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ABSTRACT

Currently very few techniques are available to support the design of Augmented and Mixed Reality (MR) systems. Task elicitation is more complex for MR systems than for traditional information systems. Having multiple sources of information and two worlds of interaction (real and virtual) involves making choices about what to attend to and when. Interaction based on traditional input and output devices is not effective in a mixed scenario. It distracts the user from the task at hand and may create a severe cognitive seam. Understanding, formalizing and modeling such aspects can help designers to assess interaction at all the stages of development. We are interested in focused applications that require the user’s hand free for real world tasks and to understand how the user’s task focus drives designing MR systems. The contribution of this paper is twofold: it first illustrates the specific requirements posed by such systems and then it shows through a study case that there is currently no complete support to model these aspects among the tools commonly employed for task modeling. 
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INTRODUCTION

Mixed Reality (MR) is a new research field addressing interaction support for application scenarios in which users are not limited to a conventional desktop computer. New interaction paradigms and techniques targeted to the user task need to be investigated and designed for these scenarios. Modeling tasks for MR systems is not a simple procedure. MR systems involve a multiplicity of entities such as multiple spaces of interactions, multiple user’s task focuses, multiple interaction devices. When designing MR systems, the physicality of the setting becomes central. Notations, such as UML [9], CTT [13], are designed to capture properties of computational entities; there is no way to express the potential physical properties of such entities.
We are interested in focused applications that require the user’s hand free for real world tasks and user’s focalized attention in limited, well-defined areas of the workplace. The user of our system is immersed within a full-scale physical environment, which is viewed through a stereo-video head mounted display. Mixed interaction based on user focus control has already been experimented as a situation-awareness aid (a world in miniature) to provide users with an overview of their environment [1]. Here user focus determines the aid’s position, scale and orientation without the need for manual interaction. As users alternate their attention between the physical world and virtual aid, popup annotations associated with selected objects freely move between the objects’ representations in the two worlds.
Building on this novel approach, we investigate how the user’s task focus drives designing MR systems. The following discussion is applicable to designing any system and exemplified on a case study: planning of information (e.g. patient’s anatomy, annotations) layout and access during image-guided interventions. The tasks that an end user performs can be described in a task model that should capture those aspects and dictate what interaction capabilities must be designed. A model-based approach can be a valid conceptual framework for understanding, formalizing and modeling aspects involved in MR systems and evaluating solutions at all stages of development.
INTERACTION FOCUS IN MR SYSTEMS

MR systems are characterized by a continuous process of exchange of information at a high resolution and multiple worlds of interaction. When there are multiple sources of information and two worlds of interaction (real and virtual) designers must make choices about what to attend to and when. Users need to focus exclusively on a single item at a time without interference from other items. They occasionally need to time-share or divide their attention between two (or more) items of interest that can be part of the same or different worlds. For example, in the Museum project [15] the user wears a see-through head-mounted display in which information about an exhibit is displayed. The user is thus able to perceive real objects (the exhibit) and added synthetic information. The object of the task here is the painting in the exhibit. Therefore, the task focus belongs either to the virtual world or to the real world. The user could be manipulating or modifying an object in the real world (when the task focus is on the real world) or an object in the virtual world (when the task focus is on the virtual world). By considering all possibilities of interaction focus in performing a specific task, we have identified five possible combinations:

1. Interaction focus in real world without shared attention. In this type of interaction attention is focused on only one object in the real world. There is no other object competing for the user’s attention.

2. Interaction focus in virtual world without shared attention. In this type of interaction attention is focused on only one item in the virtual world. There is no other object competing for the user’s attention.

3. Shared interaction focus in real world (intra-world interaction focus). In this case the interaction focus is shared between real objects in the real world.

4. Shared interaction focus in virtual world (intra-world interaction focus). In this case the interaction focus is shared between virtual objects in the virtual world. 
5. Interaction focus shared between worlds (inter-world interaction focus). Here the interaction focus is shared between objects belonging to different worlds (real and virtual).
Designers can influence what users look at and interact by controlling attention with integration and synchronization characteristics such as described in Fig. 1. The figure shows how these characteristics relate to the user’s interaction:

1. There is dependence between task and devices; synchronization should be guaranteed to provide continuous interaction in the system [17]. 

