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Abstract

In this paper, we discuss on a novel approach to time-
space-direction algebra for collaborative work in ubiqui-
tous environment. A time-space-direction algebra is a math-
ematical form and a system describing physical and elec-
tronic objects with temporal, spatial, and directional fea-
tures in ubiquitous environment. It enables us to describe
any behaviors for physical and electronic objects in ubig-
uitous environment. The main features of our approach are
as follows. The first one is the description capability and
reduction of computational complexity. The second is that
by including the directions of objects in metadata precision
Jor semantics extracted metadata is improved. We also show
several applications of our algebra for collaborative work.
In this paper we describe the feasibility of our algebra by
several experimental results.

1. Imtroduction

In the field of ubiquitous computing and context
awareness computing, various sensor network and its
applications[2, 5, 6, 8, 14] are designed and implemented.
We also have several proposals for supporting ubiqui-
tous sensor networks[7, 12]. These sensor networks include
such as GPS, RFID, infra-red tags. etc. These sensors pro-
duce data sequences which include time and space infor-
mation.

Another time and space information extraction is video
analysis. Video analysis enables us to extract metadata se-
quence for target objects, which include time and space of
target moving objects (e.g. [10]).

Integration of temporal and spatial features with normal-
izations for above information (time and space information)
improves descriptive power on all behaviors of objects.

The definition of sequences for these normalized meta-
data enables us to describe and operate complex behaviors
of objects in ubiquitous environment.
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Even time and space information is normalized, there is
certain semantic gap between time space sequence and hu-
man and object actual moving. For example, when a human
stands close to another human, sometimes it is hard to tell,
the human is talking to the another only from the informa-
tion of detected location. The detection of directions of hu-
man and object will make much smaller the gap between
physical situation and semantics.

In this paper, we discuss on a novel approach to time-
space-direction algebra for collaborative work in ubiquitous
environment. A time-space-direction algebra is a mathemat-
ical form and a system describing physical and electronic
objects with temporal, spatial, and directional features. It
enables us to describe any behaviors for physical and elec-
tronic objects.

Temporal relationships[1] and spatial relationships[4]
among two objects have been proposed. By adding direc-
tion and set-operators, we define unified description form
as time-space-direction algebra.

The main features of our approach are as follows. The
first one is the description capability and reduction of com-
putational complexity. The second is that by including the
directions of objects in metadata, precision for semantics
extracted metadata is improved. We show several applica-
tions of our algebra for collaborative work.

In this paper we describe the feasibility of our algebra
by several experimental results for applications on intra-
organization collaborative work.

2. Time-Space-Direction Algebra

In this section we describe a basic model of Time-Space-
Direction Algebra.

2.1. Data Structure

Firstly, we define basic elements and our data structure.
Every single physical and electronic object has follow-
ing basic elements:

e ID (an identifier of an object)
e Pointl (x1,yl,z1: a spatial position an object)




e Point2 (x2,y2,z2: a direction of an object is defined by
a vector from Point1 to Point2)

e Timestamp (date and time)

Every single object is identified by ID. A temporal fea-
ture of an object is described as Timestamp. A spatial fea-
ture is expressed by Pointl. A direction of an object is de-
scribed by the direction from Pointl to Point2. By Pointl
and Point2, only the direction of the object is described (dis-
tances between the two points have no meaning). Normal-
ization of the direction is required according to the degree
of precision on directions for applications of this model.

We define data structure “tuple” for describing a snap-
shot of an object as follows:

(ID,z1,y1, 21, 22,92, 22, t)

We define data structure “sequence” for describing be-
haviors of objects with temporal, spatial, and directional
features as a sequence:

(ID, ‘Tll) y11> Z]-l) $217 921, Z211 tl))

(ID, :1212, y].z, 212, £C22, y22, 222, tz),

ceey
(ID,xln,yly, 21n, 20, Y20, 220, tn)

This data structure “sequence” is ordered sets of coordi-
nates (z1;,¥1;, z1;) and relative direction to (22;,y2;, 22;)
of I.D at the time ¢,,.

2.2. Operators

Now we define operators for Time-Space-Direction Al-
gebra. We classify operators as follows:

Temporal Comparison-Bi-Operators

Spatial Comparison-Bi-Operators
e Arithmetic-Bi-Operators
e Uni-Operators

e Matching-Operators

Research papers [1] and [4] present temporal and spatial
relationships among two objects.

