








Based on our findings, we digitally augmented the 
following four parts of the game: 

• The game field and game objects: to automatically 
determine the position and orientation of units. 

• The rule system: to automatically check the 
validity of the players’ decisions and to give them 
the information required for making a decision. 

• The dice: to automatically recognize rolled results 
and to forward them to the background system. 

• The data sheets: to keep up-to-date information on 
all units of the current game session. 

According to the interviewed players, these augmentations 
could be especially beneficial for tournaments, since they 
provide for an impartial entity that could be consulted in 
cases of disagreement or uncertainty.  
4 WARHAMMER™ 41K 
We now describe how we realized these steps. Though the 
physical augmentation usually comes second, we present it 
first: on the one hand, this ensures a better understanding of 
how the system works and, on the other hand, we only 
describe the physical infrastructure briefly as we have 
discussed it in detail in other publications before [7,9-11].  
 

   
Figure 5. W40K objects unobtrusively equipped RFID tags. 

 
4.1 Physical Augmentation in W41K 
To provide the players with the aforementioned services, it 
is essential to automatically determine where each unit is 
located at any given moment. To this end, we need an 
infrastructure that enables the identification and tracking of 
game objects. This information will then be processed and 
adequately made available through user interfaces. 
We chose RFID technology to digitally augment the game 
objects since this technology has the following advantages 
(for more details on appropriate technologies, see [7,9]): 

• Tags can be hidden and thus work unobtrusively,  
• Augmented objects are almost maintenance-free 

(except for exchanging damaged RFID tags), 
• There is no need to calibrate the equipment, 
• Each object is unambiguously identifiable, 
• No line-of-sight is required, and 
• Costs are low by comparison. 

In earlier publications we reported on our development of 
an RFID-based infrastructure that can be used to identify 
and localize game objects [7,9]. We managed to improve 
resolution accuracy to within a few millimeters using a 

moveable RFID antenna. The sensing system then forwards 
the position of all detected tags to the gaming application. 
The game objects are all equipped with one or more RFID 
transponders of the type Ario 370-S SDM by TagSys2, 
which feature a diameter of only 0.9 cm and can thus be 
easily integrated into the game objects (see Fig. 5). 
Using the same RFID technology, we also designed and 
implemented several augmented dice [10,11]. The six-sided 
dice have the same size like commercially available off-
the-shelf dice but are capable of automatically recognizing 
the players’ rolls and forward the results to the system (see 
Fig. 6). This allows the players to play in the traditional 
manner with the same look-and-feel of regular dice. 
 

   
Figure 6. The augmented dice prototypes, featuring a perfect 
recognition rate with a form factor of ordinary, off-the-shelf 

dice (edge length 1.6cm) [10,11]. On the right side is the dicing 
ground with one of the earlier, bigger prototypes. 

 
These augmented real-world interfaces have the advantage 
that the figures and the game field can be left unaltered, 
which is not possible when, for example, using big touch 
screens [16] or a projection-based battlefield [14] 
(especially for game fields with 3D objects). Also, these 
alternatives do not offer the high accuracy required for 
locating objects in W40K. 
4.2 Game Flow Virtualization in W41K 
As mentioned before, the localization data is forwarded to 
our gaming application, which then processes the data (i.e., 
translating the recognized tag IDs into battlefield 
coordinates of the corresponding game objects). For game 
units with only one RFID transponder this is 
straightforward since the transponder position is the 
position of the unit. With multi-tagged objects such as 
tanks, however, this task is not that simple: we have to find 
a position and orientation of the game object that fits the 
detected tag positions as precisely as possible. 
For each multi-tagged game object, the system knows the 
relative position of the tags on the object after an initial 
registration step. During actual gameplay, the system 
calculates the center of gravity for the set of recognized tag 
positions and aligns it with the center of gravity of the 
registered model (see Fig. 7). The system then simply 
measures the angles between the center of gravity and all 
tag positions, and averages over all angles. The resulting 
angle indicates the orientation of the game object. This 
algorithm worked extremely well in all our test scenarios. 
                                                           
2 http://www.tagsysrfid.com 



 
Figure 7. Determining the position and orientation of multi-

tagged objects: the center of gravity for the unit and the 
detected RFID tags are placed on top of each other. The 

average of the angles between the center and the individual 
tags yields the required rotation of the object. 

 
Once we have the positions and orientations of all game 
objects on the battlefield – in addition to the army units we 
also have the virtual representations of all static objects 
such as buildings – we can then verify if moves and attacks 
are valid. Thereunto, we have to inspect three things: 
1. The distances: 

a) Is this unit allowed to move to this point? 
b) Is the target in range of the unit’s weapons? 

2. The viewing angle (only vehicles): 
a) Is the target within the viewing angle of the 

weapon? (Most weapons mounted on vehicles 
often have a viewing angle of 180°.) 

