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Abstract. Occupant control actions in a building (i.e. user interactions with en-
vironmental systems for heating, cooling, ventilation, lighting, etc.) can signifi-
cantly affect both indoor climate in and the environmental performance of 
buildings. Nonetheless, relatively few systematic (long-term and high-
resolution) efforts have been made to observe and analyze the means and pat-
terns of such user-system interactions with building systems. Specifically, the 
necessary requirements for the design and testing of hardware and software sys-
tems for user-system interfaces have not been formulated in a rigorous and reli-
able manner. This paper includes the prototyping of a new generation of user 
interface model for building systems in sentient buildings. The outcome of 
these efforts, when realized as a web-based user interface, would allow the oc-
cupants to achieve desirable indoor climate conditions with higher levels of 
connectivity between occupants and sentient environments. 
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1   Introduction 

An increasing number of sophisticated devices and systems are being incorporated in 
the so-called high-tech buildings. Particularly in large and technologically sophisti-
cated buildings, the occupants, confronted with complex and diversified manipulation 
possibilities for environmental controls, are forced to deal with these devices via a 
wide range of distinct and uncooperative interfaces. These situations can lead to a 
frustration of the occupants while they attempt to achieve comfortable (vis-
ual/thermal, emotional and psychological) conditions. Occupant control actions in 
buildings (i.e., user interactions with environmental systems for heating, cooling, 
ventilation, lighting, etc.) can significantly affect both indoor climate in and environ-
mental performance of buildings. Nonetheless, relatively few systematic (long-term 
and high-resolution) efforts have been made to observe and analyze the means and 
patterns of such user-system interactions with building systems. Specifically, the 
necessary requirements for the design and testing of hardware and software systems 
for user-system interfaces have not been formulated in a rigorous and reliable manner. 

Thus, we focus in this paper on an effort to further articulate the implementation of 
an adequate user interface system that can facilitate effective communication and 
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interaction between occupants and environmental systems in sentient buildings [4]. 
An initial result of this effort is a prototypical interface design named as BECO 
(“Built Environment communicator”). BECO serves as a user interface model for 
building systems of an experimental project concerning “self-actualizing sentient 
buildings” [1]. We first discuss the related work and the results of previous research 
concerning the comparative evaluation of market products (interfaces) for user-based 
control of building systems. Secondly, in order to better understand the genesis of the 
result, we describe test bed infrastructure and system architecture. Furthermore, we 
elaborate on the implementation of the proposed interface model in terms of imple-
mented services, layout design, and navigation.  

2   Background 

2.1   Related Work 

As to the role of user interfaces in the context of intelligent built environments, there 
are a number of precedents. For example, the ubiquitous communicator – the user 
interface of PAPI intelligent house in Japan – is developed as a communication device 
that enables the occupants to communicate with people, physical objects, and places 
[7]. The other example of this type of user interface is one from Samsung. Samsung's 
homevita system gives occupants an overview of their home network and allows them 
to manage daily household tasks such as controlling lights, air conditioners, and even 
washing machines [8]. More recent works on the integration of user interfaces into 
intelligent environments include Swiss house project in Harvard University [3], and 
Interactive space project by SONY [6]. 

In contrast to the above approaches, we concentrate on the exploration and transla-
tion of systematic user interface requirements and functionalities (for office environ-
ments) in prototypical designs, whereby users’ control behavior is considered. These 
requirements are then implemented in terms of a prototypical user interface model 
mainly supporting user interactions with building systems for indoor climate control. 

2.2   Previous Research 

In previous research efforts [1, 2], the requirements and functionalities of user inter-
faces for building systems have been explored. We compared twelve commercial 
user-interface products for building control systems. These products were classified as 
follows: A type ("physical" devices), B type (control panels), and C type (web-based 
interfaces). Thereby, we considered three dimensions, namely control options, infor-
mation types, and hardware. The results were arranged in terms of: 1) comparison 
matrices of the selected products based on three dimensions, namely control options, 
provision of information, and hardware, and 2) product comparison/evaluations by the 
authors' based on seven criteria (functional coverage, environmental information 
feedback, intuitiveness, mobility, network, input, and output). Subsequently, we con-
ducted an experiment, in which forty participants examined and evaluated a subset of 
the above user interfaces for buildings' control systems, mainly in view of three 
evaluative categories (first impressions, user interface layout design, and ease of 
learning). Comparison results of the selected user interface products for intelligent 
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environments warrant certain conclusions regarding their features and limitations and 
inform efforts to develop new interface designs. 

