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Abstract: This paper presents a classification of human activities based on usage history of 
the spatial memory system in order to estimate individual human's intended purpose of an 
environment. We named the intended purposes for a place ‘space-human activity 
association’. Intended purposes for a place will be different depending on the purpose of 
activities, even if observed activities are almost the same. Therefore, estimation of space-
human activity association is important for intelligent environments to design services 
provided for individual human according to his/her current situation. The spatial memory 
system enables human users to store computerized information into the real world by 
assigning a three-dimensional position to the information, and to retrieve the information 
by directly indicating the point using their own hands. In the spatial memory system, what 
associates computerized information with a three-dimensional position is called ‘Spatial-
Knowledge-Tag (SKT)’. The users actively create SKTs based on their need. As a result, 
arranged SKTs in a specified environment correspond to activity histories of the users. 
Also, users' intended purposes for the environment are reflected in the arrangement. 
Therefore, classification of arranged SKTs leads to classification of human activities, and 
accordingly estimation of intended purposes for places. In this paper, in order to 
investigate usefulness of the proposed classification method, SKTs that are arranged 
through actual activities in a real working environment are classified. 

Keywords: Intelligent Space, human interface, Spatial Memory, Observation of human 
activities 
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1 Introduction 

Recently, intelligent environments in which many networked sensors and 
actuators are installed have been widely studied [1]-[8]. In order to support and aid 
human activities, the intelligent environments observe humans by using 
distributed sensors, recognize human activities and provide various services (e.g. 
health care [6], cooking support [7], learning of foreign language [8] and so on). 
Many approaches to achieve appropriate selection of prepared services focus on 
successful recognition of human activities, especially their actions while doing 
specified activities, their positions, or objects which they are manipulating. In 
some situations, for example cooking, it might be possible to specify supported 
activities beforehand. In our daily life, however, actual activities are so wide. In 
addition, purposes of human activities are independent even if people are doing 
the same things. In fact, meanings of activities to one person are different 
according to his/her situation. For example, let us consider a situation when people 
read books. An activity such as reading books means sometimes business or work, 
but sometimes fun. For other examples, people sleep in a bedroom, people eat 
food at a dinning table. But, actually, sometimes people do exercise and read 
books in a bedroom, and people may play cards at a dinning table. Consequently, 
in order for an intelligent environment to provide various services for people in a 
wide range of situations, current intended purposes of the activities should be 
recognized. That's why we argue that such space-human activity association must 
exist and should be recognized. 

In order to address the issue, this paper introduces extraction of space-human 
activity association by using the spatial memory system. The spatial memory 
system enables human users to store computerized information into the real world 
by assigning three-dimensional position to the information, and to retrieve the 
information by directly indicating the point using their own hands. In the spatial 
memory system, what associates computerized information with a three-
dimensional position is called ‘Spatial-Knowledge-Tag (SKT)’. The users actively 
create SKTs based on their need. As a result, arranged SKTs in an environment 
correspond to activity histories of the users. Also, users' intended purposes for the 
environment are reflected in the arrangement. Therefore, classification of arranged 
SKTs leads to classification of human activities and estimation of intended 
purposes for places. 

The rest of the paper is organized as follows: Section 2 describes current spatial 
memory system. We improved the system to utilize it for a wide variety of 
situations. In Section 3, we explain the association of space and human activities, 
and discuss the need to recognize such association by an intelligent environment. 
A method to extract human activties based on classification of arranged SKT is 
shown in Section 4. We investigate usefulness of the method through the 
experiment in a real environment. The last section concludes the paper. 
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2 Spatial Memory 

