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Abstract

With the increasing pervasiveness of wireless technologies, users will benefit from interacting with appliances in their environment using their mobile device. One of the challenges to supporting such ubiquitous control is the creation of user interfaces for the remote control functions on the mobile device. I propose to examine an approach I call the Personal Universal Controller (PUC) where the mobile device downloads an abstract description of the appliances’ functions and then automatically generates high quality interfaces that enable control. The PUC system includes an appliance specification language that contains no specific details about how a user interface for the appliance should be designed, a protocol for communication between controller devices and appliances, custom software and hardware for adapting existing appliances to support the PUC protocol, and interface generators for three platforms: PocketPC, Smartphone, and desktop computers. 
The interface generators will support several features that are unique to the PUC system. The interface generators will use a general technique called Smart Templates to render standard conventions with which users are familiar, such as the arrangement of buttons on a telephone dial-pad or the conventional play, stop, and pause icons on a media player. Interfaces generated by the PUC system will be based on previous designs for similar appliances in order to achieve consistency for the user. The PUC system will also be able to generate a single combined user interface for multiple connected appliances, such as a home theater system.
To evaluate the completed PUC system, I will develop specifications for a wide variety of appliances that are representative of the common appliances that users encounter every day, and perform studies that compare user performance on the manufacturers’ user interfaces versus automatically generated interfaces for some of those appliances. My thesis is:

A system can automatically generate user interfaces on a wide variety of platforms for remotely controlling appliances where the user’s performance is better than with the manufacturer’s interfaces for the appliances.

1. Introduction

Every day users interact with many computerized devices at both their home and office. On an average day I use my microwave oven, television, VCR, alarm clock, and stereo at home, and the copier, fax machine, telephone/answering machine, vending machine, and CD player at school. That does not count the mobile phone and wristwatch that I usually carry around with me, nor does it count the three "normal" computers that I use daily or many of the computerized components that my car would have if it had been built in the last ten years. All of these devices have different interfaces, even for functions that are common across most of them such as setting the internal clock. Even devices that are functionally similar, like my car stereo, home stereo, and the media player on my computer at school, have vastly different interfaces. As the user I have to spend time learning how to use every device in my environment, even when they are similar to other devices that I already know how to use. 

One solution to this problem is to move the user interface from the appliance to some other intermediary “UI device.”  A UI device could be a handheld computer, like Microsoft’s PocketPC, a mobile phone or even a speech system built into the walls of a building. One advantage of this approach is that people are increasingly carrying a mobile device that could be used as such a UI device. Many of these devices will soon have the ability to communicate with other devices in the environment through wireless networking protocols like 802.11 (Wi-Fi) or Bluetooth. Furthermore, these mobile devices are built with specialized interface hardware, like color and/or touch-sensitive LCD screens, which make the creation of high quality user interfaces easier. A UI device could leverage its specialized hardware to provide a superior user interface as compared to what can be cost-effectively built on an appliance.
This thesis will build a Personal Universal Controller (PUC), which enables intermediary UI devices to be constructed. The PUC system supports two-way communication, which allows the controller device to download from the appliance an abstract description of that appliance’s functions. The controller then automatically generates a user interface that allows the user to send control signals to the appliance and receive feedback on the appliance’s state. 
The benefits of having a PUC device are:

Manufacturers are no longer solely responsible for creating a high quality user interface for their complex appliances. The trend has been that as appliances increase in complexity, their interfaces decrease in quality [3]. This happens in part because the manufacturer’s sole concern is the sale of their product, and unfortunately price and functionality, not usability, seem to be the most important factors in making a sale. The PUC moves responsibility for the user interface to specialized interface generator software and hardware whose sole concern is usability.

The interface generation software can run on many platforms. The abstract appliance specification language contains enough general information for interfaces to be generated on a variety of platforms. I propose to build interface generators for Microsoft’s PocketPC and Smartphone, and for desktop computers, and to collaborate with researchers in the Universal Speech Interfaces (USI) group here at Carnegie Mellon on building a speech interface generator.

Special user interface technology can be built into a PUC device that would not be affordable on every appliance. It is not practical to build a large color LCD and a touch-sensitive screen into every appliance, but a PUC device that has such hardware can use it to improve the generated user interfaces for every appliance. 
One user interface can be created for multiple connected appliances. Some appliances are commonly used with several other appliances, which may be thought of by the user as one conceptual system. Some examples are a home theater system, or a presentation system in a conference room that consists of the PowerPoint application on a desktop computer and a data projector. If information is available regarding how a system of appliances is connected, then that information can be combined with the abstract specifications for each appliance to create a single interface for the conceptual system.

Interfaces can be made consistent for the user, both within the controller device and across similar appliances. PUC interfaces will be easier to use because they can leverage the user’s existing knowledge about the controller device and appliances that the user has used in the past. A PUC interface generator will build interfaces that are consistent with other applications that run on that controller device, so an interface built on a PocketPC will look like other applications that run on the PocketPC. The interface generator will also make interfaces consistent across similar appliances. This could solve one problem mentioned above by making the interfaces on my controller device for my home and car stereos look similar because both of these appliances have similar functions.
User preferences can be taken into account in the generated interfaces. For example, an elderly person who has failing eyesight could set a preference to increase the font size and the size of interface elements, making the generated interfaces easier to use.
An interface is not necessarily required on the appliance. A PUC controller can provide a user interface to the full functionality of an appliance, rather than a subset as most current “universal controls” do. While removing the interface on the appliance will not always be beneficial, it is necessary for some “invisible” computing appliances envisioned by ubiquitous computing researchers. Already some of today’s appliances, such as televisions and VCRs, have very few physical controls and rely on a remote control and video screen to provide most of the user interface.
The idea of a system for controlling appliances is not new. Consumer electronics companies have sold universal remote controls for many years, but the PUC system improves on universal remote control technology in a number of ways. The PUC system supports two-way communication with appliances, allowing controllers to display state information and disable functions that are not currently available. A PUC controller can also control the full functionality of an appliance, unlike universal remote controls that are limited to controlling the most common subset of functions across every appliance. Finally, PUC controllers automatically generate user interfaces and are not limited to producing interfaces for a set of appliances that are pre-programmed into the controller at the factory.

Researchers have also examined how appliances can be controlled. Systems such as the universal interactor [11] and ICrafter [26] investigated infrastructures for distributing appliance user interfaces to controller devices in the environment. Though both of these systems supported simple automatic generation of user interfaces, both preferred to use hand-generated interfaces when available. The PUC system differs from these systems in its focus on automatic user interface generation and the quality of the resulting interfaces. Xweb [23] provided an infrastructure for interactive computing that was analogous to the world-wide web. All user interfaces in Xweb were automatically generated from an abstract description of the interactive service being controlled. The PUC system extends the ideas of Xweb with more detail in the specification language, support for ensuring consistent user interfaces across similar appliances, and the ability to generate a single user interface for controlling multiple appliances.
Automatic user interface generation has also been investigated by researchers in the past. User interfaces generated in this way were typically known as model-based user interfaces [33]. Unlike the PUC system, most model-based UI work relied on an interaction designer to guide the generation process and/or to edit the resulting user interfaces to fix any design problems. I do not believe that end-users of the PUC system will be willing to spend the time and effort to modify their automatically generated interfaces in this way, and thus the PUC system will need to generate high quality user interfaces on the first attempt.
The novel contributions of the PUC system are:

· An abstract appliance modeling language for describing the complete functionality of a wide-range of appliances
· Algorithms for automatically generating high quality interfaces for each appliance from that language.
· The general Smart Templates technique for incorporating domain-specific design conventions into an appliance specification and rendering the conventions appropriately on different platforms and in different interfaces modalities.