Control Options and Functional Coverage- in sentient environments, one key point 
is how the occupants interact with the multitude of environmental control devices and 
how they deal with the associated information loads (technical instructions, interde-
pendence of environmental systems and their aggregate effects on indoor conditions) 
in an effective and convenient manner. The result of the above mentioned study im-
plies that limited functional coverage and intuitiveness of use often correlate. This 
suggests that an overall high functional coverage may impose a large cognitive load 
on (new) users.  

Provision of Information- if it is true, that more informed occupants would make 
better control decisions, then user interfaces for sentient buildings should provide 
appropriate and well-structured information to the users regarding outdoor and indoor 
environmental conditions as well as regarding the state of relevant control devices. 
Most B and C type products in our study provide the users with some information 
such as the state of the devices. However, they do not sufficiently inform the occu-
pants regarding indoor and outdoor environmental conditions. This implies that the 
occupants are expected to modulate the environment with the condition of insufficient 
information. 

Mobility and Re-configurability- the hardware dimension addresses two issues, 
namely, 1) mobility: user interfaces with spatially fixed locations versus mobile inter-
faces; and 2) re-configurability: the possibility to technologically upgrade a user inter-
face without replacing the hardware may decrease the cost of rapid obsolescence of 
technology protocols. C-type terminals such as PDA and laptops that are connected to 
controllers via internet, facilitate mobility. In contrast, Type A and B products are 
typically wall-mounted and thus less mobile. As far as re-configurability is concerned, 
the user interface software may be easily upgraded in Type B and C products, 
whereas the conventional A-type products are software-wise rather difficult to 
upgrade.  

Input and Output- certain type-B and type-C products provide the users with richer 
manipulation possibilities that – if transparent to the user – could support them in 
performing a control task. There are other products (particularly type-A), however, 
that are rather restricted in presenting to the users clearly and comprehensively the 
potentially available manipulation and control space. Nonetheless, as our results sug-
gest, type-A products are more positively evaluated than the more modern/high-tech 
(type-B and C) products, especially in view of first impressions and ease of learning. 
Here, we see a challenge: modern (high-tech) interface products that offer high func-
tional coverage, must also pay attention to the cognitive user requirements so that 
formulation and execution of control commands are not overtly complicated.  

3   Built Environment Communicator 

The observations analyzed in the previous section informed the resulting interface 
named as BECO- “Built Environment communicator” (see Fig. 1), which serves as a 
user interface model for building systems of a research project “self-actualizing  
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Fig. 1. A screen shot of BECO in web browser 

sentient buildings” [1]. In this section, firstly, the testbed infrastructure and system 
architecture are described. The features of this user interface model are then intro-
duced in view of implemented services, layout design, as well as navigation. 

3.1   Testbed Infrastructure 

A testbed infrastructure is set up to simulate office-based sentient environments where 
a set of services are deployed and seamlessly integrated. The testbed is installed for 
“self-actualizing sentient buildings” research project [1] as a 1:1 mockup of two of-
fice rooms located in our Building Automation Laboratory in Vienna Technical Uni-
versity, Department of Building Physics and Building Ecology. This testbed infra-
structure involves a system controller associated with a variety of network protocols 
(based on the Internet, LAN, and LON Network), devices, and services.  In order to 
create a realistic office environment, this existing light-weight test bed is equipped 
with systems for heating, lighting, ventilation, shading, and de-/humidification. These 
devices include: 1) HVAC system; 2) Radiator; 3) Electrical windows; 4) Electrical 
shading; 5) Ambient lighting system (2 luminaires and 1 task spot for each room); 6) 
De-/Humidification system (see Fig. 2). 

3.2   System Architecture 

Our interface development is based on Silverlight 2 which is a major tool for building 
rich interactive user experience that incorporates user interface and media [10]. Visual 
Studio 2008 (based on C#, as a .NET language) is used as a development tool for 
coding this silverlight-based user interface framework and Adobe Illustrator for lay-
out and graphic design. Specifically, in order to make the interface more graphical 
and interactive, XAML (Extensible Application Markup Language) is used as a user 
interface markup language to create user interface (dynamic) elements and anima-
tions. Also, a Microsoft SQL Server, which is a relational database and management 
system produced by Microsoft, serves as a database server of this interface applica-
tion. ASP .NET AJAX was developed to improve performance in the browser space 
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Fig. 2. Schematic representation of the equipped devices in a test room (Lab 1) 

by making communications between the web-based interface and database server 
asynchronously. In addition, a specific socket-based communication protocol is con-
ducted to connect to the model-based service via a socket port.  

