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ABSTRACT 

With the d iversi ty and complex ity o f  the data rece ived for a  space, i t  would  be  
dif f icul t  to easi ly achieve a common agreement ,  even for just  a  bui ld ing 
informat ion exchange format .  There is a strong need for an intui t ive interface to  
help users to  understand and contro l  the intel l igence behind the physical sk in.  
The object ive of  th is research was to deve lop an interact ive f ramework for  an 
intui t ive interface wi th in a smart  l iv ing space context.  The design of  th is 
intu i t ive in terface for exist ing smart  l iv ing space faci l i t ies ,  and the interface  
i tse lf ,  focused exc lus ively on informat ion/control .  This research presents a  
f ramework for an in tui t ive inter face design for an ex ist ing smart  l iv ing space.  
Final ly,  I  wi l l  show how a system to rei fy th is f ramework  was implemented.  
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摘要 

 

在空間中我們會接收到各式各樣的資訊，但多數的資訊是分散在不同的介面

上，使得資訊的取得與使用變的複雜且不方便。所以這裡我們使用一個直覺性

的實體操控界面，除了可以整合居家所需要的資訊以外，還可以透過這個介面

控制實體的裝置，例如門窗。  

本研究的目的是提出一個在智慧空間裡直覺性界面的互動架構，並且根據這樣

的架構實作出一個智慧空間。透過這樣的空間，使用者可以很方便的藉由直覺

性界面獲取他所想要的資訊，也可以操控實體裝置的開關。  

 

 

關鍵字 :  智慧空間、涵構察覺、直覺介面、遍布運算、環境智能  
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1  
Introduction 

W i th the divers i ty and complexity of  the data received for a space, i t  would  

be dif f icu l t  to  easi ly  achieve a common agreement ,  even for just  a  bui ld ing 

informat ion exchange format .  In  addit ion, the numerica l data  generated by 

the sensors is  far f rom being suff ic ient ly comprehensive for normal 

habita t ion. Therefore,  there is a st rong need for an intui t ive inter face to help 

users to  understand and contro l  the in tel l igence behind the physica l  skin.  

Furthermore, in view of the needed data/ informat ion, a tota l  turnkey solut ion 

for an intel l igent bu i ld ing might not be a feasible opt ion at  a l l .  Mo reover,  

even with the current avai lab le technology, the behaviors  of  the occupants ,  

or more specif ical ly  the personal izat ion  needed, make a more intu i t ive  

interface for represent ing part ia l  or  part icu lar informat ion an unavoidable  

problem. We need a new approach.  
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1.1  Finding an intuitive interface  

In recent approaches,  intu i t ive inter face design has invo lved a window, icon, 

menu, point ing device  (WIMP) s tyle  of  comput ing device interface to the 

environment surrounding us. Ambient  in te l l igence and ubiqu itous comput ing 

researches f rom computer sc ience have involved numerous  theories and 

experiments in  th is d irect ion.  In addi t ion, the user-centered approach  

(Ruyter 2003)  has a lso shown i ts inf luence in every aspect of  design , as 

wel l  as poin t ing toward the method used in th is research for the  design of  

an intui t ive inter face . Each domain wi l l  be shown in the fo l lowing sect ion.  

1.1.1  AMBIENT INTELLIGENCE  

One of most inf luent ia l  technologies deve loped in the industry is the Phi l ips 

Research concept of  ambient  inte l l igence.  As def ined in Ph i l ip s ‘  book about 

ambient  inte l l igence in  design,  ambient inte l l igence has f ive key 

characterist ics  (Aarts 2003) .  I t  is:  (a) Embedded: d istr ibuted devices are 

connected with each other and integrated in the envi ronment;  (b)  Context -

aware:  these embedded devices can recognize the inhabitants  and the 

context surrounding them (Mark van, et  a l .2008 ) ;  (c) Personal ized: the 

design can response and rea ct accord ing to ind iv idual needs and 

personal ized si tuat ion s (Nikolaos,  et  a l .  2004) ;  (d) Adapt ive:  they can 

evolve and change based on the act iv i t ies that occur  (Zachary and John 

2006) ;  (e) Ant ic ipatory:  without conscious mediat ion, the design should be 

able to automat ical ly  adjust  based on the behaviora l  patterns of  the 

inhabitants .   
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Along with  these f ive points,  an intui t ive  in terface has another dimension in 

i ts  own way.  An inter face is not  an in -between mediat ion but  a  two -way 

channel for ref lect ing the act i v i t ies of  the inhabitants and the envi ronment 

surrounding them. The machine should not  just  wait  for  the inhabitants to 

give commands and act ivate  or react  based on these, but should sense the 

desires and adjust  to the needs of  the inhabi tants— the humans (Aarts 2003,  

Aarts,  et  a l .  2001, Abowd and Mynatt  2004) .  Th is is the basis  and the 

fundamental be l ief  of  my research.  

1.1.2  UBIQUITOUS COMPUTING  

While ambient inte l l igence is a term that is used in the consumer industry,  

the computer f ie ld has come up with  a s imi lar but  d i f ferent approach cal led 

ubiquitous comput ing.  Ubiqu itous comput ing treats  computers as a set of  

smal l ,  inv is ib le comput ing units that are integrated in an environment  (Mark 

1999) .  Moreover,  these comput ing uni ts have to disappear f rom the sight  o f  

the inhabitants.   

