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あらまし 本稿では、ユーザの方向感覚を保持するための全方位表示ウォークスルーシミュレータ（WTS）につ
いて述べる。本シミュレータでは、歩行者デッドレコニング(PDR)に用いられる小型無線センサモジュールによっ
てユーザの足踏み（WIP）や向きの計測することで仮想環境内を移動する。これによりハンズフリーな操作が実現
されるため、環境側の設計とハンドヘルドデバイスや手持ちの紙媒体資料の組み合わせの評価を行うことができる。
さらに WTS ユーザと指示者などの遠隔ユーザとの対面コミュニケーションを写実的アバタを通じて行うこともで
きる。
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Hands-free Omni-directional Walkthrough Simulator
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Abstract We present a walkthrough simulator (WTS) in which the display is omni-directional so as to preserve the
viewer’s sense of direction. A small-sized wireless sensor module for locomotion interface based on walking-in-place (WIP),
detecting the viewer’s step and orientation, is also presented to navigate the virtual constructions. The sensor module attached
to the viewer’s belt realizes the hands-free operation, which makes it possible to evaluate the usability of handheld devices or
even just a paper map while walking around in virtual environments. In addition, the proposed WTS supports face-to-face
communication between the simulator and a remote computer to help the subject reach their destination. The WTS is then
applied to navigation in photorealistic environment for viewers to tour the remote indoor place without visiting in person, as an
application of the proposed simulator. Based on the hands-free operation and omni-directional display, the proposed WTS can
provide the viewers with a feeling that they experience the virtual environment as similar as possible with the real world.
Keyword Walkthrough Simulator，Omni-directional Display, Hands-free Locomotion Interface, Photorealistic Avatar
subjects as they physically walk through the virtual world.

1. Introduction
Before constructing or renovating houses or buildings,

In the beginning of the 1990’s, a head-mounted display

details such as suitability of the floor layout and

(HMD) with head-tracking devices that detect the location

navigation

feel

and orientation of the viewer to simulate the correct view

comfortable in the buildings should be considered. Virtual

was presented to provide 360-degree virtual scene [2].

reality techniques are used to investigate virtual structures

However, wearing the HMD for more than ten minutes is

in details. However, since information is generally

visually stressful, because the field of view of HMD is

displayed through monitors and a keyboard or mouse is

limited compared with human eye. Therefore, CAVE T M [3]

used to navigate the structure, it is difficult to evaluate the

was presented to provide wide field of view as an

relationship between the details of the structure and the

alternative of HMD, which is a cubic with display screens

sense of absolute direction of the viewer [1]. Therefore,

that surrounds a viewer. The goal of the original version of

we have developed the walkthrough simulator (WTS) in
order to enable subjects to navigate virtual constructions

the CAVE is to provide viewers with a 10′ × 10′ × 9′-sized

from the perspective of the customer. The final goal is to

since the rear- and down-projection screen requires a large

create a 360-degree virtual world displayed around the

backward, especially high ceiling, it is usually installed in

signs

and

whether

customers

will

theater, using rear and down-projection screens. However,

Copyright ©2009 by IEICE

two-stories-height rooms. For optimum configuration of

omni-directional walkthrough simulator. The display is

display screen in limited space, Iwata [4] proposed Garnet

omni-directional so as to preserve the viewer ’s sense of

Vision that is a closed screen in which image covers full

direction, and a hexahedron simulator in which the viewer

angle around the viewer, optimized by determining two

can stand on the center is built in simple and compact form

criteria,

and

to be suitable for our goal. In addition, a novel locomotion

Ensphered Vision that is an image display system for

interface based on WIP to navigate virtual constructions

full-surround spherical screen. However, since the Garnet

displayed on the omni-directional screen is presented. The

Vision was built with 12 projects and dodecahedron

interface detects five movements defined based on actual

-shaped screens and Ensphered Vision was built with a

people’s movements when they are walking to their

spherical screen and convex and plain mirrors, it is fairly

destination in a building, with a small-sized wireless

space

efficiency

and

pixel

efficiency,

difficult to develop and lead to cost. Moreover, since the

sensor

purpose of these systems [3,4] was to just display the

Hands-free operations can be realized with the proposed

virtual scenes around viewers, they did not enable viewers

interface, because the small-size sensor module is attached

to navigate virtual construction as the viewers physically

to the viewer ’s belt. That makes it possible to evaluate the

walk.