3.3   Implemented Services 

All identified system services are implemented and aggregated in terms of a web-
based interface that provides a central portal for the occupants to access all control 
services. Thereby, we consider four aspects, mainly control options, provision of 
information, settings, and hardware: 

Control options- three control groups considered essential for the occupants of an 
office [1] are implemented in order to accommodate the occupants’ preferences to 
control the occupants’ environment. These control groups include “Home” (based on 
control via perceptual values/parameters), “Devices” (involving control via devices) 
and scenes (encompassing control via scenes). All deployed control groups have been 
integrated in BECO providing a “one-for-all” and consistent interface to unify the 
control solutions. The realization of the above-mentioned control groups may be fur-
ther customized via user-based definitions of spatial (micro-zoning) and/or temporal 
(schedule) extensions. An example of a spatial extension is a user-customized as-
signment of a control device state to a certain location (e.g., Lab1 or Lab2). Such 
spatial extension is deployed in these three control groups, namely “Home”, “De-
vices”, and “Scenes”. An example of a temporal extension is a user-defined time-
based variation of (schedule for) the position of a certain device/scene. Such temporal 
extension is employed in control groups regarding “Devices” and “Scenes”. 
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Provision of information- information groups implement a schematic information 
service for the office-based environment, which continuously updates information 
from Building information model. Primary information groups include general infor-
mation, information booth, and information extensions. General information, which is 
in the bottom of the layout, provides the occupants with user information, time, and 
date. The occupants can inquire the context information (i.e., indoor/outdoor informa-
tion) and control task information (regarding device states) via information booth. 
Also, room surveillance (as linked to IP CAMERA) and location information may be 
obtained separately by the occupants.  Among these information groups, the informa-
tion booth, room image, and location information are divided into sections and placed 
into panels that allow the occupants to inquire one or two or close all at a time. 

Settings- “Settings” include general setting and scene setting. General setting per-
tains, for example, to startup page (based on “Home” and “Devices”), measurement 
(involving metric and English system), and suggestion notification marking. Scene 
setting includes manipulation steps such as control states setting (regarding the con-
trol devices in control options) and assigning name/icon. Also, the occupants may 
assign scene setting to timeline/date setting as optional extension. 

Hardware- occupants may use mobile interfaces (e.g., laptop and/or tablet pc) to 
call up this web-based interface model – BECO - and achieve the desirable indoor 
climate via internet regardless of the spatial limits. Also, it is software-wise easy to 
upgrade to provide the occupants and building management with high re-
configurability and flexibility potential. 

3.4   Layout Design 

In order to achieve a clear visual hierarchy and semantic structure, this section dis-
cusses certain strategies to organize versatile groups and objects in this interface 
model: 

Layout framework- the users typically favor the interface to be easy to use/learn 
and to navigate through independent of the functional coverage ranges (see section 2). 
Keeping the user interface simple and clear makes it easier for the users to adapt to. 
Furthermore, changes in the appearance of the layout should clearly relate to users’ 
intention and operations. Thus, the first step in the design is to achieve a visually 
consistent and easily-recognizable framework. Firstly, a closure grouping strategy is 
deployed to form a focal point for short-term user-system interactions (see Fig. 3). 
Then, related attributes are gathered together and separated from other distinct attrib-
utes. For example, most information groups are constantly employed in the right side 
of the layout to keep them unambiguous separate from the control groups in view of 
navigation memory. 

Center stage- the primary job of a transient posture user interface with its short-
term usage patterns is to accomplish an indoor climate control task. For establishing a 
visual hierarchy and guiding the occupants’ focus immediately to the main control 
zone where the most important task take place, an obvious and large area is anchored 
in the center of this interface layout, whereas the auxiliary contents are clustered 
around the “center stage” [9] in small panels/pieces (see  Fig. 4). 
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Fig. 3. (a) Interface layout; (b) Closure grouping; (c) Layout zoning in terms of attributes; (d) 
Visual hierarchy: center stage and auxiliary content 

Use of color- for undertaking a variety range of assigned tasks, this user interface is 
designed and organized into many subsections in view of the layout. In addition to 
using the above-mentioned layout framework to integrate them visually, making each 
subsection distinct and capturing the users’ attention immediately is also an important 
issue. In our deployed layout, fives series of high-contrast colors are assigned together 
with the layout framework to identify and “echo”  separate attributes  in this user 
interface  layout. 

