


SpringerBriefs in Computer Science

Series Editors

Stan Zdonik
Peng Ning
Shashi Shekhar
Jonathan Katz
Xindong Wu
Lakhmi C. Jain
David Padua
Xuemin Shen
Borko Furht
V. S. Subrahmanian
Martial Hebert
Katsushi Ikeuchi
Bruno Siciliano

For further volumes:
http://www.springer.com/series/10028

http://www.springer.com/series/10028


Miles Hansard • Seungkyu Lee
Ouk Choi • Radu Horaud

Time-of-Flight Cameras

Principles, Methods and Applications

123



Miles Hansard
Electronic Engineering

and Computer Science
Queen Mary, University of London
London
UK

Seungkyu Lee
Samsung Advanced Institute

of Technology
Yongin-si
Kyonggi-do
Republic of South Korea

Ouk Choi
Samsung Advanced Institute

of Technology
Yongin-si
Kyonggi-do
Republic of South Korea

Radu Horaud
INRIA Grenoble Rhône-Alpes
Montbonnot Saint-Martin
France

ISSN 2191-5768 ISSN 2191-5776 (electronic)
ISBN 978-1-4471-4657-5 ISBN 978-1-4471-4658-2 (eBook)
DOI 10.1007/978-1-4471-4658-2
Springer London Heidelberg New York Dordrecht

Library of Congress Control Number: 2012950373

� Miles Hansard 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must always
be obtained from Springer. Permissions for use may be obtained through RightsLink at the Copyright
Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

This book describes a variety of recent research into time-of-flight imaging.
Time-of-flight cameras are used to estimate 3D scene structure directly, in a way
that complements traditional multiple-view reconstruction methods. The first two
chapters of the book explain the underlying measurement principle, and examine
the associated sources of error and ambiguity. Chapters 3 and 4 are concerned with
the geometric calibration of time-of-flight cameras, particularly when used in
combination with ordinary color cameras. The final chapter shows how to use
time-of-flight data in conjunction with traditional stereo matching techniques.
The five chapters, together, describe a complete depth and color 3D reconstruction
pipeline. This book will be useful to new researchers in the field of depth imaging,
as well as to those who are working on systems that combine color and time-of-
flight cameras.
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Chapter 1
Characterization of Time-of-Flight Data

Abstract This chapter introduces the principles and difficulties of time-of-flight
depth measurement. The depth images that are produced by time-of-flight cam-
eras suffer from characteristic problems, which are divided into the following two
classes. First, there are systematic errors, such as noise and ambiguity, which are
directly related to the sensor. Second, there are nonsystematic errors, such as scat-
tering and motion blur, which are more strongly related to the scene content. It is
shown that these errors are often quite different from those observed in ordinary color
images. The case of motion blur, which is particularly problematic, is examined in
detail. A practical methodology for investigating the performance of depth cameras
is presented. Time-of-flight devices are compared to structured-light systems, and
the problems posed by specular and translucent materials are investigated.

Keywords Depth-cameras · Time-of-Flight principle ·Motion blur · Depth errors

1.1 Introduction

Time-of-Flight (tof) cameras produce a depth image, each pixel of which encodes
the distance to the corresponding point in the scene. These cameras can be used
to estimate 3D structure directly, without the help of traditional computer-vision
algorithms. There are many practical applications for this new sensing modality,
including robot navigation [31, 37, 50], 3D reconstruction [17], and human–machine
interaction [9, 45]. Tof cameras work by measuring the phase delay of reflected
infrared (IR) light. This is not the only way to estimate depth; for example, an
IR structured-light pattern can be projected onto the scene, in order to facilitate
visual triangulation [44]. Devices of this type, such as the Kinect [12], share many
applications with tof cameras [8, 33, 34, 36, 43].

M. Hansard et al., Time-of-Flight Cameras, SpringerBriefs in Computer Science, 1
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2 1 Characterization of Time-of-Flight Data

The unique sensing architecture of the tof camera means that a raw depth image
contains both systematic and nonsystematic bias that has to be resolved for robust
depth imaging [11]. Specifically, there are problems of low depth precision and low
spatial resolution, as well as errors caused by radiometric, geometric, and illumina-
tion variations. For example, measurement accuracy is limited by the power of the
emitted IR signal, which is usually rather low compared to daylight, such that the
latter contaminates the reflected signal. The amplitude of the reflected IR also varies
according to the material and color of the object surface.

Another critical problem with tof depth images is motion blur, caused by either
camera or object motion. The motion blur of tof data shows unique characteristics,
compared to that of conventional color cameras. Both the depth accuracy and the
frame rate are limited by the required integration time of the depth camera. Longer
integration time usually allows higher accuracy of depth measurement. For static
objects, we may therefore want to decrease the frame rate in order to obtain higher
measurement accuracies from longer integration times. On the other hand, capturing
a moving object at fixed frame rate imposes a limit on the integration time.

In this chapter, we discuss depth-image noise and error sources, and perform
a comparative analysis of tof and structured-light systems. First, the tof depth-
measurement principle will be reviewed.

1.2 Principles of Depth Measurement

Figure 1.1 illustrates the principle of tof depth sensing. An IR wave indicated in
red is directed to the target object, and the sensor detects the reflected IR component.
By measuring the phase difference between the radiated and reflected IR waves, we
can calculate the distance to the object. The phase difference is calculated from the
relation between four different electric charge values as shown in Fig. 1.2. The four
phase control signals have 90 degree phase delays from each other. They determine
the collection of electrons from the accepted IR. The four resulting electric charge
values are used to estimate the phase difference td as

td = arctan

(
Q3 − Q4

Q1 − Q2

)
(1.1)

where Q1 to Q4 represent the amount of electric charge for the control signals C1 to
C4, respectively [11, 20, 23]. The corresponding distance d can then be calculated,
using c the speed of light and f the signal frequency:

d = c

2 f

td
2π

. (1.2)
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Fig. 1.1 The principle of tof depth camera [11, 20, 23]: the phase delay between emitted and
reflected IR signals are measured to calculate the distance from each sensor pixel to target objects

Fig. 1.2 Depth can be calculated by measuring the phase delay between radiated and reflected IR
signals. The quantities Q1 to Q4 represent the amount of electric charge for control signals C1 to
C4 respectively

Here, the quantity c/(2 f ) is the maximum distance that can be measured without
ambiguity, as will be explained in Chap. 2.

1.3 Depth-Image Enhancement

This section describes the characteristic sources of error in tof imaging. Some meth-
ods for reducing these errors are discussed. The case of motion blur, which is partic-
ularly problematic, is considered in detail.
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