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Audio Notebook [17]. When the user wishes to edit or
browse the ink or audio data, the lack of structure becomes
limiting. The challenge is to provide computational support
to dynamically group the ink and audio data into units that
are useful for user interaction.

ABSTRACT

In this paper, we describe a technique for dynamically
grouping digital ink and audio to support user interaction in
freeform note-taking systems. For ink, groups of strokes
might correspond to words, lines, or paragraphs of
handwritten text. For audio, groups might be a complete
spoken phrase or a speaker turn in a conversation. Ink and
audio grouping is important for editing operations such as
deleting or moving chunks of ink and audio notes. The
grouping technique is based on hierarchical agglomerative
clustering. This clustering algorithm yields groups of ink
or audio in a range of sizes, depending on the level in the
hierarchy, and thus provides structure for simple interactive
selection and rapid non-linear expansion of a selection. Ink
and audio grouping is also important for marking portions
of notes for subsequent browsing and retrieval. Integration
of the ink and audio clusters provides a flexible way to
browse the notes by selecting the ink cluster and playing
the corresponding audio cluster.

For digital ink and audio, these computations are far more
complicated than the ones for online text, where the
underlying string data structure readily parses into
meaningful groups of words, lines and paragraphs. In text,
selection of a particular word or line is easy. For example,
in many systems the user mouse clicks once to select a
word, twice to select a line, and three times to select a
paragraph. On the other hand, selection of handwritten ink
corresponding to a word or line is difficult. This is because
digital ink is composed of strokes which are graphical
objects in a freeform space and not automatically mapped
into meaningful units. Audio poses analogous problems.
Even when it is mapped onto a timeline, it is difficult to
select a segment of audio corresponding to a phrase or a
turn in a conversation. These characteristics of ink and
audio make it tedious for the user to manipulate multimedia
data; for example, to delete a word in handwritten text or to
mark a spoken sentence in audio.
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INTRODUCTION

In multimedia note-taking systems, interacting with data
such as digital ink and audio is challenging. Due to the
nature of note-taking activity, which requires informal and
rapid interaction, users must be allowed to write and to
record audio with minimal attention devoted to structuring
data. Freeform systems have been designed to support this
style of interaction for note-taking, in which the user may
write ink strokes of any shape anywhere on the page, and
record audio as unstructured streams. Typically, the ink
and audio are correlated by time so that “playing” a
selected ink stroke will play from the corresponding point
in audio. Examples of such ink and audio note-taking
systems are NoTime [7], Filochat [19], Dynomite [20] and

In this paper, we describe a novel technique for dynamic
grouping of ink and audio data for user interaction. It has
been implemented in the current generation of the
Dynomite [20] ink and audio note-taking system.
Dynomite runs on a pen-based notebook computer with
Windows 95. In addition to providing time synchronized
ink and audio notes, the Dynomite system allows
properties, or data types, to be added to specific ink for the
purpose of indexing. Dynomite also allows segments of
audio to be marked, or “highlighted”, for subsequent
retrieval.
The grouping technique described here provides structure
that facilitates selection of specific portions ink and audio.
It is non-linear and gives rapid expansion of selections, thus
providing users with control over the amount of grouping
of the media. For ink, grouping levels correspond roughly
to words, lines, or paragraphs of text. For audio, the levels
correspond to phrases, turns in the conversations, or topic
changes.
The technique is based on hierarchical
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agglomerative clustering of ink strokes and audio
segments. Grouping is performed on ink and audio
separately, and integration of these media can be
accomplished by matching the resulting groups from each
medium. Leveraging this tight integration of ink and audio
data gives a new way to browse through multimedia notes
by playing the audio groups corresponding to ink groups
selected by the user.

Other systems provide one mode plus the ability to tap,
hold, or drag a selection rectangle while pressing a button
on the barrel of the pen. We call these “one-and-a-half
mode” systems. In this case, the problem of confusing ink
with gesture is avoided at the cost of a slightly more
complicated interface. An example is Dynomite [20].
Grouping by time or by selection bounding box inclusion is
employed in one-and-a-half mode systems.