Ubiqui tous means everywhere. Somet imes, the term comput ing everywhere  

is used to  make i t  eas ier to  understand the concept  of  ubiqui tous comput ing 

(Genevieve and Paul  2007, Gregory,  et  a l .  2002, Marco and Giuseppe  2007, 

Stephen, et  a l .  2005) .  Fol lowing th is  approach, sensor network s,  

d isappear ing comput ing ,  and wearable computers have gone as far as they 

can to make th is concept into a real  computat ional solut ion  (Hong 2004, 

Jason and James 2004) .  I f  ambient  inte l l igence is the concept  for  the next  

generat ion of  integrated comput ing , ub iquitous comput ing wi l l  supply the 

vehic le and energy to dr ive us there.  Numerous stud ies  (Gregory and 
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El izabeth2000, Hanna, et  a l .2004, Kay, et  a l .2002, Vinny, et  a l .2006 )  and 

ubiquitous comput ing results have shown the possib i l i t ies for su sta in ing my 

research. More wi l l  be elaborated on in the review sect ion.   

1.1.3  CO-EXISTING DESIGN FRAMEWORK 

The contextual design for the above problem requires a  f ramework to real ize  

a context  for  th is interface.  While  the methodology we use is descr ibed 

below, th is  research st i l l  needs a f ramework to analyze the ob jects in both 

vi r tual and physica l spaces. The co-ex ist ing framework descr ibed in Lu  (Lu 

2005)  shows a control  mechanism for  physical/v i r tual ob jects in  

physica l/v i r tual spaces based on human act iv i ty.   

 

Figure 1-1: Co-existing Framework (Lu 2005) 

1.1.4  USER-CENTERED DESIGN PROCESS 

Computer design is  not just  about bu i ld ing a tool  to  ass ist  users,  but is 

about creat ing a  device that users wi l l  depend on and have fun with.  This  

requires a di f ferent approach for support ing the concept of  computat ion. 

From the design aspect ,  such an approach has a  long h istory ,  s ince the 

funct ional i ty and usage of a design depends on i ts use rs ‘  feedback and 
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interact ion  (Norman and Draper1986 ) .  The computat iona l engineering f ie lds,  

such as informat ion technology and electron ic engineer ing ,  have started to 

recognize the importance of  human act iv i t ies and the user centered design  

(UCD) approach (Long and Dowell  1996) .   

There are four pr incip les to  br ing the user-centered concept a l ive  (Ruyter 

2003) :  (a) User Involvement:  a knowledge of  the users‘  behaviors should be 

act ive ly  invo lved in  dr iv ing the system requirements;  (b) Empir ical  

measurement:  as requ ired by the users,  empir ica l experiments for system 

measurements should be appl ied to val idate  the outcomes and ensure the 

needs of  user act iv i t ies;  (c) I terat ive design:  with empir ica l measuremen t in  

place, the i terat ive characteris t ics of  the design process wi l l  be appl ied to  

system design , to apply an i terat ive design process to the conceptual izat ion 

and implementat ion s tages of  the dig i ta l  des ign; (d) Mult i -d isc ip l ina ry terms: 

as planned, a focus on the divers i ty of  the users wi l l  af fect  the uses of  the 

system. Therefore,  mult i -d isc ip l inary knowledge wi l l  be needed for an 

understanding of  the user-centered design  concept,  considering a part icular 

group of  inhabitants.  The relat ions between these pr inc ip les are  i l lustrated 

in F igure1 -2 below:  



 

 6 

 

Figure 1-2: User-centered design relation model (Marzano and Aarts 2003). 

1.1.5  SUMMARY 

In re lat ion to ob ject -or iented design and other software engineer ing design  

concepts,  computer appl icat ions designed for enterprises or  cr i t ical  

s i tuat ions have learned from design studies and studies f rom other f ie lds.  

The user-centered approach wi l l  be the focus of  the next  cross-

domain/d isc ip l inary studies ,  which wi l l  incorporate both design expert  

knowledge and computat ional research. Furthermore, w ith the increasing 

complexity of  the PC industry,  cross-d isc ip l inary researches wi l l  be the key 

advantage in deve loping advanced appl iances or  products in  the next 

centuries.  

1.2  Scope and limitation 

This research has three l imi tat ions:  
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1. To re i fy the interface, real izat ion is important.  Wi thin the g iven 

resource l imita t ions,  there can on ly be one real izat ion for  a complex 

framework.   

2. Since there are no requirements for  the sk in  of  a  smart  l iv ing space, 

and only one metaphor can be se lected, any theme is possib le.  The 

theme for  th is research is ―under the water‖.  

3. The network topo logy used for th is  research is c l ient -server,  whi le the 

most des ired topo logy is peer-to-peer.  The main reason for th is  

choice involved the experimenta l characterist ics for exploring visual 

components needed for th is research.  

1.3  The Objective 

The object ive of  th is research was to develop an interact ive f ramework for  

an intui t ive inter face with in a smart  l iv ing space context .  The design of  th is 

intu i t ive interface for  exist ing smart  l iv ing space faci l i t ies ,  and the interface  

i tse lf ,  focused exclusively on in format ion/control .  Therefore,  th is research 

presents a f ramework for an in tu i t ive inter face design for an exist ing smart  

l iv ing space.  Fina l ly,  I  wi l l  show how a system to rei fy th is f ramework  was 

implemented.  
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1.4  The Approach 

After rev iewing the relevant work on interfaces for smart  l iv ing spaces and 

context-aware interfaces, I  or iented th is  research and further invest igated 

the interface design issue in  smart  l iv ing space s.  I  conducted design 

experiments to  gain  insights  in  order to construct  a hypothet ical  f ramework ,  

as wel l  as a f ramework for the design pr incip les used in th is research. 

Furthermore, by implement ing the f ramework,  the design princ ip les and 

computabi l i ty of  the framework were ref ined and tested.  

