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Abstract

Presented in this work is a visualization in 3D of building interiors. Fields such as 
facility management is of interest for this concept. Data that is to be visualized has,  
unlike  most  previous  GIS,  access  to  the third dimension  to  describe  floors  of  a 
building in a realistic manner. Tests to determine strengths and weaknesses of 3D 
concepts compared to widely known 2D concepts is being performed. Factors to 
consider in visualization theory is taken into context to combine visualization and 
GIS. The results is expected to have positive effects for users interested in facility 
management.
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1 Introduction

GIS (Geographic  Information  System)  are  systems  that  store,  process  and present 
information. The purpose of these systems is to visualize data that have connections to 
geographical locations. Geographical locations often have several layers of data that 
are of interest. The majority of data in the world has a geographical connection and it 
is by visualizing data we can gain faster and easier access to the often big amount of  
information. This is why there is a need for GIS and other methods of visualizing in a 
geographic  context.  A  visualization  of  some  information  can  greatly  improve  the 
practical value of the information by making it easier to interpret. This depends of 
course on what type of data that is to be presented. Some data are inherently complex 
and can be hard to simplify.  The base concept  of  visualization is  to simplify and 
present  large  amounts  of  data  or  complex  data  in  a  way that  the  details  that  are 
interesting to examine will be easier for the human brain to process. A simple example 
is shown in figure 1. To use the cooperation that exists between eyes and brain by 
giving the eyes logical and intuitive stimuli that represent interesting properties in data 
is  very effective.  Of  course,  all  messages  to the eyes  cannot  be made  logical  and 
intuitive, but with practice and explanation users can be trained to understand these 
messages quicker as well.

Figure 1.  A collection of  data is  visualized to  be more easily  understood.  A  
simple graph in this example.

1.1 Problem definition

Most  GIS  visualizations  are  2D such  as  geographical  maps.  There  is  a  need  for  
visualizations  that  considers  a  depth  in  the  geographical  position  which  enables 
structures such as buildings with floors and rooms to be realized. Usually this would 
not be needed because the ground of the earth mostly has only one surface, except in 
cases where there are caves or similar cases that need to be visualized. This calls for a  
visualization in 3D as a logical step.

A  visualization  of  buildings'  interiors  is  needed  by  planners  or  other  users 
interested  in  tasks  such  as  facility  management  and  the  details  of  a  buildings 
geographical properties and interiors. There is a wide range of different types of data 
that could be treated here but as with the methods to store data this has less of a focus  
in this work. As such this work handles some relatively simple types of data that sets 
an example of what can be done. Most of the data is discretely connected to single 
rooms. With future work the concept of the visualization can be extended to other 
wanted data types.
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1.2 Purpose

To expand the  possibilities  of  GIS applications  ESRI  S-Group  wants  a  prototype 
visualization to identify problems and solutions. This prototype will act as a demo to 
show the concept  and grant a view of how the results  can look in reality and the  
benefit that can be gained. The prototype will also be used in tests to evaluate the 
concepts used in the visualization.

1.3 Questions to be answered

• What strengths and weaknesses does a 3D representation have compared to already 
existing solutions to analyze a buildings interior?

• What trade-offs in visualization, if any are required, are the most critical in a GIS 
environment and should be avoided?

1.4 Problem delimitation

This  work  focuses  on  creating  an  artifact  in  form of  a  prototype  to  demonstrate 
visualizations on building interiors in contexts such as facility management. Because 
data for this type of application do not exist beforehand, a collection of data needs to 
be created, though this is not a major section of this work. As example, one building 
will be visualized with some arbitrary types of data of properties connected to floors 
and rooms. 

What  is  to  be  investigated  are  concepts  of  visualizations  from  2D  and  3D, 
comparisons between these and how they fit in a GIS perspective.

The application will be a stand-alone program, written in C++ with OpenGL.
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2 Background

2.1 Related research

There is  a  lot  of  earlier  research on GIS in general,  however  quite  limited in the 
specific area of GIS that deals with visualizing building interiors.

2.1.1 3D-GIS
General  information  on  the  concept  GIS  can  found  in  GIS  Basics.  New  Age  
International[1].

3D-GIS for  Urban Purposes[2]:  This  article  was  written  1998,  it  describes  a 
theory on how to work with buildings and cities in a GIS environment. How urban 
GIS in 3D can expand the possibilities for planners is centered upon.

CityGML: Interoperable Access to 3D City Models[3]: CityGML is interesting in 
this context because it is an information model on how to treat the data of buildings 
for  visualizations  in  3D.  However,  this  part  of  the  visualization  process  is  very 
delimited in this work and would be more of importance for future work.

2.1.2 Visualization theory
Visualization Dynamics – The Perception of Spatiotemporal Data in 2D and 3D[4]: 
The obvious connection that exists between visualization and human properties such 
as sight and understanding is important when considering the differences in 2D- and 
3D-visualization along with potential strengths and weaknesses.

A 2D/3D Hybrid Geographical Information System[5]: In this article a concept to 
mix 2D and 3D is used to simplify the understanding process for users. This general 
idea to use strengths of different dimensions on different parts of a visualization can 
be very effective. This depends of course on the type of data and what concept fits the 
actual solution.

2.2 Data format

The base that makes a good application for visualization needs a structure to save data 
in. A format that is often used for buildings in 3D is some kind of XML-format where 
a  template  is  defined  to  describe  the  attributes  for  the  buildings.  The  previously 
mentioned CityGML has such a structure. But, again, this work does not focus on this 
area more than necessary for a prototype to demonstrate the concepts of visualization.
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2.3 Visualization in 3D

To visualize something in 3D compared to 2D introduces more differences than just 
another dimension. When applying the third dimension new problems can rise that 
were non-existent in 2D. Probably the most  common is object occlusion, ie. Some 
object is behind another and therefore parts of this object are not visible on the 2D-
screen. One solution to this would be to make all objects transparent, but this would be 
at the cost of making them less realistic which may or may not be an important aspect.
When several objects blend together the result can also be very hard to interpret. For 
this  reason  the  previous  problem of  object  occlusion  may  still  be  unsolved.  This 
problem is important to consider here because buildings contain several floors and 
rooms which would always occlude each other to some degree in a 3D view.