The spatial memory enables humans to store computerized information such as 
digital files and commands into the real world by assigning three-dimensional 
position as the memory address. Humans can retrieve and store such information 
by directly indicating the point using their own body, e.g. user's hand and user's 
head. That's why a point on user's body is called a human indicator. Fig. 1 shows a 
schematic concept of the spatial memory. The spatial memory system has the 
following advantages to achieve intuitively and instantaneously access and store 
computerized information. First, the users are able to arrange computerized 
information at a suitable location using their own eyes and own body action. 
While working in the real world, human can obtain environmental information 
such as arrangements of equipment including desks, file cabinets and so on. 
Consequently, the users can arrange information in a much easier way and 
memorize the whereabouts by referring to such environmental information. Also 
their spatial cognition capabilities such as the motion sense, are utilized for 
memorizing the whereabouts, and will prompt the users to recall them. Second, 
the users are able to store computerized information and get access to stored 
information without disturbing their activities to search for them. The spatial 
memory adopts an indication of a human body as ‘store’ and ‘access’ operation 
methods in order to achieve an intuitive and instantaneous access method that 
anyone can apply. In Fig. 1, small squares represent virtual tags called Spatial-
Knowledge-Tags (SKT), which associate stored information with a spatial 
location. Each SKT has three important parameters, namely stored computerized 
information, a three-dimensional position as a memory address, and a size of an 
accessible region. An accessible region is necessary for human to smoothly 
retrieve a SKT by using the human indicator, because he/she can not indicate the 
exact spatial location. The size of an accessible region should be determined 
according to accuracy of the human indicator [9] and the type of the human 
indicator. We improved the system to utilize it for a wide variety of situations. 

 
Figure 1 

Schematic concept of the spatial memory 
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2.1 Implementation of the Spatial Memory System 

The spatial memory system consists of four parts as follows: (a) Measurement unit 
of human indicator, (b) Spatial memory core unit, (c) Spatial memory input unit 
and (d) Spatial memory output unit, as shown in Fig. 2. 

  
Figure 2 

System configuration 

2.1.1 Measurement Unit of Human Indicator 

 
Figure 3 

Ultrasonic 3D positioning system as the measurement unit of human action 

Measurement unit of human indicator is implemented by using an ultrasonic 3D 
positioning system [10] as shown in Fig. 3. The positioning system is able to 
measure three-dimensional positions of ultrasonic transmitters. The transmitters 
are activated based on time division multiple access method. Therefore, sampling 
frequency depends on the number of transmitters. For applying to the spatial 
memory, sampling frequency is important to measure motion of human indicator. 
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From the view point of the measurement of human indicator motion, the number 
of transmitters is fixed to four. The position of transmitters is regarded as human 
indicator. Based on the observation of each transmitter, indication action of each 
user is obtained. 

2.1.2 Spatial Memory Core Unit 

The spatial memory core unit implements core functions such as determination of 
indication action, creating SKTs, retrieving and delivering SKTs. Therefore, this 
unit is the only unit connected with all other units. The spatial memory core unit 
allows multiple spatial memory input/output units to connect with it 
asynchronously. When receiving information from the spatial memory input units, 
the core unit assigns a unique ID number to the information and creates a new 
SKT. SKT data structure is shown in Table. 1. 

Table 1 
Data structure of a Spatial-Knowledge-Tag (SKT) 

SKT data 
ID 

Spatial memory address (x,y,z) 
Path of spatial memory (contents) 

Size of accessible region 
Number of access times 

Type of contents 
User name 
Time stamp 

When delivering an SKT to a spatial memory output unit, the spatial memory core 
unit chooses the nearest spatial memory output unit from the human indicator 
which is used to access the SKT. In addition to distance, functions of spatial 
memory output units should be considered, because different functions are 
included. For example, not only computers but also mobile robots are available as 
spatial memory output units. In order to discriminate functions of spatial memory 
output units, each output unit has a label to describe attribute identifier. The label 
is notified by the spatial memory output unit to the core unit. The core unit 
chooses a spatial memory output unit to deliver an SKT according to labels of 
output units, distance between a user and output units, and file extensions of 
information. 

Fig. 4 shows principal messages between units and the sequence. The notations 
such as ‘(c1)’ or ‘(c2)’ represent the operation status and the order of processes. 
For example, when a spatial memory input unit sends information to the spatial 
memory core unit, firstly the input unit sends the message (s1) to the core unit. 
Then, the core unit assigns a unique ID number to the information and creates an 
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SKT. After that, the core unit delivers the message (s2) to a spatial memory output 
unit. The spatial memory output unit obtains the ID number and the information. 
The output unit executes the information and store the information into an SKT 
database by assigning the ID number as the process (s3). 

 
Figure 4 

Connection and messages among all units 

2.1.3 Spatial Memory Input Unit 

Fig. 5 shows the interface of the spatial memory input unit. The interface plays a 
role of the front-end of the spatial memory system for users. In addition to the 
shown graphical interface, voice input method is also available. When starting to 
use the spatial memory, user identification is required. Users choose a login mode 
either as anonymous or as specified user. If a user choose specified user mode, the 
user inputs user's name into the text field as shown in Fig. 5 (u1) area. Then, the 
user arranges three password SKTs as his or her password. When the user is able 
to access all SKTs under specific conditions [11], the spatial memory system 
becomes available. 