 

Figure 1 -3 : Methodology of  the  research.  

The research steps are depicted in  F igure 1 -3.  After  formulat ing the problem, 

I  reviewed relevant projects  in  f ie lds related to smart  l iv ing space s or  smart  

homes. With the lessons learned f rom this review,  I  used UCD as a method 

to explore the intu i t ive  interfaces for  a smart  l iv ing space framework.  I  then 
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constructed an envi ronment set t ing wi th an appl icat ion and sensor network.  

Final ly ,  I  re i f ied the f ramework by going through a scenar io example.  

1.5  Structure of thesis  

This thesis is organized as fo l lows:  

Chapter 1:  The Introduct ion int roduces the research background, scope, 

l imita t ions,  methods and steps, and the structure of  the thesis .  

Chapter 2:  Related Work reviews re lated projects in t erms of smart  l iv ing 

spaces, with a  focus on interface s.  

Chapter  3:  Framework descr ibes an intu i t ive interface for  a smart  l iv ing 

space, with a visua l iza t ion, computat ion,  and informat ion.  

Chapter  4:  The Skin presents the vi r tual  component,  us ing the ―undersea 

metaphor. ‖  

Chapter  5:  Implementat ion reports the construct ion with  buckets,  sensors ,  

and actuators.   

Chapter  6:  Evaluat ion  shows how some experiments were conducted to  

demonstrate the usabi l i ty of  th is  intu i t ive interface.  

Chapter 7:  The Conclusion discusses the research resul ts.  
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2  
Related Work 

The purpose for  rev iewing related work is  to si tuate our research into a 

broader research context,  to gain insights  f rom prev ious researches , and to 

f ind avenues for fur ther invest igat ion.  In th is chapter we rev iew rela ted work  

regard ing smart  l iv ing space projects (2.1)  and context -aware interfaces 

(2.2).   

2.1   Interfaces for Smart Living Space s 

While the human-computer interface is an issue  in a smart  l iv ing space, 

researchers are st i l l  examin ing the trad it ional input -output re lat ionship,  and 

are search ing for a  novel  t ransformat ion into  a new design pr incip le  

(Marzano and Aarts  2003) .  Humans and machines are independent ent i t ies;  

a human perceives an environmental st imulus and expresses his  feel ings 

and react ions to  i t ,  whi le a machine senses an externa l condit ion and 
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d isplays feedback. To make human s and machines work together in a  

pract ical way, two important e lements are an interface and the interact ions 

between the humans and machines.  

The above issues are important  for  the creat ion of  a  smart  l iv ing space. 

Therefore,  th is research involved a rev iew of  some smart  l iv ing space 

projects in terms of their inter faces.  

2.1.1  PROJECT OXYGEN 

Project  Oxygen is  a col laborat ive ef fort  involving many research act iv i t ies 

throughout the Laboratory for Computer Science (LCS) and the Art i f ic ia l  

Intel l igence Laboratory (AIL)  at  the Massachusetts Inst i tute of  Technology 

(MIT).  The Oxygen v is ion is to br ing an abundance of computat ion and 

communicat ion with in  the easy reach of  humans through the natural 

perceptual  interfaces of  speech and vis ion so that computat ion b lends into 

peoples‘ l ives ,  enabl ing them to easi ly do the tasks that they want  to do –  

col laborate,  access knowledge,  and automate rout ine tasks and thei r  

environment.  (F igure 2 -1)  
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Figure 2-1: An overview of the Oxygen Infrastructure (MIT Project oxygen). 

Oxygen's  Software ,  which adapts to  changes in  the envi ronment  or in user 

requirements (O2S) ,  helps people do what they want,  when they want to  do 

i t .  But a l l  of  the informat ion is  not together and is  too messy. The software 

can also use speech cont rol .  However,  as of  now,  speech recognit ion  

technology is not  yet mature.  So mistakes are easi ly  made.  

2.1.2  THE AWARE HOME 

The Aware Home has two ident ica l and independent l iv ing spaces, each 

consis t ing o f  two bedrooms, two bathrooms, one of f ice,  a  k i tchen, d in ing 

room, l iv ing room, and laundry room. In addit ion, there wi l l  be a shared 

basement with  a home enterta inment area and a contro l  room for  central ized 

comput ing services  (F igure 2-2).   
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Figure 2-2: One of the Aware Home applications (Aware Home Website). 

The Aware Home focused on technologies to accomplish four th ings : (1) to 

assist  seniors as they age in p lace;  (2) to support  the communicat ion and 

coordinat ion tasks of  formal  and in formal  caregivers;  (3)  to simpl i fy the 

management o f  the home and i ts  myr iad act iv i t ies;  (4) to prov ide much 

needed assistance for  indiv iduals at  r isk and the busy fami ly members who 

care for  them.  The system uses sensors instal led throughout the house. The 

dist r ibuted operat ion environment and network assess the indoor si tuat ion 

by sensing and act ive ly ident i fy ing the occupants  ( inc luding status,  posit ion,  

act iv i ty ,  posture,  expression, sound ).  This system has as i ts goal assist ing 

caregivers with communicat ion tasks and in car ing for the securi ty and 

health  of  e lderly occupants .  

2.1.3  SMART ARCHITECTURAL SURFACE 

The Smart  Arch itectural Surface  (Chang, et  a l .  2004)  is a high ly integrated 

planar const ruct  for  d iversi f ied smart  home services . I t  uses networked 
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smart  cel l  uni ts equ ipped with  various sensing, cognit ion, and actuat ion 

capabi l i t ies that would al low run -t ime po lymorph ism as the basis for 

funct ional  changes for  var ious event -dr iven operat ion scenarios.  The SAS 

system can demonstra te col lect ive intel l igence outcomes that are mediated 

by var ious mult i -modal  interact ions.  The key applications currently being developed 

for the SAS system include Dynamic Wallpaper, Digital Calendar, Digital Mirror, and a 

Context Aware Videophone (Figure 2-3). 