Another aspect of 3D is that one dimension is always projected and lost on a 2D-
screen. To recover this lost information there needs to be a change in the view of the 
3D  world  such  as  rotations  and  translations  so  that  the  eye  receives  different 
perspectives.  To achieve this some interactions  with the  visualization program are 
needed. The human eyes are trained and very good at seeing objects in 3D when this 
effect called ”motion parallax” is used. This effect is the reason objects far away from 
the  eye  appear  to  move  slower  and  objects  closer  appear  to  move  faster.  A 
requirement for this effect to be seen is of course movement of objects. In reality there 
are in addition to this other ways for the human brain and eyes to interpret objects and 
their  relative position to each other,  but  most  of  these methods do not  work on a  
computer screen. One of these that does work though, is the comparison of relative 
sizes of objects that are similar, but this requires some very specific conditions to be 
met to be used accurately. The comparison relies mostly on the condition that relative 
positions are accurately determined and non-ambiguous.

It is nevertheless very hard to estimate distances on a quantitative scale in a 3D 
visualization. Lines in 3D can also be hard to decipher in cases where they can be 
ambiguous. Without rotation, all lines on a screen can seem ambiguous if there is no 
context to connect them to as discussed by A. Kjellin[6] and as seen in figure 2. A line  
is ambiguous in the sense that when a 3D line is projected onto 2D the result can 
represent an infinite number of different lines in a 3D world because one dimension is 
lost in the process.

Figure 2: Lines can appear ambiguous in 3D space. As more context is added  
the effects of the ambiguity is decreased. Even if the last image also can be represent  
several realities, it matters less when some context is obtained. The line to the left is  
realized to belong to the bottom right portion of a cube.
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A strength to 3D is that an intuitive overview that has a strong connection to 
reality can be visualized. In contrast, a 2D visualization is an abstract representation of 
reality which can be advantageous as in regular maps, but can also be disadvantageous 
when the third dimension of reality is important to keep.

Because the human eyes are trained to see in a 3D world it would be reasonable  
to assume that a visualization in 3D is more intuitive than an abstract 2D visualization. 
Although some people are very familiar with 2D visualizations in form of maps and 
will still prefer this style.

2.4 Guidelines for visualization

2.4.1 Factors to consider
Gestalt  laws  are  a  collection  of  laws  stating  several  occurrences  that  affect  the 
perceptual capability of the human eye and brain. These are important to consider in 
visualizations so that the brain has less of a hard time structuring and interpreting what 
the eyes  see.  These laws are described in [7] chapter 6. These laws are originally 
described in a 2D context, but they can easily be expanded to 3D as well. The most  
important for this application is the spatial proximity law. The spatial proximity of 
floors of a building in 2D and 3D visualizations is very different. In 3D, the spatial 
domain  is  realistic,  while  2D  needs  to  separate  this  from  reality.  The  general  
importance of these however, depends on what type of data that is to be visualized, if 
the understanding of the data needs a judgement in proximity or aspects of the other 
gestalt laws.

Important factors to consider when visualizing data are colors, complexity, visual 
overlap , distortion and abstraction among others.

Color is a powerful tool that can group entities together or separate them, as is 
explained by the gestalt law of similarity. It can also be used as a measure on a scale.  
The quality of the measure relies on the colors chosen and the resolution of the scale 
that is shown. Big differences and approximate comparisons are fast with color scales 
but comparisons with small differences and fine decisions are hard. Color contrast is 
important to use correctly when attention is wanted to be given to specific areas or 
objects.

Complexity should be kept as low as possible. In this context, complexity means 
the level of difficulty that interpreting the different elements of an image has.  How 
low this can be kept depends on how much one can compromise other factors such as  
amount of detail. These factors are often dependent of each other and if that is the 
case, a compromise must be made for a given solution.

Visual overlap is experienced when the computer renders two objects to the same 
pixel. If blending is switched on, these two pixel colors will blend together into one, 
creating a combination. If blending is switched off, the object that is closest of the two 
can be  decided by the  graphics  API  and only the closest  object  is  drawn.  Visual  
overlap, in the case of transparencies, carries a dependency to amount of detail in an  
image and if  there is a lot of  overlap it  contributes to increased complexity of an  
image. In the case that every object is fully opaque visual overlap would only become 
a performance issue, the image will not have any increased complexity. When overlap 
occurs with transparent objects the complexity lies in trying to tell objects apart from 
each other.

Distortions  become  problematic  when  the  human  eyes  cannot  construct  an 
accurate non-ambiguous understanding of the image seen. This occurs most often with 
objects that are abstract such as lines because they are rarely seen in the real world. 
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Lines are usually seen as contours of an object. As clues are added to an image, these 
distortions are less likely to happen. A big clue that is seen in the real world on every 
surface  perceived  is  lighting  shades.  All  these  clues,  however,  require  additional 
complexity and in most cases decrease the amount of data that can be seen at once in  
an  image.  Distortions  are  often  solved  when the  3D space  can  be  rotated,  where 
objects will rotate as expected by motion parallax.

Abstraction can be used to simplify reality into a form that  is  easier  to think 
about and understand. This process impairs the connection to reality in order to gain 
simplicity and for this reason the results may vary depending on the purpose of the 
visualization. For some data to be understood, it may be necessary to keep as much  
realism of an image as possible. An example of abstraction is to use simple graphs to 
describe an objects interesting parts, rather than showing a full realistic image of the 
object. Without abstraction it would most likely require more thought to identity the 
interesting parts of the object from the image.

Selections of interesting areas or an object corresponding to the data of interest 
need to  be made  visible  in  some  way.  The easiest  way is  to  change color  of  the  
selected areas or objects to receive a visual pop-out. The human eye is very good at  
noticing these kinds of contrasts. An assumption that is reasonable is that data that is 
selected  is  the  most  important  at  the  moment  from the  users  point  of  view.  It  is 
therefore very important that these selections be visible always, or as often as possible. 
If the selected data is similar, the selections are also to be similar in color or contrast  
so that the user can group them together according to the gestalt law of similarity.

Removal of surfaces is useful as an alternative to transparencies of surfaces. The 
removal  should be temporary so that  the interaction does not  rely on the memory 
capabilities of the user. Because the surfaces can be kept opaque the detail can also be 
maintained  at  a  very  high  level  without  having  to  worry  about  visual  overlap 
problems. This comes at a cost in the form of time needed for interaction though, and 
also  ,depending  on  the  method  used,  the  difficulty  of  the  interaction  may  be 
impractical  for  some  users.  Special  consideration  must  be  taken when using  both 
selection and removal of surfaces as these contradicts one another somewhat.