By using the interface, a user chooses or draws information which is stored as the 
spatial memory. After preparing the information, the user sets access privileges for 
the SKT. If the user sets access privileges as ‘anonymous’ for SKTs, the SKTs can 
be retrieved by any users. On the other hand, if the user sets access privileges as 
‘user’ for SKTs, the SKTs can be retrieved only by the user who stored the 
information. Finally, the input unit sends the path of the information, accessible 
region size and access privileges to the core unit. Multiple input units are able to 
connect with the core unit asynchronously. 
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Figure 5 

Spatial memory input unit 

2.1.4 Spatial Memory Output Unit 

Spatial memory output unit executes the information of accessed SKTs when 
receiving it from the core unit. Voice output units, personal computers and mobile 
robots are available for the output units. Also, the output unit operates an SKT 
database according to the messages from the core unit as shown in Fig. 4. 

To share SKTs which are stored by different users and different input units, 
architecture of sharing SKTs is needed. Namely, an SKT database which gathers 
the stored information (contents of SKTs) is introduced. Contents of SKTs should 
be stored after assigned a unique ID number to an SKT. Therefore, a spatial 
memory input unit is not able to store contents into the database, because the 
contents have not been assigned ID. 

3 Spatial Memory as Discriptions of Human 
Activities 

Fig. 6 shows an arrangement of the spatial memory. A square represents an STK. 
Basically, an SKT is created by a user based on his policy and his purpose of 
activity in an environment. Therefore, each SKT includes both the location and the 
contents and describes human activity at that specific place. For example, if there 
are SKTs whose contents are video, it is obvious that the user would like to watch 
the video around there. Thus, the spatial memory can be regarded as an abstraction 
of human activities, and the arrangement of the spatial memory will contain 
human's intended purposes for places. 

Usage history includes not only SKTs' information such as spatial memory 
addresses and the size of accessible regions but also the number of access times 
and time intervals between accesses. Such usage histories represent spatiotemporal 
histories of human's activities. Therefore, human activities can be observed by 
analyzing arranged SKTs. 
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Figure 6 
An arrangement of embedded Spatial-Knowledge-Tags (SKTs) 

As a method of arranged SKTs analysis, we have presented a classification of 
arranged SKTs based on usage history of the spatial memory by using 
unsupervised hierarchical clustering method [13]. For the clustering, we need to 
define similarity between SKTs. In our previous research [14], we carried out 
clustering based on two types of similarities; one is defined by only using distance 
between SKTs, the other is defined by using distance between SKTs and usage 
histories of the spatial memory. As a result, we found that the latter similarity 
should be utilized to extract human activities. Therefore, in this paper we apply 
the similarity to SKT clustering. 

4 Classification of Arranged SKTs Based on Usage 
Histories of the Spatial Memory 

4.1 Definition of the Similarity between SKTs 

Basically, SKTs used in the same activity must have high similarity. To determine 
similarity measure between SKTs based on actual human activities, we define 
‘observation interval’, which is the time during which the user would be 
considered performing the same work. In other words, SKTs used in the same 
observation interval are regarded as related with the same activity, therefore they 
have high similarity. An observation interval is defined based on time duration of 
the spatial memory system use and distance of accessed SKTs as follows: 

if and ( , ) ,
1 otherwise.

i jp t T d
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=
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As shown in (1), one of the conditions to determine an observation interval is the 
time interval of the spatial memory use. Another condition is the distance d(xi, xj) 
between continuously accessed SKT xi and xj. Let us consider that i-th SKT xi is 
accessed at time t, and j-th SKT xj is accessed at time (t-1). If the time duration 
while the user didn’t use the spatial memory tΔ  (= t-(t-1)) is less than a design 
parameter T, and the distance d(xi, xj) is shorter than a distance γ , the p-th 
observation interval will continue ( 0,1, )p = . If either of the conditions are not 
satisfied, user’s activity would be changed, therefore a new observation duration 
(p + 1)-th starts. 