3.5   Navigation 

As to the navigation experience, instead of offering too many “jumps” to satisfy a wide 
range of flexibility/functional coverage, it is a key issue to provide a more straightfor-
ward manipulation memory helping the occupants to get around safely in a quasi “one-
page” depth. A strong layout framework discussed in section 3.4, consistently shown 
on each sequence page, makes learning and retaining of the required manipulation 
sequence easy and relieves occupants’ cognitive burden to handle varying page content 
by a wide margin. Moreover, certain cognitively friendly user patterns are used to 
support the occupants whilst offering richness in manipulation options: 

Card stack- a number of control options are required for this interface, whereas the 
occupants may need only one group at one time. Thereby, the control options are 
grouped into three separate “cards” [9] together with titled tabs (i.e., “Home”, “De-
vices”, and “Settings”) to allow the occupants to access them one at a time. 
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Accordion- instead of overwhelming the occupants, each information group on the 
right-hand of the layout (based on context, surveillance image, and location informa-
tion) are embedded in accordion-like panels and may be opened and closed separately 
from the others simply when needed. However, the occupants may also trigger these 
three groups simultaneously and keep them in view all the time.  In this aspect, the 
occupants may experience a neat layout while offering richness in manipulation options.  

Target guiding- guiding the occupants to go through so many jumps may distract 
their attention and let them get lost easily in navigation. Two patterns (control "in 
place” and Sequence guiding) are used to guide the occupants to effectively accom-
plish the control task, whereby the perceived complexity of the interface is decreased. 

Continuous scrolling- going through long lists of items may also impose a cogni-
tive burden on the occupants. In order to present a long set of items effectively in 
“Devices” (control group) and context information panel, a pattern of continuous 
scrolling is used to enhance the occupants’ rapid selection/review of the items. The 
occupants may click the arrow to invoke the scrolling. In response to the click, a cer-
tain list of items on the display is scrolled through in a horizontal/vertical way. Thus, 
the occupants may jump to the desired items visually. 

Terms /icons- labels (e.g., iconic buttons, tags, and text items) are used here to commu-
nicate knowledge visually/verbally and to enhance navigation proceeding. For example, in 
order to convey the cognitive message regarding the main control tasks to the occupants, 
“Home” and “Devices” control groups are presented in terms of large language-neutral 
icons. Also, by means of assigning short and easy-to-understand titles, certain text items 
(together with mapped icons) are made convenient to use by the occupants. 

To better portray the navigation of the interface, an illustrative scenario with ma-
nipulation steps is described and demonstrates how the occupant adjusts the indoor 
climate conditions. In this example scenario, a company manager is working and 
finds the room air to be too warm. Thus, she calls up “control via perceptual values” 
in “Home” control groups and chooses “Temperature” option (see Fig. 4). A control 
box is triggered on the main control zone of the interface screen. She presses “cool” 
button twice. That way, she has control over the temperature of the room, while the 
model-based system [5] translates her input with its own simulation-based approach 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 4. The occupant adjusts the indoor climate conditions by control via perceptual values 
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to trigger an appropriate control action involving the related devices. Subsequently, 
the system changes the states of HVAC, the position of the blinds as well as the win-
dow of her office room. Meanwhile, the animated icon in the control box becomes 
cool by 2 levels, as an information feedback of the temperature transition. Once the 
control task is finished, she clicks somewhere else to terminate the control box and 
the screen reverts to a default view of “Home” control group.  

4   Conclusion 

The present paper demonstrated the translation of systematic user interface require-
ments and functionalities (for office environments) into prototypical designs, whereby 
users’ control behavior is considered. The proposed user interface model mainly sup-
ports user interactions with building systems for indoor climate control. With easily-
recognizable icons and well-structured navigation possibilities, a wide range of  
control options are provided to the occupants. The implemented interface prototype 
provides a testable basis for future developments in user interface technologies for 
sentient buildings.      
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