In the following, we first describe related work, the
clustering algorithm, and provide examples to demonstrate
its operation. We discuss applications of this technique to
selection and marking. We then show how integrating the
ink and audio groups can be applied to browsing notes. We
illustrate how these techniques work in practice with a real
example taken from a Japanese language class. Finally, we
discuss further directions for research. In the appendix, we
describe an object-oriented implementation of the
algorithm.

With multiple modes, a gesture mode or wipe mode may be
provided in addition to the basic draw mode. While these
systems afford a rich set of interactions, using the system is
not easy for the novice or casual user. Examples are Tivoli
[14], [9], [10] and PerSketch [15]. In systems with a
gesture mode, allowing the selection gesture to be a closed
curve of any shape provides a more flexible inclusion
grouping than the standard inclusion rectangle provided in
the one-and-a-half-mode systems. Tivoli has a wipe mode,
in which a user can choose ink strokes and apply properties
to them by touching the strokes; moreover, strokes that are
not touched but are near in time or distance are also chosen
[11], [12]. More sophisticated grouping techniques such as
Projected-Ink Profile in Tivoli or Object Lattice in
PerSketch allow multiple interpretations of the ink data on
the page by computing a variety of perceptually meaningful
groups and choosing one based on gestures made by the
user. Because a gestural cue is needed to disambiguate the
multiple interpretations, multiple modes are required.

RELATED WORK

Structuring and interacting with data in freeform systems is
an active area of research (e.g. see [4], [16]), and
understanding some of the general principles is helpful in
designing a system for ink and audio note-taking. In
freeform systems, flexibility in the organization of data is
important. The data should not be structured prematurely;
perceived structures as seen or heard by each individual
user may emerge in interesting and unexpected ways, and
may be subjected to multiple interpretations. When the
domain of application is known, a more robust system can
be achieved by designing it to dynamically interpret an
anticipated set of frequently used structures appropriate for
that domain. Some examples of such digital ink systems
for writing, drawing and sketching are Electronic Cocktail
Napkin [5], SILK [8], Tivoli [9], [10], and PerSketch [15].

Employing the hierarchical agglomerative clustering
technique, simpler systems without multiple modes can
support interaction with a range of meaningful groups. For
example, the user can select the word, line, or paragraph
containing a stroke by moving up to the corresponding
level of the hierarchy via the interaction of repeated taps or
holding down the pen on the stroke. In comparison, timebased grouping has the limitation that each stroke belongs
to exactly one group. Moreover, our clustering method can
parse skewed handwriting, which the Projected-Ink Profile
cannot.

For manipulating digital ink in a note-taking system, the
style of interaction determines which grouping technique
can be used. A system may support several interaction
styles. A key characteristic is how many modes the pen
interaction employs. When one mode is used for both
inking and gesturing, also known as “modeless,” a pen
stroke that has a certain shape (e.g. scratch out) or feature
(e.g. tap or hold) is interpreted as a gesture command. All
other pen strokes are rendered as ink strokes. Examples of
systems with modeless interaction are Sharp Zaurus [21],
Apple Newton [13], and Aha! InkWriter [1]. While being
the simplest approach, one drawback is that sometimes an
ink stroke is wrongly recognized as a gesture. A typical
grouping technique for systems like the Zaurus with single
mode interaction is based on a time grouping algorithm.
Here, a set of strokes that are created within a certain
threshold (say 1 second) are grouped together as a unit. A
troublesome occurrence with this technique is that several
lines of writing created close in time may be grouped
together. One way to deal with this is to compromise the
freeform nature and use background lines of the note page
to aid grouping, as in InkWriter.