 

Figure 2-3: SAS surface Demo (Chang, 2004). 

SAS would show coordinated inte l l igent  behaviors by ut i l iz ing the 

computat ional power dist r ibuted throughout the part ic ipat ing smart  cel l  un its.  

The SAS system transforms into di f ferent run -t ime objects to accommodate 
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various funct iona l i t ies by s imply changing the dig i ta l  s tates of  i ts 

components.  

2.2   Context-aware Interface 

Context -awareness becomes an important  design issue when bui ld ing 

human computer interact ions. Context aware ness invo lves when th ings wi l l  

happen, what act iv i t ies are being performed, and why those act ions occur  

as they do (Abowd and Mynatt  2004) .   

Accord ing to th is def in i t ion ,  context may be anything that descr ibes the 

si tuat ion of  the user,  l i ke the logica l or physica l posit ion of  the user,  the 

current weather ,  or  even the mood of the user ,  as long as i t  is  re levant to 

the current appl icat ion or the interact ion with  i t .   

Some researchers (Dey, et  a l .  1999, Gross 1998, Leonardo, et  a l .  2005)  

have seen context as anything that may be used to adapt a  user interface to  

the current needs and si tuat ion of  the user.  The device capabi l i t ies of  the 

user interface also need to be adapted to improve i ts  usabi l i ty.  Thus the 

device capabi l i t ies are  relevant to the interact ion between the user and the 

appl icat ion and can be seen as context at t r ibutes.  

2.2.1  NEBULA 

Nebula (Marzano and Arts  2003)  is an interact ive project ion system 

designed to  enr ich the exper ience of  go ing to bed, s leeping ,  and waking up.  
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Through simple body movements and gestures, i t  prov ides an intu i t ive and 

natural way of  phys ica l ly part ic ipat ing in a v ir tual experience. There are four 

main funct ions in  Nebula .  F irst ,  by placing a smart  ‗pebble ‘  contain ing 

interact ive content into a bedside ‗pocket , ‘  you can change the cei l ing ‘s  

interact ive pro ject ion theme or topic.  Second , by sett ing the a larm clock, the 

system projects two dots onto opposite s ides of  the cei l ing.  Th ird ,  you can 

wr i te a note  or  sketch something on a piece of  paper and place i t  

underneath the a larm clock. Then the note or i l lust rat ion wi l l  be projected  

on the cei l ing.  F inal ly ,  pebbles can also conta in games. F igure 2 -4 shows 

some examples of  th is  system.  

 

Figure 2-4: Nebula with reconfigurable ceiling projection (Royal Philips Electronics Website). 

2.2.2  AMBIENT AGORAS 

The major goal of  the Ambient Agoras project  (Thorsten Prante  2004)  was 

to t ransform the physica l envelop of  a  work envi ronment in to  a socia l  

archi tectural space. I t  supports informal communicat ion, co l laborat ion, and 

socia l  awareness wi th in an organizat ion.  The Hel lo.Wal l  (Thorsten Prante  

2004)  is an example of  th is project .  I t  is a  remote col laborat ion with in a 

larger organizat ion.  
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Figure 2-5: Informal communication around Hello.Wall 

The Hel lo .Wall  contains three dif ferent  interact ion sta tes:  Ambient,  

Not i f icat ion, and Interact ion, and is act ivated by a user ‘s  prox imity to i t  

(F igure 2 -6).  When someone keeps his distance f rom the Hel lo .  Wall ,  i t  

appears to be an atmospheric decorat ive element .   

 

Figure 2-6 Ambient Agoras with three interaction states 
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2.2.3  SMART KITCHEN 

Smart k i tchen researche rs (Leonardo, et  a l .  2005)  designed and bui l t  a 

series of  d iscrete context -aware interfaces and systems to monitor and 

provide informat ion about  the most commonly performed tasks in a  

resident ia l  k i tchen.  Ki tchens are natural  candidates for augmented real i ty  

interfaces because there is a h i gh need for users to remain in contact with  

physica l real i ty whi le using a number of  advanced tools that benef i t  f rom 

digi ta l  informat ion  (Gross1998) .  

Five systems were designed to col lect  informat ion f rom the envi ronment.  

These include a Fr idgeCam, RangeFinder,  Augmented Cabinetry ,  heatSink, 

and Virtua l Recipe (F igure 2 -7).  

 

Figure 2-7 Augmented Reality Kitchen: (1) information projection on the refrigerator; (2) the range; (3) the 

cabinet; (4) the faucet; and (5) drawers. 

This research developed a context -aware interface to help enhance the 

ki tchen experience. Moreover,  the researcher s proposed that  the project ion 
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of  d ig i ta l  informat ion onto the objects and surfaces of  the k i tchen could  

increase user conf idence.  
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3  
Framework 

W i th  the lessons learned from the prev ious chapter,  th is research proposes 

a framework cal led ―ubiquitous co -exist ing spaces‖ (uCoS)  to explain  an 

intui t ive in terface for  a smart  l iv ing space. The framework proposed is  

comprised of  v ir tua l (shown in 3.2) and physical  f rameworks (shown in 3.3) .  