3. Is the target in the line-of-sight of the aggressor? 
Since all objects can be modeled as a set of lines (i.e., 
vehicles, buildings, terrain sections) or a circle (i.e., foot 
soldiers), checking these three constraints can be reduced to 
calculating the intersection of two lines. The small figures 
are placed on round bases (see Fig. 5 left); in this case we 
take the line that is orthogonal to the line-of-sight and goes 
through the center of the round base: since we know the 
diameter of the base, we can determine if the base of the 
target figure is within the line-of-sight of the attacker. 
This information is used to support the players during 
movement, shooting, and close combat phases of the game. 
To properly assess if all rules are satisfied, we virtualize 
these phases and the game objects with their individual 
characteristics (e.g., strength, range, weapons, etc.). The 
phases can be represented in sequence diagrams, which 
give a good overview of how the game is structured. Fig. 9, 
for example, displays the diagrams covering the shooting 
phase. Note that these two diagrams do not cover all 
possible exceptions and rules of the shooting phase – 
including them would have rendered the diagrams rather 
confusing and hard to understand. 
Based on the sequence diagrams, the gaming application is 
aware of the current game state and can now forward 
relevant information to the players and verify their moves 

without their having to manually measure distances, angles, 
etc. and cross-reference them with the individual and 
current capabilities of the involved units (e.g., health 
points, fallback condition, PSI support by special units, 
etc.): the players can simply make their moves and will be 
informed if and why a move is not valid according to the 
rules. To this end, a screen will display the current 
condition of the battlefield at all times, including buildings 
and terrain sections (see Fig. 10 top). 
By simply moving the mouse cursor over a unit, a player 
can receive all relevant and up-to-date information3 (see 
Fig. 10 left). Similarly, the screen will notify the players 
whose turn it is and what moves are possible: if a move is 
not allowed, the otherwise black “lines of movement” are 
highlighted in red (see Fig. 10 right). 
4.3 Discussion 
W41K meets most of the design guidelines presented in 
Tab. 3 rather well. The guidelines 4, 5, 7, and 11 are 
inherently met by the chosen technology (RFID 
technology) – also demonstrating how important the right 
choice of the technology is. The benefits of choosing and 
integrating this technology in the first place (criterion 1) 
should have become obvious in the previous section. 
The players can also decide to disregard rule violations, as 
this can be part of a current scenario or simply the players’ 
desire to bend the rules [4]. The idea of W41K is not to 
simply replace a rule book with a computer screen but 
allowing the players to focus on strategic decisions and 
social aspects by relieving them of cumbersome tasks and 
providing them with relevant and up-to-date information 
about all game objects – if desired –, thus realizing 
guidelines 3, 5, and 8. 
To realize the physical augmentation, we iteratively 
developed and improved the prototypes to meet the 
required criteria: each component was subject to at least 
three iterations as discussed in the corresponding 
references. The design and implementation processes were 
realized in accordance with the augmentation cycle (see 
Fig. 2) and design guidelines 2, 6, and 10. The established 
game model reflects the high dynamics of this game 
(guideline 9, also cf. aspect no. 3 of Tab. 2). 
 

 
Figure 8. Determining the line-of-sight between objects. 

                                                           
3 In fact, the general idea is take the concept of virtualization even 

one step further by representing each game object (i.e., the army 
units) by its own website [14].  



 

 
Figure 9. The sequence diagram for the shooting phase of 

W40K. The diagram at the top describes the complete 
shooting phase while the two diagrams at the bottom are 

extensions to the main diagram. 

 
The only insufficiently met criterion is the one on 
secondary user interface (no. 12): our system uses a screen 
to display the positions of the units and the context-relevant 
information, which is not optimal in terms of natural, 
tangible interaction with the battlefield and the game 
objects. Also, to date, we have not realized a session 

management and game history yet, which is part of future 
work (also see section 5). 
5 CONCLUSIONS 
In this paper we established and discussed a set of 
guidelines for digitally augmenting traditional game 
environments. Based on our experiences in augmenting 
such environments, we suggested a two-step process 
comprised of game flow virtualization and physical artifact 
augmentation. In order to demonstrate how these guidelines 
can be practically applied, we designed and implemented 
an infrastructure that is capable of relieving the players of 
these cumbersome tasks and providing them with context-
relevant information in-game, hence allowing them to focus 
on strategic decisions and the social aspects of the game. 
The application of the approach and the design guidelines 
presented in this paper is, however, not limited to 
augmenting existing game environments. They can also be 
used to design completely new augmented games. If a 
game can be designed from scratch without any constraints, 
it features a higher degree of freedom with regard to the 
coupling of the physical and digital. Additionally, 
developers can adjust the physical shapes of the play 
objects accordingly, allowing them to make bidirectional 
adjustments – augmenting traditional game environments 
do only allow for unidirectional coupling (i.e., make the 
digital (technology) fit the physical objects). 
 

 

  
Figure10. The user GUI displaying recognized game objects 

(top). The user can easily receive additional information about 
the units when moving the mouse over a unit (left) and will be 

automatically notified if planned moves are invalid (right). 

 
Our prototype serves as a fair example of how an augmen-
ted game environment might look, i.e., data is collected un-
obtrusively and neither the battlefield nor the game objects 
are perceptibly modified. While initial trials showed that 



the prototype works very well, we found several aspects 
that could be improved in subsequent design iterations: 

• Reducing the time required for scanning the 
battlefield (approx. one minute at the moment). 

• Increasing the dice ground: right now, we can read 
5-6 dice at once, but the game sometimes needs 
over 20 dice rolled simultaneously. 

• Encompassing all rules: though we have 
implemented all major rules, there are still several 
exceptions to be covered. 

• Session management and game history (see 
section 4.3). 

• Conducting an extensive user study: the prototype 
has not been tested under real circumstances. 

• Possibly replacing the screen for displaying the 
information with a more naturally integrated 
interface (cf. section 4.3) or maybe use a projector 
to display the information directly on the game 
field. While a projector potentially violates the 
fourth design criterion (see Tab. 3), it might on the 
other hand provide for additional effects (i.e., 
visualizing explosions and exchange of gunfire) – 
this trade-off is certainly worth exploring.  

Improving these aspects should further contribute to 
creating a truly compelling augmented game environment.  
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