· Algorithms for determining the similarity between a new appliance specification and specifications that have been used in the past, and algorithms that use that similarity information to apply design decisions from previously generated interfaces in the generation process for a new interface.

· A distributed task-modeling language for describing the sub-tasks specific to an appliance in a multi-appliance system. The language will also contain special linking information that allows inter-appliance tasks to be inferred from each appliance’s sub-tasks.

· Algorithms for automatically generating a single user interface for multiple appliances using distributed task information.
· Interface generation software on multiple platforms: Microsoft PocketPC, Microsoft Smartphone, and desktop computers, which use the above algorithms to produce interfaces that are shown by user testing to be better than manufacturers’ interfaces for the same appliances.

An important part of this thesis is embodied in the last contribution, which requires the generated interfaces to meet a particular standard. There are two ways in which the PUC system must be validated in order to be judged a success: breadth of appliances supported by both the specification language and the interface generators, and the quality of the generated interfaces as compared to the manufacturers’ interfaces for the same appliances. Of these two, breadth is the most difficult to evaluate because it cannot be proven, only demonstrated. I will show breadth by creating a list of appliances that are interesting for their complexity or for a unique feature, writing specifications for these appliances, and generating interfaces from these specifications on each interface generation platform. A partial list and the methods for determining this list are discussed later in the Validation section.
Of the appliances chosen for the breadth validation, I will pick between three and five appliances to conduct comparison user studies. The choice of these appliances is discussed in more detail later, but will likely be based on the complexity and availability of the actual appliance. The user studies will compare user performance, as measured by metrics such as time, errors and help requested, for the automatically generated interface and the manufacturer’s appliance interface using techniques similar to those in my preliminary user studies [19].

My thesis is:

A system can automatically generate user interfaces on a wide variety of platforms for remotely controlling appliances where the user’s performance is better than with the manufacturer’s interfaces for the appliances.
In the next section I survey the related work in this area. The following section describes some preliminary user studies that I conducted as a basis for designing and implementing the PUC system. Section 4 describes the architecture of the PUC system, followed by a section describing the interface generation process in more detail. Sections 6-8 describe some of the novel features that I am proposing to implement in the PUC system, followed by a section describing some related features that I am not planning to implement. This is followed by sections describing how the system will be validated, a schedule for completing the thesis, and concludes with a summary of the proposed contributions. 
2. Related Work
A number of systems have been created for controlling appliances. Commercial products have been available for years that allow limited control for certain electronic appliances, and recently companies have begun forming standards groups to agree on new solutions for controlling appliances, such as HAVi [10], JINI [32], and UPnP [36]. Another standards group, INCITS/V2 [37], was formed to examine standardizing appliance control in order to benefit people with handicaps. There have also been several research projects that have explored this area such as Xweb [23], ICrafter [26], and Supple [41]. At the end of this section I also survey past and present work on automatic interface generation and the use of various models to support the generation process.
2.1 Existing Commercial Products
For years many companies have been selling so-called “universal remote controls,” which replace the standard remote controls for televisions, VCRs, and stereos with a single remote control unit. A one-way infrared protocol is used to issue commands to the appliances. Typical universal remote control products have physical buttons that correspond to the most common subset of features found on the appliances that the universal remote can control. For televisions this is limited to channel up and down, volume up and down, a number pad for manually entering channels, and a power button. For example, my mother has a universal remote for her television and VCR, but must use the original remote for the TV in order to access the television’s configuration menus. Some universal remotes avoid this problem with a teaching feature, which allows the user to assign buttons on the universal remote to a particular code that is recorded from the original remote control.
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Figure 1.  A Philips Pronto remote control device.
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Figure 2.  A Harmony remote control device.


In the past few years, several more complicated universal remote controls have been developed that deserve mention: the Philips Pronto [25] and the Harmony remote [13] from Intrigue technologies. The Philips Pronto (see Figure 1) was one of the first LCD-based universal remote control products. In addition to being able to program new infrared codes for new appliances, users can also design the panels of the controls that they use. Using the Pronto, it is easy, for example, to create a specialized screen for watching movies that has the DVD player and stereo volume controls, and another for watching television that only has controls for the cable box channels. Users can even associate multiple codes with a single button, allowing them, for example, to create a macro for playing a DVD that turns on the DVD player and television, switches to the appropriate channel, and plays the DVD. The problem with the Pronto, as with the other universal remotes, is that all of the programming must be done manually, which can be a tedious and time-consuming task, especially for a large number of appliances.

The Harmony remote (see Figure 2) is unique among universal remotes because it internally tries to maintain a record of the current state for all of the appliances that it can control. This has the limitation that the remote must know the state of the system when it is first used and that all control must be done via the Harmony remote afterwards, but it has the advantage that remote can hide functionality that is not available in the current state. The user interface is further simplified using a task-based interface shown on the small LCD screen which displays a list of tasks, such as “play movie in VCR” or “play DVD.” The list is based upon the appliances the user has and the current state of the system. When one of these options is selected, the remote sends the appropriate codes to all appliances and may also instruct the user to do certain tasks, such as insert a DVD into the player.
Both of these remote control devices also synchronize with a desktop computer to make the task of programming easier. This also allows users to download their remote control layouts from the device and share them with other users on the Internet. Several communities have been created to share panels for the Pronto, such remotecentral.com and prontoedit.com. Synchronization is also the basis for programming the Harmony remote, which is done via a web site that gives the user access to Harmony’s extensive proprietary database of appliance state information. Synchronization helps decrease the tediousness and time-consuming nature of programming the remote controls, but only for appliances where someone has uploaded the codes. For other appliances, the programming process is just as time-consuming when using these advanced universal remotes.
2.2 Emerging Commercial Standards

A number of industry groups have been formed to create new standards for remotely controlling devices. Four of the most prominent are the Microsoft-led Universal Plug and Play (UPnP) [36] initiative, Sun Microsystem’s JINI system [32], the Home Audio Video Interoperability (HAVi) initiative which is led by “eight of the world’s leading manufacturers of audio-visual electronics” [10] and the INCITS/V2 effort [37] which is a collaboration between the National Institute for Standards and Technology (NIST) and a consortium of researchers from industry and academia. The goal of all of these standards initiatives is to create a flexible communication infrastructure that makes it easier for people to control the appliances in their environment and for appliances to interoperate with each other.
Of the four, HAVi is the only platform designed specifically for consumer electronics devices like televisions and VCRs, and only works over an IEEE 1394 (Firewire) network. Televisions that feature HAVi are available today from RCA and Mitsubishi Electric, and Mitsubishi also produces a VCR that supports HAVi. HAVi’s user interface concept is that the television, because it is only appliance with a large screen, should control all the other appliances in a home network. There are three ways that a HAVi controller might control another appliance: (1) every type of appliance that might be controlled has a standardized interface specified by the HAVi working committee and a HAVi controller could have a hand-designed interface built-in for each standardized type, (2) every appliance can export a “level 1” or data-driven interface, which is basically a description of a hand-designed interface that includes buttons, labels, and even multiple panels, and (3) every appliance can export a “level 2” user interface, which is a piece of mobile code written in the Java language which displays a remote control user interface when executed on a HAVi controller. None of the interface descriptions are abstract, as the PUC appliance specification language is, and only the second and third interface description options may allow the HAVi controller to access special features of the appliance. The main advantage of HAVi over other proposed industry standards is its ability to control older “legacy” appliances using older protocols such as AV/C [2]. The main disadvantage of HAVi is the size of its API, which includes three levels of interface specification, standardized templates for many types of appliances which must be built into any controller implementation, a Java virtual machine, and support for a number of legacy protocols.
Sun’s JINI system was designed as a network infrastructure to make it easier for programmers to create distributed systems. Like the PUC, INCITS/V2, HAVi, and UPnP, it could allow a controller device to manipulate an appliance, but the infrastructure is much more general. The system is a set of APIs for discovering services, downloading an object that represents the service, making calls on the object using a remote procedure call protocol, and finally releasing the object when it is no longer needed. Like HAVi, JINI also relies on the Java platform to send mobile code from the service to the computer that wishes to use the service. This mechanism could be used, for example, to display a user interface that allows a human to control a service. It would be possible to implement a system like the PUC on top of the JINI protocol, but JINI by itself does not provide the user interface description features that the PUC does.
UPnP is designed both to allow user control and appliance interoperation. The two important units within UPnP are the “service” and the “control point,” which are similar to the appliance and controller respectively in the PUC system. Each UPnP service has a downloadable description formatted in XML that lists the functions and state variables of that service. Control points connect to services, download their descriptions, and then call functions and receive event notifications from the services. One important difference between the PUC and UPnP is the automatic generation of user interfaces. UPnP chose to avoid automatic generation, and instead relies on standardized appliance descriptions. A standardized description allows a control point to know in advance what functions and state variables a service will have, which allows a hand-designed user interface to be created in advance on a control point. Similar to HAVi, UPnP does allow services to specify additional functions and state variables beyond those in the standardized set, but it is not clear how a control point would accommodate these additional functions or variables in its user interface. UPnP provides a way around this, by allowing a control point to also download a web page and control the specialized functions of the service using standard web protocols, but the solution results in two different user interfaces being displayed on the same controller device.
Several UPnP products are available today, including gateway/router products from a number of vendors and a Pan/Tilt video camera from Axis Communications. UPnP currently has standardized five different service descriptions, and more devices are likely to appear on the market as the number of standardized service specifications grows.