Here, the condition regarding the distance d(xi, xj) is explained. From the 
standpoint of a human activity in an environment, it will correlate well with area. 
Therefore, Euclidean norm between SKTs should be considered to describe 
nearness based on a position. However, the nearness scale differs by a selected 
human indicator; the distance of one meter will be far if a hand is used for the 
human indicator, while it will be near when body is used. The human indicator is 
selected based on the context in which an SKT is used. For example, when SKTs 
are used for a desk work, a hand will be selected to retrieve them. In addition, the 
human will select a small accessible region. Thus, the size of an accessible region 
also reflects contexts of human activities. For that reason, we take also the size of 
accessible regions into account. The distance d(xi, xj) is given by 

( , ) ,i j i j i jd r rα= − + −x x p p                                                         (2) 

where pi and ri are the data set attributes of the i-th SKT xi and represent the 
position and the size of an accessible region respectively. The design parameter 
α  is the weighting factor for the difference of the size of an accessible region. 

Based on an observation interval, from the observation of the spatial memory use 
we obtain the number of access times Ni(p) of the i-th SKT for the p-th 
observation interval. The lists of the access times in each observation interval 
present usage histories of the spatial memory considered as histories of human 
activities. The distance Dobs(xi, xj) between SKT xi and xj to express the closeness is 
obtained by using the lists of the access times. The distance Dobs (xi, xj) is given by 
the inverse of the total number of access times Nj(p) when SKT xj is used with 
SKT xi in each observation interval. Namely, Dobs (xi, xj) is given by 

( , ) ( ),
m n

obs i j j
p j

D N p= ∑∑x x                                                         (3) 

where m and n are the number of observation intervals and the number of SKTs, 
respectively. 
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4.2 Experimental Setting 

Experiments of classification of SKTs are carried out by using the environmental 
setting as shown in Fig. 7. What is important here is that the classification can be 
obtained automatically – not directly specified by humans – but obtained through 
human activity observations. In the room Fig. 7 (a), we arranged a bed, a book 
shelf and a desk as shown in Fig. 7 (b). We didn’t specify human activities, which 
included reading magazines, writing papers, arranging digital photography and so 
on. We focus on threshold level σ  when obtaining correct classifications. 

 
Figure 7 

Environmental setting 

When performing hierarchical clustering method, inter-cluster distance is obtained 
by using the median linkage method since it is able to deal with any dissimilarity 
measures between SKTs. The method needs a threshold level σ  to cut the 
clustering tree and to obtain clusters, because it is hard to determine how many 
activities are in the environment. Therefore, in the experiment, clustering of 
arranged SKTs is performed by varying the threshold level. 

 

Figure 8 
Arranged SKTs in two days 



Magyar Kutatók 8. Nemzetközi Szimpóziuma 
8th International Symposium of Hungarian Researchers on Computational Intelligence and Informatics 

 39 

For the clustering, the design parameter in (1) and (2) are given by α =1.5, γ =1.3, 
T=30. Clustering is performed by varying the threshold level σ  from 0.5 to 10.0 
at 0.1 intervals. Fig. 8 shows arranged SKTs which were created by a user during 
more than 2 days. Similarities between SKTs are obtained by using the SKTs 
information and the usage histories. 

4.3 Experimental Results 

Fig. 9 shows the results of clustering. Filled square represents an SKT, and the 
size of square shows the size of the SKT. Each color represents each cluster, i.e. 
same colored SKTs mean same cluster. What is important here is that we can find 
that the user performs different activities in a same area. It is impossible to extract 
them by using only simple sensory information such as position and chair switches 
and so on. 

  
(a) σ = 0.5 ~ 0.7                                                      (b)  0.8σ =  

  
(c) σ = 0.9 ~ 1.0                                                (d) σ = 1.1 ~ 10.0 

Figure 9 
Results of classification 

Fig. 9 (d) is the correct result to describe actual human activities. The correct 
result was shown as the largest number of clustering result, even though the ranges 
of threshold levels were different. Therefore, we can obtain correct clusters of 
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SKTs by finding out the largest number of same results. However, we can not 
decide an exact value of the threshold level to obtain correct clusters, because it 
depends on arrangement of SKTs and usage histories of the SKTs. 

Conclusions 

In this paper, we discussed the significance of recognizing space-human activity 
association. We also presented the spatial memory system was suitable to observe 
human activities in the real world. Experiments of classification of the spatial 
memory to extract human activities in an environment were shown. 
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