2.4.2 User tendencies
When a user is faced with the task to understand the image that is presented,  

there are some classified operations that are used. One list of such operations comes  
from A. Kjellin, L. W. Pettersson, S. Seipel, M. Lind[8]:

• Identify – Characteristics of an object.
• Locate – Absolute or relative position.
• Distinguish – Recognize as the same or different.
• Categorize  –  Classify  according  to  some  property  (e.g.,  color,  position  or 

shape)
• Cluster – Group same or related objects together.
• Distribution – Describe the overall pattern.
• Rank – Order objects of similar types.
• Compare – Evaluate different objects with each other.
• Associate – Join in a relationship.
• Correlate – A direct connection.

All  of  the  factors  described  on  the  previous  page  affect  one  or  more  of  these 
operations. 
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2.5 Graphical fundamentals and difficulties

This section describes some special areas of the graphical tools in a computer that are  
expected to be of importance or difficulty in the visualization. There are many more 
minor issues that are not going to be mentioned because the list would then be too 
large and most of these issues are only concerned with OpenGL or programming in 
general.

2.5.1 Concave polygons
A very basic problem is the inability to render concave polygons correcly without  
some work done. OpenGL and most graphic API's do not handle this automatically as 
seen in figure 3. Concave polygons are most likely needed to render room floors and 
ceilings as these can be concave in shape. A demonstrated working method to fix this 
is called ear-clipping[9]. It is quite slow but easy to implement. The work that the 
algorithm needs to do, however, is not in real-time but can be pre-computed so this 
performance is only lost on start-up of the program. The idea is to transform a defined 
concave polygon into several  smaller  triangles that  can be rendered correctly.  If a 
concave  polygon  would  be  rendered  by  OpenGL  there  would  be  some  visible 
unwanted artifacts in the rendering.

Figure 3:  The  image  to  the  left  is  how the concave  polygon is  meant  to  be  
rendered  with  vertices  0,1,2,3  and 4.  The  right  image  is  how the  rendering  with  
OpenGL will look like without any manual intervention.
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2.5.2 Blending
3D graphics systems and APIs support blending of different surfaces. The blending 
function  in  OpenGL  can  be  changed  to  fit  the  needs  one  might  have  on  these 
calculations. If blending is set to accept every surface on a given pixel, the colors from 
every surface will be added together. This introduces a problem when there are too 
many surfaces to sum together. The pixel color can very easily become over-saturated 
with color and the result is a completely white pixel. If blending is instead set to not  
accept every surface on a given pixel, the blending function might be set to saturate 
the pixel color until the opacity of the pixel reaches full. The surfaces that come after  
this are discarded and cannot contribute to the color of the pixel. This can also be a  
problem, where some surfaces are visible in some views, while they can disappear if  
the view is changed to another perspective. This requires that the program keeps track 
of the order in which surfaces are rendered, but still some surfaces will not appear if  
there are a lot of visual overlap. This can be solved with more advanced techniques 
such as “Order Independent Transparency with Dual Depth Peeling” [10].

2.5.3 Shaders
Shaders, written for example in GLSL for OpenGL, are mostly used to create very 
realistic images through texture, lighting and shadow calculations. They can be used 
for any calculations and these are done on the graphics card. The power of shaders is 
that the appearance of surfaces can be changed however the programmer likes because 
this is what the shaders affect in the rendering pipeline. Some solutions that would 
otherwise take many more hours to implement without shaders are suddenly quite easy 
and fast to implement as shaders. One general example is to apply filters to arbitrary 
locations in the scene without having to worry about the structure of the rendering 
beforehand.

A downside to making big and advanced shaders is the amount of performance 
they require from the graphics card but if the visualization can gain positive effects 
from this it may be worth it. For this visualization shaders may benefit the realism of 
the buildings. Lighting calculations on surfaces can greatly help the user in telling 
which angle a  specific surface is  facing.  Surfaces  that  lie  connected are  then also 
easier to distinguish, especially if they are perpendicular as the lighting calculations 
will  give  these surfaces  very different  colors  as  is  expected  by the light  angle  in 
relation to the eye.
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3 Prerequisites and requirements

Because there is previously no functional data for this type of visualization there is no 
requirement to adapt to any existing database and format. The prototype that is created 
shall work as a demonstration and present possible realizations. The interest in this 
comes from the company ESRI S-Group in Gävle, Sweden. ESRI work with GIS and 
develop the program ArcGIS. Today, ArcGIS handles only 2D geographical data. The 
transition  into  3D  will  need  the  database  structures  to  be  changed,  because  the  
operations  that  are  applied  to  the  data  such  as  data  analysis  cannot  handle  and 
distinguish 3D coordinates that look the same in projected 2D.

Even though this problem remains to be overcome ESRI wants an explorative 
work on the possibilities of the combination of GIS and 3D visualizations. For this 
work, access has been given to use ArcGIS to edit coordinates of rooms and buildings.  
ArcGIS also makes it easy to construct a database for the works purposes.

The rendering that takes place in ArcGIS programs are usually cached and not 
relying on a powerful graphics card to have acceptable results. The prototype that is  
created  here  does  not  use  caching  techniques  but  has  a  constant  frame  rate.  This 
maintains all the visual elements even when interacting with the perspective of the 
world, but at the cost of speed on some older computers. There is also the issue of  
integrating 3D graphics rendering into ArcGIS or similar applications. But as these are 
mostly technical issues they are not to be solved by this work.

4 Methods

This work used the research strategy called “design and creation” for the visualization 
prototype. To gain understanding and to evaluate, the prototype was being developed 
during the whole time period of the work. The theories of visualization could then be  
tested in reality and adjusted if needed.

4.1 Storing and processing data

To make the prototype as realistic as possible, a real building is to be used to visualize. 
If no 3D data that fits exists for a building, as in the case of this work, CAD drawings  
can be used instead to extract  the  coordinates  for the building and it's  rooms and 
floors. The CAD drawings that have been used are 2D over each floor, but this is not a  
big problem to overcome if the rooms floor coordinates are copied and the copy is  
placed  above  the  floor  it  can  be  considered  the  ceiling  of  the  room.  To  filter 
coordinates for rooms, assign properties and attributes to these rooms and output them 
to a text file the program ArcGIS is used. The visualization program then reads this 
text file as input and creates a structure to keep the rooms in with all the coordinates 
and attributes.
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4.2 Visualization implementation

Because the objects to be visualized in this prototype are buildings, there will almost 
always be rooms occluding each other. If this is a problem or not depends on the data  
that is to be visualized. If this raises problems though, there are three main alternatives  
one can take to attempt to solve this to make investigation of every room possible.

The first alternative is to compromise the spatial restrictions that floor positions 
have in reality, positioned on top of each other and instead move them to the side of  
each other so they fit in one 2D image. This method is widely used in applications  
such as 2D blueprints, although it is not acceptable in a GIS environment where all of 
the data needs to have a geographical position assigned correctly in relation to the rest 
of the world.