Recent government legislation requires that appliances purchased by the government or government entities be usable by people with a wide variety of disabilities. Unfortunately, most appliances built today have no accessibility features. The InterNational Committee for Information Technology Standards (INCITS) has begun the V2 standardization effort [37], which is currently developing standards for a Universal Remote Console (URC) that would enable many appliances to be accessible through the Alternative Interface Access Protocol (AIAP). A URC controls an appliance by using AIAP to download a specification written in three parts: a user interface “socket” that describes only the primitive elements of the appliance, a “presentation template” that describes either an abstract or concrete user interface, and a set of resource descriptions that give human-readable labels and help information for the user interface. The URC will either then automatically generate an interface from an abstract presentation template, or display one of the interfaces specified in a concrete presentation template. I have provided feedback to the V2 group in the past that led to the current design of their specification, and plan to continue collaborating with V2 at some point in the future. A detailed report is available analyzing the similarities and differences between the V2 and PUC systems [18].
2.3 Research Systems for Controlling Appliances
A number of research groups are working on controlling appliances from handheld devices. Hodes, et. al. [11] propose a similar idea to our PUC, which they call a “universal interactor” that can adapt itself to control many devices. Their approach uses two user interface solutions: hand-designed interfaces implemented in Tcl/Tk, and interfaces generated from a language they developed called the “Interface Definition Language” (IDL). IDL features a hierarchy of interface elements, each with basic data types, and supports a layer of indirection that might allow, for example, a light control panel to remap its switch to different physical lights as the user moves between different rooms. Unlike the PUC work, this work seems to focus more on the system and infrastructure issues than the user interface. It is not clear whether IDL could be used to describe a complex appliance, and it seems that manually designed interfaces were typically used rather than those generated from an IDL description.
An IBM project [8] describes a “Universal Information Appliance” (UIA) that might be implemented on a PDA. The UIA uses an XML-based Mobile Document Appliance Langauge (MoDAL) from which it creates a user interface panel for accessing information. A MoDAL description is not abstract however, as it specifies the type of widget, the location, and the size for each user interface element.

The Stanford ICrafter [26] is a framework for distributing and composing appliance interfaces for many different controlling devices. It relies upon a centralized interface manager to distribute interfaces to handheld devices, sometimes automatically generating the interface and other times distributing a hand-designed interface that is already available. ICrafter can even distribute speech interfaces described by the VoiceXML language to those controllers that support speech. Support for the automatic generation of user interfaces is limited however, and they also mention the difficulty of generating speech interfaces. 