Interacting with audio data is even more difficult than
interacting with ink data. This can be partially explained by
the fact that audio does not have a natural visual
representation. Some systems map audio to a timeline and
display audio as bands on the timeline separated by white
space corresponding to silence [22]. Other systems display
the amplitude waveform of the audio signal [3]. If speaker
identification is performed, more information about the
audio can be displayed by using different colored bands on
the timeline to represent the different speakers in the audio,
as in [6]. However, even with these visual displays,
selecting the desired portion of audio is difficult, since it
involves choosing an interval of the timeline to play and
listening to determine the actual content.
Some systems provide methods to mark audio for later
access. In the system described by Degen et al. [3], a mark
can be placed at a single point in time. The Dynomite
system [20] marks segments of audio by providing a special
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minimum distance between primitive elements in each of
the clusters. The distance between primitive elements
depends on the medium, and will be discussed in detail
below.

button which begins the mark a few seconds before the
button is pressed, and which either ends after 10 seconds, or
which can be ended by pressing a button. Neither of these
techniques provides meaningful groups of audio, such as a
spoken phrase or a speaker turn in a conversation.

Ink Distance

The pairwise distance between clusters is defined as the
minimum of the pairwise distances between the primitive
elements, namely the pen strokes, contained in each group.
The distance between two pen strokes is a joint function of
the distance between the times they were created and the
spatial distance between them. More precisely, the distance
D between strokes X and Y is

DYNAMIC GROUPING

Dynamic grouping of ink and audio is performed on
primitive elements of the media. For ink, these elements
are the strokes defined between pen down and pen up
events. For audio, the primitive elements are segments of
audio delineated by silences with duration of more than 200
ms. The choice of 200ms is based on data collected by
Stifelman [17], who found that phrases in speech could be
identified by the duration of the preceding pause. Although
the optimal threshold for her data was 155ms, we chose
200ms to assure that phrases would not be broken.
Dynamic grouping for ink and audio is performed
separately. The resulting groups from each medium can be
matched to provide tighter integration in a multimedia
system.

D = D (X,Y) + αD (X,Y)
T

S

where α is a constant weighting of the spatial distance D
T
relative to the time distance D . The time distance between
X and Y, assuming that X was drawn earlier in time than Y,
is
S

T

if Ys - Xe > M

T

otherwise,

D (X,Y) = M,
The dynamic grouping technique for either ink or audio is
based on hierarchical agglomerative clustering. A tree
structure describing possible groupings is created (see
Figures 3 and 5). Initially, each primitive element of the
media defines a group. The tree structure is created by
iteratively merging the two groups which are closest, where
closest is defined by a distance function appropriate to the
medium. For ink, the distance depends on both the spatial
and temporal distance between strokes. For audio, the
distance depends on the length of the silence interval
between the groups. Each merge defines a level in the
cluster tree. At a given level of the tree, the groups defined
may correspond to words, lines, or paragraphs for ink, and
spoken words, phrases or speaker turns for audio. For
example, in Figure 3, level 8 of the cluster tree defines a
group containing strokes forming the second line of the
handwritten text in Figure 2.

D (X,Y) = Ys - Xe

where Ys is the start time for stroke Y (pen down) and Xe is
T
the end time for stroke X (pen up). The time distance D is
limited to M so that it does not become unbounded.
The spatial distance between X and Y is the weighted sum
of the distance dX in the X direction and the distance dY in
the Y direction, or
D (X,Y) = dX + βdY,
S

where β is a constant specifying the relative importance of
distances in the X and Y directions. Since most users write
along horizontal lines, we set β > 1, which makes
horizontal grouping more likely than vertical grouping.
The distance dX is the distance from the end of one stroke to
the beginning of the next stroke along the X axis. If strokes
overlap, the distance is zero:

The user interacts with the system to dynamically select the
grouping level by tapping on an ink stroke or a point on the
audio timeline while pressing the selection button on the
pen barrel. The system then highlights the ink or audio
group containing the selection, where the grouping is
defined by the current level in the cluster tree. The user can
change the cluster level to create a larger group by repeated
tapping or by holding down the pen.

dX = Yulx - (Xulx + XL)

if Yulx - (Xulx + XL) > 0

dX = 0

otherwise

where Xulx is the x-coordinate of the upper left corner of the
bounding box for X, and XL is the length of the bounding
box. The above formula assumes that Yulx > Xulx. The
distance dY is computed similarly. Depending on variations
in writing size, it may be desirable to scale the spatial
distance based on stroke size.