By adding direction and set-operators, we define unified
description form as time-space-direction algebra. We have
designed arithmetic-bi-operators, uni-operators, matching-
operators,

2.2.1. Temporal Comparison-Bi-Operators We use
temporal relationship[1] for temporal compare-bi-operators
(operators for comparing two objects) for temporal as-
pects.

e before; : returns true when the one sequence occurs
before the other sequence.

e after; : returns true when the one sequence occurs af-
ter the other sequence.

e during; : returns true when the one sequence occurs
during the other sequence.

o contains; : returns true when the temporal range of
the one sequence contains the range of the other se-
quence.

o overlaps; ; returns true when the temporal range of
the one sequence overlaps the range of the other se-
quence.

o overlappedby; : returns true when the temporal range
of the one sequence is overlapped by the range of the
other sequence.

e meets; : returns true when the temporal range of the
one sequence meets the range of the other sequence
(the end point of the one sequence equals the start point
of the range of the other one).

o metby, : returns true when the temporal range of the
one sequence is met by the range of the other sequence
(the start point of the one sequence equals the end point
of the range of the other one).

e starts; : returns true when the one sequence starts
with the other sequence.

o startedby; : returns true when the one sequence is
started by the other sequence.

e finishes; : returns true when the one sequence fin-
ishes with the other sequence.

o finishedby, : returns true when the one sequence is
finished by the other sequence.

e equalsy : returns true when the one sequence equals
the other sequence.

These operators satisfy a distributive property and a as-
sociative property (basic mathematical properties or rules).
They do not satisfy a commutative property. Only the oper-
ator equals; satisty commutative property.

2.2.2. Spatial Comparison-Bi-Operators We use spatial
relationship[4] for spatial compare-bi-operators (operators
for comparing two objects) for spatial aspects.

e disjoint, : returns true when the one sequence and the
other sequence are disjoint.

e containsg : returns true when the one sequence con-
tains completely the other sequence.

o inside, : returns true when the one sequence is inside
of the other sequence.

o equal, : returns true when the one sequence equals the
other sequence.

e meets, : returns true when the one sequence touches
to the other sequence. (the trajectory of the one se-
quence touches to the other one of the other sequence)

e covers, : returns true when the one sequence covers
and touches the other sequence.

e coveredbys : returns true when the one sequence is
covered and touched by the other sequence.

e overlaps, : returns true when the one sequence over-
laps the other sequence.




2.2.3. Arithmetic-Bi-Operators Operators above (tem-
poral comparison-bi-operators and spatial comparison-bi-
operators) are based on research papers [1] and [4] which
present temporal and spatial relationships among two ob-
jects.

By adding direction and set-operators, we define uni-
fied description form as time-space-direction algebra. Now
we have designed arithmetic-bi-operators, uni-operators,
matching-operators.

In this section, we define arithmetic-bi-operators for se-
quences of objects as follows.

e add; (ori) : outputs one sequence added temporally
to the other sequence. This is corresponding to logi-
cal OR operator.

o dif ference; : outputs temporal difference between
the one sequence and the other sequence.

o mult; (andy) : outputs temporally equal part of one se-
quence and the other sequence. This is corresponding
to logical AND operator.

o division, : outputs temporal corresponding part of the
one sequence by the other sequence, like division in re-
lational algebra(3].

e add, (ors) : outputs the one sequence of the one se-
quence added spatially to the other sequence. (outputs
the sequence generated from the one area of the one se-
quence added spatially to the other area of the other se-
quence)

e dif ference, : outputs spatial difference between the
one sequence and the other sequence.

e mult, (ands) : outputs spatially equal part of one se-
quence and the other sequence.

o division, : outputs spatial corresponding part of the
one sequence by the other sequence.

These operators satisfy a distributive property and a as-
sociative property. The operators ‘add;,’‘add,,’ ‘multy’
and ‘mult,’ satisfy a commutative property. The op-
erators ‘dif ference;, ‘dif ferences, ‘division;’ and
‘division,’ do not satisfy commutative property.

2.2.4. Uni-Operators We define uni-operators for se-
quences of objects as follows.

e not; : returns all other objects except the object tem-
porally.

e not, : returns all other objects except the object spa-
tially.

e not : returns all objects except the object.

e reverse : returns the objects (sequence) in reverse or-
der.
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2.2.5. Matching Operators We define

operators as follows.

matching-

o strict_match : returns true when the one sequence
matches strictly to the other sequence

e match_with_temporal _quantization : returns true
when the one sequence matches to the other sequence
with temporal quantization (matches with temporal
ambiguity)

o match_with_spatial_quantization returns true
when the one sequence matches to the other se-
quence with spatial quantization (matches with spatial
ambiguity)

o match_with_ID_quantization : returns true when
the one sequence matches to the other sequence with
ID quantization (matches from the viewpoint of only
temporal, spatial and directional features)

3. An Application for Automatic Metadata
Extraction in Ubiquitous Meeting Environ-
ment

In this section, we discuss on an application for auto-
matic metadata extraction in ubiquitous meeting environ-
ment.