Perhaps the most interesting feature of ICrafter is its ability to aggregate appliances together and provide a user interface. One example described by the authors is the use of a digital camera and a printer. In most current architectures, the user would have to take a picture with the camera, save that picture to some temporary location, and then send the picture to the printer. Using ICrafter, the user can simply take the picture and send it directly to the printer. To support this, ICrafter requires every appliance to implement generic programming interfaces, such as the DataProducer or DataConsumer interfaces, that describe to the infrastructure how interconnections can be made. This allows ICrafter to provide a user interface to the appliance connection in addition to the particular appliances. The downside of this approach is that the user must use several different interfaces to interact with their connected appliances (one for each appliance and additional interfaces for every connection). The PUC will go beyond this work by integrating all of these separate user interfaces into a single interface for the entire system.
The Xweb [23] project is working to separate the functionality of the appliance from the device upon which it is displayed. Xweb defines an XML language from which user interfaces can be created. Unlike the PUC specification language, Xweb’s language uses only a tree for specifying structural information about an appliance. Their approach seems to work well for interfaces that have no modes, but it is unclear how well it would work for remote control interfaces, where modes are commonplace. Xweb also supports the construction of speech interfaces. Their approach to speech interface design, including emphasis on a fixed language and cross-application skill transference, is quite similar to the Universal Speech Interface approach, as it is derived from a joint philosophy [28]. Xweb’s language design allows users to directly traverse and manipulate tree structures by speech, however they report that this is a hard concept for users to grasp [23]. The interfaces designed for the PUC using the Universal Speech Interface design differ by trying to stay closer to the way people might talk about the task itself, and is somewhat closer to naturally generated speech.
2.4 Model-Based User Interface Research
The idea of automatically generating user interfaces from abstract specifications is not new. It was explored in several systems in the early 1980’s and the work was extended by at least a dozen systems since then. The interfaces created by these systems came to be known as model-based user interfaces because they were built from detailed models of program functionality, user knowledge, presentation environment, etc. This sub-section discusses many of the model-based interface systems and discusses how the PUC system will build on this work. A more detailed summary of model-based interface work can be found in [33].
The motivation for the earliest model-based systems was to simplify the user interface creation process by integrating it with the implementation of application logic. It was hoped that a User Interface Management System (UIMS) could be created that would manage the details of the user interface just like the Database Management Systems (DBMSs) had abstracted many of the details of dealing with large quantities of data. One of these early systems was Mickey [22], which automatically generated menus and dialog boxes from function signatures and strategically placed comments in the code implementing the application logic. This simplified the construction of user interfaces for programmers, who could now implement the logic, add a few special comments, and immediately have a limited user interface for their application. While the generated user interface was rarely sufficient for the entire application, the techniques demonstrated by Mickey showed promise for simplifying the user interface implementation process.  
Jade [38] is another example of an early model-based system for automatically generating dialog box layouts based on a textual specification of the content. Like the PUC’s specification language, Jade’s textual specification contains no graphical references, which keeps each specification small and allows the look-and-feel of the generated interfaces to be independent of their content. Unlike the PUC system, Jade allows interface designers to manually edit its results to fix any problems in the automatically generated interfaces. Most of the model-based systems discussed in this section have similar features for allowing the interface designer to guide the generation process and/or edit the final user interfaces. While the PUC system could allow manually editing, it is important to remember that users of the PUC system are not trained designers and will rarely have the time or desire to modify a generated interface. 
Systems of the late 80’s and early 90’s, such as UIDE [31], HUMANOID [34] and ITS [42] expanded on these ideas with more complicated models that could generate more sophisticated user interfaces. UIDE, which stands for User Interface Design Environment, is the earliest of these systems. The knowledge base contains information about objects, the actions that users can use to manipulate those objects, and pre-conditions and post-conditions for each action that describe what must be true for the action to be executed and conditions that are true once the action has been executed. Pre-conditions and post-conditions are similar to the dependency information used in the PUC specification language. The development of UIDE led to several advances in the automatic design and layout of dialog boxes. It was shown that a decision tree could be constructed that performed well for choosing the interface element to use for a particular variable or action [6], and the DON system [15] used metrics and heuristics to create pleasing layouts of interface elements. The PUC interface generators use and extend these techniques. Another interesting tool developed as a part of UIDE is Cartoonist [30], a system for automatically generating animated help from pre- and post-condition information. It may be possible to create a similar system using the PUC specification’s dependency information, but that is outside the domain of what I propose to explore for this thesis.
ITS is another model-based interface system, and was developed by researchers at IBM. The ITS system differs from other model-based systems in its explicit separation of concerns within its four-layer specification. ITS’s layers consist of actions for modifying data stores, dialog for specifying control flow, style rules for defining the interface elements, layout, and language of the user interfaces, and style programs that instantiate the style rules at run-time. The layers are designed to make it easier for experts in different areas to collaborate on the interface design. For example, programmers would implement the actions and style programs, while interface designers would write the style rules and application experts would specify the dialog. An important focus of ITS is making the dialog and style rules layers highly usable so that non-technical experts could be “first-class participants” [42] in the design process. The design process was also very iterative; rules were expected to be continually refined until an acceptable user interface was created. Unlike many of the other model-based interface systems, ITS was used to create several commercial applications, including all of the kiosks at the EXPO ‘92 worlds fair in Seville, Spain.
HUMANOID [34] is a tool for supporting the creation of the entire application, going beyond the creation of menus and dialog boxes and focusing on the construction of interfaces with visualizations for complex data. An important feature of HUMANOID is the designer’s interface, which integrates all design aspects of the system into a single environment and focuses the designer on a tight design/evaluate/redesign cycle. To support this cycle, the system is explicitly designed such that the application can be run even if it is not fully specified. The benefit of this is that designers can get immediate feedback and explore many alternatives in a short amount of time. 
The MASTERMIND project [35] started as collaboration to combine the best features of UIDE and HUMANOID. In addition to modeling capabilities of those systems, MASTERMIND also uses task models to inform its automatic interface designs. Task models have since been used in nearly every new model-based system. MASTERMIND was also one of the first systems to explore the idea of generating different interfaces for desktop computers, handheld computers, and pagers [33] by using the model to decide which information or interface elements could be removed from the interface as the size decreased. The interfaces generated for each different device used the same interaction techniques, which is not true of the dramatically different PUC interfaces generated for the PocketPC as compared to the Smartphone. 
TRIDENT [39], a model-based system built around the same time as MASTERMIND, combines the ideas of an automatic interface generator with an automated design assistant. Like other systems, TRIDENT uses a task model, an application model, and a presentation model as the basis for creating interfaces. The TRIDENT system established a set of steps for its interface generation process: determine the organization of application windows, determine navigation between windows, determine abstractly the behavior of each presentation unit, map abstract presentation unit behaviors into the target toolkit, and determine the window layout. At each step, the interface designer could ask the system to perform the step using one of several techniques or do the work themselves. While the PUC system will not expect the end-user to be involved in every phase of the design process, several of TRIDENT’s automated techniques will be used or extended. For performing layout, TRIDENT specified a bottom-right method that for each element would ask, “should this element be placed to the right or below the previous element?” A set of heuristics were used to automate the decision, or the interface designer could explicitly decide, often resulting in interfaces with a pleasing appearance. TRIDENT also used its task models, specified in a format called an Activity Chaining Graph (ACG), to automatically determine the number of windows needed for an application. The PUC system does not currently generate interfaces using any of TRIDENT’s techniques, but I may use them in future versions of the interface generators.
In addition to the ACG, there are a number of languages for specifying task models. The formal specification language LOTOS [14] has been used for modeling tasks, and GOMS [4] can also be used. ConcurTaskTrees [24] is a graphical language for modeling tasks that was designed based on an analysis of LOTOS and GOMS for task modeling. ConcurTaskTrees extends the operators used by LOTOS, and allows the specification of concurrent tasks which is not possible in GOMS. ConcurTaskTrees also allows the specification of who/what is performing the task, whether it be the user, the system, or an interaction between the two. ConcurTaskTrees or one of these other languages will be the basis of the distributed task modeling language used by the PUC system.
UIML [1] is an XML language that claims to provide a highly-device independent method for user interface design. UIML differs from the PUC in its tight coupling with the interface. UIML specifications can define the types of components to use in an interface and the code to execute when events occur. The PUC specification language leaves these decisions up to each interface generator. Some work is currently underway to make UIML more device independent by including more abstract information such as task models in the interface description [16].

Recently a new general purpose language has been introduced for storing and manipulating interaction data. The eXtensible Interface Markup Language (XIML) [27] is an XML-based language that is capable of storing most kinds of interaction data, including the types of data stored in the application, task, and presentation models of other model-based systems. XIML was developed by RedWhale Software and is being used to support that company’s user interface consulting work. They have shown that the language is useful for porting applications across different platforms and storing information from all aspects of a user interface design project. It may be possible to express the information in the PUC specification language within an XIML document, but the language also supports many other types of information that will not be needed, such as concrete descriptions of user interfaces. 
A new system named SUPPLE was recently created for automatically generating layouts for user interfaces [9]. SUPPLE uses a branch-and-bound search to find the optimal choice of controls and their arrangement. Optimality is determined by a cost function that takes into account user navigation and a matching function that depends on the choice of a control for a given abstract interface element. SUPPLE’s approach allows it to manage the trade-offs in an interface design by exploring the entire design space. This is somewhat more flexible than the PUC’s rule-based approach, but also requires exponentially more processing as more variables and interface elements are considered. This means that SUPPLE’s performance will degrade as the complexity of the user interface increases. Another difference is SUPPLE‘s interface description, which contains some of the same information as the PUC specification language but does not currently have a written syntax. Instead the description is defined by run-time objects created by a programmer, much like the second-generation UIDE system. 
3. Preliminary User Studies

Much of the related work shows that automatically generating interfaces is a hard problem, and no previous system has successfully automatically created user interfaces measured to be of high-quality. The problem can be broken down into two sub-problems: determining what information an abstract appliance specification should include, and building an interface generator that can design usable and aesthetically pleasing interfaces from those abstract specifications. As a beginning to solving these problems, I started by hand-designing remote control interfaces for appliances (rather than begin with designing the appliance specification language). Then user studies were conducted to compare the hand-designed interfaces to the manufacturers’ interfaces (full results of this study are described elsewhere [19]). This approach allowed me to concentrate on what functional information about the appliance is necessary to create a usable interface and to show that a PUC controller could be easier to use than interfaces on actual appliances.
	[image: image3.jpg]



(a)

[image: image4.png]EZ)ATST 1825 Telephone

Speaker

e | maiboxes: [#1 | #2 [ #3 | #4

g oizoEn
Th 1Fn
Nt 03636 P

oel | [cony] [1<<] [Plav ] 51

5 | [oetete ] [piay e | [preview

Dialing | Messages [ Setup

e Netmok ED




(b)

[image: image5.jpg]



(c)

[image: image6.wmf]
(d)

Figure 3.  Hand-designed interfaces for the phone (a-b) and stereo (c-d). Functional interfaces for the PocketPC are shown in b and d, and paper prototype interfaces for the Palm are shown in a and c.


