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mentor and virtual student peers with multiple branching 
nodes to accommodate different student misconceptions. 
LAAPhysics modules can be served over the Internet 
(complete with server/database functionality) for use 
“anytime anywhere,” or over a school system’s local 
intranet or networked computer lab, or alternatively, can 
reside as a standalone on one student computer or 
instructional computer in a ‘one computer classroom’ 
setting.  The system is easy to install and requires no 

specialized technical knowledge on the part of teachers or 
students beyond normal desktop computer knowledge. The 
software system also includes an optional authoring tool 
(LAAPEdit) for composing or modifying/adapting the 
tutorial scripts, and a Web-based course management tool 
(LAAPAdmin) for monitoring student progress and 
managing student accounts.  The functionality and 
robustness of the architecture is diagramed below

 

 
 Fig. 1  LAAPhysics Architecture 
 
The glue which holds the architectural components in 

place is PER-based pedagogy and is central to the 
design and functionality of each item as well as to the 
linkages among the components in Fig. 1.    For students 
needing self-contained modules and lacking or not 
wanting continuous internet access, down-loadable files 
are available which are in a client-server configuration 
and which permit the saving of responses and branching 
to the host server when s/he is finished.  Results for the 
faculty using LAAPhysics are the same – all necessary 
data is available for analysis and aggregation.     

 
2 Theoretical Underpinnings 

 
One of the greatest problems that the scientific 

education research community (not to mention the 
distance learning folks in continual learning divisions) 
faces today is the lack of data on the effectiveness of 

good online science laboratories.  This should not be 
surprising because, according to a recent report in 
Science [6], no one has solved the problem of how to 
successfully port the science laboratory to an online 
environment. Without good computer-based 
laboratories, we lack the necessary tools to conduct 
basic research on student learning in these settings.  
Thus, we have a closed loop wherein you ‘can’t get 
there from here’. To date, there has been no sustained 
and successful collaborative effort to bring together 
experts in content, technology, design and discipline-
based education research to address these two 
synergistic problems. LAAPhysics was designed from 
the start to address just these conundrum.   

Our approach mirrors pioneering work by A. Bork 
[7], follows a cost-effective analysis of online education 
[8], and results in an instrument which is not only driven 
by research-based pedagogy but is also cost effective 
with no scale barriers to impede large scale 
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implementation.  LAAPhysics is thus positioned to 
increase science learning opportunities for more 
individuals and to overcome current obstacles relating to 
lack of laboratories and well-trained faculty, hence 
addressing two nascent revolutions in public 
education—one the (societal) need of increased 
inclusion of all students in science and the other a 
necessary paradigm shift from science being done to 
students to science being done by students [9].   

With funding from the U. S. Department of 
Education’s FIPSE/LAAP program (LAAPhysics) and 
the National Science Foundation ITR program 
(COURSELab), we have developed a PER-based 
research instrument—a virtual science laboratory 
learning environment (V-SCI LLE)—that can play a 
central role in the desired interventions.   

Recent work by Lehrer and Schauble for lower 
grades [11], and research on online interactivity [12-14] 
and learning draw fascinating and somewhat 
contradictory conclusions, but may be a reflection of 
lack of deep interactivity between student learner and 
learning environments.  Earlier work by Jonassen [15] 
has led to an emphasis on the importance of situated 
cognition in innovative uses of technology.  Since early 
pedagogical design work began on the LAAPlatform 
instrument in 1999, we recognized the importance of 
social interactions for deep understanding of physical 
principles; indeed, the roles played by the intelligent 
agent/tutor and the virtual peers seek to provide that 
social setting which early beta testers immediately 
recognized (“I liked that she [the tutor] did not tell me I 
was wrong.  Instead I was directed to work on additional 
material.”) This need to communicate to the tutor and 
virtual peers [16] is the online reflection of the in situ 
modeling classroom/lab [17].  Although not as robust as 
human interaction (a real mentor is somehow able to 
interact concurrently with 20-50 students in a real lab 
setting!), the virtual guide is seen as a first step in this 
necessary communication.  The culmination of each 
LAAPhysics module in a different contextual ‘capstone 
experiment’ mirrors the findings of Leontiev [18] that 
we need to stress the interconnection between 
conversation, mentoring and activity in a 
scientific/social milieu.  Other areas of research dealing 
with degree of believability of virtual experiences 
important for the transferability of understanding from 
the virtual to the in situ world, have been examined in 
environments considerably less interactive and realistic 
than our V-SCI LLE [19].   