The second alternative is to allow exploration of floors and rooms by interactions 
with the program in 3D. By interaction the user will be able to selectively remove  
parts of the data to make only the interesting parts visible. This alternative contains the 
least  amount  of  compromises  to  factors  such  as  overlap  and  complexity  of  the 
visualization but it also adds another level of complexity in interaction compared to 
the other alternatives.  More time is also needed from the user to interact,  but this 
drawback is necessary if this is the only way of making the visualization practical.

The third alternative is to, in 3D, make every room visible by making everything 
transparent. If there is an overwhelming amount of data that needs to be visualized, 
this method will most likely suffer because visual overlap is likely to occur. To be able 
to see details of large amounts of data, the detail for every piece of the data will need 
to be lowered so that the image does not become too complex and cluttered. Another 
way is of course to limit the amount of data that is seen at once to smaller portions.

For each of these alternatives, there are compromises to the guidelines and which 
ones that are the best to take remains to be seen.

The prototype has been developed to contain each of these alternatives. To attain 
some realism of the renderings, algorithms such as lighting calculations with shaders 
in GLSL on top of OpenGL can be applied where it does not hurt other visualization 
factors. This added detail could make the image more complex  and make it harder to 
distinguish walls that are blended together, though it may also make the walls easier to 
distinguish because of the difference of lighting effects. If the walls are to be fully 
opaque there seems to be no reason to add this detail though. Other details such as  
dynamic shadows put the same implications on the factors other than detail as lighting, 
maybe  even  more  so.  If  time  is  available  these  effects  can  be  implemented  for 
examination of the effects.

Interaction is needed to be able to change perspective and make selections in the 
data  and  it's  attributes.  The  technique  that  will  be  used  for  moving/rotating  the 
building and objects is the world-in-hand, with rotations around a pivot point in the 
world. This pivot point can be translated along the ground of the world. The ground, if 
detail is not a problem, is being rendered as a map of the surrounding area so that 
geographical location is kept in context. To complete the interaction a zoom is needed, 
which basically determines the distance between the camera and pivot point on the 
ground.
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4.3 Tests

In order to determine which alternative of visualization is the most effective on a low 
level a test is to be made. By low level is meant the basics of how brain and eyes 
work. The test aims to test the fundamental tasks of determining spatial position in 3D 
space.  Positions  and objects  in  a  building  are  important  to  be  able  to  be  seen  in 
relation  to  each  other.  This  is  very  basic  and  will  most  likely  be  used  in  most  
visualizations. Constraints on these comparisons are as a human would experience 
them in reality,  positions on different  floors need to be put  in context  to how the 
layout  of  the  building allows transportation to  this  floor  and position.  One of  the 
visualization alternatives may have a 2D-like view, but this can still be thought of as a 
calculation of 3D space because the 2D representation is an abstract view of a 3D 
reality. To compare locations of different floors of a building, there needs to be some 
calculations to accommodate for this because people need to use stairs or elevators in 
buildings to change floors. The test will require understanding of this and as such it 
can be considered a determination of spatial position in 3D as well.

There are 3 different view that are tested, one with static 3D, one with static 2D 
and one with dynamic 3D with interaction of the camera position to gain access to  
several perspectives.

The following images in figure 4 are screen shots of the test views. The dynamic 
3D is not  visible of course  because that  cannot  be shown in pictures,  it  needs an 
animated image.

Figure 4: 3D view and 2D view used in the test.

4.3.1 Experimental task
The test  participants  are faced with a task of  putting four  objects  in relation to  a  
reference point into ranking order from closest to furthest away. The four objects are 
viewed as boxes labeled “A”, ”B”, ”C” and “D” and the reference point is marked as a 
white sphere. This task involves calculation of distances with consideration taken to 
the  different  positions  of  the  4  objects  and  also  on  which  floor  they are  located, 
because movement from one floor to another will have the same constraints as reality,  
one  needs  to  go  through  stairs  or  similar.  In  this  test,  however,  constraints  on 
movement  from walls  and  doorways  on the same  floor  are  ignored  to  reduce  the 
complexity of  the  test.  Tasks  on real  data  in  this  area  would mostly only require 
approximate relations between  positions on the same floor anyway.

Independent  variables  are  the  different  views and setups of  the  cases  for  the  
reference point and the 4 objects to compare. Dependent variables that are measured 
are time used for each task and if the answer is correct or not.  In order to isolate  
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variations in the static view versions of the tasks, one camera view was set up on one 
part of the buildings and with a fixed rotation, zoom and pan. In the dynamic 3D task,  
only  camera  rotation  was  allowed,  no  zooming  or  panning.  No  help  is  given  to 
participants in form of clues as to which floor each of these boxes and reference point 
is on, they need to figure this out as best they can from the different views. This task is  
the most important aspect of this test in order to be able to rank the objects according 
to the rules. This will have varying difficulty between the blocks and views.

4.3.2 Experimental procedure
Test  participants  was  chosen  based  on  their  availability.  This  test  involves 
fundamental  tasks  that  require little  more  than is  expected out  of  measurement  of 
paths in reality. Therefore the test does not require a specific group of participants.  
The goal is to gather 20 participants. Because each participant performs 10 tasks this 
equals to 200 observations of quantitative data for each of the different  views.  20 
answers to the qualitative questions are received.

The test starts with the participant reading an instruction paper of what the test 
will be about, and questions about uncertainties are taken care of. An example of a 
task is shown and the test program is demonstrated so the participant can see how the 
different  elements  crucial  to  the test  looks on screen,  such as reference point,  the 
boxes, building, rooms and stairs. Interaction of the camera rotation is also available to 
practice to the participant before the tests. The order of different views appearance and 
what tools that is available in each one is explained. 

Between each task there is a pause screen which is completely black, this is to 
allow for unforeseen questions or if the participant needs a break. It is also fair for the  
eyes  to  rest  a  short  while  between  tasks.  The  time  spent  on  each  task  screen  is  
recorded by the program and output along with what test block the time belongs to in a 
text file at the end of the test. When the participant has decided on a ranking order for  
a task, the participant conveys this order to the test observer who fills in this order into 
the correct spot on a test record paper. 

Apparatus  required  for  this  test  is  no more  than  a  working computer  with a 
graphics card able to handle the rendering of OpenGL correctly. The keyboard is used 
to start the test and advance to the next task or pause screen. The mouse is needed by 
the participant for the interaction with the camera.