We chose to focus on two common appliances for our hand-designed interfaces: the Aiwa CX-NMT70 shelf stereo with its remote control, and the AT&T 1825 telephone/digital answering machine. We chose these two appliances because both are common, readily available, and combine several functions into a single unit. I own the Aiwa shelf stereo that we used, and the AT&T telephone is the standard unit installed in many offices at Carnegie Mellon. Aiwa-brand stereos seem to be particularly common (at least among our subject population) because ten of our twenty-five subjects owned Aiwa systems.

The hand-designed interfaces were created in two phases, initially as paper prototypes for a PalmOS device and later as Visual Basic implementations on a Microsoft PocketPC (see Figure 3). Each interface supported the complete set of appliance functions. At each phase, the interfaces were iteratively improved with heuristic analyses, followed by a user study. The user study was dual-purpose: to compare the hand-designed interfaces with the interfaces on the actual appliances and to see what problems users had with the hand-designed interfaces.

Unfortunately, it was not possible to use the PocketPC to actually control either of the appliances, but I still wanted the users of the hand-designed interfaces to receive feedback from their actions in a manner that was consistent with the appliances. Control was simulated for the users using a wireless network from our PDA to a laptop. The laptop was connected to external speakers, and it generated audio feedback that was consistent with what would be expected if the PocketPC were actually controlling the appliances.
Two between-subjects comparison studies were conducted of the hand-designed PDA interfaces that we created and the interfaces on the actual appliances. Performance of the subjects was measured using several metrics, including the time to complete a task, the number of errors made while attempting to complete a task, and how often external help was required to complete a task.
In order to compare user interface performance for both appliances, task lists were created for the stereo and phone. Each list was designed to take about twenty minutes to complete on the actual appliance, and the same tasks were used for both the handheld and actual interfaces. About two-thirds of the tasks on both lists were chosen to be easy, usually requiring one or two button presses on the actual appliance. Some examples of easy tasks are playing a tape on the stereo, or listening to a particular message on the phone. The remaining tasks required five or more button presses, but were chosen to be tasks that a user was likely to perform in real life. These included programming a list of tracks for the CD player on the stereo, or setting the time on the phone.

The results of both studies indicate that subjects made fewer missteps (p < 0.05) and asked for help less (p < 0.001) using the hand-designed interfaces than using the actual appliances. The first study did not measure the time to perform the tasks (because of the paper shuffling for the prototype interfaces), but the second study found that users of the hand-designed interfaces were 1.5 to 3 times faster (p < 0.001). The results of the second study are shown in Figure 4. In summary, for both appliances, users of the actual interfaces took about twice as long, needed external help five times more often, and made at least twice as many mistakes as users of the handheld interfaces.
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Figure 4. Box-plots of results from the second user study. 


Users had great difficulty using the actual appliances, but were able to understand and operate the hand-designed interfaces with reasonable ease. One exception to this was found in the paper prototype stereo interface, which made use of the Palm’s built-in menu system. None of our subjects navigated to screens that were only accessible through the menus without help, because they did not think to press the button that makes the menus visible. This was in spite of the fact that more than half used Palm devices regularly and were aware of the menu system. 
The results of the second study are very similar to those of the first. Most of our subjects did not need to use external help to complete tasks using the handheld, and those that did use help only used it once. This compares to each subject’s average of 3.6 uses of help for the actual stereo and 4.3 uses for the actual phone. Poor labeling, insufficient feedback, and the overloading of some buttons with multiple functions can account for some of this large difference on the actual appliances.

The worst examples of poorly labeled buttons and overloaded functions were found on the AT&T phone. This phone has several buttons that can be tapped quickly to activate one function and be pressed and held to activate another function. There is no text on the telephone to indicate this.

A similar problem is also encountered on the stereo. Setting the timer requires the user to press a combination of buttons, each button press within four seconds of the last. The stereo does not display an indicator to warn of this restriction, and often users were confused when a prompt would disappear when they had not acted quickly enough. 

The phone also suffered from an underlying technical separation between the telephone and the answering machine functions. None of the buttons on the phone can be used with the answering machine and vice versa. Even the numeric access codes for the answering machine must be set using arrow buttons rather than the phone number-pad. All but one subject tried to use the number-pad buttons to set the code. The exception had used a similar AT&T phone in the past.

All of these problems were avoided in the PDA interfaces, because there was room for labels that were more descriptive and certain multi-step functions could be put on a separate screen or in a wizard. Using different screens to separate infrequently used or complex functions can also be problematic, however. Other buttons or menu items must be provided so that the user can navigate between screens, and the labels for these navigation elements must describe the general contents of the screen that they lead to. This was particularly a problem for the handheld stereo interface, which has more than ten screens. Many of the screens are accessible through the menu bar at the bottom of the screen. Subjects in the study and think-aloud participants before the study were very tentative about navigating the menus to find a particular function. In tasks that required the subject to navigate to a screen from the menu bar, the subject commonly opened the correct menu, closed the menu, did something wrong on the current screen, and then opened the menu again before finally picking the correct item. 
4. System Architecture
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Figure 5.  An architectural diagram of the PUC system showing one connection (multiple connections are allowed at both ends)


The PUC architecture is designed to allow users to control appliances in their environment through an intermediary user interface. The intermediary interface might be a graphical user interface on a handheld computer or a mobile phone, or it could be a speech interface that uses microphones in the room. When a user decides to control an appliance, their controller device would download from that appliance an abstract functional description and use that description to automatically generate an interface for controlling that appliance. A two-way communication channel between the controller and the appliance allows the user’s commands to be sent to the appliance and feedback to be provided to the user.

The PUC system has four parts: a specification language, a communication protocol, appliance adaptors, and interface generators (see Figure 5). All of these pieces are described in more detail elsewhere [20]. Automatic generation of user interfaces is enabled by the specification language, which allows each appliance to describe its functions in an abstract way. Our goal in designing this language was to include enough information to generate a good user interface, but not include any specific information about look or feel. Decisions about look and feel are left up to each interface generator. Included in our language are state variables and commands to represent the functions of the appliance, a hierarchical “group tree” to specify organization, dependency information that defines when states and commands are available to the user based on the values of other states, and multiple human-readable strings for each label in a specification. The appropriate string is chosen based upon the available space in the automatic layout.
The communication protocol allows controller devices to download specifications, send control messages, and receive feedback messages that report the state of the appliance. The two-way nature of this protocol allows the PUC to provide a better user interface than an ordinary one-way remote control, because users receive feedback on the success of their actions.

One goal of our system is to control real appliances. Since there are no appliances available that natively implement our protocol, we must build appliance adaptors, i.e. a translation layer between our protocol and an appliance’s proprietary protocol. We have built a number of appliance adaptors already, including a software adaptor for the AV/C protocol that can control most camcorders that support IEEE 1394 and another adaptor that controls Lutron lighting systems. We have also built hardware adaptors for appliances that do not natively support any communication protocol. We are also thinking about building general purpose adaptors to a emerging industry standards such as UPnP [36] or INCITS/V2’s AIAP [12]. This architecture allows a PUC to control virtually any appliance provided the appliance has a built-in control protocol or someone has the hardware expertise to add one.