Science education research over the past 20 years 
has demonstrated conclusively that effective learning in 
the sciences demands interactive engagement of students 
in a collaborative environment that includes rich 
content, scientific investigation and model building 
activities [22,23]. Results from extensive Physics 
Education Research (PER) over the last 15 years 
(Hestenes, McDermott, Laws, Thornton, et al.) support 
the notion that students must be actively engaged in 
constructing their knowledge base.  Furthermore, the 
pedagogy employed in the Modeling Method pioneered 
by David Hestenes (Arizona State) has been 
demonstrated to be an effective pedagogical method to 
use if the desired outcome is to improve student 
conceptual understanding. Current technology 
enhancements for physics instruction are seldom guided 
by tested research-based pedagogies. Present trends 
employ technology primarily to enhance and/or measure 
the student’s ability to memorize algorithms and apply 
them to a single mathematical model under constrained 
conditions, rather than promoting knowledge and 
behaviors that correspond to the actual practice of 
laboratory science. In designing and developing the 
standalone LAAPhysics LLE we have adopted a 
‘pedagogy drives technology’ approach.  Our goal has 
been to incorporate into the LAAPhysics platform (as 
faithfully as possible given current technical limitations) 
all of the fundamental components of the modeling 
pedagogy classroom setting. 

Modeling theory is grounded on the thesis that 
scientific activity is centered on modeling: the 
construction, validation and application of conceptual 
models to understand and organize the physical world. 
Accordingly, instructional design is centered on models, 
as units of coherently structured scientific knowledge, 
and modeling, as the core of scientific method. Full 
implementation of modeling theory in science 
instruction is a huge task, because it requires a thorough 
analysis and reconstruction of the curriculum. Although 
details have been worked out only for physics 
[17,23,24,28,32], the epistemological and pedagogical 
framework of modeling theory is applicable to all the 
sciences. Thus we have the basis for an integrated 
approach to all science instruction.  Below is a synopsis 
of the Modeling Method, which aims to correct many 
weaknesses of the traditional lecture-demonstration 
method, including the fragmentation of knowledge, 
student passivity, and the persistence of naive beliefs 
about the physical world. 
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3 Evaluation of Physics/Physical Science 
Instructional Contexts and Measurement of 
Student Learning  

 
To compare the effectiveness of alternative methods 

of physics instruction, three particular evaluation 
instruments have been developed and published along 
with extensive data on student conceptual learning [25-
29].  Developed by the Hestenes group at Arizona State, 
they are known as the Force Concept Inventory (FCI), 
Mechanics Baseline Test (MBT), and Views about 
Science Survey (VASS). The first two have become the 
most widely used and influential instruments for 
assessing the effectiveness of introductory physics 
instruction and measuring student conceptual knowledge. 
They have been cited as producing the most convincing 
hard evidence of the need to reform traditional physics 
instruction by employing teaching methods grounded in 
educational research [30]. Some of this evidence is 
reviewed below, especially as it pertains to the 
effectiveness of modeling pedagogy. VASS 
systematically surveys student beliefs about knowing and 
learning science. A reliable measure of such beliefs is 
needed to assess their influence on student learning in 
science courses and, conversely, the influence of science 
courses on student beliefs. Preliminary results [28,29] 
support the conclusion that student beliefs about science 
strongly influence what they learn, while most science 
courses have a negative effect on those beliefs.  

The FCI was developed to assess the effectiveness of 
mechanics courses in meeting a minimal teaching 
performance standard: to teach students to reliably 
discriminate between the applicability of scientific 
concepts and naive alternatives in common physical 
situations. The FCI systematically probes student 
abilities to make such discriminations with respect to six 
fundamental aspects of the Newtonian force concept. 
Including the extensive survey by Hake [30], we now 
have FCI data on roughly 20,000 students of 300 physics 
teachers in high schools, colleges and universities 
through the United States. This large database presents a 
highly consistent picture, showing that the FCI provides 
statistically reliable and discriminating measures of 
minimal performance in mechanics. The results strongly 
support the following general conclusions: 

• Before physics instruction, students hold naive 
beliefs about motion and force that are incompatible with 
Newtonian concepts in most respects. 

• Such beliefs are a major determinant of student 
performance in introductory physics. 

• Traditional (lecture-demonstration) physics 
instruction induces only a small change in the beliefs. 
This result is largely independent of the instructor's 
knowledge, experience and teaching style. 

• Much greater changes in student beliefs can be 
induced with instructional methods derived from 
educational research. 