As ubiquitous environment, we use experimental envi-
ronment that we can obtain temporal, spatial and directional
values, by multiple sensor network as shown Figure 1.

We have already proposed automatic and immedi-
ate metadata extraction method by heterogeneous sen-
sors for meeting video streams[18]. The main feature of
our model (described in Section 2) in comparison with pre-
vious work[18] is following two points. The first one is the
description capability and reduction of computational com-
plexity. The second is that by including the directions of
objects in metadata, precision for semantics extracted meta-
data is improved. We show several applications of our
algebra for collaborative work.




We set up ubiquitous environment (Figure 3) for this ap-
plication. We also implemented automatic metadata extrac-
tion system by our algebra (Section 2) shown in Figure 2.

Locations of objects (people, a whiteboard, a chair) are
detected by location sensors[9]. A direction of an object is
captured by two location sensors for each object.

The process of automatic metadata extraction consists
following four steps[18]:

Step-1: Sensor Identification
o Step-2: Sensor Data with Time Stamping

L]

Step-3: Generation of Metadata
e Step-4: Storage for Metadata

Our algebra is applied to Step-3. In this step, sensor data
and the sensor-metadata database (given semantics for com-
binations of heterogeneous sensors) is compared. Metadata
is output by metadata manager in Figure 2 when sensor
data and any entries of the sensor-metadata database are
matched.

Sensor data with synchronization by time stamping and
the sensor-metadata database (given semantics for combina-
tions of heterogeneous sensors, Figure 2) is compared. And
metadata is output when sensor data and any entries of the
sensor-metadata database are matched.

3.1. Conflict Resolution

When we build the sensor-metadata database (Figure 2),
there may exist conflict among sets for combinations of sen-
sors data and corresponding metadata. We include conflict
resolution engine for this problem. We designed following
conflict resolutions.

e temporal conflict resolutions (when more than two en-
tries with same ID, temporal features, and inconsistent
metadata in the sensor-metadata database (Figure 2),
the conflict resolution engine (Figure 2) detects and
notifies them.

e spatial conflict resolutions (when more than two en-
tries with same ID, spatial features, and inconsistent
metadata in the sensor-metadata database, the conflict
resolution engine detects and notifies them.

4. Experiment

4.1. Overview

To clarify the feasibility of our Time-Space-Direction
Algebra, we performed experiments for the application of
metadata extraction on meetings in ubiquitous environment.

4.2. Experimental Environment

We have many proposals for sensor network in ubiqui-
tous environment [9, 11, 13] for collaborative work in ubig-
uitous environment.
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Figure 2. System Overview for an Application
of Time-Space-Direction Algebra for Meta-
data Extraction in Ubiquitous Environment
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Figure 3. Environment for an Application of
Time-Space-Direction Algebra for Metadata
Extraction in Ubiquitous Environment

We have built collaborative work room{11] (Figure 3),
and automatic metadata extraction system by our algebra
(Section 2) shown in Figure 2.

4.3. Experiment 1: Feasibility of Arithmetic Oper-
ators

We consider the situation that two people A and B are
approaching to the whiteboard H.

We can describe various conditions in the situation by us-
ing our algebra.

We describe whiteboard H (stable), A’s approach to H,
and B’s approach to H as follows:

e 5eql00 = (H, 2.0,0,0, 0.0,0,0, 15 : 00 : 00), (H,
0

(
2.0,0,0, 0.0,0,0, 15 : 00 : 01), ... , (H, 2.0,0,
0,0,0,15: 00 : 11)

)




o seql0l = (4, 0.0,0,0, 0.1,0,0, 15 : 00 : 00), (A4,
0.1,0,0, 0.2,0,0, 15 : 00 : O1), ... , (4, 1.1,0,0,
1.2,0,0, 15 : 00 : 11)

o seql02 = (B, 4.0,0,0, 3.9,0,0, 15 : 00 : 00), (B,
3.9,0,0, 3.8,0,0, 15 : 00 : 01), ... , (B, 2.9,0,0,
2.8.0,0,15: 00 : 11)

By using these descriptions, we can express these vari-
ous conditions:

e seql01: A is approaching to H
e seql02 : B is approaching to H
o seql01 adds seq102 : someone is approaching to H

o seqlOl dif ference, seql02 : someone is walking in
the area of A’s walk except B’s walking area

This experiment shows the feasibility of our Arithmetic
Operators.

4.4. Experiment 2: Effective Metadata Extraction
with Direction Recognition for Collaborative
Work

We consider the situation that two people A and B are
discussing with whiteboard H and a chair C.

We can describe various conditions in the situation such
as sitting side by side, standing in front of the whiteboard,
sitting at the chairs by whiteboard.