The last, but most important, piece of the PUC architecture is the interface generator. We have built interface generators on several different platforms, including graphical interface generators on PocketPC, Microsoft’s Smartphone, and desktop computers, and a speech interface generator that uses the Universal Speech Interfaces framework [28]. Each interface generator uses a rule-based approach to create interfaces, extending the work of many previous systems [33]. The interface generators and the appliance specification are the focus of my thesis, and will be described in more detail in the next section.
5. Generating Interfaces from Appliance Descriptions
The PUC system automatically generates interfaces by using a set of rules to transform an appliance specification into a concrete interface. I expect that users will want to use the generated interfaces immediately, which puts several constraints on our design. First, the generated interfaces must be usable because users will not be willing to take the time to modify a user interface in order to complete their task. The interface generation process must also be accomplished quickly, because it is not reasonable to expect the user to wait several minutes to use their copy machine or turn on their television. The generated interfaces must also be able to control the complete functionality of the appliance, because users will get frustrated if they cannot access the feature that they want to use. This section describes the design choices made and the features included to ensure that the PUC system is able to meet these requirements.
When designing the appliance specification language, a number of design choices were made to ensure that appliance specifications were easy to author and to address the requirements mentioned above. A few of the most important decisions made were:
No specific layout information: Including specific layout information in the specification has several disadvantages: appliance specifications get longer because they may contain multiple complete concrete designs and they will not necessarily be forward compatible with new handheld devices that have different characteristics than current devices. Omitting layout information also means that the PUC system can support features such as ensuring consistency across user interface for similar appliances, generating both graphical and speech interfaces from the same specification, and creating a single user interface to multiple connected appliances. These features are possible because each interface generator makes its own decisions about interaction style and the positioning of UI controls. 
Objective vs. subjective information: The information contained in each appliance description could be categorized as either objective or subjective. Objective information can be extracted from the behavior of the actual appliance circuits and code, or by manipulating the appliance and observing its output. Subjective information may be biased by the opinions and taste of the appliance specification author. It is important to find a good balance between the amount of objective and subjective information that is included in a specification language.
Only one way to specify anything: I have tried to ensure that the specification language does not allow more than one way to specify the same information. Not only does this make the rules for interface generators easier to implement, but it should also make specifications easier to author.
The specification language has these features:

State Variables, Commands, and Explanations: The most primitive descriptive elements in the specification language are state variables, commands, and explanations. I have found, as have others, that most of the manipulable elements of an appliance can be represented as state variables. Each variable has a primitive type that tells the interface generator how it can be manipulated. For example, a radio station state variable would have a numeric type, and the interface generator could infer the tuning function because it knows how to manipulate a numeric type. Other state variables could include the current track of the CD player and the status of the tape player (stop, play, fast-forward, etc.). However, state variables are not sufficient for describing all of the functions of an appliance, such as the seek button on a radio. Pressing the seek button causes the radio station state variable to change to some value that is not known in advance. To represent the seek function “commands” are needed, parameter-less functions whose results cannot be described easily in a specification. Unlike state variables and commands, explanations are not manipulable by the user. Explanations are static labels that are important enough to be explicitly mentioned in the user interface, but are not related to any existing state variable or command. For example, an explanation is used in one specification of a shelf stereo to explain the Auxiliary audio mode to the user. The mode has no user controls, and the explanation is used to explain this. Explanations are used very rarely in specifications that we have written.
Group Tree and Complex Types: Proper organization is important for a well-designed user interface. The PUC specification language uses an n-ary tree to represent this organization, just as in many previous systems, with a state variable, command, or explanation at every leaf node (leaf nodes may be present at any level of the tree). Each branching node is a “group,” and each group may contain any number of state variables, commands, and other groups. There are two novel aspects to the PUC group tree: 
1) The group tree is subjective information and thus considered to be unreliable. Where possible, the interface generators use other information from the specification (such as dependency information, discussed below) along with the group tree to reach the final concrete organization. For this reason, designers are encouraged to make the group tree as deep as possible, in order to help space-constrained interface generators. These generators can use the extra detail in the group tree to decide how to split a small number of components across two screens. Interface generators for larger screens can ignore the deeper branches in the group tree and put all of the components onto a single panel. 

2) The group tree is used to specify complex data types, such as lists and unions. The state variable types might have been extended to include these complex structures instead, but I chose this approach to limit the number of ways in which types can be specified. In particular, if each state variable was allowed to have a complex type, then specification authors could have defined several closely-related elements as a state variable with a record type containing several fields or as a group containing multiple state variables. As discussed above, limiting the number of ways to specify a piece of information has advantages for both interface generators and specification authors.
Labels: The interface generator must be able to appropriately label the interface components that represent state variables and commands. Providing this information is difficult because different form factors and interface modalities require different kinds of label information. An interface for a mobile web-enabled phone will probably require smaller labels than an interface for a PocketPC with a larger screen. A speech interface may also need phonetic mappings and audio recordings of each label for text-to-speech output. The PUC specification language provides this information with a generic structure called a label dictionary. The assumption underlying the label dictionary is that every label contained within, whether it is phonetic information or plain text, will have approximately the same meaning. Thus the interface generator can use any label within a label dictionary interchangeably. For example, this allows a graphical interface generator to use a longer, more precise label if there is lots of available screen space, but still have a reasonable label to use if space is tight.

Dependency Information: The two-way communication feature of the PUC allows it to know when a particular state variable or command is unavailable. This can make interfaces easier to use, because the components representing those elements can be disabled. The specification contains formulas that specify when a state or command will be disabled depending on the values of other state variables, currently specified with several types of dependencies, including: equal-to, greater-than, less-than, and is-defined. Each state or command may have multiple dependencies associated with it, combined with the logical operations AND and OR. These formulas can be processed by interface generators to determine whether a component should be enabled when the appliance state changes. Dependency information can also be useful for making decisions about the structure of a user interface, as described below.
I have developed a number of interface generator rules that help transform appliance specifications into concrete user interfaces. In my implementation, rules are grouped into rule phases that accomplish particular parts of the interface generation process. There are currently five phases in the PocketPC interface generator: extracting and organizing information from the specification, choosing UI controls, building an abstract user interface, building a concrete user interface, and fixing layout problems in the concrete interface. Interface generators for other platforms have a similar set of phases and may share some rules within each phase, but each also has its own unique rules, especially as the process gets closer to building the concrete user interface. Where possible, I have tried to leverage previous work in the interface generator. For example, a decision tree is used to choose controls for interface elements, which was first used in the UIDE system [6] and later elaborated in TRIDENT [40].
One of the more interesting rules uses dependency information to determine the panel structure of a user interface. The use of different panels can be beneficial to a graphical interface. Commonly-used or global controls can be made available in a sidebar where they are easily accessible. Controls that are only available in the current appliance mode might be placed on a panel in the middle of the screen that changes with the mode, hiding the functions of other modes that are not available. Dependency information can help identify situations like these because it gives objective information about when appliance functions will be available. For example, if an interface generator finds that two sets of controls are never available at the same time, then the generator can place them on overlapping panels. Controls that have no dependencies on other state variables might be placed in a sidebar. Specific details of how this algorithm is implemented are available elsewhere [20]. 
6. Handling Domain-Specific and Conventional Knowledge

A common problem for automatic interface generators has been that their interface designs do not conform to domain-specific design conventions to which users are accustomed. For example, an automated tool is unlikely to produce a standard telephone keypad layout. This problem is challenging for two reasons: the user interface conventions used by designers must be described, and the interface generators must be able to recognize where to apply the conventions through analysis of the interface specification. Some systems [42] have dealt with this problem by defining specific rules for each application that apply the appropriate design conventions. Other systems [15] rely on human designers to add design conventions to the interfaces after they are automatically generated. Neither of these solutions is acceptable for the PUC system. Defining specific rules for each appliance will not scale, and a PUC device cannot rely on user modifications because its user is not likely to be a trained interface designer. Even if the user was trained, he or she is unlikely to have the time or desire to modify each interface after it is generated, especially if the interface was generated in order to perform a specific task.
	[image: image9.png]Play Control

Play Control:





Figure 6.  Media controls rendered for a Windows Media Player interface on each of our three platforms. At the top is the desktop, the middle is PocketPC, and the bottom shows Smartphone. The Smartphone control maintains consistency for the user by copying the layout for the Smartphone version of Windows Media Player, the only media player application we could find on that platform. This interface overloads pause and stop onto the play button.
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Figure 7.  Different arrangements of media playback controls automatically generated for several different appliances from a single Smart Template (media-controls).


