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ABSTRACT Indesign activities such as writing and programming, problem analysis (identifying what
should be constructed) and solution synthesis (how they should be integrated) depend on each other.
While externalization plays an important role in such design activities, existing design support tools
mainly focus on representations that serve only for solutions, but not for problems. In this paper, we
present our approach of using two-dimensional positioning of objects as a representation for strategic
knowledge that serves for problems. The two-dimensional positioning allows designers to produce
representations that "talk back" to them without forcing them to formalize or verbalize what to be
externalized. Two systems, ART for writing and RemBoard for object-oriented programming, illustrate
our framework.

KEYWORDS:. design theories, representation for strageic knowledge, two-
dimensional positioning, cognitive models

1. INTRODUCTION

In ill-structured design, a problem and a solution co-evolve [1,2]. In writing or
programming, for instance, what components need to be constructed (problem analysis)
and how they need to be integrated (solution synthesis) depend on each other - “parts’
define the “whole” but the roles of parts are defined by the whole; a design process can
be viewed as forming a hermeneutic circle [3].

During such a design process, a designer is engaged in a cycle of producing a
representation (such as sketches, mockups and memos), and reflecting on them [4]. The
externalized representations serve as a “ situation’” that talks back to the designer. During
the process, the designer has a conversation with a material asking questions such as:

- what “parts’ are missing;
how much the designer is “sure” about a newly created part;

- what the role of this newly created part is in terms of the whole design;

- what the role of this newly created part is in terms of other parts; or

- which direction the whole design is moving toward and whether the direction is in
accordance with the intention behind the design.



Appeared in Strategic Knowledge and Concept Formation (SKCF) ‘99 (Iwate, Japan), pp. 109-121, October, 1999.

A type of strategic knowledge that our research focuses on is related to low-level design
decisions required to address these questions. Such designer’s strategic knowledge is
exercised locally within a designer’s mind, and typically non-verbalizable. This paper
presents our approach to support designers by providing representational media that
makes it easier for them to externalize this type of strategic knowledge so that they can
more easily reflect on it during their design processes.

Although externalization has been recognized as playing an important role in designing
[4], the power of externalization has been underestimated in supporting design. Most
existing design-support tools focus on providing representations of a solution domain.
CAD systems, for instance, alow designers to produce detailed pretty-printed
representations, allowing them to do precise smulation and detailed analysis of a
produced artifact. On the other hand, these representations support designers very little
in the early phases of a design process where understanding what the problem is plays a
large role. Strategic knowledge is required to explore a possible problem space by
uncovering implicit requirements, by making trade-off among conflicting goals, and by
setting up constraints. Designers produce rough sketches using paper and pencil.
Programmers record memos using sheets of paper. These are types of representations
concerning the type of strategic knowledge in design that serve more for problems
rather than for solutions.

We have studied the power of a two-dimensional space as a representational medium,

with which designers can represent strategic knowledge that serves for problem-framing
without formalizing or verbalizing what to be externalized. We focused on the
positioning of “objects’ in the space and what types of positioning emerge during the
design process. Such “objects’ can be any type of representations including parts of a
final product, comments, or design rationale. This paper presents two systems, ART for
writing and RemBoard for object-oriented programming, that explore the role of two-

dimensional positioning of design objects as a representation for a designer’s strategic
knowledge.

2. EXTERNALIZING STRATEGIC KNOWLEDGE

The design process requires both generating parts and structuring them (solution
synthesis) while exploring what to design (problem analysis) [1]. One cannot
understand a problem without having started solving it. A partialy constructed solution
helps uncover problems. In design, problems and solutions co-evolve.

While they are inseparable, types of cognitive activities that designers are engaged in
would typically change as phases in such design tasks proceed. During the early phases
of a design task, designers focus more on understanding and identifying problems. As
the design proceeds, the designer’s focus shifts toward synthesizing solutions. While
design knowledge is required to synthesize a solution to a given problem, strategic
knowledge is required in understanding what the problem is.

2.1. The Role of Externalization in Design
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Designers produce various types of representations for different purposes during both
early phases and later phases of a design process. There is a spectrum of types of
representations serving for different purposes. At one end of the spectrum,
representations serve for solutions, while representations at the other end serve for
problems.

