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Educators' reasons for asking students to program have changed since the early days of Logo and
Basic [Solomon, 1986 #262]. Claims that programming alone might improve problem-solving
skills or other general metacognitive skills have gone mostly unsupported [Palumbo, 1990 #182].
Today, education researchers are more interested in programming as a medium, as away of
thinking about and exploring disciplines other than computer science [diSessa, 1986 #21; diSessa,
1991 #24; Soloway, 1993 #561]. We are till interested in having students learn about
programming, because we view programming as an important skill and as a medium of
communication. But now we are even more interested in having students learn through
programming because we recognize that programming is a good lever for understanding many
domains.

Harel & Papert [Harel, 1990 #108] are referring to this notion of programming-as-leverage when
they write that programming is reflexive with other domains, meaning that learning the
combination of programming and another domain can be easier than learning each separately. A
synergy is created when concepts in another domain are easily reflected in the programming
medium. Inthis case, learning the programming means learning to construct representations for
the concepts, which in turn supports learning the concepts and provides motivation for learning to
program.

What hasn't changed is that programming is still ahard activity and a difficult skill to learn. Few
students will understand programming well enough after completing their first programming
courses to be able to write smple programs, let alone use programming as leverage for
understanding other domains [Soloway, 1982 #263; Pea, 1986 #146]. The most critical reasons
that students have difficult with programming seem to be the following:

e Assembling programsis hard. Programming languages have only afew components which
are combined in many different ways, and learning to understand the semantic results of
different combinationsis complex [ Schneiderman, 1977 #235]. Understanding how to
combine programs to achieve particular goalsis a challenge [ Spohrer, 1985 #271; Spohrer,
1989 #273].

* Syntax is complex. When students try to combine elements, syntax gets confused, which
leads to students battling syntax problems as they struggle to understand semantic ones
[Perkins, 1986 #196; Johnson, 1985 #311]. When the syntax problems are alleviated,
students can focus on the semantic ones [Hohmann, 1992 #260; Soloway, 1993 #267,
Anderson, 1989 #479; Garlan, 1984 #583].

e Students lack an understanding of computational process. Many students do not
understand how interpretation of traditional computer languages works, e.g., where does
control flow and how do variables get updated [DuBoulay, 1989 #67]. If students are
presented with asimplified or clearer description of the process, they can understand their
programs more easily and perform more successfully [diSessa, 1985 #306; diSessa, 1991
#406].



The challenge in using programming to learn other domainsiis to reduce the aspects of
programming which are simply about programming and emphasi ze the aspects of programming
which are reflexive with another domain. For example, a student using programming to explore
genetics should not have to be concerned with declaring variables floats or integers, but on the
other hand, being able to define recursive structuresis arelevant part of smulating genetic
structures computationally. The point is for programming to be an activity which builds upon and
adds value to learning in another domain, not to be an activity which simply requires more skills
and knowledge which is disconnected from the students' purpose [Oren, 1990 #531; Norman,
1993 #391].

Programming is an activity which leads to a skill, and teachers have techniques for supporting
students engaging in an activity and learning askill. These techniques are called scaffolding
[Palincsar, 1986 #333; Rogoff, 1990 #220; Collins, 1989 #46; Merrill, 1993 #439]. The goa of
scaffolding is (1) to enable students to achieve a process or goal which would not be possible
without the support and (2) to facilitate learning to achieve without the support. A critical
component of scaffolding isthat it be capable of fading: agradua or leveled [Callins, 1989 #46]
reduction in the support provided to match individual student ability, particularly asthat ability
increases with students' learning [Rogoff, 1990 #220]. As students learn the skill, they need less
support, so the scaffolding fades.

Scaffolding can be provided through software, which results in software-realized scaffolding.
By providing scaffolding for programming embedded within the programming environment, we
can (1) provide the necessary support for doing and learning the activity and (2) adapt the
programming task so that it emphasizes the reflexive nature. Emileis a programming environment
that provides adaptable software-realized scaffolding to support students as they use programming
to learn science, specificaly, the branch of physics addressing motion without regard to forces:
kinematics. Emile's scaffolding is adaptable in that students can fade their scaffolding and choose
an appropriate level of support. Students used Emile to program model s (executable theories of
phenomena) and simulations (an executing model, being explored through manipulation of
parameters) in kinematics. Emile supports students without previous physics or programming
background to

e Successfully create models of kinematics and execute these models as ssimulations, and

e Learn about physicsin the process.

Physicsin general and kinematicsin particular is adifficult topic for studentsto learn. Students
often have misconceptions of the physics of motion [Arons, 1990 #9; Eylon, 1988 #76], and
education research has found that these misconceptions are very difficult to correct (e.g.,
[Champagne, 1985 #329; Trowbridge, 1981 #287; Trowbridge, 1980 #288; diSessa, 1982 #65]).
Some evidence suggests that having students program models and simulations is a good way to
learn physics. Students can learn through use of pre-existing (e.g., pre-modeled) simulations
(e.g., [White, 1984 #283][White, 1984, diSessa,



1982] ), but only if students treat the smulations as
more than avideo game—if they recognize the simulation to be amodel of the real world
[Richards, 1992 #218]. Having students actually build the model requires students to relate the
real phenomena and the simulation, that is, understanding the model as an explanation for the
phenomena [Halloun, 1987 #314; Hestenes, 1987 #170; Hestenes, 1992 #171]. There are other
waysto get students to relate a simulation to real phenomena, such as through comparison of
simulation data to real world data (perhaps gathered with microcomputer-based |aboratory probes
[Brasell, 1987 #381]). However, as Tinker points out (who is a pioneer in the use of such probes
for science education), modeling and simulation (which he refers to together as model-building
[Tinker, 1990 #284]) requires theory-building, which is an important learning activity and which
can easily be overlooked when the focus is on comparison and not explanation. The challengeisin
providing a model-building environment that students can use without incurring the difficulties of
learning to program.

Emile provides an example of such an environment. Emile was evaluated in athree week summer
workshop with high school students. The results suggest that Emile was a success (1) in terms of
facilitating construction of interesting physics smulations and (2) in terms of facilitating learning
about physics and programming. In this paper, | present:

» Definitions of scaffolding and software-realized scaffolding;

* A description of Emile as an instance of a computer-based learning environment designed to

provide software-realized scaffolding;
» Thesetting for the evaluation of Emile, data collected, and analysis methods used; and
* Theresults, discussion, and my conclusions.

1. Scaffolding and Software-Realized Scaffolding

The challenge of supporting students engaged in programming for modeling and simulation has
two components:

* Tofacilitate student's programming activity;

» Tofacilitate student's learning about and through the activity of programming.

The process of teaching an activity and facilitating learning about the activity has been refined for
agesin the practice that educators refer to as scaffolding. Scaffolding is:
»  Support which enables a student to achieve agoal or action that would not be possible
without that support;



»  Support which facilitates the student learning to achieve the goa or action without the support
in the future.
In apprenticeships, for example, the master craftsman provided scaffolding (1) to enable the
apprentice to perform the tasks assigned to him and (2) to facilitate the apprentice's learning how to
perform the tasks when the master was not available. Similar scaffolding activities occur in
apprenticeship relationships today [Lave, 1993 #358].

Collins and Brown have suggested that modern education should model itself on apprenticeship by
providing cognitive apprenticeship where the skills being scaffolded are more cognitive than
those taught in atraditional trade apprenticeship, e.g., Collins and Brown suggest teaching
reading, writing, and mathematics using an approach based in apprenticeship [Collins, 1989 #46;
Collins, 1990 #42]. They describein their work the essential qualities of an apprenticeship, such
asthe dlicitation of articulation to encourage reflection and a collaborative, supportive social
climate.

Synthesizing the descriptions of scaffolding by Collins and Brown and by other researchers (e.g.,

[Wood, 1975 #331; Fischer, 1978 #321; Rogoff, 1990 #220; Palincsar, 1986 #333]), | can

|dent|fy three critical types of support which are combined to provide scaffoldi ng:
Communicating process: A master communicates a process to the apprentice, which
typically means demonstrating the process with verbal annotation to highlight key points.
Students typically do not know where to begin with acomplex process [Jeffries, 1981
#129]. A good master structures (often involving simplifying) the processto make it easier
to communicate. The presentation itself may take on many forms (including asimple
lecture), al of which are contextualized (or situated) in that the master is providing necessary
knowledge for the apprentice who is about to undertake the very same process.

» Coaching: When the apprentice is attempting the action or goal, the master watches and
makes comments, provides hints, reminds the apprentice of the process which was
communicated, etc. Again, since studentswill typically know little about the process, they
cannot be expected to remember the process on first presentation (especialy if it is complex).
A good coach balances the number and kind of comments between providing opportunities
for the student to learn through failure with keeping a student motivated and preventing
inefficient exploration of blind alleys [Rogoff, 1990 #220].

e Eliciting articulation: The master occasionally asks the apprentice to articulate key
concepts about the apprentice's action or godl, e.g., "Why are you doing that?' "Stop! Is
that what | told you to do?' "What do you call that?' and so on. The point of eliciting the
apprentice's articulation is to encourage reflection — an important cognitive activity which is
critical for effective learning [Scardamalia, 1984 #231; Collins, 1988 #45; Schon, 1982
#241].

A critical pieceto the concept of scaffolding isfading. If the scaffolding is successful, students
will learn to achieve the action or goal without the scaffolding. For students to practice the action
or goal without the scaffolding, the scaffolding must fade. However, scaffolding should not be
all-or-nothing. Instead, scaffolding should be adapted to individual student needs, typicaly
through gradual reductions in scaffolding [Rogoff, 1990 #220]. Students who are more capable
(e.g., have more background knowledge, learn the action or goal faster) should have less
scaffolding, that is, more fading of the provided scaffolding. The best scaffolding is maximally
flexible—providing a continuous range of support. However, discrete levels of support can
provide the necessary flexibility such that each student isfacilitated in performance and learning
without being stifled by too much scaffolding or being left to flounder by too little scaffolding
[Callins, 1989 #46].

Scaffolding differs from other forms of educational support in the emphasis on activity and
learning through activity. For example, an encyclopedia or other source of authoritative



information istypically not scaffolding, while it may be supportive. While information sources
may be part of good performance, their role is not to enable that performance or facilitate learning
through that performance. Similarly, a supportive socia climate isindirect scaffolding. The
presence of peers (or communications channels, in atechnologically supported community) is not
directly supportive. But these peers can provide scaffolding: for example, other people provide
multiple models of the process, opportunities to receive coaching, and ears to listen to articulations.
If there are many members of the community, there will probably be levels of expertise which can
implement de facto levels of scaffolding for fading.

Even after distinguishing scaffolding from other forms of educational support, the kinds of support
that are scaffolding are still broad-ranging. In actua implementation, | find it useful to distinguish
two levelsfor scaffolding:

« Themacro level isconcerned with the stages or collections of activities which the student
undertakes. The macro stages correspond to those used to describe general problem-solving
activity—e.g., Polya's "devising" and "carrying out a plan” stages of problem-solving
[Polya, 1957 #201] or the generate and test stages of various cognitive models of how
programmers work [Adelson, 1984 #3; Spohrer, 1989 #273]. A good macro level process
structure aids students in making strategic decisions about how best to focus on a project
over time and complete it [Blumenfeld, 1991 #18].

« Themicro level identifies the individua activities which the students undertake. Polya's
problem-solving process is a macro-level-only description since it remains the same for
programming or developing a proof of atheorem. Since programming and theorem proving
have different individua activities, the processes for those activities differ at the micro level.
A good micro level process structure aids students in making tactical decisionsthat lead them
through complex tasks without losing motivation [Blumenfeld, 1991 #18].

Table 1 describes how each of the three kinds of scaffolding differ when the focus is on the macro,
stage-oriented level and the micro, activity-oriented level.

The challenge for educationa technology researchersisto provide the same scaffolding that a good
teacher providesin classroom environments centered on activity. When student learning isto
occur in a software environment centered on learning, the environment should provide software-
realized scaffolding, where the designer of the software is defining and providing scaffolding as
the teacher but through the formal mechanism of the software. The goalsin software-realized
scaffolding are the same as with traditional scaffolding: to facilitate student performance and to
facilitate student learning. Resolving this challenge will require defining scaffolding in terms of
facilities that can be provided in software.

Many of the successful innovationsin educational software interfaces can be viewed as examples
of software-realized scaffolding:

» Communicating Process with explicit checklists or menus. Explicitly defining the stages
and operations of a process with a checklist or amenu can communicate a tremendous
amount of information about the process (especially a novice with little knowledge of the
process) — it constrains the process to discrete components, it can imply an ordering, and it
provides alanguage for talking and thinking about the process. Examples of communicating
process with a checklist or menu include Inquire (ascientific inquiry planning tool) [Brunner,
1990 #362], Framer (a design environment for program frameworks in window-based user
interfaces) [Fischer, 1991 #559], and the GPCeditor (a Pascal program design environment)
[Soloway, 1993 #267; Guzdial, 1991 #98; Hohmann, 1992 #260].

» Coaching with critics. Intelligent agents that watch a user's activity and provide useful
comments can be effective in highlighting for a user important perspectives or problems that
might have been overlooked (especially anovice who has not yet devel oped standards for
applying to her own work). Critics have been used to highlight design principles which have
been broken in the user's artifact (e.g., in Janus, a kitchen design environment [Fischer,



1990 #319]) and to highlight when auser has strayed from a pre-defined successful path,
e.g., in GIL (agraphical tutor for Lisp) [Merrill, 1992 #440; Merrill, 1993 #439] and in the
ACT* tutors [Anderson, 1989 #479; Anderson, 1990 #515].

» Eliciting articulation with pre-defined prompts. At various points in the process at which
reflection is most profitable, students can be presented with a prompt asking them to
articulate what is most profitable to reflect upon. The prompts are based on the questions that
agood teacher might ask at asimilar point, e.g., "What is your goa for the next piece of
code that you're going to write/construct?' before the student identifies a piece of Pascal
program to add to her program (GPCeditor) and "What are you going to when you continue
thistomorrow?" before the student ends the program (Inquire), which is also shown again to
the student at the beginning of the next session.

