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Abstract— Multi-perspective cameras are quickly gaining
importance in many applications such as smart vehicles and
virtual or augmented reality. However, a large system size
or absence of overlap in neighbouring fields-of-view often
complicate their calibration. We present a novel solution which
relies on the availability of an external motion capture system.
Our core contribution consists of an extension to the hand-
eye calibration problem which jointly solves multi-eye-to-base
problems in closed form. We furthermore demonstrate its
equivalence to the multi-eye-in-hand problem. The practical
validity of our approach is supported by our experiments,
indicating that the method is highly efficient and accurate, and
outperforms existing closed-form alternatives.

I. INTRODUCTION

Robust and real-time 3D localization and exteroceptive
perception have developed into core challenges to be solved
towards the realization of many future robotics applica-
tions and intelligent mobile systems. The sensor that is
commonly used in such contexts is a 360-degree Lidar.
However, many applications may not be able to use Lidars
for a number of reasons. For example, they are generally
deemed too expensive in smart vehicle applications, in which
we therefore often attempt to use a surround-view camera
system—an option that is commonly available in modern
vehicles for the purpose of generating panoramic views for
parking assistance. Another example is given by virtual or
augmented reality headsets, which have severe restrictions
in terms of available energy budget and payload. Again,
a common sensor alternative used in such applications is
a multi-perspective camera. In summary, multi-perspective
cameras are considered an interesting and affordable alter-
native for exteroceptive sensing in an increasing number of
applications, such as [1], [2], [3], [4], [5], [6].

Multi-perspective cameras offer the advantage of a po-
tentially large fields-of-view, eventually reaching complete
surround-view capabilities. This provides benefits in motion
estimation accuracy and the ability to sense the environment
in all directions around a platform. However, besides tem-
poral synchronization and accurate intrinsics, the efficient
and accurate use of multi-camera systems requires precise
calibration of extrinsic camera parameters, thus enabling
their treatment as generalized cameras [7]. The present paper
focuses on this problem.
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Fig. 1. Proposed surround-view camera system calibration. The target is
moved individually in the front of each camera, and its position is accurately
measured by an external motion capture system.

The calibration of a multi-perspective camera system
(MPC) is challenged by two factors. First, the system is
often mounted on a large platform such as a passenger
vehicle. This makes it difficult to apply the common camera
calibration procedure of moving the cameras in front of
a calibration target. Second—and more importantly in the
context of this work—the various cameras of a multi-camera
system often have very limited overlap in their fields of
view, which makes it challenging to use classical methods
relying on direct stereo vision constraints [8]. A number of
alternatives for the calibration of an MPC have therefore
been presented in the literature, which are given by mirror-
based calibration [9], [10], [11], [12], infra-structure based
calibration [13], [14], ego-motion or SLAM based calibration
[15], [16], [17], [18], [19], or hand-eye calibration [20], [21],
[22], [23].

We present a highly accurate realization of a hand-eye
calibration based method. As illustrated in Figure 1, our core
idea consists of employing a motion capture system that is
able to accurately measure the position of reflective markers
attached to the calibration target. Each camera takes images
of the target to find camera-to-target relative poses. Extrinsic
parameters for each camera are then found by extracting
their position inside the tracking system’s reference frame.
We solve this problem by applying transformation loop
constraints, which only requires the additional solution of
the target-to-marker-frame transformation. Note that the two
unknown transformations in question are constant over time
and may be recovered from multiple measurements of the
target. Our contributions are as follows:

• We introduce a practical, simple and accurate extrinsic
calibration procedure for non-overlapping multi-camera
systems. Our method does not require the motion
of cameras, which is especially suitable for cameras
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mounted on large devices. It furthermore does not need
the cameras to be synchronized, which greatly reduces
the complexity of the hardware setup.

• We present the first closed-form solution to multi-
eye-to-base calibration, which can handle an arbitrary
number of cameras. We furthermore demonstrate its
equivalence to the multi-eye-in-hand problem.

• We successfully apply our framework to extrinsic cam-
era calibration of multi-camera systems. Without us-
ing or requiring overlap, we prove that our algorithm
achieves accuracy comparable to that of classical stereo
calibration algorithms. It furthermore outperforms al-
ternative closed-form hand-eye solvers which calibrate
each camera individually.