4.3.3 Test data
The data that is extracted from this test is the time measured and the ranking order 
given  by  the  participant  for  each  task.  The  task  contains  10  blocks  of  different 
configurations for the positions of the reference point and the boxes. These are made 
to be close to random with a distance difference between each box of at least 10%. 
This is done so that the task is not too hard in cases where two distances are so close 
to each other that the correct answer could very easily be mistaken for one or the 
other. This difficulty should not exist if the participant understands the task fully and 
is able to locate the positions of the point and boxes accurately

The permutation for these configurations in the test are as follows: The initial 
starting configuration is randomized by the program. The tasks views are ordered as 
3D, 2D then dynamic 3D. The first task will get the configuration number according to 
the randomized number. The 2D view will take this number and add 2 and take the 
results configuration number. The 3D dynamic view will take the 2D view number 
and add 2 yet again and use this configuration number. Configuration numbers range 
from 0-9. If the result is more than 9, 9 is subtracted so that it creates a loop. In this  
way, every configuration for every view will be traversed. By using this permutation,  
any learning effects of the configurations are minimized. If the same configuration 

12



would be used three times in a row, once for each view type, the difficulties of the 
different views would be compromised by clues from the previous views.

4.3.4 Informal observations
This  test  also  includes  qualitative  questions  and  observations.  The  participant  is 
presented  with  the  different  view  types,  but  also  with  variations  in  visualization 
solutions. These variations come from the decisions when designing the visualization 
based  on  which  factors  of  visualization  theory  that  are  being  prioritized.  The 
visualization can look completely different if abstraction is a big factor compared to 
when it's only a small factor to consider given other priorities.

The participant is asked to tell which of the visualizations he or she prefers and,  
if possible to say, generally the reason why.

5 Results

5.1 Prototype results

The following are  some  screen shots  from the  created prototype  application  from 
different angles, views and selections made.

Figure 5: Abstract view in 2D, selected rooms are highlighted.

Figure 6: Abstract view in 2.5D, printers are selected in this case and visible by a  
marker and icon.
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Figure 7: Abstract view in 3D, selected rooms are highlighted, stairs in this case.

Figure 8: Abstract view in 3D, white background, selected rooms are highlighted.

Figure 9: Opaque view in 3D, with removal of some surfaces through interaction for  
increased  visibility  of  details  in  the  building.  Selected rooms are highlighted and  
visible through the opaque walls.
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5.2 Test results

Figure 10: Test results from the task to place distances in ranking order. 20  
participants.

A t-test  was  calculated  on  the  time  differences  to  see  if  there  was  a  statistically 
significant difference.

The difference between static 3D and 2D has more than 99.99% certainty of 
being statistically significant.

The difference between static 3D and dynamic 3D also has more than 99.9% 
certainty of being statistically significant.

The  difference  between  2D  and  dynamic  3D  has  a  99%  certainty  of  being 
statistically significant.

So there is most likely a definite difference of the times for the tasks between  
views. Keep in mind this does not take into account correct or incorrect answers. For a 
full listing of data from the test see appendix C

5.3 Observational results

Figure 11: Test results of the qualitative observational questions simplified (1  
person  answered  both  3D  Opaque  and  3D  Abstract,  which  gives  21  counted  
preferences).
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6 Discussion

6.1 Method quality

6.1.1 Handling data
The gathering of data has been mostly manual work and is not acceptable for future 
applications. The CAD files that were accessible were as mentioned only drawings in 
2D  with  a  lot  of  unwanted  details.  If  an  algorithm  would  be  developed  to 
automatically create rooms from the lines in CAD files, the results would most likely 
be very coarse and hard to manage. There needs to be some structured base to input, 
edit  and use data  for  this  purpose.  Related work in this area  that  deals  with both 
outdoor and indoor data is  the plan,  part  of  the NYSTA project,  described by  El-
Mekawy, M. & Östman, A.[11]. The prototype developed in this work does not work 
towards a real database structure

6.1.2 Visualizing data
GIS data, as mentioned earlier, always have a position in the real world attached, even 
if  indirect.  Indirect  means  data  such  as  attributes  on  an  object.  The  attributes 
themselves do not have a position but the object they describe do have a position. 

Selections on these types of data can therefore always be displayed in 3D space  
attached to appropriate entities. For this prototype there was no requirements stated on 
the data to be example for visualization. A very specific data type would not be a 
convincing example for demonstration, so the types of data is mostly general simple 
data connected discretely to rooms. The base of the data is of course coordinates for 
the rooms, and the attributes and properties that are being demonstrated are what type 
of room it is, how much area the room covers, what house the room is in and if the 
rooms has a window or not to the outside. When a selection is made on a room, a  
detailed window of information about the room can be brought up by holding a button 
and the mouse over the room.

Other data are positions of doors between rooms, and the location of movable 
objects in the building such as  printers  or  similar  objects.  All  the data mentioned 
except the area are either positional or boolean yes/no data. Because the area data is a 
scalar value, some extra interaction is needed to decide which area interval is to be  
selected. Another method for this data would be to display the value on a scale for all  
the rooms at once, but this feels like a less practical solution to the most of imagined 
uses of scalar data. The displayed scale would also contribute to complexity of the 
image. A more advanced data that is somewhat dynamic is the data kept to calculate 
sun hours that a rooms gets in a set interval through the day. The sun hours data is 
simplified into an angle degree which represents the angle, in world coordinates, that 
the rooms window has facing outward from the building. If the room has no window 
this data is not used. Through interaction the user can set the interval of hours of the  
day spent in this room for example and the program calculates the rooms exposure to 
sunlight  depending on  the  angle  and position  of  the  sun.  This  is  a  quite  specific 
example of data, but can hopefully inspire some thoughts of other dynamic calculated 
data to be visualized. A very useful type of data to visualize, would be connections 
and networks between rooms and buildings. Scenarios of schedules for rooms or maps 
over the pipe structure inside walls come to mind.
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6.1.3 Visualization in a GIS perspective
As GIS requires data to have positional propriety, the visualization alternative in 2D 
shown in this work is not an option. The way it needs to be done in the case of 2D is to 
use interaction to make different floor visible on the same geographical position, one 
at a time. The 3D alternatives, however, would work just fine as their positional data 
from reality is not altered. A common concept for each of the alternatives is that colors 
of different hues are used to identify different floors 