A complete implementation of software-realized scaffolding should aso include fading of the
scaffolding. Using the distinctions made in the HCI community (e.g., [Suikaviriya, 1993 #554;
Schneider-Hufschmidt, 1993 #405]), we can define adaptable scaffolding (i.e., scaffolding
which can be changed or faded by the user) and adaptive scaffolding (i.e., scaffolding which
changes or fades based on an internal decision process). Anderson has explored intelligent
tutoring systems that offer a choice of immediate or when-requested coaching [Anderson, 1990
#515], which is adaptable scaffolding, but with an all-or-nothing approach. Riel et d. [Riel, 1987
#219] propose aform of adaptive scaffolding which they call dynamic support to detect and
automatically adapt interactions to the student's ability. While adaptive scaffolding (or intelligent
fading) is clearly desirable, current interface technology is not yet up to the challenge of changing
the scaffolding in such significant ways for auser who is rapidly changing in ability (as does a
novice when starting a new domain or new environment). What success there has been in
determining novice user's ability is offset by the amount of time needed to make the
determination—much longer than can be afforded in order to provide adequate scaffolding
[Vaubel, 1990 #494].

2. Emile: Software-Realized Scaffolding for Modeling and Simulation
Activities

Emile facilitates student programming for modeling and simulation by implementing software-
realized scaffolding in the programming environment. The challengein creating Emile wasto
provide (1) the full set of scaffolding types (i.e., communicating process, coaching, and liciting
articulation) with (2) adaptability. Thus, Emile serves as an example of a complete implementation
of software-realized scaffolding. Emile's scaffolding is adaptable by a student or teacher, as will
be seen, with the explicit suggestion that the fading of scaffolding be accompanied by discussions
between students and teacher of when scaffolding might be appropriately changed.

This section presents
* Anoverview of Emile,
» A description of Emile as alearning environment utilizing the range of software-realized
scaffolding: Communicating process, coaching, and eliciting articulation, with fading.

2.1 Overview of Emile

Emile is an environment where students build models and test them as ssmulations. They are
prompted to write about what they are doing in a Design Notebook. The Design Notebook is aso
where students define the components of their model. The components are assembled in a Project
Window which is where the simulation ran. In addition, a number of supporting facilities are
provided, which can be modified from a Preferences page in the Design Notebook.



Figure 1 isthe view that a student has after choosing to create a new, empty project from the File
menu.

The main window (largest, seen at front) is the Design Notebook which contains all of a
student's programming representations, all of a student's articulations about the project, and
descriptions of al the components of the project — each on a separate page of the Notebook.
The Notebook organizes the various pieces of a project.

The window which can be seen behind the Design Notebook and to the right is the Project
Window where the components of a student's project are assembled and tested. When a
student compl etes her project, the Project Window (stored in afile separate from the Design
Notebook) can be given away to others to execute without Emile — it is a standalone
component!. Figure 2 shows a Project Window that is a simulation of two objects which fall
asif under the influence of gravitational fields of different intensities.

The window to the far right of Figure 1 isthe Recent List, one of several Notebook
navigation tools available in Emile. The Recent List shows the name of each page visited in
an Emile session (seeded with some important pages at the start of a session). A mouseclick
on any name turns to that page. The right and left arrow keys at the top | eft of each page
allow page-to-page navigation in the Notebook. Thefirst page of the Notebook (seenin
Figure 1) isthe Table of Contents which is both atextual representation of al the pagesin the
Notebook and a navigation tool: Clicking on any page name (one per linein the Table of
Contents) turnsto that page.

The five main menusin Emile (seen at the top of Figure 1 are named Initial Review,
Decomposition, Composition, Debugging, and Final Review for five programming activity
stages that define the process that is communicated to studentsin Emile. All the operations
associated with the activities in each stage appear under the menu named for that stage. For
example, the operation to create anew planning articulation page appearsin the Initial Review
menu, to correspond to the planning activity associated with the initia review stage.

Figure 2 is a screenshot of a Project Window depicting a sample of the kind of program that a
student might create with Emile.

The graphical objects Positive Gravity, Weaker Gravity, Compare Buttons, and Clear
Graphics are al buttons which can be clicked on to generate program behavior. For
example, clicking on Clear Graphics clears the screen of the small circles which are used to
trace the trail of the buttons Positive Gravity and Weaker Gravity. Each button has a pageto
itself in the Design Notebook defining its appearance and behavior.

Positive Gravity and Weaker Gravity are the focus of the model-building in this program.
Each of these graphical objects can be clicked down upon (using the mouse cursor), dragged
to the top of the screen, and released — after which the object fallsasif it was attracted by
gravity.

Thefieldsin upper right corner hold text and numeric data: Labels for the fields, and the
values for the objects vertical position on the screen, velocity, and ssmulation time. Each
field in the Project Window also has a page in the Design Notebook which describesiits
appearance and behavior.

2.2 Software-Realized Scaffolding in Emile

Emileis unique in the depth and breadth of scaffolding it provides to the programming student.

The full range of scaffolding (communicating process, coaching, and eliciting articulation)
aredl provided. There are other programming environments which perform some of these
roles (e.g., Boxer structures and presents amodel of computation [di Sessa, 1985 #306;

1The Project Window does require Apple HyperCard or HyperCard Player to execute, but these are readily available.
Thetask of creating simulation programs which could be used apart from Emile seemed to enhance the authenticity
of the task



diSessa, 1991 #406] and the LISP Tutor coaches students through a process [ Anderson,
1989 #479]), but few provide all three.

» Fading of scaffolding is supported. Fading is difficult to provide since it means creating
multiple interface paths to multiple functionality. While some programming environments
have support that can be turned on or off (e.g., the LISP Tutor could have advice on demand
rather than immediate), few implement multiple levels of adaptation.

The god of the scaffolding isto facilitate learning and performance. In particular, Emile addresses
the three critical problemsthat students have with programming:

e Assembling programsis hard,

e Syntax iscomplex, and

e Studentslack understanding of computational process.
The subsections bel ow present (1) each type of software-realized scaffolding in Emile and fading
of that scaffolding. Table 2 summarizes the software-realized scaffolding in Emile.

2.2.1 Communicating Process

Communicating process, as described previoudy, has two partsto it:
e Sructuring (often simplifying) the process that the student will be performing, and
e Presenting that process to the student.

STRUCTURING: The process that is being communicated with Emile's scaffolding is
programming for model-building: Creating modelsin a computer-understandable language of
physical phenomena and testing the models through simulations. Specifically, Emile supports the
creation of models with graphical representations, which has become the de facto standard in
modeling and simulation [Pidd, 1989 #340; Tinker, 1990 #284; Earnshaw, 1992 #410]. In
creating Emile, | defined both specific macro and micro definitions of this process which structured
the students' activity, then developed presentation mechanisms to communicate the defined
process.

The macro process supported in Emileis based on the models of Polya, Adelson, Spohrer,
Hestenes, and others. Most directly, the macro processis based on a process supported
successfully by another scaffolded programming environment, GPCeditor [Guzdial, 1992 #97,
Soloway, 1993 #267; Hohmann, 1992 #260]. Emile extends the macro process supported in
GPCeditor with explicit stages for reflection. The stagesin Emil€'s supported macro process are:

* Initial Review: Studentsin this stage undertake activitiesto help understand the problem
and plan their future activity. Initial Review is expected to take place both at the beginning of
aproject and at the beginning of amodel-building session. Initial Review is analogous to
Polya's "understanding the problem"” stage.

* Decomposition: Studentsin this stage determine their program goals and choose or create
components to achieve those goals. Decomposition is analogous to Spohrer's Generate
phase.

» Composition: Studentsin this stage assemble components into executable models.
Composition is defined as an explicit stage of program generation in both GPCeditor and
Emile because of the difficulties students have in composition activities [ Spohrer, 1985
#271].

* Debugging: Studentsin this stage test their models as ssmulations. Debugging isan
Important stage in many different models of problem-solving, model-building, and
programming because of itsrolein providing feedback to the student. I debugging leadsto
an impasse that forces successful reconsideration of the model (and continued work at the
Decomposition or Composition stage), we expect students to learn [ Spohrer, 1989 #273].



Final Review: Studentsin this stage review their model-building activity—saving pieces
for later reuse or noting reflectionsin ajournal. Final Review is anaogousto Polyas
"looking back” stage.

Within each of these macro process stages are micro process activities. Some of the micro
activities are articulation activities which are described in alater subsection. Most of the micro
activities are programming activities. The metaphors and programming structures presented in
Emile ssimplify the activity of programming to make it easier to define for the students the process
they areto follow in model-building with Emile.

There are many programming structures for manipulating graphical elements—none of which are
particularly easy to program (see [Lee, 1993 #560] for areview of graphical user interface
programming structures and environments). Apple's HyperCard has one of the smplest structures
for programming with graphical objects [Nielsen, 1991 #313; Goodman, 1977 #116], though it is
still not ssimple enough that students can readily program something as complicated as a model with
it [Decker, 1990 #117; Lehrer, 1992 #328; Ambron, 1990 #126]. The structure for programming
with graphical objects that has been used in Emileis asimplified form of HyperCard's structure.

Emil€e's programming structure has five components, which extend from the high-level groups and
goals which organize components into related modules; through buttons and fields which provide
the graphical representations in the model; finally to actions which define the low-level details of
the simulation.

Groups and goals collect and relate other components. Thus, groups and goals serve as the

modularization structuresin Emile, and modularization can be an important tool in

simplifying programming [Parnas, 1972 #191]. Students create agoa to define an objective:

a statement of intent. A group can encapsulate lower-level components. buttons, fields,

actions, and also goals. Components are linked to a group to identify relations. A group can

be associated with agoa by matching the group and goal.. Because a group can also contain

agoal (which in turn can be matched to another group), a hierarchy of goals and groups and

subgoals and subgroups can be created to reflect the program structure. Activities on groups

and goasare:

— Composing and uncomposing an entire group of components.

— Linking and unlinking a component from a group.

— Declaring amatch or removing amatch between agoa and a group.

— Creating new groups or goals.

Buttons and fields are the graphical objectsin Emile, which normally appear in the Project

Window but are defined in the Design Notebook. Buttons are graphical entities which can be

programmed to respond to mouse clicks. Fields are graphical entities into which text can be

entered or displayed. When a button is programmed to execute some action, it issaid to have

abehavior which is created from one or more actions. A behavior is executed upon receipt

of auser-initiated trigger event — by default, a mouseclick (a mouseup event, in the

terminology of HyperCard which Emile inherited). Activities on buttons and fields are:

— Tailoring the graphical appearance of the button or field (e.g., changing the shape of a
field, specifying an icon for a button, changing the position or size of afield or button.)

— Compose and uncompose a button or field from the Project Window.

— Creating new and copying buttons or fields.

Actions are the lowest level of abstraction2. An action is one or more programming

statements (in the programming language HyperTak) collected to achieve a particular

purpose. Figure 3 shows an action, Accelerated Motion, which implements the

20ne might imagine alevel of abstraction between buttons and actions where the domain-oriented name of an action
and its slots are visible, but the HyperTalk codeitself isinvisible. Thiswould be a welcome addition which could
further insulate the model -builder from unnecessary programming details.



compurtation of velocity and position for an object freely-faling. An action can have certain

expressions identified as tailorable through a mechanism known as dlots. A dot isanamed

expression position which isfilled by the student at the time of use. For example, in figure

3, adlot named Number for acceleration will be filled with an expression (e.g., a constant,

areference to afield) which will specify the acceleration due to gravity for the model. Slots

are not unlike terminal holdersin structure editors (e.g., [Garlan, 1984 #583)]), but in Emile,
only those holders which are semantically significant for the action arefillable dots (e.g., if
an indexed loop in an action always starts at 1, no ot will be defined for starting value on
that loop—the action will simply contain the constant 1.) Activities which can be performed
on actions are:

— Composing and uncomposing an action from its use in a given button's behavior.

— Positioning an action within a program3 to create an order which achieves a particular
goal. Positioning actions will require usersto read and understand the semantics of
program components.

— Emptying adot of its current value and filling adot with anew value. Filling slotswill
require users to read and understand slots in the context of their actionsin order to
achieve the users objectives. (Slotsthat are filled may also be queried to retrieve their
original dot name without emptying the dlot.)

— When scaffolding fades, students can create new actions and new dots, and also
compose actionsinto fields, but not at first.

To describe how Emile simplifies programming activity, | compare Emileto HyperCard (which is
already asimplification of more traditional programming). The structurein Emile isbased on the
programming structure provided in HyperCard. HyperCard provides more flexibility, but does so
through additional levels of complexity and without modularity mechanisms:

HyperCard lacks a structure like groups and goals for relating similar components and
manipulating them as a set. Instead, it provides a visual encapsulation system—all buttons
and fields visible at once on the screen are assumed to be related and can be manipulated asa
set by copying or pasting the card or background which encapsul ates the elements.
HyperCard's structure does not allow for hierarchical decomposition to define lower level
relations and reduce complexity [Parnas, 1972 #191].

HyperCard uses its encapsul ation mechanism to a so define an inheritance mechanism where
functionality for low-level components (buttons and fields) can be defined in encapsulating
components (cards or backgrounds). While inheritance reduces complexity for building large
systems, Emile does not support inheritance because of the added complexity it addsto
understanding models [Kay, 1993 #135].

Each button and field in HyperTalk can respond to alarge number of user events or
messages (e.g., mouse movement over a button versus a press of mouse button versus a
release of amouse button) and any number of programmer-defined messages. Emile only
alows alimited number of eventsto be handled by a button or field and no programmer-
defined messages. In fact, in the default scaffolding, only buttons could respond to
messages and only the message corresponding to a mouse button click.

Programs in HyperCard are written in HyperTalk, a procedural programming language with
a phrase-oriented (e.g., wordy) grammar [ Goodman, 1977 #116; Nielsen, 1991 #313].
While such alanguage is terrific for providing an easily readable format, the large amount to
be entered for basic functionality requires alot of syntax to be learned and provides ample
opportunity for syntactic errors. Emile does not require students to enter HyperTalk (though
It does permit it)—instead, students can assemble and tailor existing actions (which are
written in HyperTak).