2. Insertion context of devices and interaction spaces in the environment respecting the user’s task focus is a key point. It can facilitate the achievement of task goals and provide a continuous functional interaction to the user. 

3. As for integration (spatial/temporal - between interaction space and media objects and physical – between interaction space and device) we need to consider how to arrange the media channels necessary to perform certain tasks and if the device and/or the interaction space should be inserted in the central or peripheral context of the user’s task focus.

Mixed Interaction Spaces

An interaction space (IS) is assumed to be the com​​plete presentation environment required for carrying out a particular task. It contains representations of the visual, haptic and auditory elements that MR user interfaces offer to its users, as well as their relationships. It is very often required to deal with questions such as whether particular objects or scenes being displayed are real or virtual, whether images of scanned data should be considered real or virtual, and whether a real object  must look realistic,  whereas  a virtual

[image: image1.png]requires
performs

SYHW

Spatial
integration

Temporal
integration

Interactio
Space

Is
displayed

Interacts| Device
with

Insertion context
Interacts|

with
User's workspace





Figure 1. Design characteristics for MR systems.

one need not. In this work we adopt the distinction made by Milgram and Herman [11], that real objects are those that have an actual objective existence and virtual objects are those that exist in essence or effect, but not formally or actually. A real object can be viewed through direct observation or it can be sampled and then synthesized via some display device. To view a virtual object it must be simulated, since in essence it does not exist. This entails the use of some sort of description or model of the object. Taking into account Milgram’s continuum [11] the interaction space is classified as:

1. Real interaction space (RIS) if it consists only of real components, e.g. real concrete interaction objects (CIOs) [18] such as physical objects;
2. Virtual interaction space (VIS) if it consists only of virtual concrete interaction objects; 

3. Mixed interaction space (MIS) if it consists of virtual CIOs added to the real environment i.e. combined with real concrete interaction objects. 

Each MIS is composed of a VIS and a RIS that are physically constrained by the user’s workspace and displayed onto it simultaneously. The workspace comprises at least one interaction space, the basic IS, from which it is possible to derive other ISs (Fig. 2). Once the elements related to the user’s task are identified, other decisions influence the way they are arranged in the real scene [2]. These range from establishing their spatial and temporal relationships to setting a viewing specification and rendering parameters. In dynamic real scenes with head-tracked objects continual and unpredictable changes in viewing specification (i.e. the camera features, namely its position, focal point and view-up vector, that define the camera image plane) result in continual changes in the spatial and visibility relationships among the objects’ projections on the view plane. In these cases, layout decisions must be made on the fly and thus depend on the context of use. For MR focused applications such decisions are determined by the user’s task focus and the necessity to support a continuous immersive interaction.

CONTINUOUS INTERACTION IN MR SYSTEMS

Designing for continuous interaction requires considering how users perceive and evaluate an artifact’s observable behavior in order to infer about its state, plan and execute their continuous behavior. Norman’s Theory of Action [12] mainly concerns the human  side of the interaction  between 
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Figure 2. Interaction Spaces for MR Workplace.

human  and  system.   Norman considers   discrete   actions where the system state changes only as a result of human actions.  This situation is quite different from that of systems where continuous interaction and tasks in different worlds are involved. What is missing is a correspondence between actions at the human side and those at the system side. Therefore if we can use this model assuming a continuous flow of interaction and considering all combinations of real and digital actions with real and/or digital effects, the model is useful to analyze interaction in MR systems. Norman’s evaluation phase consists of: user’s perception, interpretation, and evaluation of the system state with respect to the user’s goal. It corresponds to the cognitive and perceptual properties of continuous interaction. 
The perception level corresponds to how the user perceives the system state. It involves: selection of interaction modality (e.g., visual, acoustic, haptic); temporal synchronization of modalities (e.g., synchronous, asynchronous); physical integration (e.g., which interaction space in which display surface); insertion context of devices and interaction space in the environment (e.g., central and peripheral contexts regarding the user’s task focus); interaction focus while performing the task (e.g., focus on real world, on virtual world, shared on real world).
The interpretation level consists of how much cognitive effort the user needs to understand the system state. It corresponds to the honesty property [7] and it depends on:  what communication language or media type will be used by the system to provide the feedback to the user (e.g., images, sounds, graphics, text, force feedback); spatial and temporal integration of interaction space objects. 
Norman’s execution phase corresponds to the functional continuity property, i.e. it relates to the way the user will accomplish the task, and it involves: which devices (e.g. monitor, mouse, glove, glasses, head mounted display, etc.); temporal synchronization between devices (e.g. synchronous, asynchronous); temporal synchronization between devices and tasks (i.e., synchronous, asynchronous).