I have developed one solution to this problem called Smart Templates [21], which augments the PUC specification language’s primitive type information with high-level semantic information. For example, the media-controls template defines that a state variable with particular attributes controls the playback of some media. PUC interface generators can use the information added by a Smart Template to apply design conventions and make interfaces more usable. If an interface generator does not recognize a template however, a user interface can still be created because Smart Templates are constructed from the primitive elements of our specification language. Figure 6 shows the same instance of a Smart Template rendered on different platforms.
An important innovation is that Smart Templates are parameterized, which allows them to cover both the common and unique functions of an appliance. For example, the media playback template supports play and stop, but also optional related functions such as next track for CDs, fast-forward and reverse-play for tape players, and “play new” for phone answering machines (see Figure 7). Smart Templates also give appliances the flexibility to choose a functional representation that matches their internal implementation. For example, our time-duration Smart Template allows single state variables with integer or string types, or multiple state variables (e.g. a state for hours and another for minutes). Allowing multiple representations for Smart Templates is the only case where the principle of “one way to specify anything” is explicitly violated. In this case it seems better to support the different mechanisms that appliances might use internally to represent high-level data, rather than restrict appliances to just one representation.
I have built a preliminary implementation of Smart Templates into the existing PUC system. So far the PUC supports a few of the many Smart Templates that the PUC system will need: media-controls, time-duration, image, and image-list. Many more will need to be implemented to show that the technique is effective. I have developed a list of about ten Smart Templates that should be implemented, including date, mute, power, and volume, and I expect the list to at least double in size as I look at new and different appliances. I also expect that some Smart Templates will naturally combine with others to create new templates. For example, date and time are often used together, as are volume and mute. I hope to implement Smart Templates in such a way that templates can be flexibly combined with less work than creating a new template from scratch.

My final implementation of Smart Templates will also provide several other advantages for interface generators. For example, certain Smart Templates might provide a connection to data already stored on the PUC device. Address or phone-number Smart Templates could connect to the contact database on a PocketPC, and date or time-absolute Smart Templates could connect to the calendar database. This would allow users to easily enter addresses into a navigation system in a car, or to set their coffee pot to start making coffee based on their first appointment of the day. Smart Templates may also be useful for assigning particular appliance functions to physical interaction objects on a handheld device, such as a physical button or jog dial. For example, a physical jog dial might be used if an appliance has a volume Smart Template. 
7. Interface Consistency

Many books on user interface design contain one or more guidelines related to keeping user interface consistent [7, 29]. The benefit of consistency is that users can leverage knowledge from their previous experiences with one part of an interface to help them use another part of that interface (internal consistency) or another user interface (external consistency). Consistency is widely used in interface design today from desktop applications to the physical panels of an appliance. An example of internal consistency can be found on nearly all Nokia mobile phones, which allow users to press number keys to jump to a particular item in any menu. Nearly all Windows applications have external consistency in the location of the menu bar and the particular menus that are available, such as File and Edit.
The PUC system has a unique opportunity to ensure external consistency between all of the interfaces that a user generates, because PUC users have their own personal devices that they use. This allows the PUC controller device to remember previously generated interfaces and record usage statistics for those interfaces, which can then be used to ensure that newly generated interfaces are consistent with older ones. For example, the interface that I generated for my new car stereo will probably be more usable if its layout and organization is similar to my home stereo interface that I use frequently. 
The user interfaces generated by a PUC can be made consistent: 
1. with other applications on the same controller device
2. with interfaces generated in the past for appliances with similar functions
The first can be achieved by using the standard toolkit available on the controller device, and using generation rules that match the device’s UI guidelines. Each of my interface generator implementations produces interfaces that are consistent with other applications on its platform. The second is more challenging and can be broken down into two sub-problems: finding previously generated interfaces that are relevant, and determining how to integrate decisions from the past interfaces into the new interface.
A relevant previously generated interface must include some of the same functionality as a new interface that is being generated. Unfortunately, it is difficult to conclusively know whether two functions on different appliances are the same. The only way to be certain that two functions have the same meaning is if they are part of the same Smart Template. Functions may also be similar if their corresponding state variables or commands have the same name or share some of the same labels. Type information from state variables and dependency information may also be used to gauge similarity, but neither of these by themselves can tell us anything conclusive. For example, a volume function might be represented by an integer ranging from 0-50 on one appliance and as an enumeration with 10 possible values on another appliance. I am exploring algorithms for solving this problem that compare all of the parameters of a function at once, such as nearest neighbor algorithms [5]. 
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Figure 8.  Examples of the three different levels of similarity. The trees represent the structure of the user interface as given by the appliance specification, with one tree representing the new specification and the other a previously generated specification. Nodes with the same shading indicate functions that were found to be similar across both appliances.  a) sparse similarity: the appliances have a small number of similar functions spread throughout the tree.  b) branch similarity: the appliances have a number of similar functions in one branch of the structure.  c) significant similarity: the appliances share mostly the same functions, though they might be organized differently.


Once previous interfaces with similar functions have been found, the interface generator can examine those interfaces and decide how to make the new interface consistent. Choosing the right technique to make the interfaces consistent will depend in part on an estimation of how familiar the user is with the previous appliance interfaces. The interface generator will want to focus on the interface that the user has the most experience with. Furthermore, if the user is not at all familiar with the relevant pieces of the old interface, then it may not be worth the extra generation expense to make the new interface consistent. Usage statistics will be stored for every user interface to assist in this part of the algorithm. Finding the right technique to ensure consistency will also depend on how similar the previous appliances are to the new appliance. So far I have identified three levels of similarity between the old and new appliances (see Figure 8), each of which will use a different technique to achieve consistency. 
Appliances with sparse similarity, those which only share a few unrelated functions, will try to represent each function with the same interface controls that the user saw in the older interface. This might mean that a volume control would be represented as a scroll bar instead of a combo box, or vice versa. The decision to use a different control than normal will be based on how similar the two functions are and how much control could be lost. For example, it would not make sense to substitute a combo box for a scroll bar if the underlying state is an integer ranging from 0-100, because combo boxes are unwieldy for interacting with many items.
Appliances with branch similarity, those which share a group of related functions, will try to replicate in the new interface the layout and organization of the related functions in the previous interface. This might mean that the panel for controlling the CD player in a sophisticated alarm clock would look the same as the CD player interface on a car stereo. If the previous CD player interface had been on a tabbed panel, then the new appliance interface might be organized using tabs to match the previous organizational layout. Such a feature would help users find similar functions the same way in many, if not most, of their interfaces.
Appliances with significant similarity, those which share most of the same functions, will try to use the same layout and organization in the new interface that the user has seen in previous interfaces. This would mean that the user interfaces for different navigation systems in two different cars might have nearly identical user interfaces on a PUC device. My approach for this technique will be to take the group tree for the previous interface and replace the functions of the older interface with those from the new appliance. Functions that were not present in the older interface will be integrated as best as possible. 
All of these techniques must be applied carefully, especially taking into account the degree of similarity between functions. I plan to conduct a study to ensure that my techniques create consistent interfaces and that they improve usability.
8. Generating Interfaces for the “Experience”

A novel feature of the PUC system will be its ability to generate a single user interface for multiple appliances that have been connected together. One example of a use for this feature is a typical home theater, which includes separate VCR, DVD player, television, and stereo appliances, but might be more easily thought of as a single integrated system. A PUC interface for a home theater would ideally have features like a “Play DVD” button that would turn on the appropriate appliances, set the TV and stereo to the appropriate inputs, and then tell the DVD player to “Play.”