3In the version of Emile described here and used in this study, the positioning operations are cut and paste of actions.
In future versions, actions will be positioned by dragging and dropping.
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Thus, the process structure that Emile communicates to the student is much simpler than in
traditional programming. Specificaly, the process structure helpsin addressing the three critical
problems of student programming identified earlier: (The coaching and dliciting articulation
scaffoldl ng also help to support this structure and address these problems.)
Assembling programs is hard, but placing graphical objects on the screen, composing and
ordering actions, and filling dots are much more strai ghtforward. Certai nIy, some
programming problems are still present (e.g., how do | get a button to move horizontally
while falling?), but those are the problems that we want to students to face—these problems
are model-building issues that are reflexive with programming issues.

» Syntax is complex, but Emile make syntax relevant only for reading because the syntax is
embedded in actions and actions can only be manipulated in specific ways. Students must
understand the syntax in order to use them effectively, but they don't need to be able to
generate those actions. The wordiness of HyperTalk then becomes an asset rather than a
liability, since the extrawords seem to aid in readability [Nielsen, 1991 #313].

* A computational processis made explicit through the notions of triggers and behaviors. Itis
an impoverished process compared to HyperCard's, however the reduced computational
process might be considered a benefit to understandability and approachability [Fischer, 1978
#321].

PRESENTATION: Given the structure described above, the next piece of communicating
processisto present that structure. Emile uses avariety of interface strategies to present the
process structure. The goal of these strategiesis to perform the same task of a good teacher: To
communicate what isto be done and to provide examples of how to do it.

The macro level processin Emileis presented through the menu system and the Design Notebook
Design Sage pages. Figure 4 shows an example Design Stage page with the menu bar appearing
across the top of the figure.
* Themenu bar lists the design stages defined earlier, listed in the order in which one would
expect them to be used: Initial Review, Decompose, Compose, Debug, and Final Review.
The menu bar serves as a constant presentation of the process structure defined for Emile.
» For each of the design stages, thereis a Design Stage page which is available in every Design
Notebook. The Design Stage page describes the stage, identifies the kind of actions which
collect under that stage, and defines each action.

Micro level processis presented through four components:
* Themenu system which clusters the available activities into groups corresponding to macro
level design stages.
* ThelLibrary for providing example program objects.
* Therepresentations of objects and relationships between them.
» The Design Notebook for organizing components, tools (including representations), and
prompts and articulations.

The activities associated with each macro level process stage appear under the menu named for the
process stage. As can be seen in Figure 4, the menu under Decompose lists those activities which
are associated with the decompose design stage. Figure 5 summarizes al the menu activitiesin
Emile by presenting all of the design stage menus. The bullet list and figures below present
examples of how each design stage menu might be used in actual use, where the hypothetical
scenario is astudent creating a project where some objects are subject to aweaker gravitational
fleld than others [Guzdial, 1993 #104]
Initial Review: Theinitial review stage is defining a Project Description (either starting with
one from a set of examples or creating a new one from scratch) and of making plans. When
a students sel ects the Make Plans menu item, a new page in the Design Notebook is created
with prompts for daily plans (figure 6).
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» Decomposition: The decomposition stage is the set of activities to create new program
objects, duplicate objects, copy objects from the Library of objects (described below), and
link groups, and match goals. Students are expected to define goals (see example in figure
7), define groups, then match the group to agoal (figure 8) and link related components to
the group.

e Composition: The composition stage is when students assemble the complete project:
composing buttons, fields, or complete groups onto the Project Window (figure 2);
composing actions into buttons; tailoring the appearance of buttons and fields (figure 10 and
11); and filling and emptying slots (figures 12 and 13).

« Debugging: The debugging stage consists of the activities making a prediction, testing the
program (figure 14), and analyzing the program by tracing it and slowing it down.

* Final Review: Thefinal review stage is where students create ajourna entry (figure 15),
generate an index for the Design Notebook to aid future readers, and copy particularly useful
components into the student's Library.

The Library isakey component of the micro level process. The Library appears asaDesign
Notebook without the articulation and design tools pages (figure 16). It provides complete, useful
groups and program components (buttons, fields, and actions)—over 100 entries. Table 3 liststhe
componentsin the basic Emile library. These components range over the domains of physics and
multimedia and include both high and low level (i.e., more abstract versus closer to the domain)
components, such as:

. TQ_e action Accelerated Motion which computes the velocity and location of afreely-falling
object.

* Theaction Play a QT in Window which plays an Apple QuickTime™ format digital video in
afloating window.

» Theactions Test for equality and Test for greater-than which are conditional statements (If-
Then-Else) with the corresponding relational tests built-in to the action.

* The buttons Positive Gravity and Droppable Object which each simulate one-dimensional
projectile motion by falling down the screen with acceleration. Positive Gravity hasits
behavior defined with high-level actions such as Accelerated Motion, while Droppable
Object's behavior is defined with more low-level actions such as Repeat up a range (an
indexed repeat loop).

» The group Gravity Smulation which includes Positive Gravity; the fields Vel ocity,
Position, and Time; and all the associated actions. To construct a one-dimensional projectile
motion simulation, students need only copy the Gravity Smulation group, compose it, and
testit. Since the group actually consists of al the component program objects, students may
then tailor and add to the smulation to get the desired functionality.

Thelibrary serves three important functions:

* Firg, it servesasa starting place. By providing already existing objects for use and tailoring
by students, Emile reduces the number of micro-level activities required to create asimulation
and thus reduces complexity. Asisseenin alater section, students did use the library
frequently to start their projects.

e Second, it serves as a demonstration or presentation of model components. The Library
components are examples (or cases) of working, useful elements. At one point during the
evaluation workshop for Emile, a student kept both his Library and his Design Notebook
windows open at once and compared them back and forth to see if the programs he was
writing were like those in the Library.

e Third, students can (and do, occasionally) save out to the Library particularly useful
components for later reuse in afuture project.
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The programming objects used in Emile are navigated, described, and manipulated using a variety
of representations. The representations provide another presentation of the program structure for
students. Three representations are particularly important:

» Tableof Contents. The Design Notebook and Library each begin with a hierarchical list of
each of the pages in the Notebook (e.g., Figure 1). All pagesin the Notebook are listed:
from Plans and Project Descriptions, to Buttons and Actions. Pages are listed one-per-line of
the list, with groups (such as "Design Stages' or "Buttons") indicated with indentation.
Clicking on any line opens that page in the book. (Only one page can be visible at once.)

e Project Chart: For each component in a project, a corresponding icon is created on the
graphical Project Chart (figure 16). Theicon is hamed with the name of the component.
Icons on the project chart can be organized in any way desired by the student.
Decomposition (match and link relationships) or composition (composed-within
relationships) can be overlaid as arcs on theicons. Students can use the Project Chart both to
have presented the current structure of their project or to use the two-dimensiona space to
create their own structure.

e Individual Component Pages. Each component in a project has a page on which the
characteristics of that component are presented and can be modified. For example, Figure 18
shows an example page for specifying a button's characteristics:

— The name of the button is at the top

— Below the nameistheindication that the button is currently not linked to any group.

— The Show Me button causes the button to flash on the Project Window to identify its
location should the student somehow loseit (e.g., makeit invisible, or layer it behind).

— The student can modify the Appearance of the button by choosing the Appearance view
of the page (Figure 11). In Figure 18, the Behavior view is selected. The student can
also choose the How it Works view for a description of the button.

— Themiddle of the page shows that the mouseUp trigger is currently selected.

— ThemouseUp behavior is seen at the bottom of the button's page. Thisisthe same
behavior asin the Positive Gravity, but references to the Positive Gravity button are
changed to references to the Weaker Gravity button. Each lineis marked with the action
to which it belongs and the line number within that action. Underlined expressions are
slots.

— Theactions and variables in the behavior are listed above the behavior.

Finally, the Design Notebook is the metaphor for presenting the structure of the entire Emile
project. The Design Notebook helps in resolving the problem of how to handle the complexity of
so many supporting features. The metaphor of a Notebook is enhanced with aspira binding
graphic on each page, a Table of Contents, and an Index page. All the prompts for articulation,
representations?, design stage presentations, and componentsin Emile appear as pagesin the
Design Notebook. Only one page can be visible at any time. Several navigation methods are
available for moving between pages:
» Clicking on the name of a pagein the Table of Contents turns to that page.
« Each page of the Notebook contains buttons for turning forward or backward a page or for
jumping to the Table of Contents.
* TheRecent List is afloating window showing the most recently visited pages. Clicking on
any namein the list turns to that page.
e Students can jump to the page for the selected component icon from the Project Chart.

2.2.2 Coaching

Coaching is the support provided while the student works through a process, in response to the
student's actions. Coaching in Emile serves to remind students of the macro level process for

4The larger size of the Project Chart is explained as a "fold-out" page.
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Emile (i.e., design stages) and the micro level process for Emile (specifically, the use of goals and
groups). Two kinds of coaching are implemented in Emile:

» Stage prompting: When a student first> starts Emile, the five process stage menus are all
disabled. To enable a menu, the student must visit the corresponding page in the Design
Notebook which describes the stage, the menu, and the operations on that menu and in that
stage. This coaching forces students to be reminded of the definition and activitiesin the
macro level stage before activity can be selected from that stage.

* Top-down design enforcement: Some research in programming suggests that students
will learn to program better using a top-down design methodol ogy, where students must
articulate a purpose for a component before defining a component, and then move on to
define the subcomponents in a sequence of articul ations-then-mechanisms [ Jeffries, 1981
#129; Soloway, 1986 #265]. Emile provides enforcement of top-down design by preventing
students from manipulating actions until all components have purposes (goals) associated
with them (i.e., linked to groups that all components belong to).

There are other kinds of coaching support which have been described in the literature on human-
computer interfaces and on educational technology. For example, critics would have been a useful
addition to Emile, not only to critique the students' developing designs [Fischer, 1990 #319], but
also to coach them through adaptation of the scaffolding (described later in the section on fading).
However, critics can be expensive to implement on several measures (e.g., computational
processing cost, the requirement for a more elaborated process description, and the requirement for
software to analyze user behavior and compare to the process description), and | chose to forego
that implementation in Emile.

2.2.3 Eliciting Articulation

Eliciting articulation is encouraging students to articulate and reflect on their project and their
learning. Eliciting articulation in Emile has amacro and micro level distinction to it. Macro level
eliciting articulation are the prompts which occur at specific pointsin the design process. Emile
provides several of these macro prompts:

* Beginning a project: Asa student begins a project, she is expected to create a Project
Description which states a project's purpose.

e Beginning a session: As a student begins a new session with Emile, she is expected to
create a Plan page (Figure 6b) which prompts the student to describe what she is going to do
in the given session.

« Before defining components: Before defining or copying a component, a student is
expected to define agoal (introduced earlier) which prompts a student for the purpose of a
component and alternative ways of achieving the given purpose.

» Beforetesting: Before testing a complete program, a student is expected to create a
Prediction page which prompts the student to describe the expected behavior of the
simulation or program.

o After testing: After testing, a student is returned to the prediction page (if one was
created). Sheisshown alist of user actions (e.g., which buttons were clicked upon) and is
prompted to describe what went wrong and how she might correct it if the actual behavior
didn't meet the prediction.

* Ending a session: Before ending a session, a student is expected to create a Journal page
where she is prompted to describe the session's events, summarize what happened, and
make initial plansfor the next session.

5Stage prompting is usually one of the first scaffolding that students fade, so it is usually only new students that are
using stage prompting.
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The micro level dliciting articulation are the prompts which are pervasive throughout the model -
building process: Naming components. Papert has emphasized the importance of naming for
student programmers as a means to connect their understanding with the computational objects
being used to model that understanding [Papert, 1980 #168]. For the same reason, students must
name even primarily graphical objects such as buttons and fields, besides goals, groups, and
actions. The naming is critical in helping students understand the role of the components, as seen
in slot names like Number for Acceleration and field names such as Velocity and Time. The act
of naming isimportant, too, because the names appear so often —in referencesin behaviors, in
representations, in the Project Window, and as Design Notebook page names. Thus, naming is
considered to be an important elicitation of articulation which influences low-level activity sois
seen asamicro level support.

2.2.4 Fading

One of the goals of Emileisto provide adaptable scaffolding — software-realized scaffolding which
fades. There aretwo rolesfor fading:

* Tosupport individual students as they change over time, and

* Tosupport different students with their individual strengths and weaknesses.

Not all of Emile's scaffolding fades, but much of it does. Emile providesfading in three ways:

e Through less use of voluntary supports. Much of Emile's scaffolding is not
enforced. For example, students are not forced to use the library of components, multiple
representations of components, groups, or articulation and reflection prompts. This means
that students can choose to use fewer of these prompts as they develop skills to supplant the
scaffolding.

For example, the Library isavoluntary support: Students do not haveto usethe Library. As
they develop the skills to create their own components, they need not use the Library.
Continually revisable software-realized scaffolding is provided by allowing Library and
student-created components to co-exist in the same projects. In thisway, a student can
choose how much he or she wishesto rely on the library componentsin projects.

* Through student-selected levels of supported use. For other scaffolding, fading
occurs through manipulation of the Preferences page in the Design Notebook (Figure 19).
Fading for these scaffolding is not as gradual asit isfor voluntary-use scaffolding. Instead,
different combinations of Preferences settings introduce scaffolding levels.

For example, actions and dotsfadein levels. When students begin using Emile, they are

limited in their manipulation of text programming to positioning actions and filling dots.

Students can choose severa levels of manipulation beyond that, some of which are:

— Students can choose to fill dotswith expressions, which requires some knowledge of
syntax but still provides extensive support.

— Students can choose to create actions, but still use composition operations for combining
actions and for filling dlots.

— Finally, students can directly edit behaviors.

Use of behaviorsin buttons and fields are also implemented in levels. When students begin

using Emile, they can only create behaviors for buttons on a mouse click user event (trigger).