3.1 Ubiquitous co-existing spaces 

Ubiqui tous co -exist ing spaces (uCoS)(Figure 3-1) have three d ivis ions :  

Visual izat ion, Computat ion ,  and Informat ion. The informat ion div is ion 

provides input f rom physical  sensors and v ir tua l informat ion ,  such as web 

serv ices ,  to the computat ion divis ion.   
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Figure 3-1: Co-existing interactive spaces 

Then, wi th bui l t - in computat iona l mechanisms (which wi l l  be explained in  

the later sect ion),  the computat ion d iv is ion suppl ies ana lyzed data and 

tr iggers for  the visual izat ion d iv is ion to  disp lay.  The main i nteract ion l ies in  

the visual izat ion and informat ion div is ions, and each wi l l  requi re heurist ic 

knowledge that  wi l l  be stored in the computat ion divis ion (F igure 3 -2).  
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Figure 3-2: uCoS network 

The visual izat ion divis ion has at  least three components:  Wall  instal lat ion,  

Floor instal lat ion ,  and Tabletop device.  The computat ion d iv is ion has three 

components:  Render Engine, Informat ion Analys is,  and Database. The 

informat ion d ivis ion only has two components :  Virtua l component  and 

Physical component.   

3.2 Virtual framework 

One part  of  uCoS is vi r tual ,  wh ich  becomes the vi r tual  f ramework descr ibed 

in th is sect ion.  The v ir tual f ramework (F igure 3 -2) depends pr imar i ly on the 

net,  the web server.  For example, Real ly S imple Syndicat ion (RSS) is the 
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v i r tual  informat ion that  wi l l  supply  the metaphor data.  The data needs to be 

col lected and stored in a par t icular format in order to  be retr ieved later for 

representat ion. Without real izat ion or analys is,  the data is not readable or  

approachable  by common users.  Therefore,  the system needs a special  

channel to deal with th is specia l  type of  informat ion.  

 

Figure 3-3: Virtual framework 

3.3 Physical framework 

The other par t  of  uCoS is  phys ica l ,  which becomes the physical  f ramework 

descr ibed in th is  sect ion.  The physical  f ramework  (Figure 3 -3)  pr imar i ly  

depends on the sensors and actuators.  As an example ,  noise can be used 

as the physica l informat ion to represent  the metaphor data.  Another 

example is  that a user can manipulate a vi r tual object  and cause a  physical  
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object  to be tr iggered. The data needs to  be col lected and stored in a  

part icular format in order to be retr ieved later  for representat ion.  

 

Figure 3-4: Physical framework 

3.4 Replaceable skins  

In the v isua l izat ion  d ivis ion, real izat ion l ies in the physica l space i tse lf ,  

which depends on the context in which the design is located. For example, a 

wal l / f loor insta l lat ion or a tab letop device can consist  of  three possib le 

components.  Each form has i ts own operat ions and tangib le  contro l  

act iv i t ies depend on the context.   

The informat ion f low starts with sensing informat ion gathered f rom external  

sensors or rea l - t ime onl ine st reams. Th is sensed/st reaming informat ion 
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f lows into the computat ion div is ion, which contains knowledge logic ,  as wel l  

as memory storage , where the informat ion can be stored for later retr ieval.   

 

Figure 3-5: System flow chart 

The system f low chart  shows that informat ion f low starts with the 

environmental  sensors and network informat ion ,  which the main engine 

receives the informat ion that wi l l  re -appear the form to demonstra te  [Note: 

See Editor’s Note #1.]  (Figure 3 -4) .  The system may also employ a 

touchscreen to enable user interact ion . The visual izat ion module can be 

replaced by v isua l ef fects or other presentat ion methods.  
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3.5  Ubiquitous intelligence space  

Ubiqui tous inte l l igence space means that th is system may permi t  the free 

dist r ibut ion of  informat ion under the home envi ronment .  Simply speaking, i f  

we consider v isua l iza t ion, computat ion ,  and informat ion as one system, we 

can put th is system into every space. Therefore,  we can share or send 

informat ion to every s ingle room in which we l ive.  For example,  i f  someone 

leaves a  message in th e l iv ing room,  the system wi l l  add a f ish.  The f ish  can 

―swim‖ to another room. So someone can receive th is message in another 

space.  
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4  
The Skin 

In th is chapter,  I  present the sk in design concept (shown in 4.1) and the 

design components (shown in 4.2).  The underwater theme used in th is  

research is a  metaphor ica l means of  represent ing or  v isual iz ing the 

informat ion f lowing from web services and the physica l  sensors in the l iv ing 

space.  

4.1 Design concept 

Dig ita l  media design has brought new and viv id forms of  v isual  experience 

to people,  especia l ly  in re lat ion to  3D v i r tual wor lds,  which have been 

strongly inf luenced by 3D v ideo games and 3D animat ion. On the other hand, 

an intel l igent bu i ld ing or smart  l iv ing space  is of ten regarded as one where 

essent ia l  but bor ing in format io n about the bu i ld ing prov ides ―smart ‖ support  

to i ts inhabitants .  Of  course, the term l iv ing space has another meaning—a 

― l iv (e)‖ + ― ing‖ space,  a space that is  i tsel f  actual ly l iv ing .  Th is  means the 
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space, using i ts own intel l igence , can deal with the dynamic act iv i t ies of  i ts  

inhabitants .  

The undersea theme used in  th is research is  a  metaphorical  means of  

represent ing or v isual iz ing the informat ion f lowing from web serv ices and 

the physica l sensors in the l iv ing space .  With th is  underwater metaphor,  the 

vi r tual space is represented by an undersea scene and the creatures 

swimming through i t .  As shown in the systems reviewed, the ambient design 

has to be passive and intui t ive to al low effort less interact ion. Therefore,  the 

main cr i ter ia for des igning the behaviors of  the creatures were that  they had 

to be natural and immersed in the underwater  scene.  

