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Abstract 

The consumption of vast amounts of energy by large-scale buildings with vast exterior 
surface area and diverse occupancy requirements has necessitated research into dynamic 
envelopes for comfortable and energy-efficient buildings that current architectural 
practice overlooks.  The blending of established technologies provides opportunities to 
develop cooperative networks of building components that can sense and intelligently 
respond to their environment over various spans of time.  This paper presents dynamic 
control and intelligent network systems as two technologies capable of addressing the 
various performative requirements demanded of a building envelope via their potential to 
form a balanced and effective Adaptive Facade System.  Experimental mock-ups are 
presented, and the analysis of their resultant data is suggested along with the subsequent 
development of a complete facade system to validate the findings. 

1 Introduction: The Role of Facade 

A facade’s functions can be divided into three major categories (Straube, 2005): 

1. Support  

2. Finish  

3. Control  

Support is relative to the size, amount, and travel of facade components owing to the 
amount of space allotted.  Finish refers to meeting human desires, and is often overlooked 
as architects take the approach of “The needs of the many outweigh the needs of the few” 
to streamline the design process.  This approach neglects individual occupant, space, and 
climate expectations, which can change drastically over the course of a building’s life-
span.  Control is the core of performance, and in practice focuses on rain, air, heat, and 
vapor control.  These variables alter performance requirements from one moment to the 
next.   
 
Like its occupants, a building’s skin functions in a biological and dynamic fashion, 
creating a profound and intimate relationship between the two.  The skin has the ability to 
interact directly with the occupant by bridging the exterior and interior environments in a 
controlled fashion.  Acting like a protective membrane, it selectively permits 
environmental conditions access to the internal environment, while excluding others.  As 
such, it has direct influence on the occupant’s condition.   

Contemporary facades must ensure that the entire building is successful as a sustainable, 
adaptable and efficient system.  It is important to mention that these criteria relate to the 
requirements of each stakeholder.  Stakeholders include, but are not limited to: occupant, 
owner, contractor, architect, utility companies, and building managers. 

Conventional facades tend to do a poor job of addressing stakeholder requirements due to 



an insensitive design method that overlooks the individual.  Stakeholders would benefit 
from more inclusive bottom-up approach incorporating macro and micro-level 
adaptability to meet stakeholder requirements.  This method can be achieved through the 
aggregation of each individual set of requirements.   

2 Dynamic Control Systems  

Dynamic control systems have been engaged for industrial solutions for some time to 
introducing automated and responsive behavior to an otherwise manual process.  By 
applying this technology to a facade, an adaptive system could be developed to convey a 
higher level of performance while limiting the negative impact of bulky environmental 
systems and resource consumption.   

When developing any facade system, designers should take advantage of all resources at 
hand to achieve a performative envelope that supports an energy efficient, customizable, 
and innovative design.  Facades should be intelligent, learning by observing occupant 
behavior.  There are a multitude of established and emergent technologies within the 
design, fabrication, analysis, and control tool sets that allow us to address the challenges 
brought on by the wide range of conditions under which facades perform.   

2.1 Context awareness 

From the perspective of "context awareness", adaptivity entails the possession of smart 
entities that sense and respond to changes in external circumstances, adjust internal 
functions, and independently adopt actions meeting current needs. In addition, a 
building's possession of adaptivity implies that the smart components will have enhanced 
ability to communicate and interact with users. Context implies situational information; a 
system possessing context awareness can extract, interpret, and use contextual 
information, adjust its functions, and provide applications for users to accomplish its 
mission (Selker, 2000; Dey, 2000). 

Buildings contain contextual information that concerns the why, how, who, what, when, 
and where.  It should manifest itself as computable data types, and exploited by the 
system to respond to environmental conditions and requirements.    