The  two remaining  alternatives  have  quite  different  appearances  and focuses 
otherwise. At first thought the second alternative, to render a fully opaque building 
and allow exploration of details with interactions, seemed to be less effective, but as 
time  went  on and feedback was received this  was realized to  depend on the user  
audience and the task that is to be solved using the visualization. It was believed the 
most effective solution would be to remove as much unnecessary detail as possible to 
minimize visual overlap. In this way a view of the most important details could be 
kept and also be transparent so that no interaction was needed to see every part of the 
depth that the building has. Shader calculations was used to remove unnecessary walls 
that would otherwise contribute to visual overlap. Walls that are orthogonal to the 
viewers position would have reduced color and opacity. Much like an inverse lighting 
calculation with the light position attached to the camera. To reach this level of detail 
necessary would take more measures than imagined and the image complexity is still 
quite high while the level of abstraction is quite high as well. A comparison of the 
alternatives can be seen in figure 12

Figure  12:  The  difference  in  complexity  and  abstraction  between  Abstract  and  
Opaque alternatives.
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The fully opaque alternative maintains the positive traits of having a strong connection 
to  reality  and  low  complexity.  Visual  overlap  is  mostly  low  and  more  of  a 
performance issue. The overlap that occurs is when the selections need to be visible  
through  the  walls  or  roof  of  the  building.  There  is  a  contradiction  here  that  is 
intentional, the walls are fully opaque and do not blend, but selected areas or objects  
are in priority to be seen. This can seem strange but it makes sense when movement of 
the  camera  is  possible.  The  problem of  visual  overlap  between several  areas  and 
objects that are selected still exists though as these are always visible.

To be able to see details of every floor's layout,  the opaque alternative needs 
some  form  of  interaction  that  uses  removal  of  surfaces.  The  surface  removal  
interaction demonstrated here may take longer to get used to and understand, but it has 
some advantages over the more logical choice of being able to remove entire floors of 
the building. The removal of surfaces is also in lower priority to the selected areas or 
objects to be seen.

Figure 13: To gain more understanding of the selection and its context, removal of  
surface is used. 

The very weak transparent sphere seen in figure 13 is the clipping sphere controlled by 
moving the mouse pointer to where the user wants surfaces to be removed. Effects 
such as this can be realized with shader programs. The simplest shape to demonstrate 
is  the sphere,  but  other shapes such as a cylinder  may be more  effective and less 
confusing. This type of interaction for removal of surfaces have both advantages and 
disadvantages to the classic type  which would correspond to selecting which floor 
would be removed from view. One advantage is that it is very flexible and can be  
switched on and off quickly and without harm. One disadvantage is that it is quite an 
unnatural and unusual occurrence to clip surfaces with a sphere. The movement of this 
sphere creates some movements of the appearing and disappearing walls that are hard 
to follow.
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The preferences between these two alternatives depend on what type of person 
the user is and what task is being performed.

If selections could be combined with a table view over objects in the world it  
would create a very good overview of the data, although this would take much more 
time to create, but this is a goal for a GIS implementation.

6.2 Technical issues

6.2.1 Textures and lighting in data
With the addition of texturing and lighting calculations, there needs to be more data 
added  or  computed  for  every  point  of  a  polygon  that  is  to  be  rendered.  These 
calculations need texture coordinates and normals to be defined for every one of these 
points,  or  vertices,  of  a  polygon.  This  type  of  data  would  not  be  expected  to  be 
standard in a GIS database. It might be possible to calculate the normals of a surface  
but the texture coordinates would not as they cannot be connected to any mathematical 
reasoning. Although, if the texture that is used is of a repeating seamless pattern the 
orientation of the texture coordinates do not matter.

6.2.2 Polygons
When  solving  the  concave  polygon  problem,  another  problem  in  this  same  area 
revealed itself. Rooms in this prototype are defined by a single polygon of the floor. 
This polygon can be concave, but it cannot have a hole inside itself without creating a 
wall from the outer walls of the room to the inner walls. If this is needed it can be 
solved as well, but the solution employed in this prototype is not the best design as 
others probably would not need to solve this problem. The motivation and desire to 
keep  single  polygons  intact  comes  from  the  visualization  perspective  where  the 
boundaries of the rooms can be highlighted.

6.2.3 Blending
This  work has  not  solved the problems involving blending of  several  overlapping 
surfaces. In any case, the final visualization does not really rely on blending as much 
as before, so it's not as important. The artifacts can be seen sometimes though, but 
these only have esthetic impact.

6.2.4 Performance
This prototype does not have thoroughly optimized rendering, so the performance is 
quite low on older computers with shaders and zoomed in on surfaces so that a large 
portion of the screens pixels are being calculated in the fragment shaders. Without 
shaders active the performance is very acceptable.

6.3 Test discussion

There was a statistically significant difference between all of the different view types 
times recorded for the tasks. As expected the static 3D view was the worst. The t-test 
assumes that there is a normal distribution of values. This is not known but may be 
reasonable  to  accept  anyway  for  this  test.  There  is  almost  certainly  a  difference 
between 2D and 3D dynamic too, with 3D dynamic being on average 2.5 seconds 
worse. This is quite logical when taking into account the extra time that is needed to 
interact  with the  camera  view to gain the same precision that  the  2D view grants 
without the need for interaction. It was close between the results of percent of correct 
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answers though. It was imagined that the abstraction of the 2D concept would cause  
more confusion and thereby more errors. On the other hand, 2D visualizations have 
been around our whole generation, so we should be quite familiar with it.

The  permutations  of  the  tests  were  designed  so  that  learning  effects  on  the 
different  configurations  were  minimized,  because  there  is  a  difference  in  the 
magnitude of detail and precision that is presented in the views.

Important to keep in mind is that these tests only treated the task of measuring 
distances and this task is only one of many possible tasks that may be required in  
visualizations in this form.

Included in  the  tests  were  also  the  observational  results.  This  consisted  of  a 
question to the participant  about  which version of visualization he/she prefers and 
why. About 76% of participants answered the 3D opaque visualization and the most 
expressed reason was the positive connection to reality and its context. The abstract 
3D  version  seemed  to  be  disliked  for  its  high  complexity  with  difficulties  to 
distinguish details. But in some cases it was appreciated for the detail if zoom and 
rotation of the view was available to isolate details easier. The abstract 2D version was 
as expected appreciated for its distinct precision.

The critical comparison though, is between the 2D and dynamic 3D views. The 
2D view was on average 2.5 seconds faster than dynamic 3D, but they had almost the 
same rate of success on answers correctly given with 3D dynamic only slightly lower.  
When also considering that 76% of participants preferred a 3D dynamic view for a  
visualization, It can be argued that since these are almost the same in performance of  
determining distances at least, why not use 3D in visualizations? There may of course 
be  other  situations  not  covered  in  this  work  that  are  majorly  different,  but  as 
previously stated in the context of GIS, 2D is not a very good option there.