II. RELATED WORK

Most approaches that aim at overcoming missing or
reduced overlap between neighbouring fields-of-view of a
multiple-camera system have been introduced in the intro-
duction. While a number of successful works have already
been presented, the conclusion is that most methods are
either impractical or unable to achieve highly accurate re-
sults. Mirror-based calibration methods [9], [10], [11], [12]
require a single calibration target rendered visible in two
cameras by using an additional mirror placed in front of one
of the cameras. The requirement for a large perfectly planar
mirror makes the approach impractical. Infra-structure based
calibration methods [13], [14] depend on prior assumptions
about the infrastructure (e.g. perfectly parallel lanes, vertical
poles) being perfectly valid. Ego-motion or SLAM-based
calibration approaches [15], [16], [17], [18], [19] recover the
extrinsic parameters by aligning trajectories or performing
extrinsic parameter-aware, large-scale bundle adjustment.
The approaches easily suffer from common challenges in
purely vision-based SLAM, which is drift, scale invariance,
or a general lack of accuracy.

Hand-eye calibration [20], [21], [22], [23] is a more prac-
tical method, which relies on geometric constraints between
the poses of multiple rigidly-coupled cameras at different
times. The method can be combined with traditional calibra-
tion tools in order to improve accuracy, such as observations
of a known calibration target with known sizes. Hand-eye
calibration is a classical geometric computer vision problem
arising in the context of robot-mounted cameras, and can
be formulated based on relative or absolute geometrical
transformations constraints. Relative transformation methods
such as [24] generally appear in the form AX = XB,
which is well analysed in [25]. Such methods make use of
the relative transformations obtained from different cameras
as well as the extrinsic camera-to-camera transformation
parameters. Although such methods can achieve an accurate
and efficient extrinsic calibration, they require all cameras to
be fully synchronized, which increases the complexity of the
hardware setup. Besides, such methods depend on controlled
camera motion, which may be hard to execute if the cameras
are mounted on a large platform. Another type of hand-
eye calibration problem—denoted the hand-eye/robot-world
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B<latexit sha1_base64="BWGuMw0dDf7/rLcpclzuXjH/BDo=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXZa6cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa8wGlapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7suZZfn9VrTeKOkpwCmdwAR5cQx3uoAktYKDgGV7hzTHOi/PufCxG15xi5wT+wPn8AastkOY=</latexit><latexit sha1_base64="BWGuMw0dDf7/rLcpclzuXjH/BDo=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXZa6cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa8wGlapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7suZZfn9VrTeKOkpwCmdwAR5cQx3uoAktYKDgGV7hzTHOi/PufCxG15xi5wT+wPn8AastkOY=</latexit><latexit sha1_base64="BWGuMw0dDf7/rLcpclzuXjH/BDo=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXZa6cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa8wGlapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7suZZfn9VrTeKOkpwCmdwAR5cQx3uoAktYKDgGV7hzTHOi/PufCxG15xi5wT+wPn8AastkOY=</latexit><latexit sha1_base64="BWGuMw0dDf7/rLcpclzuXjH/BDo=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXZa6cVnBPrANZTKdtEMnkzBzI5TQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwa8wGlapbc+cgq8QrSBUKNAeVr/4wZmnEFTJJjel5boJ+RjUKJvms3E8NTyib0BHvWapoxI2fzRPPyLlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjjZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLKtsSvOWTV0n7suZZfn9VrTeKOkpwCmdwAR5cQx3uoAktYKDgGV7hzTHOi/PufCxG15xi5wT+wPn8AastkOY=</latexit>

(a)

