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a b s t r a c t

A zoom lens is more flexible for photogrammetric measurements under diverse environments than a
fixed lens. However, challenges in calibration of zoom-lens cameras preclude the wide use of zoom lenses
in the field of close-range photogrammetry. Thus, a novel zoom lens calibration method is proposed in
this study. In this method, instead of conducting modeling after monofocal calibrations, we summarize
the empirical zoom/focus models of intrinsic parameters first and then incorporate these parameters into
traditional collinearity equations to construct the fundamental mathematical model, i.e., collinearity
equations with zoom- and focus-related intrinsic parameters. Similar to monofocal calibration, images
taken at several combinations of zoom and focus settings are processed in a single self-calibration bundle
adjustment. In the self-calibration bundle adjustment, three types of unknowns, namely, exterior orien-
tation parameters, unknown space point coordinates, and model coefficients of the intrinsic parameters,
are solved simultaneously. Experiments on three different digital cameras with zoom lenses support the
feasibility of the proposed method, and their relative accuracies range from 1:4000 to 1:15,100. Further-
more, the nominal focal length written in the exchangeable image file header is found to lack reliability in
experiments. Thereafter, the joint influence of zoom lens instability and zoom recording errors is further
analyzed quantitatively. The analysis result is consistent with the experimental result and explains the
reason why zoom lens calibration can never have the same accuracy as monofocal self-calibration.
� 2015 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier

B.V. All rights reserved.

1. Introduction

Compared with a fixed lens, a zoom lens has inherent advanta-
ges in terms of flexibility and controllability. A zoom camera sys-
tem is capable of changing the focal length, focus distance, and
aperture value to suit different fields of view (FOVs), depths of field
(DOFs), and lighting conditions. Thus, zoom lens devices have been
extensively used in various applications, e.g., robotic vision and
active vision (Utsumi et al., 2012; Warren et al., 2013), augmented
reality (Chendeb et al., 2013; Tatzgern et al., 2014), object detec-
tion or tracking (Kim et al., 2013; Tao et al., 2009; Tarhan and
Altug, 2011), and traffic monitoring (Schmidt et al., 2009; Song
and Tai, 2006). However, in the field of close-range photogramme-
try, fixed lenses are more commonly used than zoom lenses mainly
because of difficulties in metric modeling and calibration of zoom
lens cameras (Ahmed and Farag, 2000; Wu et al., 2013).

With regard to zoom lens calibration, common camera calibra-
tion should be conducted first. Camera calibration is the process of
determining the intrinsic parameters of the camera, including prin-
cipal distance, principal point offsets, and lens distortions (Fraser,
1997; Tsai, 1987). The principal distance and principal offsets are
also known as interior orientation (IO) parameters in the field of
photogrammetry. IO parameters, together with extrinsic parame-
ters also known as exterior orientation (EO) parameters, are able
to obtain the space information of an object through images. Thus,
camera calibration is an indispensable procedure for photogram-
metric 3D measurements.

To date, a large number of mature methods for camera calibra-
tion are being used (Remondino and Fraser, 2006; Salvi et al.,
2002). Among these methods, self-calibration bundle adjustment
is considered to achieve superior accuracy (Remondino and
Fraser, 2006) and has been extensively used in the photogramme-
try community since its introduction in the early 1970s (Lichti
et al., 2012; Parian and Gruen, 2010; Tang et al., 2012; Zhang
et al., 2012). However, self-calibration requires the strong geomet-
ric configurations of image networks (Lichti et al., 2010; Wu et al.,
2013), which is impossible in some cases, such as vulnerable
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cultural heritage recording, urban traffic monitoring, mud–rock
flows, and landslides. Therefore, to use zoom lenses in cases
wherein self-calibration cannot be conducted, zoom lens calibra-
tion as a stand-alone step is necessary.

With regard to zoom lens calibration, the most challenging
problem is that intrinsic parameters vary with changing lens set-
ting. To solve this problem, general strategies are based on a
lookup table (Tarabanis et al., 1992) or interpolation with fitted
functions between the lens settings and corresponding calibrated
intrinsic parameters. From the viewpoint of the number of mono-
focal calibrations involved, previous methods for zoom lens cali-
bration can be mainly divided into the following three categories.