CASE STUDY

In this section we describe an Image-Guided Surgery system as a case study to illustrate our approach. Image Guided Surgery applications differ in important ways from conventional interfaces and require accurate design to develop usable IGS interfaces. Their main characteristics can be enumerated as follows:

1. IGS uses augmented reality in visualization and interaction and no direct manipulation;

2. Only a part of the model is available through the IGS interface at any one time, according to the actual task of the user.

3. Registration of real and virtual world;

4. Novel input and output devices are used to provide more natural and easier ways to interact with the objects;

5. Some entities are often active, operating independently of the user’s actions (i.e. autonomous entities with autono​mous behavior as tracking sensors).

Such characteristics should be captured and represented in the task model. This would allow analyzing the user’s interaction at early stages of design process.

Image guided scenario

Image guided surgery is a type of computer assisted surgery that uses advanced three dimensional visualization techniques to provide the surgeon with a wealth of valuable information not normally available in the operating room [8, 19]. In essence, a complex surgical procedure can be navigated visually with great precision by overlaying a color coded preoperative plan on an image of the patient. It specifies details such as the locations of incisions, areas to be avoided and the diseased tissue. The added information can be anything from text to icons or color-coding to three-dimensional surfaces. 
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Figure 3. Planning the craniotomy procedure.

Task Description

We want to model the craniotomy task involved in neurosurgery. This task usually consists of drawing the path to open the head over the patient’s head (Fig. 3). 

Three technical stages are necessary in order to achieve guidance for the surgeon during this task (Fig. 4): 

1. In the pre-operative planning, the surgeon selects the organs of interest that must be segmented from the pre-operative images and may define additional information, such as annotations relevant to task execution (Fig. 5).

2. At the pre-operative calibration, the segmented structures must be registered with the physical scene, and any movement of the patient or microscope compensated for. The optics of the microscope is calibrated. 

3. Finally, the virtual structures with additional annotations must be visualized and/or auditory rendered during the surgical intervention, i.e. intra-operative phase. Fig. 6 illustrates these tasks. 

Task Modeling

The task model should contribute to highlight design issues by identifying those elements of the system state that are most critical at each interaction point. We want the immediately perceivable information to be the relevant and sufficient one for the user’s current task. To this end, a task model is often defined as a description of an interactive task to be performed by the user of an application through the application’s user interface. Existing task models show great diversity in terms of formalism and depth of analysis. They are also used to achieve a range of objectives such as informing designers about usability problems, evaluate human performance, to support design and generate a prototype of a user interface. From the survey on task models [10], we have chosen to use CTT for our design and CTTE tool [13] as a graphical language for task modeling. Using CTTE it is possible to represent abstract tasks, interactive tasks, cognitive tasks and tasks performed by the system. This notation uses a hierarchical structure that is something very intuitive. In fact, when people have to solve a problem they often tend to decompose it into smaller problems still maintaining the relationships among the smaller parts of the solution. The hierarchical structure of this specification has two advantages: it provides a wide range of granularity allowing large and small task structures to be reused, it enables reusable task structures to be defined at both a low and a high semantic level. Fig. 5 shows the pre-operative tasks where the surgeon selects the structures (such as tumor, optic nerves, etc.) that will be used during the intra-operative phase (Fig. 6). In the pre-operative task model (Fig. 5) we have sequential tasks that are represented by —>>— operator. In the intra-operative task model (Fig. 6), parallel tasks are represented by |||. The presentation model uses these temporal operators to render information for the user. For example sequential tasks are usually presented in separate views, separate screens or in separate devices using discrete interactions. Parallel tasks tend to be presented in the same view, screen or display according to the user’s task focus. 