By using our application described in Section 3, when
any other people (including A and B) are moving in this
room, we can immediately obtain these metadata stored in
Sensor-Metadata Database in advance.

o ((4,0,0,0,1,0,0,00 : 00 : 00), (4, 1,0,0, 2,0,0,
00 : 00 : 01)) meets, ((B, 2,0,0,1,0,0,00 : 00 :
00) (B, 1,0,0,0,0,0,00 : 00 : 01)) : face-to-face

o (((4,0,0,0,1,0,0,00: 00 : 00), (4, 1,0,0, 2,0,0,
00 : 00 : 01)) meetss ((B,0,1,0,1,1,0,00 : 00 : 00)
, (B, 1,1,0, 2,1,0, 00 : 00 : 01)) ) meets, ((C,
0,0.5,0,1,0.5,0,00: 00 : 00), (C,0,0.5,0,1,0.5,0,
00 : 00 : 01)): sitting side by side

o (((4, 0,0,0, 1,0,0, 00 : 00 : 00) , (4, 1,0,0,
2,0,0, 00 : 00 : 01)) meetss ((B, 0,1,0, 1,1,0,
00 : 00 : 00) , (B, 1,1,0, 2,1,0, 00 : 00 : 01)))
meets, ((H, 1,0.5,0, 0,0.5,0, 00 : 00 : 00) , (H,
1,0.5,0, 0,0.5,0, 00 : 00 : 01)): standing in front of
the whiteboard

o ((((4,0,0,0,1,0,0,00:00:00), (4, 1,0,0,2,0,0,
00 : 00 : 01)) meets, ((B,0,1,0,1,1,0,00 : 00 : 00)
, (B, 1,1,0, 2,1,0, 00 : 00 : 01)) ) meetss ((C,
0,0.5,0,1,0.5,0,00 : 00 : 00), (C,0,0.5,0,1,0.5,0,
00 : 00 : 01)))) meetss ((H, 1,0.5,0, 0,0.5,0,
00 : 00 : 00), (H, 1,0.5,0, 0,0.5,0, 00 : 00 : 01)):
sitting at the chairs by the whiteboard

This experiment shows the feasibility of including the di-

rection of the objects (people, a whiteboard, a chairs) with
the algebra.
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Figure 4. Experiment 3: Feasibility of Algebra
for Reduction of Computational Complexity:
case 1 (distributive property)
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Figure 5. Experiment 3: Feasibility of Algebra
for Reduction of Computational Complexity:
case 2 (disjoint operator)

4.5. Experiment 3: Feasibility of Algebra for Re-
" duction of Computational Complexity

We consider the situation that two people A and B are
discussing near whiteboard H (Figure 4).

‘We can select one of semantically equivalent expressions
by our algebra for the suitable condition such as lower com-
putational complexity.

When two people A and B are discussing near the white-
board H (Figure 4), we can describe this situation as follow-
ing expressions by our algebra (distributive property):

e (Aadds B)meetss H
o (Ameetss H ) adds ( B meets, H )

In this experiment, A, B and H are sequences defined in
advance. When two people A and B have some spatial rela-
tionship, and A and B are at the whiteboard H (Figure 5). In
this figure, the size of circles has no meaning. We can de-
scribe this situation as following expressions by our alge-
bra:

e ((A contains B) mults H) adds ((A insides B)
mults H) adds ((A equal, B) multy H) adds ((A
meets; B) mults H) adds ((A covers, B) mult,
H)) adds ((A coverdby, B) mult, H) adds ((A
overlapss B) mults H)

o (( nots (A disjoints B)) mults H)




5, Conclusion and Future Work

In this paper, we have presented a novel approach to
time-space-direction algebra for collaborative work in ubiq-
nitous environment. Our time-space-direction algebra is a
mathematical form and a system describing physical and
electronic objects with temporal, spatial, and directional
features in ubiquitous environment. It enables us to describe
any behaviors for physical and electronic objects in ubiqui-
tous environment.

The main features of our approach are as follows. The
first one is the description capability and reduction of com-
putational complexity. The second is that by including the
directions of objects in metadata precision for semantics ex-
tracted metadata is improved.

By adding direction and set-operators to tempo-
ral relationships[1] and spatial relationships[4], we define
unified description form as time-space-direction alge-
bra.

We also presented several applications of our algebra for
collaborative work. We described the feasibility of our alge-
bra by several experimental results for applications on intra-
organization collaborative work.

As our future work, we will expand the functions for
conflict resolution on our sensor-metadata database. We
will perform the comparative and quantitative analysis es-
pecially for division operators. We will also design and im-
plement applications of our time-space-direction algebra for
inter-organization collaborative work. We also realize ap-
plications of our algebra to electronic objects with revision
control, traceability of electronic documents via e-mails for
intra- and inter- organization collaborative work,
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