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Abstract. This study evaluated architectural space quantitatively
based on ambulatory vision. In this paper, we propose a computational
analysis method of a visual space along a walking path by using a virtual reality display. A display image of our system is shown from the
first-person perspective. We consider the perspective to be the visual
field of the users. To convert the perspective into a visual field, we
take advantage of depth buffer data, which can specify how far a pixel
of an object is on the perspective. To analyse a visual space by a sequence of visual field, we quantify the geometric characteristics based
on isovist theory. A virtual reality display, which employs a wide
range view angle and a head-tracking system, also enables us to analyse the relation between the visual field and head motion.
Keywords. Computational analysis; visual space; walk-through; virtual reality; isovist.

1. Introduction
Through the growth of 3D-CAD/CG technology, a walk-through CG animation of a virtual 3D building offers a simulated experience. In addition, a virtual reality display, such as a head-mounted display or CAVE system (CruzNeira, 1993), enhances the immersion. With such tools, it becomes possible
to give a visual sense evaluation of a building in the design phase. However,
quantitative descriptions and computational analysis methods have not yet
been established.
To evaluate architecture or urban space in terms of human perception, a
number of cognitive psychology studies have been conducted. Ittelson
(1973) pointed out that space perception is especially influenced by not only
object perception, but also environment perception. An object can be fully
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seen within a certain view angle range but an environment is not fully seen
without the movement of body parts. Gibson (1980), a psychologist, pointed
out that ambulatory vision is important for environment perception. Benedikt
(1979) also proposed the concept of the isovist, which is the set of all points
visible from a given vantage point, as a quantitative description of the visual
space in architecture or urban space.
This study evaluates architectural space quantitatively based on ambulatory vision. In this paper, we propose a computational analysis method of a
visual space along a walking path by using a virtual reality display.
2. Method
2.1. WALK-THROUGH SYSTEM
Our walk-through system displays a walk-through image in a virtual 3D
building on a personal computer (PC) and enables users to control the point
of view interactively by real-time rendering technology. The programming
language for our developed walk-through system is C++. The 3D graphics
library is OpenGL and the physics simulation library for collision detection
is the Open Dynamic Engine (ODE).
2.1.1. Reconstruction of 3D visual field
In any discussion of vision it is necessary to distinguish between the retinal
image and what man perceives. Gibson (1980) has technically labeled the
former the visual field and the latter the visual world. In this paper, we focus
on architectural space based on visual world constructed by using a sequence
of visual field. We define such architectural space as visual space.
A walk-through image of our system is shown from the first-person perspective. We consider the perspective to be the visual field of the users. To
convert the perspective into a visual field, we take advantage of depth buffer
data, which can specify how far a pixel of an object is on the perspective. To
analyse a visual field, we quantify the geometric characteristics based on
isovist theory. Our system especially focuses on the 3D visual field within
the view angle, whereas the conventional isovist is the set of all points visible in 2D space from any given vantage point. Consequently, the visible area
in our system is different from an isovist because our system considers the
view direction and the view angle in 3D space. Therefore, our system has the
advantage of simulating a more real visual experience.
Figure 1 shows the definition of terms relating to a 3D visual field. A
visual field is cut according to the shape of the environment and the point of
view. The boundary of the visual field is decomposed into three parts: real
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surfaces, occluding radial surfaces, and region-boundary surfaces. Real surfaces, such as walls, floors, ceilings, etc., are visible. Occluding radial surfaces represent the depth to which environmental surfaces partially cover
each other, as seen from the point of view.
Wall
Occluding radial
surface