Calibration Target
<latexit sha1_base64="RgyGp3+9JO9fod4nZ/hFaAlCy7w=">AAACAnicbZC7SgNBFIZn4y3G26qV2AwGwSrsiqBlMI1lhFyEZAmzk5NkyOyFmbNiWIKNr2JjoYitT2Hn2zjZbKGJPwx8/Occzpzfj6XQ6DjfVmFldW19o7hZ2tre2d2z9w9aOkoUhyaPZKTufKZBihCaKFDCXayABb6Etj+uzerte1BaRGEDJzF4ARuGYiA4Q2P17KMuwgOmNSaFrzKPNpgaAk57dtmpOJnoMrg5lEmues/+6vYjngQQIpdM647rxOilTKHgEqalbqIhZnzMhtAxGLIAtJdmJ0zpqXH6dBAp80Kkmft7ImWB1pPAN50Bw5FerM3M/2qdBAdXXirCOEEI+XzRIJEUIzrLg/aFAo5yYoBxJcxfKR8xxTia1EomBHfx5GVonVdcw7cX5ep1HkeRHJMTckZcckmq5IbUSZNw8kieySt5s56sF+vd+pi3Fqx85pD8kfX5A87zl60=</latexit><latexit sha1_base64="RgyGp3+9JO9fod4nZ/hFaAlCy7w=">AAACAnicbZC7SgNBFIZn4y3G26qV2AwGwSrsiqBlMI1lhFyEZAmzk5NkyOyFmbNiWIKNr2JjoYitT2Hn2zjZbKGJPwx8/Occzpzfj6XQ6DjfVmFldW19o7hZ2tre2d2z9w9aOkoUhyaPZKTufKZBihCaKFDCXayABb6Etj+uzerte1BaRGEDJzF4ARuGYiA4Q2P17KMuwgOmNSaFrzKPNpgaAk57dtmpOJnoMrg5lEmues/+6vYjngQQIpdM647rxOilTKHgEqalbqIhZnzMhtAxGLIAtJdmJ0zpqXH6dBAp80Kkmft7ImWB1pPAN50Bw5FerM3M/2qdBAdXXirCOEEI+XzRIJEUIzrLg/aFAo5yYoBxJcxfKR8xxTia1EomBHfx5GVonVdcw7cX5ep1HkeRHJMTckZcckmq5IbUSZNw8kieySt5s56sF+vd+pi3Fqx85pD8kfX5A87zl60=</latexit><latexit sha1_base64="RgyGp3+9JO9fod4nZ/hFaAlCy7w=">AAACAnicbZC7SgNBFIZn4y3G26qV2AwGwSrsiqBlMI1lhFyEZAmzk5NkyOyFmbNiWIKNr2JjoYitT2Hn2zjZbKGJPwx8/Occzpzfj6XQ6DjfVmFldW19o7hZ2tre2d2z9w9aOkoUhyaPZKTufKZBihCaKFDCXayABb6Etj+uzerte1BaRGEDJzF4ARuGYiA4Q2P17KMuwgOmNSaFrzKPNpgaAk57dtmpOJnoMrg5lEmues/+6vYjngQQIpdM647rxOilTKHgEqalbqIhZnzMhtAxGLIAtJdmJ0zpqXH6dBAp80Kkmft7ImWB1pPAN50Bw5FerM3M/2qdBAdXXirCOEEI+XzRIJEUIzrLg/aFAo5yYoBxJcxfKR8xxTia1EomBHfx5GVonVdcw7cX5ep1HkeRHJMTckZcckmq5IbUSZNw8kieySt5s56sF+vd+pi3Fqx85pD8kfX5A87zl60=</latexit><latexit sha1_base64="RgyGp3+9JO9fod4nZ/hFaAlCy7w=">AAACAnicbZC7SgNBFIZn4y3G26qV2AwGwSrsiqBlMI1lhFyEZAmzk5NkyOyFmbNiWIKNr2JjoYitT2Hn2zjZbKGJPwx8/Occzpzfj6XQ6DjfVmFldW19o7hZ2tre2d2z9w9aOkoUhyaPZKTufKZBihCaKFDCXayABb6Etj+uzerte1BaRGEDJzF4ARuGYiA4Q2P17KMuwgOmNSaFrzKPNpgaAk57dtmpOJnoMrg5lEmues/+6vYjngQQIpdM647rxOilTKHgEqalbqIhZnzMhtAxGLIAtJdmJ0zpqXH6dBAp80Kkmft7ImWB1pPAN50Bw5FerM3M/2qdBAdXXirCOEEI+XzRIJEUIzrLg/aFAo5yYoBxJcxfKR8xxTia1EomBHfx5GVonVdcw7cX5ep1HkeRHJMTckZcckmq5IbUSZNw8kieySt5s56sF+vd+pi3Fqx85pD8kfX5A87zl60=</latexit>