— Students can also choose to add behavior to fields.

— Students can also choose to add behavior to other triggers (e.g., abehavior to be
activated as soon as the mouse passes over the boundaries of the button).
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An important benefit to Emile's implementation of levelsis that scaffolding can be faded or
returned at any point. Students return to greater levels of support by simply changing back
the Preferences page. For example, Emile supports students intermixing actions from the
Library with directly edited statements (Figure 20). Students can fade the scaffolding in
order to directly type some lines of a behavior, then turn the scaffolding for action-oriented
editing back on in order to grab some useful actions from the Library. Thus, a student can
switch back and forth between actions-oriented behavior creation (for unfamiliar parts of a
behavior) and directly editing behaviors (for parts that the student is comfortable with typing
directly). Rogoff saysthat real scaffolding often has this characteristic—that it fades and
returns several times during learning [Rogoff, 1990 #220].

Through immediate stopping. Some scaffolding ends immediately without fading.
Stage prompting and top-down design enforcement both fade like this: It's either on or off.
One could imagine more flexible top-down design enforcement. For example, instead of
outright prevention of composition until top-down decomposition had occurred, partialy
faded top-down design enforcement might suggest other decomposition operations or prompt
the student for ajustification. However, | did not implement that level of flexibility in Emile.

Table 4 summarizes the kinds of fading implemented in Emile for each category of software-
realized scaffolding:

Communicating Process. Macro support for communicating process does not fade in
Emile. While one might imagine creating a computer-based environment that explicitly
supports different macro-level processes (e.g., a planner versus a bricoleur orientation
[Turkle, 1991 #289]), Emile only supports a single macro-level process.

Micro support is quite adaptable. While the individual activities (as presented in menu items)
do not change, actions and dots can be faded in levels (as mentioned above), behaviorsin
buttons and fields can be faded in levels (again, as described above), various navigation tools
in the Design Notebook can be adapted, and functioning in some representations is adaptable
(i.e., whether decomposition and composition relations can be constructed graphically in the
Project Chart without using menu items). There is no adaptable scaffolding associated with
goals and groups or the Library, but since their useis not required, their use can be
voluntarily reduced as the student desires.

Coaching: All coaching in Emileis either on or off —no levels are supported. One can
imagine providing coaching that is adaptable, e.g., critics that comment less often to allow
more exploration by a user, but this was not implemented in Emile.

Eliciting Articulation: Students are only required to enter names for objects—none of
the prompts for articulation are required. This allows articulation prompts to fade through
voluntary less use. One might imagine agraphical programming environment where objects
are optionally named or in which only certain objects need to be named, which would allow
for additional flexibility in articulation scaffolding. Reference in such a name-less
environment might be established through a drag-and-drop interface and be represented as
arcs (some of which is explored in [Petre, 1990 #459; Petre, 1993 #453]). Such options
were not provided in Emile in order to mesh easily with a more traditional textual
programming language.

A potential weaknessin Emile'simplementation of scaffolding is that control over the fading of
scaffolding rests in the student's hands. While some researchers argue that scaffolding is always
at least partially in the student's hands and that scaffolding fading is a negotiated process [Rogoff,
1990 #220], other researchers point out the weaknesses in students metacognitive skills which
reduces their ability to make decisions about scaffolding for themselves [Farnham-Diggory, 1990
#79]. Asan exploration of the approach of offering fading for awide range of software-realized
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scaffolding, | chose to take the extreme position of allowing students to control their own fading,
with only the classroom instructor's review to serve as a check.

3. Evaluation of Emile

Emile was evaluated to address three questions and corresponding hypotheses:

* How do students use software-realized scaffolding? In particular, do they fade the
scaffolding and use the scaffolding differently (1) over time and (2) between students? My
hypothesis was that scaffolding would be used by students (e.g., voluntary supports would
be used) and that this use would change over time.

» Doesthe scaffolding successfully support performance of the process: programming for
model-building? My hypothesis was that students would be able to build models and execute
simulationsin Emile—in fact, | expected them to complete several programsin arelatively
short period of time.

e Doesthe scaffolding successfully support learning of programming (learning about) and
physics (learning through)? My hypothesis was that students would learn both about
programming and physics.

The following subsections describe the workshop in which Emile was evaluated and the students
who took part in the evaluation. Three sources of data were collected to address the evaluation
guestions:

» Logfileswere collected to note use of scaffolding and adaptation of the scaffolding.

e Student projects and Design Notebooks were collected to assess performance.

* Clinical interviews were taken before and after the workshop to assess learning.

3.1 Description of workshop and students

Emile was evaluated in a three week summer workshop with five volunteer high school students
from Ann Arbor, Michigan, and local school districts. The workshop was advertised as part of
Ann Arbor's summer school program. The workshop was named Teaching Physics with

Hyper Card and was described to students as an opportunity for students to (1) learn programming
skillswhile (2) improving their physics skills. The focus of the workshop was to create software
that high school physics students could use. Students were offered high school science credit for
taking the course. The pre-requisites for the course were previous high school physics
coursework or permission of the instructor. Students were not required to have previous
programming experience. The workshop ran for three weeksin August for three hours aday, five
days aweek, which is comparable to the length of other similar workshops to explore science
education initiatives with high school students [Champagne, 1985 #329; Tinker, 1990 #284].

Five students volunteered to attend the course. In general, the students were fairly representative
of high school studentsin Ann Arbor (amiddle-class, Midwestern community) except for gender
and motivation:
* All five were male: Four were white, and one was Hispanic.
» Two students were from different Ann Arbor private schools, two others were from different
Ann Arbor public schools, and one student was from atown adjacent to Ann Arbor.
» Grade point averages were not available for all students. However, pre-workshop interviews
suggest that the students were not remarkable in their understanding of physics.
* Though | took no measure of motivation, students must be considered more motivated than
inatraditional classto take athree week, three hour a day workshop during the summer.

The ages, grades, and previous programming and physics experience of the five students are
described in Table 5. None of the students had previous high school physics coursework
experience, so that requisite was waived. Only two had previous significant programming
experience (students S and M), and no students had previous high school physics.
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For most of the students, their primary interest seemed to be programming and use of computers,
not the physics. For one student, C, neither the programming nor the physics was the draw—nhe
needed high school science credit to graduate, and his school district accepted the summer Emile
workshop as sufficient. In general, | think it isfair to say that the students did not enter the
workshop strongly motivated to learn physics.

The workshop room was equipped with ten multimedia computer systems. Half were Apple
Macintosh |1 computers, and the other half were Apple Macintosh SE computers with accelerator
boards. All ten were equipped with 19-inch black-and-white monitors. Videodisk and CD players
and sound digitizers were available for all students. Each computer's hard disk was pre-loaded
with Emile, adrawing program (for creating graphics), a collection of example Emile projects, and
MediaText (a multimedia composition tool, which students used for previewing videodisks.) The
Macintosh || computers also were loaded with sample Apple QuickTime™ digitized video movies.

Students worked on three model-building and one multimedia presentation project. | wasthe
instructor for the course. The flow of the course was cyclical. For each of the projects, there was
one iteration of acycle of instructor presentation, student work, and instructor review.

* Onthefirst day of anew project, | gave a presentation on the physics that the students would
be using on the next project and a demonstration of using Emile for creating some of the
project el ements.

e Students would work on the project for three days (including the rest of the day after the
presentation and demonstration.) During their programming and model-building activities, |
was available for questions. The only articulation prompt | insisted they use was adaily
journal entry. | encouraged use of others, but did not require them.

* Onthethird day, students would complete a Project Evaluation for their programs, then
demonstrate their programsto me. The Project Evaluation explained the purpose of the
program: What a student should learn about physics from using this program and what the
student would do with the program. Students received no grades for their individual
projects®, but each student did discuss the projects and evaluations with me. One of the
goals of this discussion was to address misconceptions reflected in the evaluation. For
example, if astudent wrote that "gravity moves' on their Project Evaluation, | would explain
that gravity did not move, and we would discuss why the student thought it did.

Here are the abbreviated project descriptions as they were given to students.

* Project 1. Simulation of projectile motion in one dimension. Starting with
Droppable Object or Positive Gravity buttons from the library (buttons which can be dropped
and which fal asif under the influence of gravity), create at |east two new gravitational
objects (buttons) such as an object with negative gravity, an object with stronger or weaker
gravity, or an object with gravity to either side of the window.

* Project 2. Demonstration of projectile motion in two dimensions. Build a
presentation on what projectile motion under the influence of gravity islikein two
dimensions. Use at |east one text field explaining motion and gravity in two dimensions.
Use at least two buttons that present physicsin different media.

* Project 3: Simulation of projectile motion in two dimensions. Create a
simulation object (button) that hasinitial vertical velocity and horizontal velocity and that falls
under the influence of gravity —moving in two dimensions. Y our button should leave atrail.

* Project 4: Final project. Students choice, aslong as the project (1) is completed in
three days and (2) teaches physics. Students must demonstrate viability of completing the
project after the first day. All students chose to create a ssimulation for their final project.

6As evidence of their motivation, students never asked what the grading policy was, even when | offered to discuss it
with each of them.
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Projects were designed to provide increasing complexity both in the programming expertise
required and in the kinematics concepts students were asked to deal with. Programming
complexity increased from a project involving mostly modification of existing components (Project
1), to apresentation (Project 2, which required few actions), to a simulation which involves
calculation and multiple interacting actions. The kinematics concepts students were asked to deal
with went from one dimensional projectile motion to two dimensional projectile motion, the
standard sequence of increasing complexity in physics texts [Hewitt, 1989 #370; Serway, 1989
#371].

The purpose of Project 4 was to provide an opportunity for the studentsto explore adirectionin
which they were interested. | saw Project 4 as an opportunity for students to demonstrate their
interest and engagement with the domains and with using Emile for that exploration. Researchers
in Logo and Boxer have noted how students, given the opportunity to set their own design criteria,
will often invent creative and powerful representations suggesting that students are learning deep
understandings [Harel, 1990 #108; Kafai, 1993 #131; Ploger, 1991 #23]. In the examples of
Logo and Boxer, students spend a good deal of time developing their artifacts—time which is
necessary to develop this deep learning. While | could not then expect the same level of
representations in the Emile-using students in such a short period of time, | saw Project 4 asan
opportunity for students to demonstrate their engagement by attempting interesting projects. If the
projects were dull or un-interesting, it could be that the students lacked interest in the domain or
Emile.

3.2 Data Collected and Analysis Methods

Three kinds of data were collected to address the questions noted at the beginning of this section:
» Logfilesto determine use and fading of scaffolding.
»  Student projects and Design Notebooks to assess performance.
e Clinical interviews were used to assess learning.

3.2.1 Studying use and fading of scaffolding with log files

| evaluated use of Emile through the analysis of log files and by review of student Design
Notebooks. Log files are recordings of user interactions with software that are created asthe
student uses Emile. (See Card, Moran, and Newell [Card, 1983 #32] for early descriptions of log
files and some examples of use.) Emile'slog files record student button clicks, menu selections,
window clicks, when text was entered, and other interface actions. Student Design Notebooks
provide examples of how students used the scaffolding (e.g., what they wrote for articulations,
how they arranged their Project Charts).

Some examplelog file entries are:

8/ 13/92,10:08: 25 AM Proj ect Description, Chapter Heading, Edited,

Proj ect Description

8/ 13/92,10: 16: 20 AM A Droppabl e Obj ect, Button, nenuSel ect,

copyToNot ebook
Thefirst entry indicates that the user edited the Project Description on the Project Description page,
and the second indicates that the user made a menu selection to copy the button "A Droppable
Object" to his notebook from the component library.

By reviewing log files for adaptation incidents (i.e., modifications to the Preferences page) and
noting which micro activities were selected by students (e.g., creation of a Plan page, positioning
an action), | could identify:

» Strategiesthat students used with Emile,

» Differencesin use between students, and

*  When students adapted their scaffolding.
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3.2.2 Assessing performance with student artifact analysis

To evaluate a student's model-building and programming performance as successful, | need to
show that (1) the student was able to program and understand the program he created and (2) the
student was able to understand the program as a model of a phenomenon in kinematics. |
operationally define successful performance of programming for model-building activities with
Emile as student cresation of:
(1) A working program that achieves project goals through student modification (i.e., smply
assembling components as-is from the Library was not success). Studies by Pea and
Kurland [Pea, 1986 #146] and those described in Ambron and Hooper [Ambron, 1990
#126] suggest that few students are able to achieve this part of the definition. These
studies describe student programmers as understanding little more than how to write
correct program code (Pea and Kurland) or not being able to write complex programs
(e.g., no longer than five or ten lines) (Ambron and Hooper). To achieve the four
projects described previoudly, students had to construct programs at least forty lines long
and demonstrate understanding by modifying those programs.
(2) Articulationsthat explain the program as representing kinematics content. This part of the
definition saysthat there is kinematics content in creating the projects and that a
successful performance of model-building involves recognition of that content.

As an example application of the test, | use student L's two-dimensional projectile motion
simulation. Figure 20 is a screenshot from student L's project. The button Positive Gravity can be
dragged on the screen, and when released, it will launch with the specified horizontal velocity and
starting vertical velocity. Using the definition of successful performance described in this section,
student L was successful at this project: He achieved the project goals with aworking program on
which he made extensive modifications, and he recognized the kinematics content of the project.

» This project successfully meets the project goals. No buttons cause errors when clicked
upon, and the Positive Gravity button does launch and fall with action similar to that of areal
world projectile in two-dimensions.

* The student not only made the modifications necessary to achieve the minimum goal, but he
made others besides. The modifications he made suggests a good understanding of the
program. For example, he changed how the path of the falling projectileis traced from dots
to aline, which required understanding of the falling behavior enough to understand where
and how tracing should occur with lines (which involved recording different kinds of data
about the falling projectile than was used previoudly).

* The student indicated that he understood the physics content of this project through his
project evauation, quoted below. (Statementsin bold are prompts on the evaluation form.)
What will a student who uses this project learn about Physics?