A key question is how to model the connections between appliances and the interactions that users have that span appliances. Ideally a wiring diagram showing how each appliance physically connects to the others will be the only piece of system-specific modeling that is required. Tasks that users want to perform might be assembled from the wiring diagram and sub-tasks that are stored as part of each appliance’s specification. I plan to develop a new distributed task modeling language, based on previous languages such as ConcurTaskTrees [24], to facilitate this process.
9. Scope

Work on the PUC system could be taken in many directions. This section describes issues related to the PUC system that I will not be looking at for my thesis:
Help systems: When users encounter problems with an automatically generated interface, they should be able to access help information that is generated based upon the properties of the interface. Such automated help systems have been created in the past, such as the Cartoonist system for the UIDE environment [30]. The PUC system would certainly benefit from a help system, but the previous work in this area is extensive and it is unlikely that I would create anything new of research value. 
Service Discovery: A PUC controller device must be able to “discover” appliances in the environment that the user may wish to control. Efficiently performing this task without centralized servers has been a focus of several research projects, and those techniques have become common enough to be included in commercial systems such as UPnP [36] and JINI [32]. The PUC system will rely on existing techniques and not attempt to further this research.
Macros and End-User Programming: Facilitating the creation of macros and other end-user programming tasks would be an interesting direction for the PUC research. This area is not unique to the PUC system however, and many others are exploring end-user programming in other contexts. I am confident that their advances will be applicable to the PUC system in the future and thus will not be doing any research in this area.
Security: Security is an important issue for systems like the PUC. How do users keep people from driving by on the street and maliciously controlling their stereos or kitchen appliances? Again, a lot of interesting work could be done in this area, but I am choosing not to address this in my thesis work.
Inter-operability with INCITS/V2: The INCITS/V2 standard shares many features with the PUC standard. I hope to collaborate with the creators of this standard in the future, but I do not intend to make the PUC interoperate with the standard. Too much work would be required to ensure interoperability, and this work could be better focused on other tasks of research value.
10. Validation

I have two goals for the PUC system:

· Breadth: The appliance specification language is capable of describing a wide range of appliances.

· Quality: Interfaces generated for specifications across that range beat the usability of the manufacturers’ interfaces for the same appliances.

I tried to choose my goals to be achievable but interesting. The goals are interesting because, as far as I know, no formal user-centric evaluation of a system for automatically generating interfaces has ever been conducted. The goals are achievable because though automatically generating high-quality interfaces from an abstract specification is a difficult task, the user interfaces created by most appliance manufacturers are not usually very easy-to-use. I also chose my goals to mirror the user studies that I conducted at the beginning of the PUC project (described in section 3), where I compared actual appliance interfaces with interfaces that I created by hand. As described above, the hand-designed interfaces showed a factor of two improvement in quality over the manufacturers’ interfaces [19].

	Table 1.  Appliances that the PUC system will be validated against.

	Already Specified & Generated
	Propose to Specify

	Axis Pan & Tilt Camera
	GMC Denali Navigation System

	Audiophase Stereo
	Phone/Answering Machine

	GMC Denali Driver Information Center
	Windows Media Player with playlists

	GMC Denali Climate Control System
	Automated Teller Machine (ATM)

	Sony Camcorder
	Microsoft Windows XP Media Center PC

	Elevator Simulation
	Photocopier

	Lutron Home Lighting System
	TV Tuner

	Windows Media Player without playlists
	Personal Video Recorder (e.g. TiVO)

	X10 Lighting
	Powerpoint

	
	Alarm Clock

	
	Projector


One issue with my quality goal is defining “usability.” In previous user studies, I have analyzed the usability of interfaces by giving users a set of tasks to perform and measuring certain aspects of their performance while completing the tasks. In particular, I looked at the time to complete the tasks, the number of times a user manual was needed, and the number of missteps taken. This approach seems well suited to comparing user interfaces with identical functions, such as two user interfaces for the same appliance, and is the approach I intend to use for evaluating the PUC system. 
Another problem is that it is impossible to prove that either goal has been achieved with absolute certainty. Doing so would require writing a specification for every appliance in existence, generating an interface from that specification, and then performing a comparative user study to show matching usability. I plan to deal with this issue by developing a list of appliances that are interesting, either because of their complexity or some unique feature, and testing them against my breadth goal. I will then choose a subset of those appliances, probably two or three, to test against my quality goal. 
Table 1 shows the list of appliances that I have assembled so far, separated by those I have actually written specifications for. Note that a “GMC Denali” is a large sport utility vehicle manufactured by General Motors. I plan to develop this list further as my thesis work progresses. 
11. Schedule
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Figure 8.  Proposed schedule for completion of my thesis


Figure 8 shows a graphical depiction of my proposed schedule. My goal is to finish in December 2005, in about one year and nine months. The schedule is divided into three rough phases. In the first phase, from now until October, I will design and implement algorithms for generating consistent interfaces and continue to build on my existing Smart Template work. During this period I will also do a preliminary user interface comparison study as part of an on-going collaboration with General Motors. In the second phase, from October until June 2005, I will design and build a sub-system for generating a single user interface for multiple appliances. This will likely involve designing a new distributed task modeling language. During the first two phases, I will continue to improve the robustness and quality of the generated interfaces on each of the platforms that I support. In the third and final phase, from June until the end of 2005, I will analyze my system by conducting an extensive set of user studies on several complex appliances and write my dissertation.
12. Conclusion

Most appliances on the market today are computerized, and within the next ten years most appliances will also feature networking technologies. Unfortunately, the user interfaces for most of these appliances will be complicated and difficult to use. I am proposing to develop a system called the personal universal controller that will address this problem by moving the user interface from the appliance to an intermediary “user interface device.” The contributions of my thesis work will be:
· An abstract appliance modeling language for describing the complete functionality of a wide-range of appliances

· Algorithms for automatically generating high quality interfaces for each appliance from that language.

· The general Smart Templates technique for incorporating domain-specific design conventions into an appliance specification and rendering the conventions appropriately on different platforms and in different interfaces modalities.

· Algorithms for determining the similarity between a new appliance specification and specifications that have been used in the past, and algorithms that use that similarity information to apply design decisions from previously generated interfaces in the generation process for a new interface.

· A distributed task-modeling language for describing the sub-tasks specific to an appliance in a multi-appliance system. The language will also contain special linking information that allows inter-appliance tasks to be inferred from each appliance’s sub-tasks.

· Algorithms for automatically generating a single user interface for multiple appliances using distributed task information.

· Interface generation software on multiple platforms: Microsoft PocketPC, Microsoft Smartphone, and desktop computers, which use the above algorithms to produce interfaces that are shown by user testing to be better than manufacturers’ interfaces for the same appliances.

Over approximately the next twenty-one months, I will prove my thesis that:

A system can automatically generate user interfaces on a wide variety of platforms for remotely controlling appliances where the user’s performance is better than with the manufacturer’s interfaces for the appliances.
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