Agglomerative Clustering

Clustering is performed using a hierarchical agglomerative
clustering algorithm.
Clusters are initialized as the
primitive elements of the medium. The pairwise distance
between all clusters is computed, and the two closest
clusters are merged to form a single cluster. This creates
level 1 of the cluster tree. The process is then repeated, so
that all pairwise distances between clusters are examined
and the two closest clusters are merged to form level 2.
This continues until only a single cluster remains at the
final level. The distance between clusters is defined as the

Audio Distance

The primitive elements for audio are segments of recorded
audio separated by silences of duration greater than 200 ms.
The distance between adjacent (in time) primitive elements
of audio is simply the duration of the silence that separates
them. In effect, only adjacent clusters are grouped.

197

and “5”. Subsequent digits are added to the group linearly,
one at a time.

Examples of grouping ink and audio

We illustrate real working examples of hierarchical
agglomerative clustering of ink and audio. These are
created by the current generation of Dynomite.

This algorithm provides a more gradual increase in the
cluster size, so the user has to move through many more
levels to find the proper cluster. It also requires a separate
cluster tree to be built for each stroke. Using the
agglomerative clustering algorithm, Figure 3 shows that
only 4 levels are needed to achieve the range of clustering
for stroke 4a, namely level 1, 8, 9, and 10. For the naive
algorithm, Figure 4 shows that all 10 levels are required.
Another problem here with the naive algorithm is the
unnatural twisting of the “2” and “3” at levels 7 and 8. This
occurs because the “2” is closer than the “3” in distance to
the digits in the middle line, overpowering the relatively
small difference in time when the “2” and “3” were written.

Ink Grouping Example

Figure 3 shows an agglomerative cluster tree for the
handwritten ink strokes in Figure 1. On the note page, the
“4” is composed of two primitive elements 4a and 4b since
a pen up event occurred in creating the vertical stroke. The
check mark was written after all the digits. Since the
distance between the two strokes of the “4” is smallest, this
is the first level of the cluster tree. At level 2, the “8” and
“9” are merged. At level 6, the bottom line of digits is
grouped. At level 9, the bottom two lines are grouped and
at level 10, all the strokes are merged. Note that the check
mark was written closer in time to the bottom line than the
top line, but the spatial component of the distance measure
causes it to merge with the top line rather than with the
bottom line, which would be the case for a purely timebased distance.

APPLICATION TO SELECTION AND MARKING

Dynamic grouping provides an efficient method to select
meaningful units of ink and audio. In pen-based systems,
selection of groups of ink strokes is required for editing
operations. These operations might be moving the ink to
another location on the page, scaling the ink, or deleting it.
Some systems, such as Dynomite, provide the capability to
mark a portion of ink or audio by adding properties or data
types. To perform marking, the user makes a selection, then
chooses the desired property from a toolbar palette. For
example, the user can select a group of ink, and apply a
property such as “To Do” or “Name” to the ink. In many
systems, the user can change the color of an ink group, or
increase/decrease its thickness. When performing these
operations, the user generally has in mind a particular group
of ink, typically a word, a line, or a phrase. Since taking
notes requires a high cognitive load and leaves little time
for other tasks, selecting the desired group needs to be
simple.

Audio Grouping Example

The timeline in Figures 1 and 2 displays the audio activity.
During recording, segments of audio activity are detected
and these show up as gray bands. The white space between
bands indicates silence. By examining the lengths of the
silences on the timeline, one can see the distance between
audio segments. There are 6 primitive elements of audio,
which are ordered by time and labeled as {A1, A2, A3, A4,
A5, A6}, Their transcriptions are:
A1 “In the second line”
A2 “we write a 4”
A3 “which consists of two strokes.”
A4 “We also write a 5.”
A5 “Let’s put in a third line”
A6 “and write in some numbers.”