usability of handheld devices or even just a paper map

To allow the viewer to navigate the virtual construction
in

limited

locomotion

WIP

and

orientation.

while walking around in virtual constructions.

walking-in-place (WIP), which results in changing the

between the viewer in the simulator and a guide in a

location of the viewer ’s eye in the virtual scene, has

remote computer. The purpose of this communication is to

become a popular topic [5]. The locomotion interface can

provide instructions to viewers to help them reach their

be classified into three majors, i.e. pressure sensor-based,

destination, like guides in some buildings, such as public

treadmill-based, and accelerometer-based. The pressure

institutions. The guide will be displayed as Photorealistic

sensor-based approaches use pressure sensors under the

Avatar, in which the appearance of an actual person is

feet to detect when a foot is on the sensor [6]. The

used as CG texture in the virtual world, and the

treadmill-based approaches use treadmill to synchronize

communication is performed with the photorealistic avatar

the

and 3D voices.

with

leg

motion

based

detects

The proposed simulator also provides communication

world

interface

that

on

virtual

space,

module

[7].

Lastly,

accelerometer sensors [8] are used to detect users’

Consequently, the proposed WTS can help to experience

movement by measuring acceleration in three directions x,

the virtual world with several factors that are experienced

y and z, sensing the detectable ankle motions for the foot

in the real world, which are omni-directional sense of

movement.

direction

of

users,

hands-free

operations,

and

However, the pressure sensor and treadmill-based

communication with a guide displayed as a photorealistic

approaches have their own drawbacks when used in the

avatar, even if the world is virtually constructed and the

limited spaces. In the pressure sensor-based approaches,

user is walking in place.

the viewers should be careful not to lose their balance and

The remainder of this paper is organized as follows. The

tumbled over, because they stand on the pressure sensor to

overall structure of the proposed WTS is introduced in

move their feet, thereby it is not easy for the viewers to be

section 2, and section 3 describes how to detect users’

immersed in navigating the virtual construction. The

movement and rotation and how to navigate the virtual

treadmill-based approaches make too much noise when

world using sensor modules. Then, section 4 describes a

users are walking on the treadmill, thereby communication,

method

which is one of important factors in the virtual reality, is

experimental results are presented in section 5, and the

not easy. Moreover, since the treadmill is not safe,

final conclusions are given section 6.

to

generate

photorealistic

avatars.

Some

compared with the other approach, users hold a safety
device

to

walk

on

the

treadmill.

With

the

2. Walkthrough Simulator

accelerometer-based interface, the viewers have little

The goal of the proposed WTS is to create a 360-degree

trouble, but additional sensors or methods are required to

virtual construction around a viewer who wants to check

detect more precise movements needed to navigate the

the suitability of the floor layout or tour the indoor

virtual environments.

environments as they physically walk through the virtual

This

paper

proposes

a

novel

hands-free

construction. In other words, the goal is to make a

simulator

that

the

viewer

experiences

the

virtual

WTS, it is assumed that the viewer ’s height is 170

environment as similar as possible with the real world.

centimeter (cm) and the height of eyes to see the virtual

Figure 1 shows the schematic diagram of the proposed

construction from the floor is 160 cm. Then, the center of

WTS. The hexahedral-shaped device as shown in the

the display screens is perpendicular to the eyes of viewer

left-top side of Figure 1 is the WTS. The virtual

to make the viewer immersed in the virtual constructions,

construction is displayed around the viewer inside the

and the size of each screen is 1600 × 1200, as aspect ratio

WTS using four projectors as shown in the right-hand side

of projected image is 4:3. The vertical angle of view of the

of Figure 1.The viewers attach the sensor to their belt as
rates are estimated near the center of gravity of human

proposed WTS is about 74 degree, tan−1 �

body.

of display system in [4] is 100%. The pixel efficiency

shown in Figure 1(C), thus the viewer ’s rotation and step

600
800

� × 2, whereas

pixel efficiency used to determine optimal configuration
means how many pixels from a projector are displayed on
each

screen,

thus

the

proposed

WTS

can

provide

undistorted high-resolution images to the viewer.

Figure 1. Schematic diagram of WTS: (A) multi-projector,
(B) virtual scene displayed around viewer in WTS, and (C)
sensor module.

Figure 2. Design drawing of configuration of the proposed
WTS.