They will learn about horizontal and vertical velocity, and how the curves change according
to their velocity.

What will they do or see in this project which will help them learn about
Physics?

They will see afield in which there's charts where the user can set the horizontal and vertical
velocity to move the button "Positive Gravity."

3.2.3 Assessing learning with clinical interviews

A clinical interview approach was used to studying student learning with Emile. Clinical
interviews as an assessment technique are described in [Finley, 1984 #351; Posner, 1982 #350;
Novak, 1984 #349]. Alternative forms for assessing student learning include a multiple-choice test
(asused in [White, 1984 #283; Roschelle, 1991 #224]) or other standardized measure. As Posner
and Finley both point out, however, only with the interview can the evaluator have any opportunity
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to note interactions and unexpected results from an instructiona intervention. | chose the clinical
interview format because of the unusua nature of the intervention.

Students were interviewed at the beginning and end of the workshop. Students were asked to
respond to atask (sametasksin pre- and post-interviews), to a set of probes asked of every
student on both interviews, and to additional probes based on student responses to explore their
understanding of four scenarios —two on physics and two on programming. | conducted al
interviews. The style of interview was based on Novak [Novak, 1984 #349] in terms of use of
countersuggestions (e.g., students were occasionally queried if they were sure of their response on
both correct and incorrect responses) and allowing reference to the pre-interview on the post-
interview to invite student comparison of responses (e.g., "Last timel said X, can | just say it
again?'). All interviews were videotaped and transcribed to text.

The four problem situations posed to students, with the instructions given to students and the
standard probes used by the interviewer, are described below:

* Question 1: On velocity and acceleration. Let's say that you left right now for the
Baskin-Robbins up on the corner of South and East University (an ice cream store about two
blocks from the workshop site) and it takes you two minutes to get there. Using whatever
units you might typically use to measure speed, how fast did you travel? Probesinclude:
What isvelocity? Did you accelerate? What is acceleration?

* Question 2: On projectile motion. You're standing on the edge of the roof of this
building and you drop arock off the roof. Where doesit land relative to the edge of the
building? Using whatever units you would typically use to measure speed, how fast isit
going when it hits? Probes include: Would it matter if you just dropped the rock or if you
threw it? What isthe rock’s vertical and horizontal velocity?

e Question 3: On reading and writing a mixed media (text and graphics)
program. | start acomputer program for you that has the screen like this (a screenshot is
provided to the student). What do you think it'sfor? What do you think it does? How do
you think it works? Probesinclude: What isabutton? What isafield? How would you
make this button? Would it be hard to change this program?

e Question 4: On reading a text program’. Here's a computer program, the behavior
of some button (a program text is provided). Can you tell me what it does? Probesinclude:
What are your cluesto tell you what this program does? Where have you seen aline like that
before? What does the user see while the program runs?

Interviews were coded using a technique similar to Kragjcik's and Magnusson's [Kragjcik, 1990
#145; Magnusson, 1991 #374; Magnusson, 1993 #377] which Magnusson refersto as the
constant comparative method.. | reviewed the students' responses to the clinical interview and
identified student statements about physics and programming concepts. | compared these
statements to descriptions of student conceptualizations for physics and programming in the
literature. Based on this comparison, | created a categorization scheme which included literature
categories but extended them to include categories which | saw reflected in the students' responses.

The three key physics topics for categorization were velocity, accel eration, and projectile motion. |
chose these as the key three topics in kinematics [Hewitt, 1989 #370; Serway, 1989 #371].
Literature on student conceptualizations of these topics (e.g., [Arons, 1990 #9; diSessa, 1982 #65;
Trowbridge, 1980 #288; Trowbridge, 1981 #287; VanHeuvelen, 1991 #198]) dichotomizes
student conceptualizations into two types: Pretheoretical (naive physics) and theoretical (correct and
expert-like conceptualizations). Starting from these literature distinctions and informed by the
interview statements, athree level categorization emerged of increasing sophistication —level 1 was

71 chose not to focus a problem on writing a text program because students were not required to write programs in
Emile. One of the probes for question 3 does ask students to describe a text program (just define the components,
not write the syntax), and even on that task, students performed poorly.
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pretheoretical and level 3 was the most expert-like (see [Guzdial, 1993 #104] for more details on
the coding scheme).

Programming concepts were categorized on two levels:

» Student knowledge on reading versus writing programs. Since Emile activities required
reading text language programs but not necessarily write them, such a distinction was
important to explore.

« Student knowledge of text (traditional) versus text-and-graphics (non-traditional, e.g.,
including buttons and fields, triggers, and behaviors).

4. Results of Evaluation

Below are the results of the evaluation on each of the three evaluation topics:
1. Useand fading of scaffolding
2. Peformance
3. Learning

4.1 Results on use and fading of scaffolding

Students differed dramatically in their use of Emil€e's scaffolding and in when they faded their
scaffolding. Program three (the creation of atwo-dimensional projectile motion simulation) isa
good place to characterize differences between students. All students had completed two programs
and were developing individual styles. Thiswas the second ssimulation they had built, so they
were familiar with the format and the tools available to them. This section will contrast students C
and B to highlight the diversity in terms of use of the scaffolding, even though each had the same
Preferences at the beginning of program 3. On the day that the students began working on
program 3, | had given a presentation such that they only had one hour of the three hour session to
begin work.

Student C made extensive use of the library with frequent testing as he began his program three:

» First, he copied both the Droppable Object button and the Gravity Smulation group into
his Design Notebook from the Library. His explanation at the time was that he wasn't sure
which he'd need, so he thought he would take both.

* Hecomposed the entire Gravity Smulation group, tailored his Project Chart (i.e., organized
theiconsin astructure he preferred), and tested his project.

» Hethen emptied the dot for theinitial velocity in the simulation object (Positive Gravity
button) and selected the menu item to fill the dot, but canceled out of that action.

* Hecreated afield, named it Starting Velocity, and linked it to the Gravity Smulation
group.

* Hethen returned to the Positive Gravity button, again asked to fill the slot, and selected the
field Sarting Velocity to fill theinitial velocity slot.

* Hetested his project again with different valuesfor the initial velocity entered into the
Sarting Velocity field.

» Hereturned to the Library and copied actions Save Left of Button, Set Left of Button, and
Increm;ent Value (which had been discussed as being useful in implementing horizontal
motion).

e Hecomposed al three actions into the button Positive Gravity.

e Heended the day with making a Journal page and typing an entry:

Today | started to create my button which will move up and have horizontal pull at
the same time.
Student C's completed project isfigure 22.
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Student B began with articulation and more creation of new objects than copying of Library
objects:.

Student B began by entering a Project Description.

This project will be to create a button to launch from any particular place on the
screen that the user defines. The user can also select the velocity (both vertical and
horizontal). Thiswill help people to understand the strange and crazy laws of
physics. So | hopeyou likeit.

He copied the button Droppable Object to his Notebook and tailored the appearance of his
Project Chart.

He returned to the library and coped severa actionsto his Notebook: Set Left of Button,
Save Left of Button, Sound a Beep, and Clear the Graphics.

He created a new button and named it Clear Screen.

He composed the actions Clear the Graphics and Sound a Beep into the new button, then
tested it five times.

He created a new field and named it Time in Motion.

He created two new goals and named them Initial Vertical Velocity and Initial Horizontal
Velocity.

He created two new fields and named them also Initial Vertical Velocity and Initial
Horizontal Velocity.

He composed the button Droppable Object and tested it, but received an error because some
of the fields which Droppable Object required (e.g., the field Time) were not created.

He made a Journal entry:

Today was an OK day in terms of productivity, but | didn't do that much. Thisisa
new project called Launching Things. It isgoing to work but | don't know when.

Student B's completed project isfigure 23. It looks different than students' C or L's program
because B decided to separate the launching function from the object to be launched. InB's
version of the two-dimensional projectile motion simulation, the user moves the Launching Thing
(what he renamed Droppable Object to be) and clicks Launch It to begin the simulation. The
distinction is notable because, in order to separate this functionality, student B had to recreate all
the functionality of the original Droppable Object in the button Launch It.

These two sequences of actions exemplify how students used Emil€'s scaffolding:

Communicating Process. Students made frequent use of most of the componentsin the
structure presented to the students by Emile's scaffolding. Groups and goals were not used
frequently (i.e., the mgority of student-created objects belonged to no groups, and less than
one group per student per project had a matching goal), except for copying large groups of
objects from the library. However, al other e ements (buttons, fields, actions) were used
frequently — even as scaffolding faded.

Table 6 notes in which projects students first turned off the scaffolding Preferences
associated with actions and dlots. Note that different students turned off various scaffolding
at various times: Student S faded his scaffolding early on, student M soon after, and students
C and L never created actions nor directly edited their behaviors. Not shown inthistableis
that all students (including S) turned the scaffolding back on occasionally, even in the fourth
program, to go back to actions and slots during difficult parts of their programs.

Coaching: Notice that neither student in the above examples referred to Design Stage pages
or were careful about using goals and groups before defining lower-level components.
Coaching scaffolding was faded by all students by the second program, though not al with
positive results. Students C and L frequently requested help in their process after removing
all the coaching scaffolding. Perhaps they would have understood their process better had
they left the scaffolding on for longer.
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» Eliciting Articulation: As seen in the above examples, prompts were infrequently accessed
by students, e.g., predictions were not used in the above examples and rarely over all.
Journals were used often due to instructor's prodding, but in general, the macro €elicitation of
scaffolding was not wildly successful. Instead, students tended to talk to one another,
showing off their programs, and discussing their programs validity. | suspect this social
articulation and reflection (1) alleviated the need for prompted articulation and reflection and
(2) had a greater perceived benefit for the students than writing notes to themselvesin their
Design Notebooks.

However, the above examples do suggest the importance of the micro level dliciting
articulation scaffolding. Students chose names for their objects which corresponded well
with the physics concepts they were exploring. These names were important in helping the
students understand the computational process of their programs and in assembling the
programs to correspond to their physics understandings — two of the critical problemsin
programming identified earlier.

4.2 Results on performance

Table 7 summarizes the performance of the five students on each of the four projectsin terms of
programming performance (e.g., constructing aworking program that achieved the project goals
through student modifications) and model-building performance? (e.g., demonstrating an
understanding of the program as amodel of kinematics). Check marks indicate successful
performance, and a dash indicates partially or not successful performance.

Students were remarkably successful at both programming and model-building activities, given the
problems from the literature described earlier. Students using Emile did construct several
interesting programs (e.g., non-trivial with physics content), and their articulations indicate that
they saw their programs as simulations of kinematics concepts. For example, note the projects by
students L (figure 21), C (figure 22), and B (figure 23). All three of these were successful
simulations of two-dimensional projectile motion, completed by studentsin nine hours (after
completing two other programs), with no previous programming experience before beginning the
class.

As mentioned earlier, the students final projects were self-directed, to see whether students did
choose interesting projects. As seen by their choices, they attempted some sophisticated programs:

— L created agame where the user chooses initia horizontal and vertical velocity to launch a
golf ball over alake.

— B created agame in which a plane moved across the top of the screen and released ajumper.
The user chooses the point at which the jumper's parachute opens. The parachute's opening
changes the acceleration for the jJumper.

— C created a bouncing object which repeatedly fredly falls then bounces up with reduced
velocity on each bounce.

— M extended Droppable Objects by contrasting an erroneous use of instantaneous velocity to
calculate the simulation object's position (which was used in the Library simulation objectsto
simplify the computations) with a more accurate method using average velocity.

— Sextended Launchable Objects by correcting the position calculation (as M had) and adding
effects due to wind (i.e., taking into account "resistance.")

These results are particularly indicative of student engagement in their use of Emile. Students
could have created relatively smple final programs, but all of them chose sophisticated and

8Since Project 2 was not a simulation, physics performance is rated here in terms of accuracy of physics concepts.
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interesting objectives. Onthelast day of class, | offered students the opportunity to take their final
programs home with them (which was possible because the final product could be run outside of
Emile). | expected that students would want to take their final programs home with them because
of their interest in those programs. Instead, al the students asked to take all of their programs
home with them, and several of the students asked if they could have copies of Emile aswell. This
anecdotal evidence suggests that students were interested in what they were doing with Emile.

4.3 Results on learning

This section presents the results on student learning about programming and physics as evidenced
by their commentsin clinical interviews. Table 8 summarizes the change in physics
conceptualizations (learning) for the five students between the pre-interview® and post-interview.
In general, al students learned about physics during their activity with Emile, which isa striking
result given the learning difficulties that students experience as described in the literature on
physics learning (e.g., [Arons, 1990 #9; Trowbridge, 1980 #288]).

Student B isa particularly good example of the robust physics understanding exhibited in the post-
interviews.

e Pre-interview conceptualization of projectile motion. Student B's comments in response
to the second problem (about dropping or throwing arock off the roof of a building) suggest
alevel 2 conceptualization of projectile motion — he did not have traditional pretheoretical
conceptualization (e.g., that the weight of an object determines the speed of afalling object),
but nor could he explain time and velocity of afaling object. In the quote below, he gives up
trying to compute the velocity of the rock falling.

R: [Question 2 on where arock lands that is dropped from the roof and how fast
it'sgoing when it hits]

B: Where doesit land? Beneath me, below where my hand is, unless there's wind.
And the velocity is, let's see, gravity...umm... can't remember that

» Post-interview conceptualization of projectile motion: Student B's responses to problem
two in the post-interview suggest a sophisticated (level 3) conceptualization of projectile
motion. While he does make mistakes in his calculations, he recovers from them and
demonstrates that he understands the rel ationships between horizontal and vertical velocity
and even instantaneous and average velocity. His understanding of the interaction between
acceleration, velocity, and position at a detailed level during a projectile'sflight is particularly
interesting. He has progressed from simply recognizing that accel eration increases vertical
velocity (as he stated in his pre-interview, a statement indicating alevel 2 conceptualization),
to being able to simulate on a second-by-second basis what he thinksis going on with the
projectile.

R: Can you tell me how long it took the rock to get to the ground?

B: It would be about one second

R: Okay, where did you get that from?