First, the simplest method to calibrate a zoom lens is to conduct
monofocal calibration at each zoom and focus setting and then
store the setting values and calibrated results in a lookup table
(Tarabanis et al., 1992). This method involves a huge number of
monofocal calibrations and becomes extremely inefficient. To
reduce the calibration workload, (Chen et al., 2001) selected a
sampled set of lens settings for calibration and then further con-
structed a sparse table to interpolate the desired intrinsic parame-
ters. Nevertheless, this approach still needs to conduct more than
100 monofocal calibrations.

Second, (Sarkis et al., 2009) calibrated zoom lenses by fitting the
continuous local functions of intrinsic parameters with respect to
zoom and focus settings on the basis of the moving least square
scheme. This method first completes separate monofocal calibra-
tions at some scattered zoom and focus points. Thereafter, the scat-
tered data are clustered into similar small regions, followed by the
modeling of each cluster with a single bivariate polynomial. As sta-
ted previously, this strategy is relatively complex with several
steps. Furthermore, the calibration workload will increase rapidly
with a higher than expected interpolated accuracy.

Finally, in addition to the aforementioned two categories of
methods, photogrammetric practitioners prefer to model the vari-
ations of intrinsic parameters regarding lens settings on the basis
of global regression schemes, which involve less monofocal cali-
brations compared with the aforementioned methods. On the basis
of this strategy, different types of models are adopted. The first
model is the zoom-dependent model (Alvarez et al., 2012; Fraser
and Al-Ajlouni, 2006; Fraser et al., 2012), which disregards the
influence of focus on intrinsic parameters. The second model is
the zoom/focus model (Atienza and Zelinsky, 2001; Wu et al.,
2013), which considers the influence of zooming and focusing.
Compared with the zoom-dependent model, the zoom/focus model
involves more monofocal calibrations. On the basis of the zoom/
focus model, (Wu et al., 2013) used a planar checkerboard to
accomplish zoom lens calibration. This work has two main differ-
ences: (a) fixing and determining the principal point of an image
position by using the focus of expansion, which is similar to the
center of expansion (Li and Lavest, 1996; Willson, 1994); (b) use
of a scale parameter modeled with a bivariate nth-order polyno-
mial to compensate for the influence of focus changes on the
principal distance. Moreover, the third type of model is the

focus-dependent model (Sanz-Ablanedo et al., 2012), which is only
for fixed lenses with alterable focus settings. Thus, this type of
model is less significant than the two aforementioned models. Fur-
thermore, some early models even contained the aperture (Hosoda
et al., 1995; Willson, 1994). However, later research showed that
intrinsic parameters do not change with changing aperture
(Chentt et al., 2000; Läbe and Förstner, 2004; Li and Lavest, 1996).

Among the aforementioned methods, except for the lookup
table-based zoom lens calibration method, other methods share
the following strategy. First, individual monofocal calibrations at
selected configurations are conducted. Second, the lens settings
and corresponding calibrated results are used to model local or glo-
bal functions. Finally, the desired intrinsic parameters are interpo-
lated on the basis of the input lens settings and model coefficients.
From the perspective of optimization theory, such methods do not
find the global optimal solution for model coefficients of intrinsic
parameters, because monofocal calibrations and the subsequent
modeling undoubtedly mean separate local optimizations. There-
fore, it is significant to develop an alternative zoom lens calibration
method with a global optimal model coefficients of intrinsic
parameters.

In such a background, a novel method for zoom lens calibration
is proposed in this study. In contrast to previous methods, this
study highlights the following aspects: (a) the development of
the fundamental mathematical model by integrating zoom- and
focus-related intrinsic parameters into conventional collinearity
equations; (b) the contribution to conduct zoom lens calibration
in only one self-calibration bundle adjustment; (c) the quantitative
analysis of zoom lens instability and zoom recording precision. The
details of this approach are specifically discussed in the following
sections.

2. Methodology

2.1. Overview of the approach

In this study, the empirical models of the intrinsic parameters
are first summarized on the basis of existing studies and then
the proposed method is implemented by combining the empirical
models with traditional collinearity equations to construct the
fundamental mathematical model and further conduct a single
self-calibration bundle adjustment. An advantage of the proposed
method is that it solves all unknowns in only one bundle adjust-
ment, thus, a global optimal solution for zoom lens calibration
can be achieved. Fig. 1 shows the framework of the approach in
detail.

2.2. Empirical zoom/focus models

Brown self-calibration model (Brown, 1971; Fraser, 1997; Tang
et al., 2012) holds up as the optimal formulation for digital camera
calibration (Remondino and Fraser, 2006) and it has been

Fig. 1. Flowchart of the implementation of the proposed method.
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