The power of externalization cannot be overemphasized. Bruner [5] comments that
externalization “produces a record of our mental efforts, one that is ‘outside us' rather
than vaguely ‘in memory’ ... It relieves us in some measure from the always difficult
task of ‘thinking about our own thoughts while often accomplishing the same end. It
embodies our thoughts and intentions in a form more accessible to reflective efforts”
[5; p23]

Even with this recognition of the importance of externalization, little research has been
done on how to computationally support designers to externalize their strategic
knowledge required for early phases of a design task. Most existing design support
systems provide representations that serve only for solutions, and not for problems.

2.2. Representations for Strategic Knowledge

In early phases of a design task, designers produce representations that are not
necessarily used in afinal design artifact. They use such representations not as a direct
contribution to a solution but as a means to externalize strategic knowledge, which is
necessary for them to understand problems.

Such representatiors may take the form of drawings, textual annotations, memos,
coloring, sizing or positioning of objects One small aspect of a representation, such as
the straightness or the thickness of a line, may play an important role in helping them
understand the problem.

The “meanings” of these representations may be vague and fluctuate. Designers may
use such representations simply as a reminder. It is impossible to objectively identify
the underlying meaning behind the representation, as it is not created for the purpose.

Such representations are the results of externalizing informal, non-linguistic, and non-

symbolic application of strategic knowledge. The representations are processed by a
designer perceptually rather than cognitively, exploiting human perceptual abilities [6].

2.3. Our Approach: Through Amplifying Representational Talkback

Our god is to provide a computational environment that provide designers a medium
with which designers externalize strategic knowledge that is used during the early phase
of conceptual design. Such representations would then allow them to reflect on the
application of the strategic knowledge by “ listening to” the back-talk of the situation.

We have studied a concept caled Representational Talkback [7] for the goal.
Representational talkback, based on Schoen's design theory [4], is defined as:
“perceptual feedback to the human designer from the externalized design artifact.”
Representational talkback is an intermediate situation that emerges during a design task.
We focus on visual, perceptual representation rather than textual representation because
the type of strategic knowledge we are interested in supporting is typically non-
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symbolic, non-quantifiable, and non-verbalizable. Perceptual external representations
“provide information that can be directly perceived and used without being interpreted
and formulated explicitly” [6], and external pictures can give people access to
knowledge and skills that are unavailable from internal representations [8].

A computational medium can support designers in the early phase of their design task
(1) by alowing them to externalize strategic knowledge necessary for problem-framing,
and (2) by amplifying the representational talkback so that they can more effectively
reflect on externalized strategic knowledge. The amplification of representational
talkback is concerned with two issues. how to make it easier for designers to express
what they want to express, and how to make it easier for designers to understand what
has been represented.

Our approach toward this problem is the use of two-dimensional spatia positioning of
objects. The following section describes the rationale for this approach.

3. THE USE OF TWO-DIMENSIONAL SPATIAL POSITIONING

This paper presents our approach of using two-dimensional spatial positioning of
objects as a representation that serves for design problems. With the direct manipulation
style, it is easy to grasp and move objects to produce different visual properties. Simply
looking at the space will help people identify a vast amount of visual properties from
the space. Thus, the use of positioning as a representation addresses the two concerns
mentioned above to amplify representational talkback.

A two-dimensional positioning can have a variety of visua properties. Such properties
include unitary properties, local-relational properties, and global-relational properties.
Unitary properties illustrate inherent visual properties of the object, while local-
relational properties refer to those that are identified in terms of other objects. Global-
relational properties refer to those that are identified in terms of the whole space. Table
1 illustrates examples of such properties.

Tablel: Examplesof Propertiesin Positioning

Unitary size of the object, ...

properties

Local-relational above, below, on top of, next to,
properties close-to, far-from, ...