B: If the acceleration is 30 feet per second per second, then per second it will be

going 30 feet per second, then it will just take alittle longer for it to get to the

ground.

R: Why?

B: Because you have to divide the, to get the average velocity, which is how fast

it's going, and how you can measure how far it's gone, you have to...let's see...it

will be going, it will be going 15 meters per second. Maybe two seconds, | guess.

R: Why?

B: Because...1.5 seconds. Because, by the time it's accel erated the second second,

it will be going about 45 feet per second, so it'll have to be between the first and

second second that it hits the ground.

9IIness prevented student M from participating in the pre-interview.
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R: In the second second, it's going 45 feet per second?

B: Yeah, | think so.

R: Where did you get that number from?

B: Umm, adding the 30 meters per second, you add that to the 45, and you have to
divideit by 2. Ohyeah, | forgot about that part. So that'll be 22.5 feet per second.
22.5 meters, | mean, feet per second. Thenit'll probably be 2 and a half seconds.

Students learning about programming was similarly positive, but not as powerful. On the pre-
interview, no student was able to explain how to read or write aHyperTalk program and no
student was able to explain how to write a graphics-and-text program. All students were able to
interpret the buttons and fields shown to them and explain what they did.

On the post-interview, students were able to describe how to write graphics-and-text programs
using the metaphors of Emile (e.g., buttons, triggers, slots), but only three students were able to
read atext program (students B, M, and S) and none were able to write one. Thislast result was
somewhat surprising since several of the students were directly typing text programsin the last
program. However, even student S, the first student to begin typing programs directly, referred to
actionsinstead of text code when asked to explain how to build a text program:

R: Do you know what it takes to make these buttons do what they do? If | gave
you pencil and paper, could you write it down?

S: No, | don't think that | know, well...I don't know. | might be able to figure it
out with HyperCard — that's the only Mac language | know.

R: Well, assumethat thisis Emile. Do you think you could do it?

S: Yeah! Go to thelibrary, find the actions Play a Sound and Record. That'sall
thereis— play and record. And you'd need to load the picture.

Student C isagood example of a student who created several interesting programs and devel oped
confidencein his programming ability, though that ability was dependent on the scaffolding in
Emile. C had no previous programming experience before this class.

R: How hard would it be to change what these things do?

C: Not hard at al. Yougoto click onit, and it'll show you what it took to create it
al. Then go find what you want to change. If zero was two, or it's 10 and you
want to make it 20. Just click on it and changeit.

R: Could you write down for me what each of these behaviors|ook like?

C: Not without looking at it

[..]

R: Let's say that you're building something new. Let's say that you're building
one of these things. What would you do first?

C: | go copy all these down from the main library...Then | could look at them, and
if I needed them, they'd bethere. Then I'd just read the whole thing in and see
how it works....Then I'd go to the Project Chart — it's probably got to have one of
them like we do —to see what all links together to cause it to make it to work.

5. Discussion and Conclusions

The results indicate that Emile was quite successful in this study.
Students did use Emile's scaffolding and changed that scaffolding based on individual needs
and interests.
e Students were successful at programming interesting models of physics.
e They learned about programming and new conceptualizations of physics.
— What students learned about programming was the process being communicated by
Emile's scaffolding (e.g., actions, slots, fields, and so on.) That they did not learn more
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(e.g., the underlying text programming language) is acceptable since learning traditional
programming was not the goal. This result suggests that Emile was successful at
facilitating learning about programming.

— Students learned new ways of looking at velocity, acceleration, and projectile motion.
This suggests that Emile was successful at facilitating learning through programming —
that is, using programming as leverage to learning another domain (kinematics).

After declaring Emile a successful environment for teaching physics through programming, one
next question is whether Emile is more successful than other kinds of interventions—that is,
whether it is an efficient way to teach physics. | think that the question is, in at least one sense,
unimportant because of the well-documented difficulty of getting any kinematics learning at al
among high school students—even with comparable hours spent on the subject [Roschelle, 1991
#224; Arons, 1990 #9; Champagne, 1985 #329]. Nonetheless, it may be that the students
learning documented here may be realizable with lesstime—that is, students may have gained the
same concepts with fewer projects. On the other hand, students in amore traditional physics class
do not have access to the same computational resources as these students in the same large blocks
of time. Itisan interesting challenge to explore just how efficient physicslearning through
programming could become.

While Emileisjust one example of software-realized scaffolding, we can use the experience asan
indication of what we might expect from software-realized scaffolding in other contexts. Of the
three kinds of scaffolding, it seems that communicating process in Emile was the most successful
in terms of student reference to the relevant facilitiesin interviews, the frequency of use, and least
fading to the lowest levels. Coaching and eliciting articulation were less successful on these same
grounds. This may not be an indication of the relative importance of these scaffolding forms
overal but may have been hindered by the implementationsin Emile. Coaching in Emile was not
state of the art, as compared with Anderson [Anderson, 1989 #479; Anderson, 1990 #515] or
Fischer [Fischer, 1987 #84; Fischer, 1990 #319]. Further, articulating may be elicited more
effectively if the articulations were used to some purpose, such asin acollaborative learning
environment (e.g., [Scardamalia, 1991 #53; Scardamalia, 1989 #54]).

The fading of scaffolding was quite successful. Students did use Emile at many different levels of
scaffolding and devel oped awide range of strategies for use of the scaffolding. Nevertheless,
there were definite flaws.

« First, there was no real structure to the fading of scaffolding. Preferences were not ordered
in any way which was meaningful to the students, and students were given little support on
when and how to fade scaffolding. Advising on scaffolding would be a useful addition to
any future implementation of adaptable software-realized scaffolding.

e Second, and more importantly, there was no coach or critic to analyze how students
mani pul ated the scaffolding to insure that they did not hurt their performance or learning.
Students do not typically have good metacognitive skills [Brown, 1983 #27]. Choosing
one's scaffolding level is clearly a metacognitive activity. Whileit's agood strategy for
students to explore their ability by reducing their scaffolding, there needs to be some safety
measure to inform the student when the experiment is unsuccessful — a net to catch them if
they fall. Such anet was not implemented in Emile.

While an interpretation of educationa software features as scaffolding is not a panaceawhich
explains al innovation in educational software or serves as a complete guideline for design of new
educational software, software-realized scaffolding presents an important perspective which can
provide new explanatory and design leverage. Teaching is not a new activity, and important
pedagogical principles have been identified over the millennia. The approach of software-realized
scaffolding is to identify an important set of teaching activities and to implement them (as much as
possible) in software.
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* Asan explanatory tool, software-realized scaffolding can be used to classify features of
software and perhaps identify where some components of software-realized scaffolding were
missing.

» Asadesign tool, software-realized scaffolding provides alist of features which are important
to provide in order to facilitate learning through and about student activity.

Acknowledaments

The research on Emile was supported by National Science Foundation grant #MDR-9010362 and
by Apple Computer. Appreciation for comments and direction on thiswork go to the anonymous
reviewers, Patricia Baggett, Carl Berger, Phyllis Blumenfeld, Brian Schunck, and especially,
Elliot Soloway.

References

1. Adelson B., Soloway E. (1984) “A cognitive model of software design.” Yale University. Cognition and
Programming Project

2. Ambron S., Hooper K., eds. (1990)Learning with Interactive Multimedia: Developing and Using
Multimedia Tools in Education. Redmond, WA: Microsoft Press:

3. Anderson J.R., Boyle C.F., Corbett A.T., Lewis M.W. (1990) “Cognitive modeling intelligent tutoring.”
Artificial Intelligence;42:7-49.

4. Anderson J.R., Conrad F.G., Corbett A.T. (1989) “Skill acquisition and the L1SP tutor.” Cognitive
Science;13:467-505.

5. Arons A.B. (1990) A Guide to Introductory Physics Teaching.New Y ork: John Wiley & Sons

6. Blumenfeld P.C., Soloway E., Marx R.W., Krgjcik J.S., Guzdial M., Palincsar A. (1991) “Motivating
project-based learning: Sustaining the doing, supporting the learning.” Educational Psychologist;26(3 &
4):369-398.

7. Brasell H. (1987) “ The effect of real-time laboratory graphing on learning graphic representations of distance
and velocity.” Journal of Research in Science Teaching;24(4):385-395

8. Brown A.L., Bransford J.D., Ferrara R.A., Campione J.C. (1983) “L earning, remembering, and

understanding.” In: Kessen W, ed. Handbook of Child Psychology: Cognitive Development. New Y ork,
NY: Wiley: vol 3).

9. Brunner C., Hawkins J., Mann F., Moeller B. (1990) “Designing Inquire.” In: Bowen B, ed. Design for
Learning. Cupertino, CA: Apple Computer

10. Card SK., Moran T.P., Newell A. (1983) The Pyschology of Human-Computer Interaction.Hillsdale, NJ:
Lawrence Erlbaum and Associates

11. Champagne A.B., Gunstone R.F., Klopfer L.E. (1985) “Effecting changes in cognitive structures among
physics students.” In: West LHT, Pines AL, ed. Cognitive Structure and Conceptual Change. Orlando,
FL: Academic Press: 163-188.

12. Callins A. (1990) “Cognitive apprenticeship and instructional technology.” In: Jones BF, Idol L, ed.
Dimensions of Thinking and Cognitive Instruction. Hillsdale, NJ: Erlbaum and Associates:

13. Callins A., Brown J.S. (1988) “The computer as atool for learning through reflection.” In: Mandl H,
Lesgold A, ed. Learning Issues for Intelligent Tutoring Systems. New Y ork: Springer:

14. Callins A., Brown J.S., Newman S.E. (1989) “ Cognitive apprenticeship: Teaching the craft of reading,
writing, and mathematics.” In: Resnick LB, ed. Knowing, Learning, and Instruction: Essaysin Honor of
Robert Glaser. Hillsdale, NJ: Lawrence Erlbaum and Associates:

15. Decker RW., Hirshfield S.H. (1990) “A survey course in computer science using HyperCard.” SGCSE
Bulletin;22(1):229-235.

16. diSessa A. (1982) “Unlearning Aristotelian physics: A study of knowledge-based learning.” Cognitive
Science;6:37-75.

17. diSessa A. (1985) “A principled design for an integrated computational environment.” Human-Computer
Interaction;1(1):1-47.

28



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

diSessa A. (1991) “Local sciences: Viewing the design of human-computer systems as cognitive science.”
In: Carroll J, ed. Designing Interaction: Psychology at the Human-Computer Interface. New Y ork:
Cambridge University Press

diSessa A.A., Abelson H. (1986) “Boxer: A reconstructible computational medium.” Communications of
the ACM;29(9):859-868.

diSessaA.A., Abelson H., Ploger D. (1991) “An overview of Boxer.” TheJournal of Mathematical
Behavior;10(1):3-15.

DuBoulay B., O'Shea T., Monk J. (1989) “The black box inside the glass box: Presenting computing
concepts to novices.” In: Soloway E, Spohrer JC, ed. Studying the novice programmer. Hillsdale, NJ:
Lawrence Erlbaum Associates.

Earnshaw R.A., Wiseman N. (1992) An Introductory Guide to Scientific Visualization.Berlin: Springer-
Verlag

Eylon B.-S,, Linn M.C. (1988) “Learning and instruction: An examination of four research perspectivesin
science education.” Review of Educational Research;58(3):251-301.

Farnham-Diggory S. (1990) Schooling.Cambridge, MA: Harvard University Press(Bruner J, Cole M, Lloyd
B, eds. The Developing Child

Finley F.N. (1984) “Using propositions from clinical interviews as variables to compare student
knowledge.” Journal of Research in Science Teaching;21(8):809-818.

Fischer G., Burton R.R., Brown J.S. (1978) “ Aspects of atheory of simplification, debugging, and
coaching.” BBN Labs. Technical Report #3912. July.

Fischer G., Lemke A.C. (1987) “Construction kits and design environments. Steps toward human problem-
domain comunication.” Human-Computer Interaction;3:179-222.

Fischer G., Lemke A.C., Mastaglio T., Morch A. (1990) “Using critics to empower users.” In: Human
Factors in Computing Systems, CHI'90 Conference Proceedings (Seattle, WA). New York: ACM: 337-
347.

Fischer G., Lemke A.C., Mastaglio T., Morch A.l. (1991) “The role of critiquing in cooperative problem
solving.” ACM Transactions on Information Systems;9(3):123-151.

Garlan D., Miller P. (1984) “Gnome: An introductory programming environment based on a family of
structure editors.” In: Proceedings of the Software Engineering Symposium on Practical Software
Development Environments. New York: ACM-SIGSOFT/SIGPLAN

Goodman D. (1977) “The two faces of HyperCard.” MacWorld;:122-129.

Guzdial M., Soloway E., Blumenfeld P., et al. (1992) “The future of CAD: Technological support for kids
building artifacts.” In: Balestri D, Enrmann S, Ferguson DL, ed. Learning to design, designing to learn:
Using technology to transform the curriculum. Norwood, NJ: Ablex Publishing Company.

Guzdia M.J. (1991) “The need for education and technology: Examples from the GPCeditor.” In:
Proceedings of the National Educational Computing Conference. Phoenix, AZ: 16-23.

Guzdial M.J. (1993)Emile: Software-realized scaffolding for science learners programming in mixed
media [Unpublished Ph.D. dissertation]. University of Michigan.

Halloun |.A., Hestenes D. (1987) “Modeling instruction in mechanics.” American Journal of
Physics;55(5):455-462.

Harel |., Papert S. (1990) “ Software design as alearning environment.” Interactive Learning
Environments;1(1):1-32.

Hestenes D. (1987) “Toward a modeling theory of physicsinstruction.” American Journal of
Physics;55(5):440-454.

Hestenes D. (1992) “Modeling games in the Newtonian world.” American Journal of Physics;60(8):732-
748.

Hewitt P.G. (1989) Conceptual Physics. (Sixth ed.) Glenview, IlI: Scott, Foresman and Company
Hohmann L., Guzdia M., Soloway E. (1992) “SODA: A computer-aided design environment for the doing
and learning of software design.” In: Computer assisted learning: 4th international conference, ICCAL
'92 proceedings. Berlin: Springer-Verlag: 307-319.