Dynamic clustering provides structure to digital ink that
allows the user to interactively make a selection without too
much effort. The user taps while holding down the pen
button on a portion of the desired ink, and the ink stroke
touched by the tip of the pen is selected. Tapping again on
the selection will expand the selection to include the strokes
in the next cluster on the tree above. This is repeated until
the desired cluster is reached. To avoid excessive tapping,
the system can employ a “hold” command, whereby with
the pen held down on a portion of ink, the selection
progressively expands until the user lifts the pen up from
the writing surface.

Figure 5 shows an agglomerative cluster tree for these
audio segments. Since segments A1 and A2 are separated
by the least amount of silence, they are grouped first at
level 1, followed by segments A5 and A6 at level 2. At
level 3, segment A3 is grouped with segments A1 and A2,
and at the final level 5, all segments are grouped together.
A Naive Grouping Algorithm

The fact that grouping for a selected stroke changes only at
a small number of discrete levels above that stroke is a
critical part of the agglomerative clustering algorithm.
When the user wants to increase the size of the cluster, the
fact that there are only a few levels makes it easy for the
user to select. In order to illustrate, we consider a naive
grouping algorithm. This algorithm increases the size of
the group linearly by consecutively adding the next closest
primitive element. The user selects an initial stroke, and at
each level of the tree the next nearest stroke is merged into
the cluster. Figure 4 shows the cluster tree for the stroke 4a.
At level 1, 4a is merged with the next closest stroke,
namely 4b. At level 2, the group consists of the digits “4”

There are two nice properties of the structure given by our
clustering method. First, expansion of a selection is rapid
and non-linear, because the cluster sizes increase in this
manner as one moves up the tree. Furthermore, since at
any given state in the tree, there is only one way to expand
up, there is no ambiguity that must be resolved by the user.
Hence, the interaction can be done in a modeless or oneand-half mode style, and complex multiple-mode style (e.g.
Tivoli[9], PerSketch [15]) is not necessary.
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Figure 1. A note page with ink and audio. The timeline at the
top displays audio activity in gray. There are eleven strokes,
with the “4” consisting of two strokes. The “4” in bold was
selected and marked by the user, and the corresponding
cluster on the timeline was automatically marked.

Figure 2. The second line “4 5” in bold was selected and
marked, and the corresponding cluster on the timeline was
automatically marked.
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Figure 3. The tree for hierarchical agglomerative clustering
of the ink strokes in figures 1 and 2. The “c” is the check
mark, and 4a and 4b are the two strokes that make up the
“4”.
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Figure 4. The tree for a naive hierarchical clustering induced
by the ink stroke 4a in Figures 1 and 2. Note the “twisting”
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Figure 5. The tree for hierarchical agglomerative clustering
of the audio segments in figures 1 and 2. The sequence of
segments as ordered by time are labeled {A1, A2,…, A6}.
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to likely boundaries determined by pitch and silence. These
methods of automatic adjustments are not entirely
satisfactory because the user will wish to vary the amount
of adjustment.

For the example in Figures 1 and 2, interactive selection of
the handwritten digits proceeds as follows. When the user
taps on one of the strokes in the “4”, say 4a, this stroke is
selected. Tapping again on the selection expands the
selection to include 4b, and the result is shown in Figure 1.
Another tap expands the selection to the whole line
consisting of the digits “4” and “5”, shown in figure 2.
The next tap will expands the selection to include the
bottom line “6 7 8 9”, and one more tap will select the all
the strokes on the page.

With the integration of ink and audio groups obtained from
hierarchical clustering, the play point adjustment is
adaptive depending on the amount of ink selected. While an
audio group provides a span with both a start and end point
for play, it is better to use only the start point and let the
user control the play duration, according to a recent study
on browsing speech [18]. (Of course, it is necessary to
have the end points of the audio segments for clustering.)
Selecting a single stroke would play from the beginning of
the audio group corresponding to the stroke, and selecting
the word containing this stroke would move the play point
relatively farther back to match a higher level audio group.
Selecting the line containing this stroke would take the play
point back even farther. This adjustment of play point via
the ink selection operation is helpful because it allows the
user to maintain focus on the ink notes and reduces the
need to go to another part of the interface and fiddle with
the tape-deck controls.