These conclusions can be quantified. From pre/post 
course FCI scores of 14 traditional courses, Hake [30] 
found a mean normalized gain of 23%, with a largest 
gain of 32%. In contrast, for 48 courses using non-
traditional teaching methods, he found a mean gain of 
48% with a largest gain of 69%. The difference is much 
greater than a standard deviation—a highly significant 
result. This shows that traditional instruction fails badly 
in meeting a minimal performance standard for 
mechanics. Moreover, the failure cannot be attributed to 
inadequacies of the students, for the data show that some 
alternative methods of instruction can do much better. A 
major problem in physics education research for more 
than a decade has been to identify essential conditions 
for learning Newtonian physics and from there, devise 
more effective teaching methods.  Questions on the FCI 
were designed to be meaningful to students without 
formal training in mechanics. In contrast, the MBT 
emphasizes concepts and skills that require formal 
knowledge of mechanics. The MBT was developed to 
assess the effectiveness of mechanics courses in meeting 
a higher teaching performance standard than the FCI: to 
teach students the qualitative reasoning underlying 
quantitative problem solving in Newtonian mechanics. 
Results from using the FCI to evaluate modeling 
instruction are described below as well as in Figure 2.   

In addition to the physics assessment instruments, the 
Hestenes group has developed two tests for measuring 
student understanding in physical science: the Physical 
Science Concept Inventory (PSCI) and Basic Energy 
Concept Inventories (BECI) for 8th and 9th grade.   We 
employ all these instruments in assessing student 
understanding in physics and physical science for those 
students using the V-SCI LLE modules.  

 
4 Constructing the LAAPhysics LLE 
Instrument 
 

In developing the LAAPhysics LLE courseware (see 
Figure 2), our guiding principle has been to maximize the 
implementation of modeling pedagogy in a media-
enhanced environment. Students are presented not with a 
finished model (as in ‘naked’ simulations) but with an 
open-ended experimental environment in which they are 
guided to construct physical models—a simulated 
laboratory as opposed to laboratory simulations.  The 
courseware is designed to allow students to explore, to 
confront conceptual difficulties and paradoxes, observe, 
reformulate concepts, develop a theoretical framework, 
make and check predictions, and analyze results with 
tools similar to those used in ‘real’ laboratory settings. 
The open-ended nature of the laboratory environment 
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enables students to select appropriate equipment and 
instruments in order to conduct independent research 
activities by designing, setting up, and executing their 
own experiments, just as they would do in a similar in 
situ lab. Using interactive tutorial-based curriculum 
modules, the system provides students the freedom to 
make mistakes that can be addressed through the tutorial 
dialog between (scripted) mentor and student. Virtual 
peers are provided who contribute to this discussion, at 
times introducing common misconceptions that the 
Virtual Guide Agent addresses and to which the real 

student is asked to respond. Conventional simulations 
emphasize model deployment and often are extensions of 
the lecture and demonstration model, a practice which, as 
pointed out in the discussion above, research has shown 
to be ineffective in promoting student learning [30,31]. In 
the LAAPhysics LLE, students first explore with available 
apparatus and instruments and then undertake a series of 
guided scientific investigations that lead them to 
construct and ultimately test their own models of physical 
reality.  

 
Figure 2 LAAPhysics User Interface 

Following modeling pedagogy, each LAAPhysics 
module begins with a series of model development 
activities in which students work in an open-ended (2D 
and/or 3D) graphical laboratory environment with three 
other ‘virtual peers’ who periodically make comments or 
answer the tutor’s questions. A second component of the 
tutorial package includes a comprehensive model 
deployment activity, the capstone investigation, which is 
designed to assess student ability to transfer learning 
from one experimental context to another (as opposed to 
memorizing algorithms). In designing the LAAPhysics 
LLE, we adopted a variety of strategies for simulating the 
successful working environment (three students per work 
group) suggested by the Workshop Physics, and 
Modeling Pedagogies. In the Tutor component, students 
exchange ideas (input text responses), answer the queries 
of a Guide Agent (Virtual Mentor), and 'white board' 
their ideas, predictions and understandings of basic 
science concepts in collaboration with their Virtual 
Peers. To address the ability of students to collaborate 