Jeffries R., Turner A.A., Polson P.G., Atwood M.E. (1981) “The processes involved in designing
software.” In: Anderson JR, ed. Cognitive Skills and Their Acquisition. Hillsdale, NJ: Lawrence Erlbaum
Associates

29



42.

43.

44,

45.

46.

47.
48.

49.

50.
51.

52.

53.

54.

55.
56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.
68.

Johnson W.L., Soloway E. (1985) “PROUST: An automatic debugger for Pascal programs.”
BYTE;10(4):179-190.

Kafa Y.B. (1993)Minds in Play: Computer Game Design as a Context for Children's Learning
[Unpublished Ph.D. Dissertation]. Graduate School of Education of Harvard University.

Kay A.C. (1993) “The early history of Smalltalk.” In: Sammet JE, ed. History of Programming Languages
(HOPL-II). New York: ACM: 69-95.

Krajcik J.S., Layman JW. (1990) “Middle school teachers conceptions of heat and temperature: Personal
and teaching knowledge.” Paper presented at the meeting of the National Association for Research in
Science Teaching meeting, San Francisco, CA.

Lave J. (1993) Tailored Learning: Education and Everyday Practice among Craftsmen in West Africa.ln
Preparation.

Lee G. (1993) Object-Oriented GUI Application Development.Englewood Cliffs, NJ PTR Prentice-Hall
Lehrer R. (1992) “Authors of knowledge: Patterns of hypermediadesign.” In: Lgjoie S, Derry S, ed.
Computers as Cognitive Tools. Hillsdale, NJ: Lawrence Erlbaum Associates:

Magnusson S. (1991)The Relationship between Teachers' Content and Pedagogical Content Knowledge
and Sudents' Content Knowledge of Heat Energy and Temperature [Unpublished Ph.D. dissertation].
University of Maryland.

Magnusson S. (1993) “ Approaches to interpretive research.” Personal communication, March.

Merrill D.C., Reiser B.J. (1993)Scaffolding the acquisition of complex skills with reasoning-congruent
learning environments. Workshop in Graphical Representations, Reasoning and Communication from the
World Conference on Artificial Intelligencein Education (AI-ED'93).  The University of Edinburgh: : 9-
16.

Merrill D.C., Reiser B.J., Beekelaar R., Hamid A. (1992) “Making processes visible: Scaffolding learning
with reasoning-congruent representations.” In: Intelligence Tutoring Systems: Second I nter national
Conference, ITS92. New York: Springer-Verlag: 103-110.

Nielsen J., Frehr I., Nymand H.O. (1991) “The learnability of HyperCard as an object-oriented
programming system.” Behaviour & Information Technology;10(2):111-120.

Norman D.A. (1993) Things that Make Us Smart: Defending Human Attributes in the Age of the
Machine.Reading, MA: Addison-Wesley

Novak J.D., Gowin D.B. (1984) Learning How to Learn.Cambridge: Cambridge University Press

Oren T. (1990) “Designing a new medium.” In: Laurel B, ed. The Art of Human-Computer Interface
Design. Addison-Wesley: 467-479.

Palincsar A.S. (1986) “Therole of dialogue in providing scaffolded instruction.” Educational
Psychologist;21(1-2):73-98.

Palumbo D.B. (1990) “ Programming language/problem-solving research: A review of relevant issues.”
Review of Educational Research;60(1):65-89.

Papert S. (1980) Mindstorms: Children, computers, and powerful ideas.New York, NY: Basic Books
Parnas D. (1972) “On the criteria to be used in decomposing systemsinto modules.” Communications of
the ACM;15(2):1053-1058.

Pea R.D., Kurland D.M. (1986) “On the cognitive effects of learning computer programming.” In: Pea RD,
Sheingold K, ed. Mirrors of Minds. Norwood, NJ: Ablex Publishing

Perkins D.N., Martin F., Farady M. (1986) “Loci of difficulty in learning to program.” Educational
Technology Center. Technical Report June.

Petre M., Green T.R.G. (1990)Where to draw the line with text: Some claims by logic designers about
graphicsin notation. INTERACT'90. Cambridge, England, 27-31 August.

Petre M., Green T.R.G. (1993) “Learning to read graphics. Some evidence that 'seeing’ an information
display isan acquired skill.” Journal of Visual Languages and Computing;4:55-70.

Pidd M., ed. (1989)Computer Modelling for Discrete Smulation. Chichester, England: John Wiley &
Sons, Ltd.

Ploger D. (1991) “Learning about the genetic code via programming: Representing the process of
translation.” The Journal of Mathematical Behavior;10(1):55-77.

Polya G. (1957) How to Solve It.Princeton, NJ: Princeton University Press

Posner G.J., Gertzog W.A. (1982) “The clinical interview and the measurement of cognitive change.”
Science Education;66(2):195-2009.

30



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Richards J., Barowy W., Levin D. (1992) “Computer simulations in the science classroom.” Journal of
Science Education and Technology;1(1):67-79.

Riel M.M., Levin JA., Miller-Souviney B. (1987) “Learning with interactive media: Dynamic support for
students and teachers.” In: Lawler RW, Yazdani M, ed. Artificial Intelligence and Education. Norwood,
NJ: Ablex: 117-134. vol 1).

Rogoff B. (1990) Apprenticeship in thinking: Cognitive development in social context.New Y ork: Oxford
University Press

Roschelle JM. (1991)Sudents' Construction of Qualitative Physics Knowledge: Learning about Velocity
and Acceleration in a Computer Microworld [Unpublished Ph.D. Dissertation]. University of California
at Berkeley.

ScardamaliaM., Bereiter C. (1991) “Higher levels of agency for children in knowledge building: A
challenge for the design of new knowledge media.” Journal of the Learning Sciences;1(1):37-68.
Scardamalia M., Bereiter C., McLean R., Swallow J., Woodruff E. (1989) “ Computer-supported intentional
learning environments.” Journal of Educational Computing Research;5(1):51-68.

Scardamalia M., Bereiter C., Steinbach R. (1984) “Teachability of reflective processes in written
composition.” Cognitive Science;8:173-190.

Schneider-Hufschmidt M., Kilhme T., Malinowski U., eds. (1993)Adaptive User interfaces: Principles
and Practice. Amsterdam: North-Holland

Shneiderman B. (1977) “Teaching programming: A spiral approach to syntax and semantics.” Computers
and Education;1:193-197.

Schon D.A. (1982) The Reflective Practitioner: How Professionals Think In Action.New Y ork: Basic
Books

Serway R.A., Faughn J.S. (1989) College Physics. (Second ed.) Philadelphia: Saunders College
Publishing

Solomon C. (1986) Computer environments for children: A reflection on theories of learning and
education.Cambridge, Mass.: The MIT Press

Soloway E. (1986) “Learning to program = learning to construct mechanisms and explanations.”
Communications of the ACM;29(9):850-858.

Soloway E. (1993) “ Should we teach students to program?’ Communications of the ACM;36(10):21-24.
Soloway E., Ehrlich K., Bonar J., Greenspan J. (1982) “What do novices know about programming?’ In:
Badre A, Shneiderman B, ed. Directionsin Human-Computer Interaction. Norwood, NJ: Ablex
Publishing

Soloway E., Guzdial M., Brade K., et a. (1993) “Technological support for the learning and doing of
design.” In: Jones M, Winne PH, ed. Foundations and frontiers of adaptive learning environments. New
York: Springer-Verlag

Spohrer J.C. (1989)MARCEL: A Generate-Test-and-Debug (GTD) Impasse/Repair Model of Sudent
Programmers [Unpublished Ph.D. dissertation]. Yale University.

Spohrer J.C., Soloway E. (1985) “Putting it all together is hard for novice programmers.” In: Proceedings
of the IEEE International Conference on Systems, Man, and Cybernetics.

Suikaviriya P., Foley J. (1993) “ Supporting adaptive interfaces in a knowledge-based user interface
environment.” In: Proceedings of the Intelligent Interfaces Workshop. 107-114.

Tinker R.F. (1990) “Teaching theory building.” In: Technical Education Research Centers, Cambridge,
MA

Trowbridge D.E., McDermott L.C. (1980) “Investigations of student understanding of the concept of
velocity in one dimension.” American Journal of Physics;48(12):1020-1028.

Trowbridge D.E., McDermott L.C. (1981) “Investigation of student understanding of the concept of
acceleration in one dimension.” American Journal of Physics;49(3):242-253.

Turkle S., Papert S. (1991) “Epistemological pluralism and the revaluation of the concrete.” In: Harel |,
Papert S, ed. Constructionism. Norwood, NJ: Ablex: 161-192.

VanHeuvelen A. (1991) “Learning to think like a physicist: A review of research-based instructional
strategies.” American Journal of Physics;59(10):891-897.

Vaubel K.P., Gettys C.F. (1990) “Inferring user expertise for adaptive interfaces.” Human Computer
Interaction;5:95-117.

31



94.

95.

White B.Y. (1984) “Designing computer games to help physics students understand Newton's laws of
motion.” Cognition and Instruction;1(1):69-108.

Wood D., Bruner J.S., Ross G. (1975) “The role of tutoring in problem-solving.” Journal of Child
Psychology and Psychiatry;17:89-100.

32



Communicating
Process

Coaching

Eliciting Articulation

Macro Structures and presents | Reminds students of the | Encourages studentsto

L evel the stages of activitiesin | overall structure of their | be explicit about and
the process. process while they engage | reflect on their overall

in the activity. process.

Micro Level | Structuresand presents | Reminds studentsof the | Encourages students to
theindividua activities | attributes of theindividual | articulate the role of the
of the process. activitiesto be performed | individua activitiesin

(e.g., when are they to be | their process.
used, how are they to be
used).

Table 1: Scaffolding at both the macro and micro levels
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Figure 2. A Project Window for a project named " Falling Objects’
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Macro level Micro level
Communicating Process
Structuring/Simplifying | * Design stages * Actions and dlots
» Goals and groups
Presenting » Design Stage pages * Menu items
* Menu names e Library
* Representations
* Design Notebook
Coaching * Stage prompting * Top-down design
enforcement
Eliciting Articulation * Project Descriptions * Naming

* Plans

» Goals

* Predictions
» Journals

Table 2: Software-Realized

Scaffolding in Emile
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% File Edit Font Style InitialReviewr Decompose Compose Debug FinalReview

Design Notebook |
Action |Accelerated Motion 1

.- Table of Contents " .
‘ & o> Group Positive Acceleration

T What it does 3 How it works ™ Users

Positive G i
Compaorents ositive Gravity ﬁ?ﬂf-’f!‘ 215

that use on
this Action

Inurnber for start location} in lirne 1

Slots and <Walue for whers the object is starting-

their {nurmber for starting veloeity} in line 2

Descriptions < Walue for the welacity the object has at the start =
{nurmber for acceleration} in line 4

186

o Action code

¢ | 7w fnwmber for start locationd into location

5 | puk faowmber for startine veloeityh into welocity
repeat with time=1 to 999

i add {number for accelerations to welocity

2 add welocity to logakion

@ [end repeat

ing Wert [-40

Created 7/31/92 by Maxk Guzdial in project Gravwity Simulation

Figure 3: An action which implements the computation of position and velocity
for accelerated motion
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InitialReview |, Decompose|;

Choose Project Description New Goal Compose Objects
Create New Project Description New Group Uncompose Objects
Make Plans New Button Compose Action
New Field Uncompose Action
Mew HAction
Start Talloring 3T
Duplicate Component End Tailoring
B foais.
Open Library B Patisrms..
Copy to Notebook
Return to Notebook Cut Line
Paste Line

Link to Group
Unlink from Group Cut Action
Paste Action

Match Goal
Unmatch Goal New 5lot #L
Remove 5lot #R
FinalReview [,
— ErrT— Query Slot *U
Make Journal Entr
MNew Prediction y Fill Slot %eF
Start Testing %6 Edit Index Phrases Empty Slot #E
End Testing Generate New Index
Trace Test
Trace Speed... Open Library
Copy to Library
Return to Notebook

Figure 5. Emile's design stage menus
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Edit Font Style EELTIEIGTETENN p b
i Choose Project Description
% Create New Project Description

g Finalk

j B Make Plans
ey Table of Contentz

. Project Type:
Positive and Weaker
Praject Description and Suggestions:

In this project  am gping to create two buttons:

- The first one falls straight down in positive gravity, like we saw in the
demaonstration.

- The second falls more slowly, ag if it was in weak grawity, like on the
moon. ['m not sure how I'm going to do that right now,

Top-level goals far this project:

% File Edit Font Style InitialRevi ec C Deb

Design Notebook FO

' Flans for
Table of Contents 7715193

@ ©

List at least three Design Components that you will build today:
p [1. Goals for the Positive Gravity and Weak Grawity buttons,

2. & group for the Weak Gravity Stuff

- | 3. The weak gravity button, and maybe some actions that will make it go
. | slowly.

What ideas in Physies will you be using today?

That gravity makes things fall. I'tn not sure what makes sornething fall
slawer, as if there was weak gravity,

What is the first thing that you want to da?

I might as well make the two goals, then load in the Gravity Simulation
grouy

Figure 6: Choosing to make a plan from a Project Description page (a) and filling
in the plan (b).
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% File Edit Font Style InitialReviewr Decompose Compose Debug FinalReview

Design Notebook FO

Goal |Weaker Gravity Demo

g Tzn:'lzlof Contents Group I:Unlmked)
Table of Contents

Match (Unmatched) E&EZEPI?::c:iptim

Preferences

@ What part of the problern does this goal meet? Fredictions
P[4 demoenstration of weaker gravity, too, It'1] fall slower, Froject Chart

Deseribe two ways to match thiz goal. Why did vou choose this one?

p | could start frorm scratch with a Droppable Objects button, I guess, but I'll
just duplicate the Positive Gravity button and use that,

Created 7/15/%3 by Ann 1n project Falling Objects

Figure 7: Example goal filled in
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New Button

t X
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What does this group do? How does if]
What Physics coneepts are you using here?
It demoenstrates a button in a weaker gravit )
Gravity butten. I'm not sure how I'll make Open Library

I think weaker gravity means. Copy to Notebook
Return to Notebook

Duplicate Component

Link to Group
Unlink from Group

Match Goal
Unmatch Goal

Components in the group:

- Created 7415493 by Ao in project Falling Objects

& 3 Bt fant Stgle  IndUsiBesisws Doecompese {ompose  Bebuyg Finsifivoisw

Design Notebook FO

Group |Weaker Gravity Simulation

Table of Contents

<::| I:> Goal  (Unmatched)

What does this group do? How does it do it?
What Physics concepts are you using here?