INTEGRATION OF INK AND AUDIO GROUPING

In systems such as Dynomite, where the ink and audio
streams are recorded synchronously, it is often desirable to
have a joint selection of ink and its corresponding audio,
and vice versa. For example, in Figure 1 when the user
marks a group of ink notes, the corresponding group of
audio notes is marked. A straightforward way to determine
the audio corresponding to a given ink group would be to
determine the earliest and latest times for ink strokes in the
group, and use these times as the audio boundaries. Since
these times may not necessarily fall during silences in the
audio, the times could be adjusted forward and backward to
obtain the minimum segment of audio bounded by silence
that covers the time interval for the ink.

EXAMPLE OF USE

We are in the process of evaluating these techniques by
letting people use them to take and make notes. The
Dynomite system is available to the lab for use in staff
meetings, presentations, and Japanese language classes.

For a more robust grouping of the audio, the audio segment
could be computed using the audio grouping. The audio
corresponding to the ink cluster would be matched to the
smallest audio cluster that contains the ink. Similar
methods could be used for finding a portion of ink
corresponding to a selected audio group.

We give a real example showing how these techniques
work in practice. This is from a weekly Japanese class, see
Figure 6. There are one and a quarter pages (when printed
on standard 8.5 by 11 paper) of written notes, and about
half a page is visible in the scrolling window. There is an
hour of audio recorded from the class, and the timeline
displays ten minutes at a time. From our experience, we
found ten minutes to be about the right granularity. Scaling
the audio to fit the timeline confused users.

Going back to the example of Figures 1-5, we describe the
effects of this joint clustering. Selecting the “4” plays
{A2}, which plays from the beginning of the second clause.
Selecting the whole line “4 5” plays the cluster {A1, A2,
A3, A4}, which plays from the beginning of the sentence.
In contrast, with the straightforward method described
above, both groups “4” and “4 5” are bounded on the left
by {A2}, and plays from the beginning of the second
clause.
APPLICATION TO BROWSING NOTES

Browsing through the notes is facilitated by integration of
ink and audio. The ink can be used as indexes to the audio.
By correlating time-stamped ink strokes to the recorded
audio, the user can select ink strokes and play the
corresponding point. There have been many systems with
this feature, beginning with NoTime [7]. One significant
issue is that human note-taking often lags behind the audio
recording, and there is a question of how far to back up the
play point. Some systems leave this adjustment to the user
by providing only tape-deck style controls. Other systems
offset the play point by fixed amount of a few seconds. In
the Audio Notebook [17], the nearest phrase boundary
preceding the selected ink is automatically detected, and
play begins there rather than abruptly in the middle of a
phrase.
In SpeechSkimmer [2], audio browsing is
supported by providing methods to fast forward and jump

Figure 6. A note page from a Japanese class. The
highlighted Japanese characters and the word “oyster”
correspond to the dark bands on the far right of the timeline.
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A few days later, the student reviewed the notes. The two
Japanese characters on the third line were selected by
tapping four times on the first character, and pressing the
PLAY button on the timeline starts play at the beginning of
the corresponding audio group. After listening for ten
seconds, the student realized that it was playing in the
middle of a discussion and decided to go back further. By
tapping again one more time on the selection, the selection
expanded to include all the ink strokes of the word
“oyster”.
The PLAY button was pressed and the
corresponding cluster of audio was played. This cluster for
the line has a starting play point 42 seconds earlier than the
lower level cluster for the two Japanese characters. After
listening for a minute, the student discovered something he
had missed in class: This pair of Japanese characters can
have two different meanings (“oyster” or “persimmon”)
depending on how the characters are stressed when
pronounced. The annotation “persimmon” was added to
the notes. The result is shown in Figure 6.

nearby strokes of a different color. For audio, speaker turn
information can be utilized so that primitive segments that
fall within the same speaker turn are defined to be closer,
and better grouping is achieved. The other direction we are
planning future research on is to apply dynamic grouping to
other media such as video. In this case, one possible way to
define the distance measure is by looking at the difference
of color histograms between video frames, which is a
standard technique for segmenting video.
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