Robot Hand
<latexit sha1_base64="OjGz+h8nWth5f5yPbfrKWjpTbtA=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV2VGBF0W3XRZxV6gHUomk7ahmWRIzqhl7KO4caGIW5/EnW9j2s5CW38IfPznHM7JHyaCG/C8b2dldW19Y7OwVdze2d3bd0sHTaNSTVmDKqF0OySGCS5ZAzgI1k40I3EoWCscXU/rrXumDVfyDsYJC2IykLzPKQFr9dxSF9gjZLcqVIBrREaTnlv2Kt5MeBn8HMooV73nfnUjRdOYSaCCGNPxvQSCjGjgVLBJsZsalhA6IgPWsShJzEyQzU6f4BPrRLivtH0S8Mz9PZGR2JhxHNrOmMDQLNam5n+1Tgr9yyDjMkmBSTpf1E8FBoWnOeCIa0ZBjC0Qqrm9FdMh0YSCTatoQ/AXv7wMzbOKb/nmvFy9yuMooCN0jE6Rjy5QFdVQHTUQRQ/oGb2iN+fJeXHenY9564qTzxyiP3I+fwBhG5QP</latexit><latexit sha1_base64="OjGz+h8nWth5f5yPbfrKWjpTbtA=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV2VGBF0W3XRZxV6gHUomk7ahmWRIzqhl7KO4caGIW5/EnW9j2s5CW38IfPznHM7JHyaCG/C8b2dldW19Y7OwVdze2d3bd0sHTaNSTVmDKqF0OySGCS5ZAzgI1k40I3EoWCscXU/rrXumDVfyDsYJC2IykLzPKQFr9dxSF9gjZLcqVIBrREaTnlv2Kt5MeBn8HMooV73nfnUjRdOYSaCCGNPxvQSCjGjgVLBJsZsalhA6IgPWsShJzEyQzU6f4BPrRLivtH0S8Mz9PZGR2JhxHNrOmMDQLNam5n+1Tgr9yyDjMkmBSTpf1E8FBoWnOeCIa0ZBjC0Qqrm9FdMh0YSCTatoQ/AXv7wMzbOKb/nmvFy9yuMooCN0jE6Rjy5QFdVQHTUQRQ/oGb2iN+fJeXHenY9564qTzxyiP3I+fwBhG5QP</latexit><latexit sha1_base64="OjGz+h8nWth5f5yPbfrKWjpTbtA=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV2VGBF0W3XRZxV6gHUomk7ahmWRIzqhl7KO4caGIW5/EnW9j2s5CW38IfPznHM7JHyaCG/C8b2dldW19Y7OwVdze2d3bd0sHTaNSTVmDKqF0OySGCS5ZAzgI1k40I3EoWCscXU/rrXumDVfyDsYJC2IykLzPKQFr9dxSF9gjZLcqVIBrREaTnlv2Kt5MeBn8HMooV73nfnUjRdOYSaCCGNPxvQSCjGjgVLBJsZsalhA6IgPWsShJzEyQzU6f4BPrRLivtH0S8Mz9PZGR2JhxHNrOmMDQLNam5n+1Tgr9yyDjMkmBSTpf1E8FBoWnOeCIa0ZBjC0Qqrm9FdMh0YSCTatoQ/AXv7wMzbOKb/nmvFy9yuMooCN0jE6Rjy5QFdVQHTUQRQ/oGb2iN+fJeXHenY9564qTzxyiP3I+fwBhG5QP</latexit><latexit sha1_base64="OjGz+h8nWth5f5yPbfrKWjpTbtA=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlgEV2VGBF0W3XRZxV6gHUomk7ahmWRIzqhl7KO4caGIW5/EnW9j2s5CW38IfPznHM7JHyaCG/C8b2dldW19Y7OwVdze2d3bd0sHTaNSTVmDKqF0OySGCS5ZAzgI1k40I3EoWCscXU/rrXumDVfyDsYJC2IykLzPKQFr9dxSF9gjZLcqVIBrREaTnlv2Kt5MeBn8HMooV73nfnUjRdOYSaCCGNPxvQSCjGjgVLBJsZsalhA6IgPWsShJzEyQzU6f4BPrRLivtH0S8Mz9PZGR2JhxHNrOmMDQLNam5n+1Tgr9yyDjMkmBSTpf1E8FBoWnOeCIa0ZBjC0Qqrm9FdMh0YSCTatoQ/AXv7wMzbOKb/nmvFy9yuMooCN0jE6Rjy5QFdVQHTUQRQ/oGb2iN+fJeXHenY9564qTzxyiP3I+fwBhG5QP</latexit>