Global- in the top-left corner of , far
relational away fromothers, ...

properties

We use positioning of objects that are representations for solutions. In the domain of
writing, for example, we provide a way to position a set of text “chunks’ that can be
freely mapped on a two-dimensional space (see Section 4.1). While positioning,
designers can use those properties to externalize a variety of situations. For instance, if a
designer (in this case, a writer) thinks that a paragraph-A is better than paragraph-B,
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then the writer can place paragraph-A to the left of paragraph-B to represent that
paragraph-A is favorable to paragraph-B. The designer can use the distance between the
two objects to reflect the degree of “better-ness” If paragraph-A is located very far
from paragraph-B, then the representation would remind the writer afterward that
paragraph-A was much better than paragraph-B.

Thus, the use of two-dimensional spatial positioning allows designers to represent the
current state of mind without verbalizing or formalizing the state. It does not require
designers to articulate “paragraph-A is better than paragraph-B by a factor of 5, 50, or
500,” no matter what the numbers mean. It is up to the designer to decide on what
meanings to extract from the representation. The exact same representation
(positioning) may mean very different things to different designers or in different
situations.

4. TWO EXAMPLES

This section illustrates how our approach can be implemented in two types of design
domains: writing and object-oriented programming.

4.1. ART

The ART system [9] (Figure 1) supports document construction as a design task
allowing users to position segmented text as “elements’ in a two-dimensional space. An
element is any unit that writers choose to think of as one, such as a phrase, a sentence, a
paragraph, or alonger piece of text.

- System Overview

The ART system consists of the following three components. ElementsMap,
ElementEditor, and DocumentViewer.

ElementsMap (Figure 1 top right) is atwo-dimensional space that graphically displays
elements that comprise the document. Each element is represented as an icon. An icon
does not show the entire content of the element, but only the first ten percent of the
element's text; therefore, the size of the element box corresponds to the size of the
actual element (unless the user resizes the box). A user can freely change the position of
elements by pointing and dragging icons on ElementsMap.

Elements can be created and edited with ElementsMap and ElementEditor (Figure 1
bottom). The ElementEditor component is a text editor for the contents of an element
providing editing functions such as cut, copy, paste, and “spin off,” which divides one
element into two. Selection of an element in ElementsMap alows a user to modify the
content of the element in the ElementEditor. When nothing is selected in ElementsMap,
auser can edit text in ElementEditor and create a new element by positioning the newly
cregted icon in ElementsMap. Two or more elements can be merged by selecting
multiple elements on ElementsMap.
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Figure 1: The ART System

An interesting aspect of the ART system is that the system has a partial understanding
of the “meaning’ of the positioning of elements in ElementsMap. An element’s vertical
position in the ElementsMap are interpreted as corresponding to its position in the
document sequence, and the DocumentViewer (Figure 1 top left) component displays
the actual content of the document by sequentially scanning the elements displayed in
the ElementsMap from top to bottom. Thus, a user can freely change the order of
elements in the whole document by changing the vertical relationship of elements in
ElementsMap. Positioning changes and content changes made in ElementsMap and
ElementEditor are automatically reflected in all of the three components.

- Representationsin ART

The ART system provides “views’ to look at both parts and the whole of the document
simultaneously. ElementsMap provides an overview of the whole in terms of the
structure of parts, while ElementEditor provides details of a part. DocumentViewer
displays the context of the part with details of neighborhood elements. The three views
are integrated and changes made in one component are dynamically reflected on the
other components.

The essentia part of the system is the use of ElementsMap. In user studies of ART, we
found that subjects used a variety of visual properties of two-dimensional positioning as
a representation. Some put elements that need further attention in the bottom right
corner of the ElementsMap. Some subjects made a set of completed elements as the
same size and carefully aligned them. One user had two elements overlapping each
other with a verbal protocol saying that she felt that they should be related to each other
but cannot describe how they are related (therefore they were overlapped and not
aligned). Another user made some elements particularly larger than others so that it
would “call for attentiori’ later in the task.