with each other in real time, with real rather than virtual 
peers, and to share ideas and develop their basic 
conceptual understandings in concert, we have been 
funded by the NSF ITR program to develop a 3D multi-
player work environment (the COURSELab project), 
which we are integrating into the LAAPhysics tutorial 
system. The multiplayer LLE will provide real-time 
collaborative experiences for students and we propose to 
measure the efficacy of this approach in a limited number 
of contexts in year two of the project (see timeline 
below). Our primary focus will be the implementation, 
adaptation and testing of the LAAPhysics suite for 
physics, and physical science, and measuring its 
effectiveness in serving as the platform for an 
individualized, tutorial-based science learning experience 
that can be used for remediation or to prepare students to 
take part in the collaborative learning experience of any 
specific scientific investigation.  
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The LAAPhysics guided-inquiry-based modularized 
curriculum and assessment components permit students 
to: 1) conduct their own scientific investigations in a 
guided environment; 2) move through an introductory 
science course in either a linear or nonlinear fashion at 
the discretion of the student or the instructor, depending 
on the desired learning goals; and 3) proceed as 
asynchronously as needed to accommodate learning 
styles, differing academic strengths, work, family and 
health-related time constraints. The LAAPLab window is 
an open-ended environment where photogates, carts, 
adjustable ramps, motion detector, etc., are available for 
student use.  The student makes decisions about 
equipment and instruments and may use photogates, or 
not, may adjust the angle of the ramp above the 
horizontal, electrically connect (or forget to connect) the 
motion detector to the interface, collect correctly (or 
incorrectly), linearize distance-time data, launch cart with 
different initial velocities, etc.  Distance-time and 
velocity-time graphs from the Toolbox ‘logger’ tool are 
also shown in Figure 2.  The data represent motion 
detector data collected for an initial launch of a cart up a 
ramp (from the Constant Acceleration module).  As in a 
real lab, the motion detector in the virtual lab collects 
data based on the motion of the car in the virtual 
environment and exports that data to a data logger tool in 
the Toolbox application. 

In addition, the LAAPhysics LLE provides unique 
data collection opportunities that facilitate student 
assessment as well as evaluation of the learning 
instrument itself, by: 1) permitting unobtrusive and 
continuous monitoring of student progress throughout the 
conceptual learning process; 2) facilitating the collection 
of data on an arbitrarily large number of students, and 3) 
assembling data on a wide variety of (individual and 
group) student behaviors. Formative student assessment 
with 'real-time' feedback is integrated throughout the 
modules using a variety of tools including multiple-
choice questions, free response, simulations, multimedia, 
context-rich and video-based problems. Summative 
assessment includes end of module 'capstone 
investigations' which are virtual performance assessments 
requiring the student to apply the fully developed model 
in a real world setting.  Summative assessment also 
includes periodic quizzes consisting of a randomized 
selection of context-rich problems graded by the 
automated grading system.  The unique automated 

grading tools include: 1) a qualitative graph grader, 
which evaluates students’ predictive graphs; 2) a vector 
grader, and 3) a motion map grader. Finally, we have 
solved the localization issues related to offering course 
content in languages other than English (e.g., modifying 
the software platform to accept additional required 
Spanish characters), and have translated the current 
LAAPhysics kinematics modules into Spanish. To help 
mitigate language problems, the Spanish modules contain 
both English and Spanish text.  

 
5 Testing the Instrument 

 
A virtual lab experience cannot, of course, be a 

surrogate for a thoughtful and challenging assignment in 
a well-equipped in situ lab.  However, the virtual 
laboratory experience can be of great benefit to students 
who have no access to a ‘good’ in situ lab due to lack of 
space, equipment or qualified personnel. The enhanced 
virtual physics laboratory also is designed for those 
students who want the opportunity to explore and 
investigate physical phenomena in a laboratory 
environment outside the few hours when an in situ lab is 
available, and/or at a time that does not conflict with their 
classes or other activities. The V-SCI LLE has been 
designed to encourage the transfer of skills from the 
virtual to the in situ lab, in much the same way that test 
flight simulators provide student pilots with transferable 
skills. Preliminary test results suggest that novices have 
no difficulty recognizing instruments and equipment in 
the real lab based on their virtual lab experiences. Eighty 
five percent of responding students completing an 
interactive MBL-based in situ lab course (40 students) 
taught by one of the authors expressed the opinion that 
they found the virtual lab experience to be ‘just like the 
real lab’ (May 2003).  95% of the students were 
impressed with the way in which the virtual students 
illuminated misconceptions, and 90% of those 
respondents stated that they would favor a combined 
lecture + LAAPhysics lab environment, or only a 
LAAPhysics option, in favor of a traditional lecture plus 
lab course.  Extensive beta testing will be carried out in 
the fall of 2004 at two and four year colleges as well as in 
high schools.  We seek collaborators in other countries 
where this approach could be useful for various student 
populations.   

 
* Supported in part by Department of Education 

(FIPSE/LAAP) Grant No. P339B990329 
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