4.2 The skin design 

With the informat ion above, th is rese arch appl ied the proposed intu i t ive  

interface design process and the f rameworks in 3.2.  The resul t  was a  

physica l device with both physical  and v i r tual components.  I  ca l led the sk in  

GAIA (GAIA, Gaia the Ambient In teract ive  Atmosphere).  

GAIA has had one real izat ion as a  contextual interact ive sk in .  I t  is  

reconf igurable  and placed over the contextual bui ld ing informat ion ,  based 

on sensors/actuators,  wi reless sensors -network,  and 3D informat ion 

visua l izat ion technologies.  A systematic d iagram of th is sk in is  shown in  

Figure 4-1.  
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Figure 4-1 A systematic diagram of the skin. The information is (A) CO, (B) Temperature, (C) Illumination, (D) 

Weather Forecast and UVI Forecast, (E) CO2, (F) News RSS Reader, (G) Light Switch, (H) Water Sensor, (I) 

Incoming Call. 

The lef t  part  of  the d iagram shows the informat ion div is ion based on the 

framework ment ioned in a  prev ious chapter.  The r ight s ide of  the diagram 

shows the v isual izat ion divis ion. Th is part  represents the data from the 

informat ion div is ion.  

I  am responsib le for the visua l interact ion and co -ex ist ing spat ia l  context 

design of  GAIA. Because of  the physical/v i r tual context  and interact ion of  

the intui t ive interface,  th is system represents a di f ferent concept than that 

of  the current interface.  
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4.3 Design components 

To focus on th is par t icular  scenario,  a l ist  of  commonly used informat ion 

avai lab le in a typical smart  l iv ing space  was col lected . Table 4 -1 shows th is 

informat ion .  

Table 4-1: The relationship between Information and Computation 

Information Computation 

Il lumination  Sensor with Database  

Temperature  Sensor with Database  

CO2  Sensor with Database  

CO  Sensor with Database  

Weather Forecast  Real time updated Web service  

UVI Forecast  Real time updated Web service  

Timer  Real time updated Hardware clock 

News RSS Reader  Real time updated RSS feeder  

Incoming Call  Phone signals  

Water Sensor  Integrated System 

Door Opener  System computation actuators  

Light Switch  System computation  

Welcome Effect  Database computation 
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5  
Implementation 

This chapter presents the physical component  design, includ ing the room, 

sensors,  and actuators.  Vi rtual  components (GAIA inter face)  are also 

presented. Fina l ly,  two examples are descr ibed to show how the system 

works.  

5.1 Physical Components: A Room 

I  took advantage of  the bucket  [Note: See Editor’s  Note  #2. ]  as the bui ld ing 

mater ia l  for  the room. This k ind of  bucket  has a lot  of  funct ions. F irst ,  

because I  use ―under the sea‖ as a metaphor,  the bucket c an be pic tured as 

a bubble.  Second, since buckets are used as wal l  un its,  sensors and 

actuator  can be easi ly h idden.  F inal ly,  buckets prov ided extendibi l i ty  and 

adjustabi l i ty in const ruct ing the room.  
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5.1.1 THE CONCEPT: BUBBLE AND FRAME 

The room was designed as a  group of  bubbles with  a f rame surrounding 

them (Figure 5 -1).  There were two reasons for  using bubbles:  the 

underwater theme and the modular construct ion materia l .  With the mo dular 

f loor boxes and the surrounding bubble  box, the sensors and intel l igent 

construct ion cou ld be instal led and experimented with  wi th in the 

components.  

With  one ent ry and one window, the screen was located on the r ight  s ide 

when fac ing the window f rom the entry.  Th is le f t  two corners—one at the 

r ight  when fac ing the window and the other containing  the boxes for s tor ing 

the sensors and wireless devices. The sofa  [Note :  See Editor’s  Note  #3.]  

was beside the window whi le the f loor visual iza t ion component  was in  f ront  

of  the sofa.  

 

Figure 5-1: Smart living space simulation picture 



 

 36 

The main const ruct ion used meta l f rames connected to a wooden f loor.  The 

concept of  a f rame was used both symbol ical ly  and as an actual  

construct ion method (F igure 5 -2).   

 

Figure 5-2 Scale of the smart living space 

5.1.2  THE WALLS AND CEILING  

The wal ls contained sensors and l ights,  and the bubbles [Note :  See Edi tor’s  

Note #4.]  were used for the i r construct ion (Figure 5-3).  The ce i l ing was a 

ref lect ion of  the hard and soft  part s of  the room. We used fabr ic as a f i l ter  

for the l ight  and to soften the edges of  e lectronic devices , as wel l  as for a 

place to insta l l  sensors.  
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Figure 5-3: The walls and ceiling 

 

5.1.3 THE SENSORS 

The sensors that were used to test  the implementat ion were div ided into  

four types. One was a water sensor as shown in  F igure 5 -4(A).  The water  

sensor had three main tasks:  gather ing incremental  consumption in format ion,  

gathering concurrent  consumpt ion informat ion, and act ing as a  t r igger to 

send informat ion back to the computat ion d ivis ion. The second was a CO2  

sensor,  as shown in  Figure 5 -4(B).  The CO2  sensor sensed the CO2  

quant i t ies in the space and sent them direct ly to the computat ion divis ion. 