A configuration of an omni-directional display screen to
display a 360-degree virtual construction is described in

The projectors are set above the viewer, and each

Section 2.1, and a locomotion interface recognizing five

project displays image corresponding to each viewport to a

movements defined based on actual people is described in

screen. The location of projections is designed

Section 2.2.

maximize space efficiency used in [4], and is designed to

2.1. Omni-directional Display Screen

the viewer obstructs light from the projector and large

to

overcome a limitation of rear-projection-based screen that
The proposed WTS displays virtual constructions on an

shadow is projected on the screen. The space efficiency is

omni-directional display screen in order to provide the

determined by the ratio of displayed volume to overall

viewers with a feeling that they are standing inside real

dead volume occurred by projection installation and the

environment. That makes it possible to enable the viewers

space

to navigate the virtual constructions while preserving the

(1200:500+1000).

viewer ’s sense of absolute direction.

configuration of the proposed WTS. The WTS can be

efficiency

of

proposed

Figure

2

shows

simulator
a

sketch

is
of

3:5
the

The shape of the WTS is a hexahedron to cover

installed in a normal-sized room, as the overall size of the

360-degree horizontal view in which the viewer stands on

proposed WTS is 1600(W)x2600(H)x1600(D), and can be

the center, and each wall is used as a display screen. To

easily built, as only four flat screens and four projects are

determine the size of the screen and configuration of the

used for the proposed WTS.

Based on analyzing patterns for vertical vector caused
by human walking locomotion, we have observed that

2.2. User Interface
To navigate the virtual construction displayed around in

there is a very simple pattern similar to sine waves with

module,

different phases but at the same frequency. Therefore,

detecting the viewer ’s WIP and orientation, is used, and

peak detection and a gradient test algorithm for vertical

Section 3 describes about the sensor module. In this

acceleration are used to detect a cycle of walking in place.

section, we explain how to design user input interfaces for

However, it is not possible to detect vertical acceleration

the viewers to navigate virtual constructions, based on an

using only the accelerometer, because attitudes on the

actual person’s movement.

sensor module are always changed while walking. To solve

the

viewer,

a

small-sized

wireless

sensor

In the most cases, an actual person stands (1), turns (2),

this problem, the present paper estimates the direction of

walks forward (3), walks forward while turning left (4) or

gravity, referred to as gravitational vector, to adjust the

right (5) to go his/her destination in a building. Therefore,

effect of attitude changes on the attached sensors while

the user input interface is designed based on these five

walking using a Kalman filter framework proposed in [11].

movements. The five movements can be classified into

Here, an initial gravitational vector for the Kalman filter

three cases: 1) composed of single action, 2) composed of

framework is set an output value when the accelerometer

more than actions, and 3) composed of more than one

is stationary, and the output values of the accelerometer

movement. The first and second movements, standing and

after initialization of the Kalman filter framework are

turning, are included in the first case. The standing is

projected to the gravitational vector to estimate vertical

recognized when the viewer does not have any other

acceleration.

movements. The turning is recognized when the viewer
rotates his/her body from a principal axis, and the
orientation angle is estimated by the sensor module.
The second case includes walking forward, which is
more complicated movements, and user interface for this
movement is designed as similar as possible with actual
people’s movement in limited spaces. An actual person
walks forward by moving firstly the left or right foot to
forward and then moving the other foot to much more
forward. In the proposed interface, the viewer moves
his/her feet in an up-down fashion similar to really
walking. In this case, the sensor detecting gravity is used
to check his/ her foot is moved in an up-down fashion. The
most natural movements in navigating buildings, walking
forward and rotation, are performed on the center in the
simulator.
The third case includes walking forward while turning
left or right. These movements are detected by integrating

Figure 3. Flowchart to detect WIP and orientation using
sensor module.

walking forward or backward with rotating left or right.
Based on these five movements detected by a sensor

The orientation of viewers in the WTS is estimated

module in the WTS is used to navigate the virtual

using three sensors, the magnetometer, gyrosensor, and

construction.

thermometer. The magnetometer estimates actual north
direction, which is used as an initial direction for angular
velocity vector, and the gyrosensor estimates angular

3. Navigation using Sensor Modules
To recognize the viewer ’s movement for a locomotion

velocity vector. The angular velocity vector is also needed

interface based on WIP, described in Section 2.2, we use a

to estimate the gravitational vector generated by the

sensor

a

Kalman filter framework. The gyrosensor has sometimes

gyrosensor, a magnetometer, and thermometers for each

errors, referred to as bias, between actual output of the

axis of the gyrosensor.

gyrosensor and the estimated value. In the experiments,

module

composed

of

an

accelerometer,

there are some rules between the bias and temperatures of

codebook-based

approach

each axis of the gyrosensor. The temperatures are

implementation

and

estimated by the thermometer. Therefore, we make a

graph-cut [10] is used to eliminate noise and clarify

look-up table to estimate the bias, and the bias is used to

boundaries. Please refer to the paper [12] for more

compensate errors between the actual output and estimated

information about the background subtraction.