Interestingly, no subjects complained about the constraint ART imposes on the vertical
relationships of elements in ElementsMap; the contents of the elements are always



Appeared in Strategic Knowledge and Concept Formation (SKCF) ‘99 (Iwate, Japan), pp. 109-121, October, 1999.

e
(@) FemB oard BN 4|

ThiaChas L4 Clas=Broeaar

Onsgefeadsr . 1 SuperClass ¥ AassHisrarchyBrowser
Bublanses X e Tt
[ o = LT T Copy
AIF B anekaadis Cut d rC:I snbnem 'U_:r“'!l.‘-
Aok firet theee items
QB R T i e in menu (b

BAdd Clasz from Cthier Took:

| e R

BIRGER T BT R aan )

“An Oipacualmnsge combires he imaes and moeek [edlad (L R T A e e e
12T L T T e

figure and shap=), 96 that onby carkain portions of the s UPEMREAINEIEEE ~ ) W AR R

wrm chaplagrd. B s crmated by anrdine s il ape.

1 g 10 EFis ol ane dlele s (tesdf b raporcos To Thi Erter Mame: of Class

uenal Ediglapling messoar T R =
G T |
i IE Cancel I
T Lo ErT—
dla-'.:r:.- b azreszing | (il olass nanme Inpiit
T2 = ! window
[ﬂ comment Figure lipuwsraps sheps: sharsmaes &
ek dowe oo ve ‘s fizu= end 2-ape Fwer by the s ents
The paint. baie must oo Crrn-spe'fabe for the shepe a-d

Colarfelin £ tha deaw

(€] class browser
Sgerelmage a<dmns = phepe rrapge sdent i aks: el aTorn (:ﬂuallta]k tool)y

Barrer Apra and e paos T ol ¥ Tigure sl Ghiase _]

Figure2.  RemBoard and Its Associated Tools

concatenated in the order from top to bottom. Subjects used different distances between
two vertically positioned elements to represent different types of relations of the two
elements. Some subjects placed two elements that were almost completely horizontally
aligned but with adlight height difference so that they “looked” horizontally aligned but
are not from the system s point of view.

4.2. RemBoard

RemBoard [10] (Fig 2 (@) is atool for remembering classes, methods, notes, or other
things which may become necessary while programming in Smalltalk. Object-oriented
programming allows programmers to reuse classes and methods from a large class
library. In Smalltalk programming, for instance, programmers can exploit a library of
more than 900 reusable classes, increasing program quality and productivity.

Finding “ necessary’ reusable classes from the large library, however, is challenging,
making Smalltalk programming hard to learn for novice programmers. It is not easy to
understand the whole class hierarchy, and having a hierarchy browser and keyword
matching retrieval mechanisms is not enough for novices because it is difficult for them
to understand what retrieved classes and methods “really meari’ [11]. There is a need
for a mechanism that allows Smalltalk programmers to remember intermediate search
results - as one cannot decide which classes and objects to use unless one fully
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understands their detailed behavior. RemBoard provides a representational medium for
such programmers to remember what has been retrieved.

- System Overview

RemBoard is a system component that is added on top of the VisualWorks (Smalltalk)
environment. RemBoard is a free two-dimensiona space where programmers can place
“objects.” Operations can be performed directly on objects displayed in RemBoard.

Users can put classes on RemBoard by using a window to directly input the class name
(Fig 2 (d)) or by copying from a Smalltalk tool, such as an editor or a tool showing
search results. Recorded classes are shown as icons on the two-dimensional space with
the class name as its label. Users can also place their own annotations on the two-
dimensional space. Users can move, delete, or duplicate displayed objects on
RemBoard.

The system also allows users to directly perform operations on iconized classes that are
necessary for a programming task: for example, to open an editor (Fig 2 (€)) on aclass,
or to show attached comments by the original programmer (Fig 2 (f)).

- Representationsin RemBoard

RemBoard uses a two-dimensional space in addition to conventional textual annotations
to allow programmers to express relationships among the recorded objects. It is up to
the user to associate meanings to a particular type of spatial positioning, and how to
view the positioning.

In the user studies, we have found that subjects used positioning of objects on
RemBoard to remember things such as:

(1) classes that were being made or modified;

(2) classes that were found potentially useful for the task;

(3) classes that were thought “related” to the above two types of classes; and

(4) relationships (inheritance, association, being reused, etc) among the above

classes.

