, he’s going
to hear Rainier for sure go off before Hood. And
so he’s going to say that Rainier went off before
Hood because it's going to take much longer for
the sound from Hood to get there(graduate
student

The student quoted above was also asked to sketch pic-
tures of the explosions as they happen in the seismologists’
reference frame. She responded, “Which seismologist? The
one at the base of the mountain, or the one in the middle?”
At the interviewer’'s cautious response of “Both,” she
sketched two sets of pictures—one for the seismologist in the
middle, and one for the assistant at Mt. Rain{&ee Fig. 4.

She explicitly indicated that the eruptions were simultaneous
according to one observer but not the other.
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Experienced instructors know that students often have
trouble relating measurements made by observers in different
reference frames. It is not surprising that students, even at
advanced levels, do not fully understand the implications of
the invariance of the speed of light. What is surprising is that
most students apparently fail to recognize even the basic is-
sues that are being addressed. Students at all levels have
significant difficulties with the ideas that form the founda-
tions of the concept of a reference frame. In particular, many
students do not think of a reference frame as a system of
observers that determine the same time for any given event.
Fig. 4. Student response to tSeismoIogisqgestion. The student has indi- Such difficulties appear to impede not only their understand-
cated _tha_t the eruptions are smyltaneous in the reference frame _of the seﬁ]-g of the relativity of simultaneity, but also their ability to
mologist(in the middle, but that in the reference frame of the assistamnt .

M. Rainien, Mt. Rainier erupts first. apply C(_)rrectly_ the Lorent_z transformations. _
Special relativity offers instructors an opportunity to chan-
nel student interest in modern physics into a challenging in-
) tellectual experience. For most people, the implications of
~ Some students argued that observers at rest disagree on #jgecial relativity are in strong conflict with their intuition.
time of an event even when the signal from that event exgor students to recognize the conflict and appreciate its reso-
plicitly contains the time of that event. The following ex- |ution, they need to have a functional understanding of some
change is illustrative. very basic concepts. Formulating an appropriate measure-

"Seismologist's frame” "Assistant's frame"

i i i i Rainier Hood

Rainier Hood ( 2

Rainier Hood

I: Let's say ... you are in the middle, with your
fancy Rolex[watch], and I'm at Mt. Rainier,
with my fancy Rolex. And you determine that at
exactly noon, you took your vitamins. And sup-
pose | wanted to figure out what time you took
your vitamins.

S: If you're looking at me through a telescope
you will look at my clock and it will say 12, but
you will look at your clock and it will say 12
plus At.

ment procedure for the time of an event involves recognizing
the inherently local nature of measurement, applying a well-
defined measurement procedure in a given reference frame,
and understanding the relationship between measurements
made by different observers. These ideas are crucial in con-
texts ranging from the rolling of a steel ball on a level track
to the motion of objects in the vicinity of massive stars. This
investigation documents prevalent modes of reasoning with
these fundamental concepts as a first step toward making
special relativity meaningful to students.

I: So in my reference frame, did you take your

vitamins at 12? Or at 12 plust? ACKNOWLEDGMENTS
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VII. CONCLUSION

This investigation has identified widespread difficulties
that students have with the definition of the time of an even
and the role of intelligent observers. After instruction, more
than two-thirds of physics undergraduates and one-third oleor an extensive bibliography, see the relevant sections in L. C. McDer-
graduate students in physics are unable to apply the construcg‘e(;t:c";‘]”fJI /5;1 Fj R;ﬁ)',ssg'?usggo;’g;?l;%t;e" PER-1: Physics Education Re-
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‘(?Vent_s are Slmultane(.)_us”. Many students interpret the phras@yicyium, see L. C. McDermott, Millikan Award Lecture, “What we

relativity Qf S|multane|ty as implying that the smultqnelty teach and what is learned—Closing the gap,” Am. J. PBgs.301-315
of events is determined by an observer on the basis of the(1991.
receptionof light signals. They often attribute the relativity 3For examples of curriculum that have been developed through an iterative
of simultaneity to the difference in signal travel time for Process of research, curriculum development, and instruction, see L. C.
. . . McDermott, P. S. Shaffer, and the Physics Education Group at the Uni-
?Aﬁerﬁni.o.?se'}vers' II? thl.‘? Wa};htheg 'l’.e(;c.mcns Sﬁaiememsl of versity of WashingtonTutorials in Introductory Physi¢cPreliminary Edi-
€ refativity or simultaneity with a beliet in absolute simul- 4, (Prentice Hall, Upper Saddle River, NJ, 199B. C. McDermott and

tf':lr_]eity and fail to confront the startling ideas of special rela- the Physics Education Group at the University of WashingRiysics by
tivity. Inquiry (Wiley, New York, NY, 1996, Vols. | and II.
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°E. Saltiel and J. L. Malgrange, “‘Spontaneous’ ways of reasoning in did not elicit student concern. In one version of the question, students were
elementary kinematics,” Eur. J. Phyk. 73-80(1980. told to neglect noninertial effects. In another, the context was set in deep
SA. Villani and J. L. A. Pacca, “Students’ spontaneous ideas about the space. Neither statement seemed to change student responses.
speed of light,” Int. J. Sci. Edu®, 55-66(1987); “Spontaneous reason- 2l keeping with standard practice in one-dimensional problems on special

ing of graduate studentsfbid. 12, 589-600(1990. ‘ ~ relativity, students were told in all questions that all motions were to be
P. W. Hewson, “A case study of conceptual change in special relativity: considered as occurring along a single line in space. No student seemed to
The influence of prior knowledge in learning,” Eur. J. Sci. EQ4061—-76 have had difficulty neglecting the vertical dimension.