It demonstrates a button in a weaker grawvitational field than the Positive
P 7 N 1 T o a fa11 o1 bl dile ey

Goal to match to this plan
Weaker Gravity Simulation

Positive Gravity Demo
Weaker Gravity Demo

Cancel
0K

. Created 7/15/95 by Ao in project Falling Objects

Figure 8: Matching a group to a goal
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Figure 10: Tailoring the Gravity Simulation components on the Project Window
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Figure 12: Filling the acceleration slot on the button Weaker Gravity
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Figure 13: Choosing a type and a value for a slot
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Figure 14: Beginning a test after creating a prediction
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Design Notebook FO

Journal for
712193

@

¥Write what happened today as if it were a letter to a grandrmother:

[ made a buttan today that fell, but slawer than in real grawity, At first [ set
the acceleration to zero, but that really wasn't right. Acceleration at zero
isn't really falling at all. So [ made acceleration a little bigger, but not as big
as normal. Then my object fell, but slowly.

F

What did you focus on the most today: Design in general, Emile, or Phiysics?
Summarize in one sentence what you learned about that:

Physics - something falling has acceleration.

What are the biggest problem you're working on now?
What are vou going to do about it?

I thnught that falling had to de with gravitj,r and mﬂving dawrn, But it loaks
like it has to da with aceeleration, Maﬂ_,i"ne gravi’q,r and acceleration are
connected somehow, I'1] have to ask snmemnel

>

Figure 15: Journal entry for hypothetical session
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Goals

Actions to do Tests
Actions to do Tests 2

Button Stuff

Fields for Display

Objects to Test

Provide Addition
We need to add 2 variables

oups

Actions to Copy & Name
Basic Five Math Buttons
demonstrating drawing ovals
Do Addition w/asking

Fields to test

File Actions

File Actions 2
Gravity Simulation

Image Buttons

Multimedia Buttons

Pick from noun and verb fields
Pos/V/T/Labels

Positive Acceleration

SCSI Actions

Three multi-line tests

Three Test Buttons

Three Test Buttons 2

Tools for Sampling Keyboard
Tools for Simulating Velocity
Trignometric Functions
visual effects group

Fields

A Noun Phrase
A Verb Phrase
Current Visual Effect
File List

First

Labels

Noun Phrases
Position
Second
Sentence

Time

Velocity

Verb Phrases

Buttons

Table 3: Table of contents in basic Emile library

A Droppable Object
Addition

CD Stop

Clear Screen
Division

Do Demo

Draw Ovals

File Button
First < Second
First < Second 2
First = Second
First > Second
Generate Random Sentence
Graphiclmage
Multiplication
Picture Show
Play one Track

Play Scae

Play Sound

Play Video

Positive Gravity
QuickTime On-Screen
QuickTime Window
Reciprocal

Record Sound
Rocket

Stop Video
Subtraction
VideoSequence
Visual Effects

Actions

Accelerated Motion
Accelerated Motion 1
Add to Field
Ask the user for Something
Ask the user for Track
Clear the field
Clear the Graphics
Clear the Whole Screen
Clear the Whole Screen 2
Combine path and file
Combine two pieces of text
Convert X to HC
Convert Y to HC
Copy afile
Display a Value
Display a Value 1
Dissolve effect
Do abunch of ovals
Do Addition
Do Division
Do Multiplication
Do Subtraction
Drag-and-Drop
Drag-and-Drop 1
Draw aLine
Draw aline with 2 points
Draw a rectangle
Draw an Ova
Draw X Axis
Draw Y Axis
Find afile
Find SCSI Info
Get a random number
Get contents of folder
Get contents of folder 2
Get e*power
Get File Creation Date
Get File Type
Get length of field
Get line of text
Get name of SCSI drive
Get path to folder
Get SCSI Number for drive
Get the arctangent
Get the cosine
Get the first number
Get the natural log
Get the Power
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Get the second number
Get the sine

Get the square root

Grab a random Noun Phrase
Grab a random Verb Phrase
Hide an object

Increment Value
Increment Value 1

Iris close effect

Iris Open Effect

Iris Open Effect 2

Leave the Repeat

List SyQuest Drives

Play a CD track
Play a QT in Window
Play a Sound

Play a videodisc segment
Play a videodisc segment 2
Play QT on-screen

Play some notes

Put words into field
Record a Sound from Mic
Repeat down a range
Repeat up a range
Repeat up a range 2
Save the left of button
Save the left of button 1
Save the location

Save Top of Object

Save Top of Object 1
Save Top of Object 2

Say Something

Set the bottom

Set the left of button

Set the left of button 1
Set top of object

Set top of object 1

Set top of object 2

Show a graphic
Show a movie

Show a Picture

Show an object

Shrink to center effect
Sound a beep

Stop increasing

Stop increasing 1

Stop the CD

Stop Videodisc

Store a number to a field
Tell the user something
Tell the user something 2
Tell the user something 3
Test for equality

Test for greater-than
Test for greater-than 2
Test for less-than

Test for less-than 2
Trace with dots

Truncate to integer

Wait alittle

Wipe left effect



| UDLp0. payEda] a0y

UDLE|NUILE FijLARAD daqEa M,

sanuRTagaT]
uotydasa alor g

Jualay

sowyde.q auyy Jea)] | Burzeaaau doys

uolLEod [PTELTER

AL

fie|dsijllo) splaty

ARG SALHE

ey yaaloryg

spaqe

SHEYT) [T 18810
pren o sedie

renny wonsodmosg

asodwo) O
ynew @
Aun O
anopw
waes O

Q ©

SPUSUCT 40 H|QEL

ieeeeced

04 q0ogajoN ubisag

1§

mamayjeury bngag asodwo)] asodwodag mainayienug

alfiys

o4 p3 394 »

Project chart with Gravity Simulation group

Figure 17




e paalong

mamayieui4 bGngag

woTyE[uLS A taman paalad ur [ETpEno IER] Aq g8/ PRIERID

G WOTIOM] PATATa00Y —  TWOTfeao] Oy LTaoTan Ppe
P'T TOTIAEA] PRISSTR00T —  AITo0TAR 01 | T

£ WL PATSIATRANY — ARG 01 =0 Tite 1eada
T WOTIOR] PAreATa0cy —  ftoofan oy ol

preampledsy sy feaTsy — O] ASAL0U] RSO0

g sorqdeacy Ay LEA[ D — AL SEA[ D, WTRIAIOP
Frsorpleacy sy fea[D — T 10A1AE,, WAL O

1 sorpdedcy S AeaT T — OO JR5RdE RSO0

T'T 108l Jo daf aveg —

Iotar]ag

L {Aerdstp o zmquinupiantey, wARsyrfpo@a | 1aEETI] syy
I0] sajqeties,

TiAerdsTp of zaquuuli=nTe,s, BARTd s worpey
p{Ampdsrp o zaquuinulisnyes, ® Aupdsy e

i

1 anpep, e fepdsy
[ anten e Aepdsyg| 1985111 snp
[ Bumeanurdoyg|  10] suonoy
[ UGTIO] pajela[anaty

anealasnop (O UIYIHTIasSnow (0 WTOogasnop s188u]
A3juIasnogy (7 UmMogIIsasnogy (O dnasnopy @

SYI0um 31 mMoH Joimneyagq & ajueaeaddy )

P 9%D £6/51/2 salgo Furired 1eeload uy pesodurey (BN MOUS ) 4

(poumun) dnorg O G

Spuapuos 4o apqe ] &

AABRID) e AA (UOIINYG m

04 joogajopn ubisag

asodwo] asodwolag mamayienu] afiis wo4 Np3 94 W

Figure 18: Example button page

55



PIOPUTA TT0%25 [ ssfeg udtsagT [
ool & IauStsagT _H_ st ba-ti byl _H_
spumuoedies [ S}TSTA, JuEsE] )

B[00 ], ToT eEra e n]
suotssandug padil a1y [ suoTiay 1Tpg puE apEer ]
szoLaEag TP AR [ synoiaon]s 2 gdErn smo Ty )
zoLAE ST PIRTI A0 TTW [ sunnay pajreuuon aambayg [
sad Ay 2effa] 1A ) Teriuen ssacang [

oea jelis [[24 PUEISISpPUN Nok Uatm Ao ﬂ.m_Hn—ﬁmﬁw ym.ﬂ..ﬂ 11 Eurqriasap
altelg uHTsar] 2111 115Ta Lad IS TIIATIT 311 851 AJUIO 118 Tuad “I0 ISt A
‘die1g uEsag v Eunsia anod o) Surpgeus nusta sy U TOITAO) SEa00I ]

SHOMNEATTHd HOWH SHATH S ONTAMAOTIOS JHL

jdraq = xopnnsur aqy @ Ajqerayard pue

“Amyares ooy afuweqy punore a8 nod Surdiaty 1og sepracad arroag yetpy
Srona p Lo ESs gaF 91} SEet[n osTe e o f, USIsap Jo ssatodad a1y ur novk
poddns o) sarn a(ruayg o] (=1 1er) feesr Srnsaanret ol saEirets molag
gaouaaajaad sy EutEueyn ol 10 syIosm ST MO SUS D SeouTarapary

ey poalong

A = A A e S|
Aqraman re( A
SpUEILOT) IO FTEL

Bd 1151 01 {ITITO

I =

SpUajULT 0 S|ge ]

sOUIDJOL] B

puaaay

s

mamaydieuid4 bGnagaan

04 AooqgajonN ubisan

asodwog asodwolrag mammaygieniu]  s:iiis psEs: npl a4

Figure 19: Preferences page

56



spraiqoBurireg preload ur oy rEp] Aq ca gL PRIERID

sorgdeag el

byt

TaRBfiy e puag — L JILARAL) AR Sea n  BOII] fed 01 LA RSO, Pas
1428810 © pIag — RIS AT O EOAOT e oy | IMEEIGTE,, paas
00T 01 IRy A2, oy pea 10 133 1 135

OF 01 ,fLLedsy daifeagsy ,, Toimg pea 30 oy sy jas

0F 01 JITARS 3ATITS0,, TOI] paes 10 135 1) 135

0F 031, ILAedcy sATITS0,, Toymg paeo 10 dog sy gas

Ioravijag

125111 s
IO] Sa[qeTIes,

IaE511] sy}
a8 e puss|  I0] SUoSy
a128811) v puag

iy

i

aneajasnopy (O UIYINTIASNO {0 WTMoasnopy s1@SS11L
yrey D paalong dajujasno WLmMogIlSasnopy dpasnopy

AL G PR OT TS T o N - o
Arawan sanisag SHA0UM 31 MoY Jdoineyayg azueaeaddy O
A TAEIO) TS B, )
SJUBIUOT) FO B[R] I 216 £6/51 2 salgn Burprey 19eload ug peseduwen (e mous )

sanpderoy sy xEaT0 “ ”

sanyders rearn (pes{uipa ) ﬁ.m.n._._nu.HD

EERIEEEE CEE | SpUajUoT 40 S| qE ]

BB Il B pusg
SO} g SX AL W:O“—.“—:m mqﬂ.m_......HEOU :.U“_.“_.:m
= 41 jooqayon ubisagn =71

.
9

v

57



Figure 20: Combining library actions with the typed statements
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Scaffolding_Category

Emile Scaffolding Feature

How Fades

[Communicating Process

Macro

* Design stages Does not fade

* Design Stage Pages Does not fade

» Menu names Does not fade

Micro

* Actionsand Slots Levels

» Goals and Groups Voluntary less use

* Design Notebook Levels

* Menu items Does not fade

* Library Voluntary lessuse
| * Representations Levels

Coaching Macro

* Stage Prompting Immediate stop

Micro

» Top-Down Design Enforcement | Immediate Stop

[Eliciting Articulation

Macro
* Project Descriptions

Voluntary less use

* Plans Voluntary less use
» Goals Voluntary less use
* Predictions Voluntary less use
* Journals Voluntary less use
Micro

* Naming Does not fade

Table 4: Fading in Emi

e's Software-Realized Scaifolding

Students | Age Grade in | Program- | Physics
Fall ming Experience
Experience
B 14 9 None Jr. High
significant Physical
Science
C 18 <Graduated> | None None
L 16 11 None None
significant
M 15 10 Knew Basic, | None
Pascal, and
C
S 14 9 Knew Basic | Jr. High
andC Physical
Science

Table 5. Summary of student prior experiences in
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Figure 23: Student B's 2-D projectile motion simulation
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B C L M S
Project 1 * Type
expressions for
slots
* Create actions
* Directly edit
behaviors
Project 2 * Type
expressions for
slots
* Create actions
* Directly edit
behaviors
Project 3
Project 4 |« Directly edit » Create actions
behaviors

Table 6. Projects at which students changed scaffolding controlling behavior
construction

Project 1 Project 2 Project 3 Project 4

Prog M-B Prog Physics | Prog M-B Prog M-B
B v v v v v v v v
I VA R A A YA YA A B
C A VA A R A A A Y
M- v v = = v v v
S YA YA A A R R A
Table 7. Student performance on projects
(V = successful performance, — = partially or not successful)

B C L M S

Concept of 2->3 1->2 1->1 ->3 3->3
velocity
Concept of 1->2 1->2 1->2 ->2 2->3
acceleration
Concept of 2->3 1->2 1->2 ->3 2->2
projectile
motion _ _
Table 8: Summarizing physics learning (Pre-level -> Post-level)
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