We have observed that subjects used the positioning in both local and global ways. For
example, one class was positioned below another class to show inheritance (the
relationship between ImageReader and BMPImageReader in Fig 2 (a)). This is a local
relationship between just two classes. In another example, a class was placed far from
other classes to show that it was not directly related to the other classes but was deemed
important to remember (Opaquelmage inFig 2 (a)). This isagloba way of representing
the relationship of the object in terms of the whole. Interestingly, these two viewpoints
were taking place simultaneously within a single two-dimensional space without
causing any confusion for the subject. The “meaning” of the positioning depends on
what part of the space the programmer is looking at.

5. DISCUSSION

We use positioning of solution-related objects in a two-dimensional space as a
representation that serves for problems. The approach has been applied to two design
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domains: in writing and in object-oriented programming. Although ART and RemBoard
both use a two-dimensional space for designers in externalizing the design situation, we
have identified important considerations for the approach due to the difference between
the two design domains. This section first compares ART and RemBoard and presents
design principles of our approach.

5.1. Comparison of the Two Systems
- Posgitioning and What It Represents

We have stressed the role of positioning of design objects in atwo-dimensiona space as
a representation that serves for problems. Designers should be able to use positioning as
a representation of their state of mind in ways they like: close-to, away-from,
overlapping, very large, €etc.

However, we may need to consider other purposes that the space may be able to serve.
In fact, the usage of space can be considered on a spectrum between two options. One
option is to not impose any other meanings at all and use the space as a simple “means”;
the other option is to overload some pre-determined semantics on positioning and to use
what is being represented with the space as a (partial) representation for the find
product.

Because we designed ART so that the top-to-bottom order of elements in ElementsMap
represents the flow of text in the final document, the two-dimensional space of
ElementsMap serves not only for problems but also for the final product (document).
Positioning of elementsin ART can be viewed as direct manipulation of design artifacts.
On the other hand, we have not assigned any semantics to positioning in RemBoard
thereby the positioning of classes in RemBoard may or may not be related to how the
final program will be designed.

This difference comes from the existence of “natura mapping” in each domain. A
mapping is natura when “the properties of the representation match the properties of
things being represented” [12, p.72]. In writing, a document flows from top to bottom
on a computer display. There is a natural mapping between the order of sentences and
the top-to-bottom positioning on a display. In object-oriented programming, no such
natural mapping has been identified between programming constructs and the use of
RemBoard in terms of two-dimensional positioning.

- Automatic Generation of a Representation that Talks Back to Designers

In Nakakoji et al. [7], we used a scroll-bar representation in Windows as a good
example of representational talkback. The length of a scroll-bar-handle represents a
portion of the amount of what is visible to the entire size of the information space. Thus,
one can quickly “perceive’ how large a displayed document is in terms of the vishble
space. This works because again there is a natura mapping between the size of the
document and the length of the handle; the larger the document, the shorter the handle.

In supporting designers in early phases of a design task, it is critical to identify the
“right” balance between what should be automatically done by the system and what
should not be done but left with users. We present two examples to illustrate this point.
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First, the ART system automatically creates an icon for an element in ElementsMap
where the size of the element represents ten percent of the element’s text. Thus, the size
of the icon roughly shows the size of the content of the element. Subjects of the user
studies found this functionality useful by saying that “the large icon in the right corner
is the element that | have not worked on yet.” However, the same subject often changed
the size of other elements using the size as a representation — well refined elements were
ordered in ElementsMap with the same size.

Let us take the labeling of elements as another example. In ART, the system
automatically creates an icon by using the initial ten percent of the text content of the
element. In RemBoard, the system uses names of classes as labels for the elements. The
automatic labeling provided in both systems were welcomed by the subjects in the user
studies. If a user is asked to name an element whenever the user creates a new one in
ElementsMap in ART, it would have disturbed the user’s cognitive process. On the
other hand, some subjects of the ART study inserted a line or two at the beginning of
some of the elements so that those lines appear in ElementsMap serving as labels.

What we have found from these episodes is that users appreciate the system’'s automatic
generation of representation as long as the mapping can be considered to be “natural.”
At the same time, even natural mappings should be modifiable by designers if they want
to.

5.2. Design Principlesfor Creating Toolsfor Early Phases of Design

Our god is to support designers in early phases of a design task by alowing them to
externalize their strategic knowledge so that the representations would talk back to the
designers helping them understand what the problem is. We argue for designing a
computational environment that amplifies representational talkback as a way to support
the aspect of design.