Point of view

Real surface

Visual Field

Figure1. 3D Visual field

2.1.2. Evaluation indicators of 3D visual field
As evaluation indicators of a 3D visual field, our system calculates the visual
volume, the real-surface perimeter and the occlusivity. The view volume V is
that of the visual field. The real-surface perimeter P of the visual field is the
sum of the real surfaces. The occlusivity Q of the visual field is the sum of
the occluding radial surfaces. In addition, our system separately calculates
the indicators of each element, such as walls, floors, ceilings, as opposed to a
conventional method dealing with each element as the same environmental
surfaces. The type of a surface can be arbitrarily set by assigning a material
in the 3d modeling phase. Specifically, Vx represents the volume of the visual field cut by element x. Px represents the real-surface perimeter of element
x. Qx represents the occlusivity covered by element x.
In isovist theory, isovist fields are also defined by a scalar field at each
point. Our system cannot calculate these indices at each point because the
indices depend on not only the view point but also the view direction. Instead of displaying isovist fields, our system displays monitor graphs of
these indices.
2.2. VIRTUAL REALITY DISPLAY
Virtual reality displays provide users with a high level of immersion by covering their entire visual field. The CAVE system is a typical virtual reality
display device consisting of a cube-shaped room in which the walls are rearprojection screens. A head-mounted display (HMD) is also a virtual reality
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display device that has a small display optic in the front of each eye. Though
we have developed the walk-through system on a CAVE system, the issues
that researchers are faced with are size, portability and cost.
Moreover, even though various HMDs have been developed for a long
time, they have the problems of weight and cost for solving the image distortion caused by the wide range view angle of the optical zoom lens. Therefore,
it is difficult for most consumer HMDs to provide a sense of immersion as
effectively as does the CAVE system. However, in recent years, low-cost but
immersive HMDs have become available because small high-definition displays are becoming common and software technologies in computer graphics
are able to correct a distorted image in real time.
In addition, by using an attached head-tracking sensor, 360 degree space
images are displayed in accordance with head motion. Such portable HMDs
realize an immersive experience similar to that of the CAVE system at a
lower cost. In this study, we use the Oculus RiftTM, which is a virtual reality
headset developed for immersive video game play (Oculus VR, 2013).
The specifications of the Oculus Rift are as follows. Stereoscopic video
images display a 7 inch LCD panel. The resolution is 1280 x 800, which is
split between both eyes, yielding 640 x 800 per eye. Dual optical zoom
lenses positioned over the eyes provide a 90 degree horizontal and a 110 degree diagonal stereoscopic 3D perspective. The Oculus Rift hardware includes a gyroscope, accelerometer, and magnetometer. These sensors determine the orientation of the user’s head in the real world, and synchronize the
user’s virtual perspective image over all 360 degrees.
2.2.1. Stereoscopic image creation method on the Oculus Rift
The Oculus Rift is designed for video games with a first person view. To integrate the Oculus Rift with original applications, the Oculus SDK (software
development kit) is available. The Oculus SDK includes the specification for
rendering stereoscopic images and APIs for fetching the sensor data. To create stereoscopic images on the Oculus Rift, a 3D scene needs to be rendered
in the split screen, where each half of the screen is used for each eye. Unlike
stereo TVs, the Oculus Rift does not require off-axis or asymmetric projection. Instead, the projection axes are parallel to each other, as shown on the
left-hand side of Figure 2. To integrate the Oculus Rift with our walkthrough system, we added a stereo rendering process based on the Oculus
Rift specification.
To create stereoscopic images, our walk-through system renders a 3D
building twice. A point of view is set at the position of the right and left eyes
in virtual space. The left eye image is rendered on the left half of the screen

ARCHITECTURAL VISUAL SPACE ALONG WALKING PATH

713

and the right eye image is rendered on the right hand of the screen. The display of the Oculus Rift is 93.6 mm high and 149.7 mm wide. The distance
between the eyes and the display is 41 mm. The distance between the pupils
is assumed to be 64 mm. Calculating the perspective projection matrix
means considering the gap of 5.44 mm between the centre of the picture
plane and the centre of vision, as shown on the right-hand side of Figure 2.
The positional relation between the eye position and the picture represents an
approximately 84.8 degrees horizontal and an approximately 97.6 degrees
vertical perspective. In addition, the dual optical zoom lens broadens the horizontal perspective to 90 degrees.
149.7

Left eye image

Right eye image

5.44
93.6

eʻR

eʻL

Lens

eL

Lens
110°
64

41

EL

eR

Figure 2. Perspective projection on the Oculus Rift (left) and projection matrix (right)