6.4 Questions to answer

• What strengths and weaknesses does a 3D representation have compared to already 
existing solutions to analyze a buildings interior?

From test results, the most significant strength seems to be the connection to reality 
that is established. Biggest weakness is the interaction it may require and the extra 
time that comes with it.

• What trade-offs in visualization, if any are required, are the most critical in a GIS 
environment and should be avoided?

As  positional  constraints  are  put  on  every  entity  in  a  GIS  environment,  a  3D 
visualization,  with  other  factors  and  experience  in  mind,  is  the  best  alternative. 
Because positions need to have a connection to reality,  abstraction should not be 
overly used as this lowers realism. Visual overlap in the case of transparencies is to 
be avoided as this contributes to complexity more than realistic details and removal  
of surfaces do to fully opaque renderings.
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7 Conclusions

The type of view , factors to consider and what trade-offs are to be made are heavily 
dependent on what audience of users that is going to use the visualization and what  
tasks they aim to complete.

In the case of measuring relative distance in building interiors, a 3D view with 
rotation of the view available might have a success rate close that of a 2D view with 
floors placed beside each other. The 3D dynamic view has a high probability of taking 
longer to do such a task.

8 References

[1]Fazal, S. (2008) GIS Basics. New Age International

[2]Köninger,  A.  &  Bartel,  S.  (1998) 3D-GIS  for  Urban  Purposes.  
http://www.springerlink.com/index/G8G847202PM437W7.pdf

[3]Kolbe, T.H. & Gröger, G. & Plümer, L. (2005) CityGML: Interoprable Access to  
3D City Models. http://www.citygml.org/fileadmin/count.php?f=fileadmin%2Fcitygml
%2Fdocs%2FGi4Dm_2005_Kolbe_Groeger.pdf

[4]Forsell,  C.  (2007)  Perceptually  Motivated  Constraints  on  3D  Visualizations.  
http://uu.diva-portal.org/smash/get/diva2:169551/FULLTEXT01

[5]Brooks,S.  &  Whalley,J.L.(2005)  A  2D/3D  Hybrid  Geographical  Information  
System.  http://citeseerx.ist.psu.edu/viewdoc/download?
doi=10.1.1.126.8284&rep=rep1&type=pdf

[6]Kjellin,  A.  (2008) Visualization  Dynamics  –  The  Perception  of  Spatiotemporal  
Data in 2D and 3D. http://uu.diva-portal.org/smash/get/diva2:172321/FULLTEXT01

[7]Ware, C. (2004)  Information Visualization: perception for design.  San Fransisco, 
Ca.: Morgan Kaufmann Publishers

[8]Kjellin, A. & Pettersson,L.W. & Seipel, S. & Lind, M. (2010) Evaluating 2D and 
3D  Visualizations  of  Spatiotemporal  Information.  ACM  Transactions  on  Applied 
Persception, Vol.7, No.3, Article 19

[9]Eberly,  D.  (2002)  Triangulation  by  Ear  Clipping. 
http://www.geometrictools.com/Documentation/TriangulationByEarClipping.pdf

[10]Bavoi, L. & Myers, K. (2008) Order Independent Transparency with Dual Depth  
Peeling.  
http://developer.download.nvidia.com/SDK/10/opengl/src/dual_depth_peeling/doc/Du
alDepthPeeling.pdf

[11] El-Mekawy, M. & Östman, A. (2009)  Priliminary Work Plan for 2009 in 3D  
Modelling of Buildings and Cities. (no online link)

21

http://www.springerlink.com/index/G8G847202PM437W7.pdf
http://developer.download.nvidia.com/SDK/10/opengl/src/dual_depth_peeling/doc/DualDepthPeeling.pdf
http://developer.download.nvidia.com/SDK/10/opengl/src/dual_depth_peeling/doc/DualDepthPeeling.pdf
http://www.geometrictools.com/Documentation/TriangulationByEarClipping.pdf
http://uu.diva-portal.org/smash/get/diva2:172321/FULLTEXT01
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.126.8284&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.126.8284&rep=rep1&type=pdf
http://uu.diva-portal.org/smash/get/diva2:169551/FULLTEXT01
http://www.citygml.org/fileadmin/count.php?f=fileadmin%2Fcitygml%2Fdocs%2FGi4Dm_2005_Kolbe_Groeger.pdf
http://www.citygml.org/fileadmin/count.php?f=fileadmin%2Fcitygml%2Fdocs%2FGi4Dm_2005_Kolbe_Groeger.pdf


9 Appendix A: Test instructions

Test
Detta test innehåller 30 uppgifter. Varje uppgift har en referenspunkt i en byggnad 
som visas med en vit sfär. 4 andra punkter i byggnaden identifieras med ”A”,”B”,”C” 
och ”D” på en kubform.

Uppgifter kommer ha 3 olika vyer. Först 3D, sedan 2D, sedan 3D med 
kamerainteraktion. Denna sekvens upprepas i 10 omgångar och blir alltså totalt 30 
uppgifter.

I varje uppgift ska man så gott man kan avgöra distanser mellan referenspunkten och 
varje kub med A,B,C eller D och sedan rangordna dessa från kortaste till längsta.

Viktigt att notera är att distansen måste ta hänsyn till vilken våning i byggnaden 
referenspunkten och målet ligger på, ligger dessa på olika våningar måste man räkna 
med distansen att ta sig till en trappa så som en riktig gångväg skulle se ut. Dörrar och 
väggar mellan rum kan dock ignoreras.

Exempel:
Referenspunkten, A och B ligger på våning 1
C ligger på våning 2
D ligger på våning 3

Enligt reglerna blir rangordningen B-A-C-D i kortast till längst distans
Vita linjerna visar här avstånden i jämförelsen
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10 Appendix B: Test form

Testperson:

Config set 3D             2D                          3D Dynamic
0
1
2
3
4
5
6
7
8
9

Föredragen visualisering:

Varför:
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11 Appendix C: Test results
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Prefered Visualisation %
Test Median time Average time # Correct # Wrong % Correct 2D Abstract 3 14.29
3D 21 24.8 70 130 35 3D Abstract 2 9.52
2D 15 16.94 167 33 83.5 3D Opaque 16 76.19

3D Dynamic 15.86 19.55 163 37 81.5

Correct answers
Person 1 2 3 4

view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic
CFG set 0 1 1 1 1 1

1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1
3 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1
7 1 1 1 1 1 1
8 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1

Person 5 6 7 8
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1 1 1

Person 9 10 11 12
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1 1

Person 13 14 15 16
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1
3 1 1 1 1 1
4 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1
6 1 1 1 1 1 1
7 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1