At this point we define how the information is presented in the MIS and a continuous user’s interaction supporting simultaneous tasks is required. For doing so, we defined a context-aware visualization environment based on the user’s focus enabling hand free interaction for the user. We have tried to represent these features in the task model showed in Fig. 6.  However using such notation there is no way to represent for instance when the user is performing a task on the real world and/or on the virtual world and not even tasks that should be represented independently of user’s interaction such as tracking the object of interest. The notation has also shortcomings for capturing different contexts of use that are described in the next section.
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      Figure 4. Image-guided surgery scenario [18].
Context of use
As no unique, common definition for context of use/inter​action has been agreed upon so far in the literature, here we adopt the one proposed in [3]. ‘The context of use is defined by two classes of physical entities: the physical and software platform(s), that is the computational devices used for interacting with the system and the physical environment where the interaction takes place. A platform is modeled in terms of resources that, in turn, determine the way information is computed, transmitted, rendered, and manipulated by the users. An environment covers the set of objects, persons, and events that are peripheral to the current task(s) but that may impact on the system and/or user’s behavior. This set is determined by observation of users’ practice [4] as well as consideration for technical constraints’. In our case, no contextual information is associated to the platform. The set of devices (i.e. head-mounted display, camera and PC station with speakers) that the user employs to interact with the system is fixed, whereas the viewing specification that impacts on the system behavior is determined by the user’s position as the camera is placed on top of the user helmet (Fig. 7). According to the above definition, this can be considered as contextual information from the environment influencing visualization in the MIS.

Composing the MIS 
The elements composing the MIS for our case scenario are derived from the task model illustrated in previous paragraphs. There is a Real CIO for the patient’s head and Virtual CIOs for registered virtual objects, such as the patient’s anatomical organs or segmented functional zones, and annotations pointing to specific sub-areas that need to be preserved during surgery. 
While planning for surgical paths in the pre-operative phase the user identifies the virtual objects to be added to the real scene.  The user also selects the anatomical organ that is of primary concern for his task  (the registered virtual object) on which the user interaction focus will be concentrated during the intra-operative operations.
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Figure 5.  Pre-operative planning with sequential and optional tasks.
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Figure 6.  Intra-operative tasks with parallel tasks.
Thus we could say:

User’s interaction focus is directly related to the virtual 

object of concern.

Besides, the physical environment (Figs. 7, 8d) is configured in such a way that the registered virtual object is always displayed in the central zone of the view. Its position, though being still influenced by the viewing specification is constrained, as it is co-registered with the patient’s head. This does not hold for annotations: their position is flexible to ensure that they are overlaid close to related objects and prevent undesired occlusions. We will make the following assumptions to place annotations in the MIS:

1. First of all annotations cannot overlap one another for readability, (so we could say that annotations too have the highest priority).

2. The registered virtual object has the highest level of priority, which means that annotations can never be overlaid on it.

3. The tracked real object has medium priority, which means that, depending on context, annotations may be placed onto it. 

4. Other objects are considered as part of the background and have the lowest priority, thus annotations can always be superimposed on the background. 

Another rule is that annotations are always placed from extremes to the center of the view to occupy peripheral space at best. To implement the requirements for annotation placement we have considered 4 types of bounding boxes (Background, Real object, Virtual object, Annotations) in the MIS defining three different levels of priority. The latter are respectively shown in Fig. 8d: the region labeled as 1 has the lowest priority, the region labeled as 2 has medium priority and the region labeled as 3 has the highest priority. The algorithm first tries to place annotations only in region 1 avoiding intersection with region 2 (Fig 8a). If the available area is not enough, the algorithm tries to place annotations by spanning also over region 2, but avoiding to overlay annotations onto region 3 (Fig 8b). If this is still not possible, the modality for annotation rendering is automatically switched to audio output. Annotation localization is preserved by visualizing the corresponding anchor point onto region 3 (Fig 8c). The audio visual output follows the order defined by the user in the pre-operative phase. The annotation size is fixed and constant. Even if the scale factor of the scene changes (i.e. as the user’s head moves closer or farther), the annotation size remains the same. In addition, the virtual objects being added to the real scene depend on the side of the real object that the user is viewing. For instance, if the user is focusing the right side of the patient’s head then only the anatomical structures and the visible annotations corresponding to that side of the brain should be visualized. 
In summary, we could say: the annotation positions in the augmented scene, as well as the decision when to switch annotation modality and what information to add are all controlled by the user’s focus.