Thi rd was an i l luminat ion meter ,  which gathered the i l luminat ion data with in  

a part icular area .  Th is  meter  is  shown in Figure 5-4(C).  The last  was a CO 

sensor,  which is  shown in Figure 5 -4(D).  The tasks and operat ion of  the CO 

sensor were simi lar to those of  the CO2  sensor.   
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These sensors were used to gather raw and real data from the a ctual 

environment .  Therefore,  each sensor required a  di f ferent  operat ion and 

programming accord ing to the API and each sensor‘s individua l 

specif icat ions.   

 

Figure 5-4: Sensors. (A) Water sensor; (B) CO2 sensor; (C) Illumination sensor; (D) CO sensor. 

5.2 The virtual components 

These were used for  the visua l izat ion of  the undersea metaphor.  They 

included power consumption,  water consumption, a f ish clock, thermometer,  

CO alarm, CO 2  a larm, answer ing machine,  phone buzzer,  party dancer,  l ight  

swi tch, window switch, weather crystal ,  and RSS reader (F igure 5-6).  The 
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prompt  words d id not  normal ly  appear .  But i f  you forgot what  kind of  

informat ion a vi r tua l object  represented,  you could touch the t reasure box 

and the prompt  words would show up.  

 

Figure 5-5: The GAIA interface with prompt words. 

5.3   Integrated skin 

In th is  sect ion,  I  propose  two examples to show how the system works.  The 

f i rst  one invo lves weather in format ion.  The second one involves power 

consumpt ion informat ion. Both are represented by  vir tual components of  the 

co-ex it ing framework.   
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5.3.1  AN EXAMPLE: WEATHER TASK 

In Figure 5-7,  the weather informat ion passes from the lef t  to the r ight s ide.  

By passing through the computat ion d i v is ion, the weather informat ion wi l l  be 

stored in a  database and analyzed.  The user interacts wi th the system and 

the visua l ef fect  in the visua l iza t ion divis ion changes. For example, when 

the system grabs the weather informat ion f rom the Internet ,  a  user can 

select  the area where he l ives. The system then displays the weather 

informat ion for that area.  

 

Figure 5-6: Weather information in GAIA 
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5.3.2   AN EXAMPLE: POWER CONSUMPTION TASK 

In Figure 5-8,  power informat ion f rom the lef t  comes into the database 

component of  the computat ion d iv is ion. However,  the informat ion has a 

connect ion with the v ir tual je l lyf ish  object .   

 

Figure 5-7 Power Consumption information in GAIA 
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6  
Evaluation 

This chapter d iscusses the rei f icat ion and evaluat ion of  the implementat ion 

solut ions. The main evaluat ion invo lves user test ing  with tasks. Whi le the 

main purpose of  th is research is to explore the possibi l i t ies of  an intui t ive  

interface for  smart  l iv ing spaces, the implementat ion and framework of  such 

an interface are the two main subjects of  th is research. Therefore,  th is 

d iscussion of  the re i f icat ion wi l l  focus on ly on tasks that users might 

confront in the deve loped room.  

Usabi l i ty test ing wi l l  be descr ibed in 6.1,  and tasks and user  eva luat ions wi l l  

be descr ibed in 6.2 ,  a long with  tab les document ing the  experiment resul ts .   

6.1  Usability testing 

There were three important cr i te r ia  [Note: See Editor’s  Note  #5.]  that were 

evaluated in the co -exist ing interact ive space  implementat ion:  Time and 
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Ef f ic iency.  T ime is a  typica l measurement in  usabi l i ty  stud ies,  and a typical 

metr ic  for  target  system performance.  Eff ic iency means the rate  or speed at 

which an interface enables a user to accurately and succ essful ly  complete a 

task. While a  faster response t ime is  usual ly  better,  consistent  response t ime 

is a lso important.  Therefore,  I  use d the task analysis  approach to  def ine the 

task and the goal  of  the task ,  and then to l ist  the steps invo lved.  

6.2 Task 

Task analysis is  a method that evaluates how people  actua l ly accompl ish 

th ings with  software. Through observat ion s and interv iews with  users,  an 

analyst  determines a set of  goals belonging to the target user.  Then, a set 

of  tasks that  support  these goals  is determined. With th is  in  mind, we can 

descr ibe the relat ionships between tasks and goals in our system (Table 6-

1).  

Table 6-1: The relationships between tasks and goals. 

N

O 

Task Goal  

1 Weather Forecast  Recognizing forecast  

information 

2 Location of Lion Fish in the 

frame 

Recognizing temperature  

3 Typesett ing by Fish  Recognizing t ime  

4 Push-moving by Starfish  Actuating the physical  device  

5 Light  tr igger by l ight f ish  Actuating the physical  device  

6 News in bubbles word by word  Recognizing real  t ime news  

7 Touch-follow game Basic operation  

8 CO sensing trigger and 

transformation of fugu 

Recognizing CO warning 

9 Jumping activity of  shell  Incoming call  display  

10 Recording within conch Answering machine operation  

11 The size and vibration speed of Recognizing water/power 
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jelly fish  consumption information  

 

The detai led tasks are descr ibed below:  

1. Weather Forecast  

Stanley has a  date with his  ex-gi r l f r iend in the af ternoon.  He wonders  

i f  he needs to take his umbrel la.  Please help Stanley  to f ind the 

weather forecast informat ion in th is system.  

2. Locat ion of  L ion Fish in the frame  

On a very hot day, Stanley is watching the te levision in the l iv ing 

room. He wonders what the temperature is now. Please help Stan ley 

to f ind the temperature informat ion in th is system.  

3. Typesett ing  by Fish [Note: See Editor’s Note #6.]  

Stanley roasts a potato in the ki tchen. Af ter 10 minutes, he wi l l  have 

a del ic ious meal.  He wants to know what t ime i t  is  now.  Please help 

Stanley to f ind out the t ime informat ion in  th is  system.  