Person 17 18 19 20
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1 1 1
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Times

Person 1 2 3 4
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 21.09 16.34 32.42 24.34 9.1 7.14 22.39 6.19 15.6 15.74 7.18 11.1
1 46.52 26.23 50.64 28.17 27.64 11.64 30.03 7.53 17.13 11.27 16.59 11.84
2 17.45 15.43 29.78 12.88 13.23 14.4 13.93 14.9 9.87 9.23 8.13 6.26
3 45.28 14.29 43.83 11.53 9 11.9 8.97 8.97 8.6 10.23 6.18 16.13
4 57.54 11.36 16.27 18.08 7.2 62.6 14.27 8.21 7.04 12.4 9.5 14.79
5 25.91 14.36 13.83 8.63 27.33 9.55 9.56 9.18 15.19 11.3 5.19 14.05
6 41.18 20.03 15.48 9.76 8.82 29.35 11.51 15.57 20.28 9.6 12.69 10.58
7 29.44 29.5 15.7 8.95 6.37 12.99 9.36 6.91 14.86 10.57 5.49 12.01
8 17.51 37.74 16.91 26.47 6.66 9.1 10.06 6.65 19.79 26.55 8.29 12.97
9 23.81 17.71 41.46 24.78 25.27 10.22 22.95 6.95 9.37 12.86 5 15.94

Person 5 6 7 8
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 25.03 16.25 9.88 14.04 19.67 10.14 110.13 8.98 33.14 33.18 11.43 23.67
1 14.88 18.66 34.97 25.33 15.24 16.55 36.93 120.42 30.89 108.3 43.43 68.93
2 16.4 8.17 16.05 19.8 20.02 10.67 43.24 16.03 25.5 21.99 19.27 30.97
3 8.4 18.16 17.26 12.91 27.77 21.8 23.82 29.28 71.8 19.89 23.07 43.18
4 23.95 10.75 12.4 16.29 15.63 8.91 27.23 16.2 25.21 75.58 25.49 19.24
5 60.59 11.31 17.74 16.32 17.29 14.22 25.02 25.01 20.49 25.3 21.1 21.6
6 31.14 23.44 10.02 21.47 17.94 16.12 28.14 20.88 21.21 20.86 14.59 22.39
7 10.9 12.91 13.95 14.42 15.77 14.04 33.21 15.83 23.68 22.68 26.03 23.86
8 36.81 28.58 12.57 16.38 15.76 16.64 20.03 20.4 38.97 17.07 37.64 34.23
9 15.9 28.9 14.27 23.16 14.99 10.15 26.1 34.93 34.57 10.27 27.84 23.75

Person 9 10 11 12
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 18.88 6.46 11.24 11.59 9.23 8.99 36.19 12.28 18.87 17.2 9.56 38.5
1 21.04 23.3 12.62 10.21 12.94 8.23 55.29 29.07 11.49 23.84 23.39 45.37
2 11.2 5.98 7.62 22.08 7.62 14.25 27.09 39 9.96 14.3 17.59 22.28
3 12.46 22.14 11.34 17.68 16.62 8.54 12.06 25.78 18.93 26.75 14.65 50.15
4 32.14 7.52 9.28 11.01 10.23 6.85 12.89 15.09 18.96 28.9 15.4 14.35
5 11.36 8.18 8.72 13.7 13.78 11.87 21.1 13.63 11.64 28.95 29.79 34.91
6 14.12 7.9 20.5 10.81 8.98 15.6 18.67 18.64 16.03 29.81 15.01 47.48
7 6.04 5.56 6.46 14.03 8.12 8.49 18.76 8.75 10.86 51.49 23.47 21.91
8 31.78 19.68 16.94 12.93 7.72 14.15 78.65 11.83 17.82 26.96 49.5 21.55
9 9.78 6.1 9.94 11.14 10.21 10.44 39.59 10.35 13.97 27.43 18.53 13.31

Person 13 14 15 16
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 12.95 12.68 16.51 23.1 13.85 12.57 19.27 18.99 35.07 21.63 13.34 21.55
1 29.6 13.14 14.35 19.02 14.86 45.15 13.1 19.61 53.13 23.6 11.32 30.24
2 19.24 8.35 13.58 16.37 37.51 19.27 29.24 11.25 11.85 18.63 9.47 17.11
3 17.3 13.15 11.77 21.31 26.88 13.03 11.12 13.28 21.39 34.34 33.44 23.21
4 31.18 11.88 11.3 16.71 19.36 14.48 20.51 13.73 10.84 51.15 11.37 12.65
5 13.89 19.7 10.68 23.08 14.54 17.42 14.58 21.16 8.39 34.54 12.24 16.71
6 19.28 14.5 11.39 29.56 15.42 27.78 17.16 19.07 12.23 26.47 27.29 13.32
7 16.94 9.23 16.92 15.36 13.35 13.01 10.46 12.17 11.14 37.88 27.82 14.22
8 17.16 16.47 16.02 12.49 13.27 14.52 9.09 20.86 23.9 16.95 21.93 20.89
9 11.89 7.7 10.11 50.95 24.56 9.08 10.84 14.71 27.84 15.22 29.42 14.35

Person 17 18 19 20
view 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic 3D 2D 3D dynamic

CFG set 0 57.41 13.93 25.31 38.25 48.64 28.14 26.4 15.83 29.21 13.9 9.3 12.09
1 23.24 13.17 17.62 36.23 24.95 39.99 29.74 19.23 21.68 26.86 11.74 15.89
2 27.9 10.58 14.05 68.47 9.46 13.59 20.67 13.94 19.6 8.9 15.64 8.95
3 18.32 18.99 68.48 11.11 11.2 23.17 21.1 21.73 14.03 15.19 16.49 12.63
4 49.31 25.94 19.45 91.39 12.26 24.09 31.79 15.81 16.4 14.27 9.6 9.35
5 36.72 12.31 16.51 20.46 6.94 12.16 51.95 35.41 19.63 22.97 9.57 8.93
6 28.14 12.9 22.77 21.6 9.15 21.66 29.65 19.17 24.75 12.14 8.25 10.69
7 23.79 14.64 15.82 51.66 16.81 11.8 74.72 20.66 18.94 16.61 8 11.84
8 22.96 26.92 42.75 93.6 12.88 37.3 17.54 24.64 24.99 19.97 18.32 17.86
9 12.68 11.31 21.92 35.36 13.76 11.12 23.62 13.84 61.44 24.76 16.98 10.76
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