[9]

memory

is

used

for

real-time

minimization,

and

a

value. For more information to detect human’s locomotion
interface, please refer to the paper of Kourogi and Kurata

5. Experimental Results

[11].
Figure 3 shows a flowchart to detect the WIP and

The sensor module we used in this paper is composed of

orientation using the sensor module, where the gray color

four components, as shown in Table 1, and each sensor

indicates values from the each sensor.

data was sampled at 100Hz. All the components are
included in one sensor module, as shown in Fig. 1(C), and

4. Photorealistic

Avatar

for

Face-to-Face

the size of the sensor module is 7.5cm×3.5cm×1.5cm.
Therefore, it was easy to attach the sensor module to the

Communication
In some buildings, such as public institutions, guides

viewers’ belt, thereby realizing the hands-free operation,

provide instructions to visitors or customers to help them

which makes it possible to evaluate the usability of

reach their destination. In the virtual building, guides are

handheld

displayed as photorealistic avatars. The image of the

environment.

person

of

the

person

that

is

used

to

create

the camera attached to the remote computer, and the
avatar

is

displayed

in

the

while

walking

around

in

virtual

the

photorealistic avatar is extracted by the camera in front of
photorealistic

devices

virtual

construction inside the simulator, as shown in Figure 4.

Table 1. Lists of name of sensors and manufactures
Name
Manufacture
Accelerometer
LIS3LV02DQ
ST micro
Gyrosensor
XV-3500CB
Epson Toycom
Magnetometer
AM1304
Aichi Steel
Thermometers
TMP35
Analog Devices

Figure 4. Photorealistic avatar integrated into a virtual
(a)

building.
In the present paper, it is assumed that the moving
foreground in front of the fixed camera outside the
simulator is an individual whose image will be used to
generate photorealistic avatar. Therefore, background
subtraction is used to extract the appearance of the guide
from images capture by a camera. There are four
requirements for the background subtraction: 1) extraction
should be performed in real-time, 2) memory consumption

(b)

should be limited, 3) image should be extracted with little

Figure 5. Example of photorealistic construction: (a)

noise, and 4) the boundaries of the avatar should be clear.

actual office of our center and (b) 3D reconstruction based

Accordingly, the present paper uses a codebook-based

on several photos.

method using a graph-cut for background subtraction that
satisfies

these

requirements.

In

this

method,

a

As an application, we apply the proposed WTS to

navigation in photorealistic constructions modeled by
photos

captured

from

real

indoor

environments.

Virtualized real scenes reconstructed from photos or
sequential images can help to enable virtual constructions
to enhance reality, because this can help to reduce the gap
between the real and virtual world for the proposed WTS.
The reconstructed virtualized real scenes are referred to as
Photorealistic Construction in this paper. We use an
interactive
producers

indoor
to

create

3D
3D

constructor,

which

photorealistic

enables

constructions

efficiently and intuitively. The purpose of the application
is that the viewers experience a 360-degree remote indoor
place displayed around them, without visiting the place in
person. The photorealistic construction was constructed
based on a method proposed by Ishikawa et al. [13], and
Figure 5 shows a result of photorealistic construction and
an actual environment of our office.

6. Conclusion
In the present paper, we presented a walkthrough
simulator in which the display is omni-directional so as to
preserve the viewer ’s sense of direction. In addition, the
input interface realizes hands-free operation. That made it
possible to evaluate the usability of handheld devices or
even just a paper map while walking around in virtual
environments. To improve the virtual environments, the
proposed WTS supported face-to-face communication
between the WTS and a remote desktop PC, and was also
applied to navigate photorealistic constructions.
However, the vertical angle of view of the proposed
WTS was not enough to be satisfied. Therefore, in the
future studies, we will investigate how to improve the
vertical angle with high-resolution images without any
distortions.
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