4 .  Push-moving by Starf ish [Note:  See Editor’s Note  # 7.]  

Stanley  is  reading in the s tudio.  He wants  to open the window and 

take a nap.  Please he lp Stanley f ind out  how to open the window with 

th is system.  

5. Light t r igger by l ight  f ish  

Stanley has just  come out of  the studio.  He comes to the l iv ing room 

to read the newspaper.  But,  he forgot to turn of f  the l ight  in the 
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studio.  Please help Stanley to f ind out how to turn of f  the l ight  wi th 

th is system.  

6. News in bubbles word by word  

Ma Ying-Jeouis is go ing on a long tr ip in two days. Stanley wants to 

read th is news. P lease help Stanley to f ind out how to read the news 

with th is system.  

7.  Touch-fo l low game  

Stanley bought a new smart  l iv ing dig i ta l  f rame. I t ‘s looks l ike sea 

world.  Please he lp Stanley to f ind out which f ish are interact ive when 

you touch them in th is system.  

8. CO sensing t r igger and transf ormat ion of  fugu  

The ki tchen has now f i l led with CO. Please help Stanley to f ind out 

which f ish  can warn you with th is system.  

9. Jumping act iv i ty of  shel l  

Stanley is l istening the music.  At th is moment,  he has a phone ca l l .  

Please f ind out which  f ish can alert  you when you have a phone cal l  

with  th is system.  

10.  The size and v ibrat ion speed of  the je l ly f ish  

Stanley comes home.  He then turns on the air condit ioning.  Please 

f ind out which f ish provides feedback in th is system.  

11. Record ing with in conch  

http://cdict.giga.net.tw/q/Ma
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Stanley wants to te l l  h is  mother he loves her.  But  h is mother is  

a lways so busy. Therefore,  Stan ley tr ies to leave her a message. 

Please help Stan ley to  f ind out which f ish can record h is voice in th is  

system.  

6.2.1 PILOT TEST 

The p i lot  test  was for the purpose of  veri fy ing whether or  not the test  i tsel f  

was wel l  formulated . For instance,  a col league or f r iend can be asked to 

part ic ipate  in a  user test  to check whether the test  scr ipt  is c lear,  the tasks 

are not too simple or too hard, and that the data col lected can be 

meaningfu l ly  analyzed (Table 6 -2).  I  averaged the t ime that experts and 

novices f in ished the tasks.  

    Table 6-2 :The Pilot test Results  

Task complet ion t ime (second)  Expert  Novice  Average  

Task1  15.49  50.21  32.80  

Task2  89.34  203.32  146.33  

Task3  5.32  10.29  7.80  

Task4  18.93  50.11  34.52  

Task5  25.2  30.21  27.70  

Task6  57.32  90.03  73.67  

Task7  3.91  8.93  6.42  

Task8  6.32  15.89  11.10  

Task9  7.48  14.56  11.02  

Task10  9.23  18.56  13.90  

Task11  11.27  22.98  17.13  

 

6.2.2 RESULTS 

This experiment was performed at  the SOFT Lab, Nat ional Yunl in  Universi ty  

of  Science and Technology , with s ix part ic ipants and a durat ion t ime of 30-
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40 minutes. The envi ronment was the bubble room described above with  the 

proper sett ing for a smart  l iv ing space.  

Table 6-3: Result table 

Task completion 

t ime (second)  

User1  User2  User3  User4  User5  User6  Average  

Task1  8.34 10.21 5.23 20.31 20.2 5.23 11.59 

Task2  30.3 23.23 50.23 30.98 35.90 45.11 39.95 

Task3  3.22 5.32 12.30 5.32 18.45 8.39 8.83 

Task4  10.33 30.72 21.32 32.45 16.32 4.21 19.23 

Task5  15.76 20.74 36.69 17.38 17.23 10.30 18.68 

Task6  20.47 20.34 19.34 48.23 19.98 22.76 25.19 

Task7  3.09 4.23 3.45 4.23 2.43 5.32 3.79 

Task8  6.32 4.26 8.93 15.89 18.32 8.32 10.34 

Task9  12.4 10.20 9.56 8.29 5.20 8.83 9.08 

Task10  8.22 5.37 5.26 9.22 13.28 8.45 8.30 

Task11  8.27 12.21 7.28 5.43 12.53 7.45 8.03 

 

6.2.3 SUMMARY 

As the results  show,  the GAIA interface successfu l ly combined v i r tual and 

physica l informat ion in  an undersea metaphor ical env ironment .  You can see 

from the resu lts tab le  that the task complet ion t imes became shorter and 

shorter .  Therefore,  I  can declare that the GAIA interface was learnable and 

ef f ic ient .  
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7  
Conclusion 

This research developed a framework ca l led ubiquitous co -exist ing spaces 

(uCoS) for a smart  l iv ing space, whi le simultaneously present ing a room 

embedded with sensors and actuato rs.  uCoS provides an addit ional  

network ing f ramework on top of  a co-exis t ing f ramework. uCoS further  

descr ibes a way to embed interact ion with in the context  of  smart  l iv ing 

spaces.  

The implementat ion developed by fo l lowing the uCoS concept showed a real 

t ime v i r tual space as wel l  as associated physica l components.  By 

experiments and p i lot  studies,  the intui t ive in terface design process , as wel l  

as i ts  impl icat ion ,  was shown as the f inal resu lt  of  the research.  

Furthermore, through usabi l i ty eva luat ions, the intui t ive behaviors were 

found and can be i terat ive ly incorporated into  the  design. The user-centered 

design process has shown i ts impact  and can be used to  sustain  the 

developed result .   
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