2.2.2. Distortion correction
The optical zoom lens in the Oculus Rift magnifies the image to provide an
increased view angle, but this comes at the expense of creating a pincushion
distortion of the image. This radially symmetric distortion can be corrected
in the software by adding a barrel distortion that cancels it out. This distortion correction model is expressed in terms of the distance r from the centre
of vision. It is helpful to regard a point in the image in polar coordinates (r,
theta) for a point in the image. The distortion correction model performs the
transformation in which the scaling function is given based on the parameter
of the Oculus SDK.
For such image processing, the walk-through system renders a scene with
the off-screen texture having the same dimensions as the screen. Then, the
off-screen texture is applied to the post-processing filter of the barrel distortion by using the correction expression. Finally, the off-screen texture is applied to a half-screen quad for an eye and displayed on the screen. However,
the barrel distortion makes the image smaller. For this reason, the system
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renders an image larger than the size of the screen. Current GPU technology
enables this graphics processing in real time by using a fragment shader
technique of OpenGL. Figure 3 shows the distortion correction on our walkthrough system using the model of the well-known Villa Savoye.

Figure 3. Distortion correction (left: original image, right: corrected image)

2.2.3. Head tracking
The Oculus Rift hardware includes a gyroscope, accelerometer, and magnetometer. We combine the information from these sensors through the Oculus
Rift SDK to determine the orientation of the user’s head in the real world,
and to synchronize the user’s virtual perspective in real time. The Oculus
Rift orientation is a rotation angle in the right-hand coordinate system. The
rotation angle is maintained as a unit quaternion, but can also be reported in
yaw-pitch-roll form. Our walk-through system adds the yaw-pitch-roll to the
camera rotation angle. In a general walk-through system, a user moves forward, backward, left, and right by using a keyboard, and looks left, right, up,
and down by using a mouse. By using the head rotation data, a user can look
around instead of using a mouse.
2.3. CASE STUDY
We apply our walk-through system to a real building to evaluate the indicators for analysing the changes of the visual field along a walking path. The
indicators are the visual volume, the real-surface perimeter and the occlusivity of the visual field. The subject building is the Villa Savoye designed by
Le Corbusier. The Villa Savoye represents not only a demonstration of Le
Corbusier's five points of a new architecture but also an architectural promenade that embodies the concept that an architectural experience is the sequence of movement. Therefore, the subject building is appropriate to evaluate architectural space quantitatively based on ambulatory vision.
We created the 3D model and set a walking path on which a user enters
the building and walks on a ramp up to the salon, as shown in Figure 4. The
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subject is one user this time because the primary aim of this case study is to
verify performance characteristics of our walk-through system. The user has
already learned how to operate the system in advance. When the user wears
the headset and watches the walk-through animation along the walking path,
he can look around freely. To analyse the visual field, we use a single perspective image, while the user looks at the stereoscopic images. For system
configurations, the horizontal view angle is 90 degrees per eye, the maximum visual distance is 50 m and the resolution of the display is 1280 x 800.

1st floor plan

2nd floor plan

Figure 4. Case study plan: walk-through path (left) and experimental images (right)

3. Results and discussions
3.1. HEAD MOTION ALONG THE WALKING PATH
Though the walking path of the case study is set in advance, a user wearing
the headset can look at 360 degree space in accordance with the head motion.
Figure 5 shows the head motion data of a user and the walk-through images.
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Figure 5. Head motion data and walk-through images