PLASTICITY AS ADAPTATION FRAMEWORK
To avoid inconsistent behavior while supporting the different contexts of use previously highlighted, we consider  the
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Figure 7. Example of user interaction.
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Figure 8.  Augmented Reality scenes: Context-aware annotation rendering in the MIS with (a) Background Context, (b) Background/Real Object, (c) Context Virtual Object Context and (d) Priority regions in the MIS.

framework of plastic UIs [3]. A plastic UI is capable of adapting to variations of context of use while preserving predetermined usability properties. In our case the property is continuity of interaction as it is crucial for MR systems. Plasticity impacts information being presented to the user and tasks to execute. Fig. 9 represents the plasticity domain in our MIS, i.e. the presentation model supported by the system under various conditions of user focus. For simplicity we consider variations in user focus when only the user’s distance from the real scene changes and not orientation. This is because variations in user’s position account for the most predominant contribution in adaptation. As we have already discussed in the previous subsection, our MIS can adapt to three classes of context of use and operate in two modalities. The first modality corresponds to the visual presentation model for annotations. The second one combines the visual and audio output. More specifically, the graphics charts the area available to place annotations during user interaction within the contexts (a) and (b) (Fig. 9). The contexts of use considered are those shown in Fig. 8. 
Supposing the system is operating within context (a), as user focus increases (that is the user gets closer to the scene), the area decreases and at a time the system performs the switch to context (b) (see the blue arrow in Fig. 9). The same behavior holds for the system operating in context (b) as user focus increases. When the area where annotations can be superimposed is not enough, the system switches to context (c) (see the red arrow in Fig. 9). The presentation model for the annotations now couples visual and audio representations. The visual representation highlights the  lo-
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Figure 9.  Plasticity domain for our MIS.

cation of interest, while the audio outputs the same information (organ functionality, volume, etc.) that was represented visually in the other two contexts. The graphics highlights contexts at the boundary. These are the plasticity thresholds requiring particular care in interface design to ensure usability is preserved during transitions. The thresholds are essential system parameters to be determined through empirical usability tests establishing the values of physical entities that control them. Fig. 10 shows indicative threshold values for user’s distance from the scene and orientation. These influence and determine user’s focus of attention and thus the context of use.

Evaluating Plasticity

The predetermined metric chosen in the design of the MIS to evaluate the usability of our system is continuity [17].  This is the capability of the system to promote a smooth interaction scheme during task accomplishment considering perceptual, cognitive and functional properties. The contexts of use considered are those shown in Fig. 8. A preliminary analysis of the adaptation support in our MIS shows that there are no perceptual discontinuities when the system operates in contexts (a) and (b). In fact, all annotations are represented in the same visual environment, whereas the presentation model for context (c) is split in two separate perceptual (i.e., visual and auditory) environments. Presentation models based on contexts (a) and (b) do not present any cognitive discontinuity, the user easily and immediately interprets annotation text and localization, whereas context (c) requires a higher cognitive workload as information must be combined from two perceptual environments to interpret the concept. Regarding functional continuity, the presentation model does not involve discontinuity in any contexts.  The user interacts with the system by always using the same mode: hand-free user focus driven control. More accurate usability evaluation is required to validate the design, parameterize the system and  practically
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Figure 10.  Inter-context continuity in our MIS.

assess the user experience. Continuity can be also used to estimate the migration cost for physical, cognitive and conative efforts [5] that users have to pay when switching between contexts in different plasticity sub-domains (the transition arrows in Fig. 10). To better differentiate the two metrics, we propose to name intra-context continuity, the property referring to interaction schemes within a context, and inter-context continuity, the property addressing smooth interaction when switching contexts at plasticity thresholds. Our design does not present any perceptive, cognitive or functional inter-context discontinuity during the transition between context (a) and (b), whereas the transition between (b) and (c) shows perceptive and cognitive inter-context discontinuities. Fig. 10 assesses the inter-context continuity of our MIS, where arrow thickness depicts human costs.
EXTENDING THE TASK MODEL FOR MR