 

 

 

 

 

 

 

 

 

 



 

Table 1. Contextual information six "W" dimensions and content (Chen and Chang, 
2010) 

Why Reason for system design and goals 
How How to apply contextual information (steps and methods) 
Who 1.  User identity (sex, age, characteristics, occupation) 

2.  Physiological measurements (blood pressure, heart rate, breathing rate, 
muscular activity, tone of voice) 

3.  Psychological preferences (happiness, anger, aversion) 
4.  User activity (conversation, reading, walking, running) 
5.  Social situations (company, group, status, jurisdiction) 

What 1.  Variable factors affecting adjustment of system testing and assessment 
needs 

2.  System related equipment, devices, servers, and spaces 
3.  Effective resources (batteries, displays, networks, bandwidth) 

When 1.  Temporarily stored information (preserved for a finite period of time, 
such as one day, quarter, or year) 

2.  Appointments (itinerary, agenda) 
3.  Event driven opportunities, event continuation time, and event 

recurrence period 
Where 1.  Spatial information (location, direction, bearing, speed, acceleration, 

motion) 
2.  Environmental characteristics (temperature, humidity, illumination, air 

quality, wind speed, wind direction, noise, precipitation) 



 

 

2.2 Adaptive Facade Properties and Components 

Adaptive facades consist of four major components that work in concert to give an 
envelope its performative capabilities. 

 

Table 2.  Adaptive components and functions 

Component Function 

Sensors Gather environmental data (solar exposure, temperature, 
occupancy) 

Microcontrollers Programmable units designed for embedded applications that 
receive sensor data (input), and control actuator behavior 
(output) 

Actuators Movement or control of adaptive components 

 

Network Adapters Communication with building system and other components 

 

Choices regarding adaptive properties and the components that drive them are project 
specific, and there is an ideal set of performance metrics and components that 
complement one another.  The consequences of these choices directly affect the 
sustainability of a design. 

2.3 Occupant-level interaction 

In micro-scale buildings, such as a residence, performative alterations are often 
performed by the occupant.   This ensures a personalized degree of comfort throughout.  
Conversely, macro-scale building environments employ automated mechanisms to handle 
environmental comfort. In large applications, these systems neglect the individual and 
can have a negative impact psychologically and physiologically. 

In large-scale applications, an Adaptive Facade System would be the bottom-up approach 
that provides an occupant with personalized comfort while providing environmental 
control throughout. 



3 Intelligent Networks 

An Intelligent Network System is a top-down control method that assimilates three 
specific technologies, to form a collective entity that would simultaneously:  

 consider requirements of users and environment  

 observe occupant routine, environmental patterns, and the consequences of agent-to-
agent interaction 

 controlling building components   

An intelligent network is essential to enabling flexibility at all scales of operation and 
extracting peak efficiency from adaptive facades.     

Like the central nervous system of a living organism, an Intelligent Network System 
cannot sense or respond to its environment alone.  It needs hands and eyes to see and 
manipulate what it perceives, just as those same hands and eyes need an intelligent 
network to control them.  Marrying this top-down system with a bottom-up adaptive skin 
would create an effective and balanced Adaptive Facade System capable of learning and 
adapting to interior and exterior conditions. 

There are three important components of an Intelligent Building System: 

1. Artificial Neural Networks 

2. Fuzzy Logic 

3. Agent Based Systems 

All represent well established technologies that have been successfully utilized in real-
world applications.  Assembling them to create an intelligent system that engages 
adaptive components would greatly benefit a building's performance. 

3.1 Artificial Neural Networks  

Artificial Neural Networks are mathematical or computational models that are inspired 
by the structural and/or functional aspects of biological neural networks.  Neural 
networks consist of an interconnected group of artificial neurons, and process information 
using a connectionist approach to computation.  In most cases, an Artificial Neural 
Network is an adaptive system that changes its structure based on information that flows 
through the network during the learning phase (Figure 1).  This non-linear statistical data 
modeling tool is used to model complex relationships between inputs and outputs and to 
find patterns in data.  Artificial Neural Networks act as a framework for Intelligent 
Building Systems in a similar way.  By learning from each component and distributing 
resultant commands to support the building's operation, a more agreeable environment is 
actualized.  

 



 

Figure 1.  Schematic of learning process (Yager, 2010) 

3.2 Fuzzy Logic 

Fuzzy logic is a form of many-valued logic, and deals with reasoning that is approximate 
rather than fixed and exact.  In contrast with traditional logic theory where binary sets 
have two-valued logic (true or false), fuzzy logic variables may have a truth value that 
ranges in degree between 0 and 1.  Fuzzy logic has been extended to handle the concept 
of partial truth, where the truth value may range between completely true and completely 
false (Figure 2).  Thanks to its inherent flexibility in gauging abstract environmental 
conditions, this logic is ideally suited to support learning behavior in artificial neural 
networks.  