We use positioning of design objects in a two-dimensional space as a representation for
strategic knowledge. In doing so, we have identified the following design principles:

- designers must be able to easily create objects in atwo dimensional space at any level
of granularity as they like. The presentations (or labels) of objects must be
automatically done by the system but designers should be able to overwrite them,

- designers must be able to easily identify objects in the two-dimensional space;

- designers must be able to search for objects in terms of the whole design and in terms
of other objects;

- designers must be able to examine details of an object of interest;

- designers must be able to operate on objects displayed in the two dimensional space
in adirect manipulation style;

- use a mapping between domain constructs and physical properties of two-
dimensional space to automatically process displayed objects if and only if the
mapping is “natura,” for example, first is a the top and last is at the bottom.
Designers must be allowed to overwrite these mappings when necessary.

6. RELATED WORK

10
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This section discusses related work from two perspectives. research that focuses on
representations serving for problems rather than solutions, and research that uses two-
dimensional positioning as a representational medium.

6.1. Representations for Strategic Knowledge

A line of research in design rationale [13] has focused on representation for strategic
knowledge. Design rationale is typicaly a textua description of what alternatives
should be taken and arguments that support or negate each alternative. Although such
design rationale mechanisms provide powerful cognitive representations for designers
to understand the history of design evolution and how to proceed with the design task,
they am at alarger scale in terms of time. Most design rationale system allows users to
record (externalize) rationale after the design session finishes. It is aso limited to
textual representation.

Our focus is more on on-time help for reflection. We use perceptual representations that
help designers. We view our approach to be complementary to the design rationale
research rather than as a replacement.

Tools that allow free-hand drawing, such as the CocktailNapkin system [14], share the
same goal with our approach. While our approach uses two-dimensional positioning as
a representation for a “designer’s state-of-mind,” such tools use free-hand drawing as a
representation. A sketch-based interface can be viewed as amplifying representational
talkback. Users can externalize various situations without having to verbalize or
formulate sentences to express such situations. The meaning associated with the
representation is “obvious” to the user who made the sketches - the representation talks
back to the user.

6.2. The Use of Two-Dimensional Space

Various research on using space for representation has been done. Shipman et a [15]
found that people use the visua and spatial characteristics of graphical layouts to
express relationships between icons and other visual symbols. Fentem et al [16] argues
that spatial positioning serves as a shared language among a group of people working
together. Other work has focused on inferring the user’s underlying intent of a
positioning based on methods such as statistical analysis [17] and genetic algorithms
[18].

We focus on the use of a representation produced by a user using space. The
representation can be considered as an intermediate status of some task. The
representation helps the user in their task, while using it does not disturb their cognitive
processes, i.e. it does not detract from what they want to do.

Some research offers a two-dimensional space to represent a user’s intention but the
meaning of axes are pre-assigned by the system. The SearchSpace system [19], for
instance, uses a two dimensional space to represent a query for document search. The
vertical axis of the space is used to represent the degree of importance of positioned
keywords and the horizontal axis is used to represent the degree of spelling ambiguity

11
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of positioned keywords. A user can position multiple keywords in the space with
positioning as the representation of the properties of the keywords.

7. CONCLUSION

This paper presented our approach to support early phases of a design task by providing
a representational medium that better allows designers to externalize hisher thoughts
and ideas without forcing him/her to verbalize or formalize them; therefore interaction
with the medium does not interfere with the designer’s cognitive processes. Our focus is
not on representations that serve for fina artifacts but on ones that serve for problems.
We use two-dimensional spatial positioning of design objects as a perceptual
representation that allows designers to express their state of mind.

While passive materials and artifacts cannot speak for themselves, computational
materials can. Although this fundamental difference provides great leverage in
improving the way designers work and learn, it can also be a pitfal by imposing
representations that may not necessarily be “right” for the task. What is important is to
give designers representational media that allow them to externalize what they want to
externalize in ways they like. Our approach is a step forward to let designers deal with
implicit/tacit knowledge on a computer system. Meanings can be extracted from a
representation only by the designer; the system remains as a medium — but a useful one.
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