(1982. 22The prototype of such a qualitative analysis is that of the classic train

°G.J. Posner, K. A. Strike, P. W. Hewson, and W. A. Gertzog, "Accom-  naradox often used to develop the relativity of simultaneity. See, for in-
modation of a scientific conception: Toward a theory of conceptual gtgnce, p. A, Tipler and R. A. Llewellyhodern Physic¢Freeman, New
change,” Sci. Educ66, 211-227(1982. York, NY, 1999.
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Ph.D. dlSSGI’FatIOI"I, Department of Physics, University of Washington, We are grateful to Eric Mazur for a discussion on this point.

1 1997 (unpublisheyl ) o ) since the events are separated by a spacelike intecgati— 6x?<0),
*That these are concepts that require definition is itself a new idea to many o dents can oredict thexistenceof a frame in which the events are
students. For insightful discussions of these definitions and the pedagOgi'simultaneous v[\)/ithout use of the Lorentz transformations

fig;feo’gclfrrirrfetrh;t Igc]eel)a/tir\/ais(sl\’lsilz :fnr :j S;ani/ﬁag[e\tlg\}ﬁnggrm%pah@- ZWe have evidence that the students in this class performed as well as they
Y D P did on the directed version of tigpacecraftjuestion as a result of special

é(;)ri' Q\r{onlségﬁ(\) Guide to Introductory Physics Teachirigviley, New instruction that they had received. On the basis of the research described in
UThe ‘defin’ition of a global coordinate system breaks down in noninertial this paper, we have been developing instructional materials to address the

frames and in general relativity. The restriction of an inertial frame to a specific di_fficulties that we haye identified. This class hgd used prelimi-
finite extent in both space and time is a refinement not usually encountered"@’y VErsions of these' maten’als. AS is demonstrated n sec. Vi, cher
in courses in special relativity classes after standard instruction did not do as well on similar questions.

20ne method of synchronizing clocks in special relativity includes sending :r;tse::gﬁlggef rﬁg?izt:eensts\grlitlr;/ %‘ge‘;';)é?]egg:ggptt:: t:r?dztri?;/n?jfinzdvggge?or

the reading on one clock to a clock at another location by means of some

signal. The second clock is synchronized with the first by setting it to read sxample, S. Vokos, P. S. Shaffer, B. S. Ambrose, and L C. McDermott,

the time sent from the first clock plus the signal travel time. The use of _Student understanding of the wave nature of matter: Diffraction and
interference of particles,” Phys. Educ. Res., Am. J. Phys., SUpfl.

light signals for the synchronization of clocks is customary but not neces- ;
S42-S51(July 2000; B. S. Ambrose, P. S. Shaffer, R. N. Steinberg, and

sary. See, for instance, the first book in Ref. 10. 7y B HDTE ) >
3Although it is possible to define the time of an event as the time at which L- C. McDermott, “An investigation of student understanding of single-
slit diffraction and double-slit interference,” Am. J. Phy&7, 146—155

an observeseesthe event, the time then depends on observer location. A
Einstein, for instance, considered and rejected such a definition. See A.(1999; K. Wosilait, P. R. L. Heron, P. S. Shaffer, and L. C. McDermott,

Einstein, “On the electrodynamics of moving bodies, "The Principle of “Development of a research-based tutorial on light and shadabid: 66,
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Theory of RelativityDover, New York, NY, 1952 challenge of matching learning assessments to teaching goals: An example
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suring devices and procedures that comprise a reference frame. For anl57 (1998; L. C. McDermott, P. S. Shaffer, and M. D. Somers, “Re-

example of this approach, see E. F. Taylor and J. A. WheSjeacetime search as a guide for teaching introductory mechanics: An illustration in
Physics(Freeman, New York, NY, 1992p. 39. the context of the Atwood’s machinejbid. 62, 46—55(1994).
. . . . . .27 . K . .
5The process by which “time is spread over space” is described meticu-"'The belief in absolute simultaneity may be related to the strong belief of
lously in the first book in Ref. 10. students in a preferred reference frame, which has been documented in the

®For a description of the course for high school teachers, see L. C. McDer- context of Galilean relativity. See Refs. 5, 6, and 9.
mott, “A perspective on teacher preparation in physics and other science$’This term is related to the amount of time that two specific synchronized
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The results from the various classes at the University of Washington weré’See, for instance, D. Griffithsntroduction to Electrodynamicérentice
consistent within statistical fluctuations. The results from the other univer- Hall, Upper Saddle River, NJ, 198%. 452. This widely used text states
sities were within the same range. For the purposes of this article, the explicitly that the relativity of simultaneity is “a genuine discrepancy
results from corresponding classes have been combined. between measurements made by competent observers in relative motion,

8The problems are “ungraded” in the sense that they are not graded for not a simple mistake arising from a failure to account for the travel time of
correctness. Rather, students receive credit for giving responses that reflectight signals.”
an attempt to answer the questions. Student performance on the examingd he belief that each observer constitutes a distinct reference frame is simi-
tion questions and the ungraded problems was very similar. This is con- lar to the belief documented in Galilean contexts in Ref. 4. The authors
sistent with the results of other investigations conducted by our group, in describe a tendency of students to treat the extent of an observer’s refer-
which we have found that students take the ungraded questions seriouslyence frame as limited to the physical object on which the observer is

Each research question was posed in at least two ways, with different located(e.g., the deck of a boat
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