Camera
<latexit sha1_base64="m9GiGDuwml1oegh/gd8BgcjBDp0=">AAAB9HicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix2IvHCrYV2qVk09k2NJtdk9liWfo7vHhQxKs/xpv/xrTdg7a+EHh4Z4aZvEEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGXiVHNo8ljG+iFgBqRQ0ESBEh4SDSwKJLSDUX1Wb49BGxGre5wk4EdsoEQoOENr+V2EJ8zqLALNpr1yxa26c9FV8HKokFyNXvmr2495GoFCLpkxHc9N0M+YRsElTEvd1EDC+IgNoGNR2TXGz+ZHT+mZdfo0jLV9Cunc/T2RsciYSRTYzojh0CzXZuZ/tU6K4bWfCZWkCIovFoWppBjTWQK0LzRwlBMLjGthb6V8yDTjaHMq2RC85S+vQuui6lm+u6zUbvI4iuSEnJJz4pErUiO3pEGahJNH8kxeyZszdl6cd+dj0Vpw8plj8kfO5w80v5Je</latexit><latexit sha1_base64="m9GiGDuwml1oegh/gd8BgcjBDp0=">AAAB9HicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix2IvHCrYV2qVk09k2NJtdk9liWfo7vHhQxKs/xpv/xrTdg7a+EHh4Z4aZvEEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGXiVHNo8ljG+iFgBqRQ0ESBEh4SDSwKJLSDUX1Wb49BGxGre5wk4EdsoEQoOENr+V2EJ8zqLALNpr1yxa26c9FV8HKokFyNXvmr2495GoFCLpkxHc9N0M+YRsElTEvd1EDC+IgNoGNR2TXGz+ZHT+mZdfo0jLV9Cunc/T2RsciYSRTYzojh0CzXZuZ/tU6K4bWfCZWkCIovFoWppBjTWQK0LzRwlBMLjGthb6V8yDTjaHMq2RC85S+vQuui6lm+u6zUbvI4iuSEnJJz4pErUiO3pEGahJNH8kxeyZszdl6cd+dj0Vpw8plj8kfO5w80v5Je</latexit><latexit sha1_base64="m9GiGDuwml1oegh/gd8BgcjBDp0=">AAAB9HicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix2IvHCrYV2qVk09k2NJtdk9liWfo7vHhQxKs/xpv/xrTdg7a+EHh4Z4aZvEEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGXiVHNo8ljG+iFgBqRQ0ESBEh4SDSwKJLSDUX1Wb49BGxGre5wk4EdsoEQoOENr+V2EJ8zqLALNpr1yxa26c9FV8HKokFyNXvmr2495GoFCLpkxHc9N0M+YRsElTEvd1EDC+IgNoGNR2TXGz+ZHT+mZdfo0jLV9Cunc/T2RsciYSRTYzojh0CzXZuZ/tU6K4bWfCZWkCIovFoWppBjTWQK0LzRwlBMLjGthb6V8yDTjaHMq2RC85S+vQuui6lm+u6zUbvI4iuSEnJJz4pErUiO3pEGahJNH8kxeyZszdl6cd+dj0Vpw8plj8kfO5w80v5Je</latexit><latexit sha1_base64="m9GiGDuwml1oegh/gd8BgcjBDp0=">AAAB9HicbZBNSwMxEIaz9avWr6pHL8EieCq7Iuix2IvHCrYV2qVk09k2NJtdk9liWfo7vHhQxKs/xpv/xrTdg7a+EHh4Z4aZvEEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGXiVHNo8ljG+iFgBqRQ0ESBEh4SDSwKJLSDUX1Wb49BGxGre5wk4EdsoEQoOENr+V2EJ8zqLALNpr1yxa26c9FV8HKokFyNXvmr2495GoFCLpkxHc9N0M+YRsElTEvd1EDC+IgNoGNR2TXGz+ZHT+mZdfo0jLV9Cunc/T2RsciYSRTYzojh0CzXZuZ/tU6K4bWfCZWkCIovFoWppBjTWQK0LzRwlBMLjGthb6V8yDTjaHMq2RC85S+vQuui6lm+u6zUbvI4iuSEnJJz4pErUiO3pEGahJNH8kxeyZszdl6cd+dj0Vpw8plj8kfO5w80v5Je</latexit>