As shown in the figure, when focusing on the elevation angle, the user
looked up from 7 seconds to 9 seconds after starting on the walking path.
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Before the user entered the pilotis space, he looked up at the second-story
walls from the exterior space. Next, from 12 seconds to 14 seconds, when
entering the building, the user looked up. It is assumed that the user checked
the doorway height and confirmed it was high enough to pass through without hitting his head. Then, the user looked up from 16.5 seconds to 19.5 seconds and from 23 seconds to 27 seconds as he walked up the ramp. When
the second story came into the sight, the elevation angle was becoming horizontal.
In terms of the azimuthal angle, at 24 seconds to 25 seconds after the start,
the user turned his head before changing direction along the walking path at
the landing area of the ramp. Next, while the user walked up the ramp, the
roof garden became visible through the left side of a window and the user
turned his head to that direction. After 35 seconds, the data shows that the
user entered the salon and looked around.
From the above, we confirmed the head motion characteristics, in which
the user’s head turned to the direction where he wanted to go and look. To
analyse the visual field similar to human perception, it is important to take
these head motions into consideration.
3.2. ANALYSIS OF CHANGES IN THE VISUAL FIELD
Figure 6 shows the changes of evaluation indicators along the walking path
by considering the head motion in the case study. The evaluation indicators
were calculated for each building element: walls (V1, P1, Q1), floors (V2, P2,
Q2), ceilings (V3, P3, Q3), columns (V4, P4, Q4), and window frames (V5, P5,
Q5).
In terms of the visual field shielded by the walls, the trends of changes of
the view volume (V1) and the real-surface perimeter (P1) are almost the same.
This can be explained as follows. Both V1 and P1 increase if the area of a
wall in a visual field becomes large. However, the ratio of V1 to P1 is different according to the scene. The ratio depends on the positional relationship
of the view point and walls. Specifically, if the distance to a wall is long, the
view volume is increased. In addition, the view volume of a front wall is
bigger than that of a side wall in the depth direction, even though the areas
of those walls are the same. It is likely that the proportion or direction of
walls in a visual field can be analysed quantitatively by using the ratio of V1
and P1. For example, when the user was outside and looked at the secondstory wall and the rooftop wall from the front, the ratio was more than 2.0.
On the other hand, when the user entered the building and walked up the
ramp, the ratio was less than 1.0 because of the surrounding side walls in the
depth direction. After the user entered the salon, the ratio was more than 2.0
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again because of the open space. Therefore, it is assumed that the ratio of P1
and V1 evaluates the openness and direction of visual space.
Next, we focus on the visual field shielded by the floors. When the user
was outside at the start of the walking path, the user saw part of the floor
through the front door and the windows. As the user approached the building,
the real-surface perimeter P2 increased. On the other hand, as the distance
between the view position and the floor became shorter, the view volume V2
was unchanged. Inside the building, the change trends and the ratio between
V2 and P2 are almost the same because the floors are horizontal surfaces.
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Figure 6. Changes of the evaluation indicators

Next, we focus on the visual field shielded by the ceilings. When the user
was outside at the start of the walking path, the user looked around the pilotis ceiling into the distance. The real-surface perimeter P3 is very large and
larger than the view volume V3 because the ceiling is horizontal. Inside the
building, the change trends and the ratio between V3 and P3 are almost the
same because the ceilings are horizontal surfaces.
In terms of the visual field shielded by the columns, the occlusivity Q4
increased when the user saw the piloti columns. If there is no wall between
columns, Q4 is relatively large comparing V4 and P4.
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Finally, we describe the visual field shielded by the window frames.
When the user was outside, the occlusivity Q5 was not so high. On the other
hand, when the user saw the external landscape through the window frames
of the building when he was on the ramp and in the salon, Q5 was a high
value. In the salon especially, no big changes occurred in the Q5 value, even
if the user looked around. It is assumed that the horizontal windows, which
are one of the five points of the new architecture, maintain the occlusivity.
4. Conclusion
We proposed a computational analysis method for a visual space along a
walking path by using a walk-through system and a virtual reality display.
The virtual reality display, which has a wide range view angle and a headtracking system, enabled us to analyse the relation between the visual field
and head motion. To analyse the visual field similar to human perception, it
was important to take head motions into consideration. To analyse the visual
space by a sequence of visual field, we quantify the geometric characteristics
based on isovist theory. As evaluation indicators of a 3D visual field, our
system calculates the visual volume, the real-surface perimeter and the occlusivity. As a result of the changes of evaluation indicators along the walking path by considering the head motion, it was assumed that the ratio of the
indicators evaluated the openness and direction of visual space.
Further research is needed to provide a method for clarification of characteristics of visual space based on the proposed indicators. Thereby it is possible to analyse and evaluate architectural space which man perceives.
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