The major limitation in defining task models for MR systems with the CTT notation is that it does not allow expressing multiple contexts of use simultaneously. The de- signer is forced to find a way to represent contextual tasks with the available operators, but the meaning of contextual tasks is not clear and may also be ambiguous. An example is shown in the computing context task (Fig. 6, 11). We were forced to put two optional tasks, i.e. show visual annotation and show auditory annotation (Fig. 6), instead of one contextual task for showing annotations composed of the subtasks show anchor, show visual annotation and output audio annotation (Fig 11). This has been modeled by adopting the formal notation for Multi-Context Task Models [14, 16], where common parts (the root and the first layer) have been factor out from context-dependent task models and new concepts are introduced for this purpose. These are the unit task, or decision point marked as D in Fig. 11, identifying a point where traditional task models can break, the Context-Independent Task Model integrating tasks and transitions common to all different contexts of use, the Context-Partially-Indepen​dent Task Model that is a task model valid for a subset of considered contexts of use, residual parts that cannot be factor out, and conditional decomposition and temporal relationships to relate two tasks situated on different task models. The conditional relationships are based on the common properties gathering the classes of contexts and these properties could also arranged in a hierarchy structured by inheritance to further constrain transitions between the different models,  e.g.,  apply transi-
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Figure 11.  Extended Task Model.

tions with smallest impact first. 

TOWARDS A FRAMEWORK FOR PLASTIC MR

The discussion we hold in the previous section and the experience gained in developing some IGS systems gave raise to the need of a general framework for expressing the notion of plasticity in MR systems. In general, any significant change of context of use may trigger a change of domains of plasticity. The changes are determined by the variation of one or several physical properties. Therefore, it makes sense to progressively generalize the support of plasticity by considering one or many dimensions representing physical attributes. Typical examples of such attributes are: distance from focus, body inclination, head inclination, horizontal movement, etc. Fig. 12a depicts the plasticity domains [3] structured according to 1D variation, e.g. distance from focus. Fig. 12b represents the various plasticity domains for 2D variations. In 1D, 2D, 3D, nD (where n >3), each plasticity domain represents respectively an interval, a rectangle, a parallelepiped, a hypercube, etc. Plasticity domains are delineated by domain frontiers whose intersections are located at plasticity inflexion points. Many disciplines can provide appropriate figures for physical properties. For instance, perceptual psychology may informs us to what extent a person considers an object far or close. Sociology interprets this as four spatial zones depending on the distance from subject (Fig. 13). Central zone, respectively personal, social, public correspond to a focus distance from the user of 0 to 45cm, respectively 46cm to 1.2m, 1.3 to 3.6m, bigger than 3.6m.

CONCLUSION

We have discussed design issues for hand-free user focus driven interaction in Mixed Reality systems. In synthesis, the need for focused or divided attention is largely determined by the demands of the user's task focus. However, the ability to successfully focus or share attention can be enhanced or degraded by the interaction design choices we make and which should be supported by the task model. The interaction between the task requirements and the design characteristics determine the attentional requirements and performance.  Task characteristics largely determine  at tentional requirements and minimum acceptable performance levels.
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Figure 12. Plasticity domains in 1D (a), 2D (b).
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Figure 13.  Four sociologic zones.

These task characteristics are determined by the nature of the work (e.g., user’s focus and temporal relations between tasks and devices required for those tasks). Design characteristics (e.g., synchronization, spatial and temporal integration and insertion context) facilitate or prevent the task goals from being attained, limiting interaction performance. This work shows that notations such as CTT are ill equipped to capture exactly the aspects that make MR systems special. This lack should be filled and recent advances to support the design of MR systems can be found in [6] proposing an integration of ASUR, UML and UMLi notations as a first step towards model-based design support for MR Systems. Contextual Task Models could also be considered, as context and conditional relationships allow to express the above mentioned design characteristics for MR systems. As a result of this task-based design our future activities will consistently address usability evaluation and testing of the case scenario to provide quantitative measures of intra-context continuity and inter-context continuity properties, parameterization and validation of the design choices. Other indicators that influence the usability of MR plastic UIs are:

- Context frequency, as it expresses how often users will perform their tasks in a given context [3], 

- Context switching frequency, as it expresses how often users will switch between different plasticity domains while performing their tasks.

These will provide information on interactional ruptures and instability in the interaction process and can be used to fine-tune the interaction experience. Our usability tests will address other factors that may determine the boundaries of plasticity domains, such as behavioral spatial zones when one user or more users relate to one or many objects in the MR system. We will also consider other usability criteria to be preserved for plastic interfaces, such as guidance in pre/intra/post adaptation within intra/inter plastic domains.
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