 

 

Figure 2.  Perceived temperature diagram illustrating the flexibility gained with 
fuzzy logic 

3.3 Agent-Based Systems 

Agent-based systems are used as computational models for simulating the actions and 
interactions of autonomous agents with a view to assessing their effects on the system as 
a whole (Niazi and Hussain, 2011).  In this capacity, agent-based models can recreate and 
predict complex phenomena.  In a building system, agents can observe behavior, 
environmental conditions, exchange data, assume commands, and act independently.  
Observations and commands would be transmitted through the wireless or hard-wired 
building information network. 

An agent-based intelligent system is a scalable, bottom-up approach to managing a 
building environment.  When integrated with an Intelligent Network, both operator and 
occupant are given the ability to make adaptive decisions.  This is achieved in part by 
addressing each participant as an agent and tracking their actions and preferences.  There 
could be hundreds if not thousands of agents operating independently, working in a 
concerted manner across a large scale facade system. 



4 Experimental Prototypes 

To facilitate learning and research, two specifically purposed prototypes have been built. 

4.1 Facade Mock-up v1.0: Developing an understanding 

Version 1.0 (Figure 3) focuses on understanding the role that microcontrollers hold within 
an Adaptive Facade System.  The prototype senses solar intensity, and responds by 
actuating an adaptive frit to control exposure. 

 

 

Figure 3.  Arduino controlled mock-up 

4.2 Facade Mock-up v2.1: An intelligent multi-agent system 

The second prototype incorporates an intelligent multi-agent approach by utilizing three 
primary agents: 

1.Agent Computing Mechanism  

2.Database Agent  

3.Adaptive Facade Agent  

 

 



 

Figure 4.  Diagram of multi-agent mock-up 

The Agent Computing Mechanism is the anchor of this mock-up.  It manages data from 
database and facade agents, queries Web-based resources for current weather conditions, 
makes adaptive decisions, and learns to perform more efficiently through the mining of 
data.   

The Facade Agent (Figure 5) houses internal environment sensors, adaptive component 
actuators (Figure 6), and microcontroller.  The microcontroller conveys sensor data to the 
computing mechanism and, although capable of operating autonomously, acts upon the 
commands it receives.  Sensors collect data on barometric pressure, temperature, and 
solar exposure.  Actuators control fritted panes and vent dampeners to adjust the internal 
conditions according to pre-determined preferences.  

The Database Agent stores data-sets deposited by the computing mechanism throughout 
the duration of the experiment.  Following each computational cycle (10 minutes) the 
computing mechanism program loops and retrieves data to continually improve 
performance.  

 

 



 

Figure 5.  Adaptive facade agent 

 

 

Figure 6.  Open vs. closed  

 

Through utilizing self mining of data, granular agency, and a balanced top-down/bottom-
up control system, Mock-up v2.1 will generate results necessary for validating the 
performance assumptions made about Adaptive Facade Systems. 

5 Future Goals 

5.1 Computational analysis and comparison 

Experimental data from the v2.1 database will be stored for approximately one month.  
Subsequently, models of varying building types, facade examples (this includes static 
facades as experimental controls), and environments should also be digitally simulated, 
and the performance values of both virtual and physical examples should be analyzed and 
compared to validate performance assumptions. 



5.2 Further investigation 

Following the critical examination of experimental facade performance, at least one 
example ought to be amended as necessary to bring performance to an ideal level and 
serve as a proof of concept.  Throughout this pursuit, additional research and 
experimentation should be performed on next-generation adaptive methods and materials.   
Electropolymeric technology (Figure 7) is an example of an highly efficient and dynamic 
daylighting control system that could readily be incorporated into an Adaptive Facade 
System (Dyson, Krietemeyer, Smith, 2011).   

 

 

Figure 7. The transfer of electropolymeric display technologies to windows (Dyson, 
Krietemeyer, Smith, 2011) 

6 Conclusion 

The research presented in this paper exhibits how dynamic control and intelligent 
network system technologies can be joined to provide a solution to the mismanagement 
of natural resources and comfort control within large-scale buildings.  The innovation in 
performative analytics on Adaptive Facade Systems will make clear the value of this type 
of arrangement and how to further develop it. 
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