A<latexit sha1_base64="TxA8gncsX5zcpNacEqzqXNZLpiI=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeqF48VbC22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjXtV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qe5XfntcZ1UUcZjuAYTsGDC2jALTShBQwkPMMrvDnaeXHenY/5aMkpdg7hD5zPH6mokOU=</latexit><latexit sha1_base64="TxA8gncsX5zcpNacEqzqXNZLpiI=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeqF48VbC22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjXtV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qe5XfntcZ1UUcZjuAYTsGDC2jALTShBQwkPMMrvDnaeXHenY/5aMkpdg7hD5zPH6mokOU=</latexit><latexit sha1_base64="TxA8gncsX5zcpNacEqzqXNZLpiI=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeqF48VbC22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjXtV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qe5XfntcZ1UUcZjuAYTsGDC2jALTShBQwkPMMrvDnaeXHenY/5aMkpdg7hD5zPH6mokOU=</latexit><latexit sha1_base64="TxA8gncsX5zcpNacEqzqXNZLpiI=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeqF48VbC22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhdjXtV2tu3Z2BLBOvIDUo0OxXv3qDmKURSsME1brruYnxM6oMZwKnlV6qMaFsTIfYtVTSCLWfzRJPyYlVBiSMlX3SkJn6eyOjkdaTKLCTeUK96OXif143NeGln3GZpAYlm38UpoKYmOTnkwFXyIyYWEKZ4jYrYSOqKDO2pIotwVs8eZm0z+qe5XfntcZ1UUcZjuAYTsGDC2jALTShBQwkPMMrvDnaeXHenY/5aMkpdg7hD5zPH6mokOU=</latexit>

X<latexit sha1_base64="18lDoGBxVC3sR/DdDMe+NUfB1nI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd2z/P6y1rgp6ijDCZzCOXhwBQ24gya0gIGCZ3iFN8c4L86787EYLTnFzjH8gfP5A8ybkPw=</latexit><latexit sha1_base64="18lDoGBxVC3sR/DdDMe+NUfB1nI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd2z/P6y1rgp6ijDCZzCOXhwBQ24gya0gIGCZ3iFN8c4L86787EYLTnFzjH8gfP5A8ybkPw=</latexit><latexit sha1_base64="18lDoGBxVC3sR/DdDMe+NUfB1nI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd2z/P6y1rgp6ijDCZzCOXhwBQ24gya0gIGCZ3iFN8c4L86787EYLTnFzjH8gfP5A8ybkPw=</latexit><latexit sha1_base64="18lDoGBxVC3sR/DdDMe+NUfB1nI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd2z/P6y1rgp6ijDCZzCOXhwBQ24gya0gIGCZ3iFN8c4L86787EYLTnFzjH8gfP5A8ybkPw=</latexit>
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(b)

Fig. 2. Visualization of the hand-eye/robot-world calibration problem. Both
(a) eye-on-hand and (b) eye-to-base cases are constrained by AX = YB.

calibration problem—relies on absolute geometric transfor-
mations. By constructing a loop constraint between the hand-
eye and robot-arm coordinate frames, we can calculate the
relative transformation between the fixed camera and the
base coordinates. There are several approaches solving this
problem for single camera cases, such as [26], [27]. Only few
methods have extended the hand-eye/robot-world constraints
towards multi-camera calibration. [28] can only handle the
case of multiple cameras moving in front of one and the same
calibration target, while [29] presents a general approach to
handle multi-agent (non-overlapping) hand-eye calibration.
However, it is an optimization-based method that—owing to
the non-linear, non-convex nature of the problem—highly
depends on an accurate starting point.

III. FOUNDATIONS

We start by introducing the notations and the geometry
of our problem, summarize existing robot-world/hand-eye
calibration techniques, and conclude with a motivation for
our new, generalized solver.

A. Notations and prior assumptions

Hand–eye calibration problems can be divided into two
cases. As shown in Figure 2(a) and 2(b), the eye-on-hand
case seeks the transformation between a rigidly attached end-
effector (i.e. the hand) and camera (i.e. the eye), and the
eye-to-base case seeks the transformation between a fixed
camera and the base of the robotic arm. The problems are
equivalent from an algebraic perspective, and we use the eye-
to-base case for our further explanations. We assume that we
have an intrinsically calibrated multi-camera system which
is fixed in the world coordinate frame. Considering that we
have a regular calibration target moving in front of each
camera, we define Aj

i as the ith relative transformation of
the fixed camera j to the moving target, and let Bj

i be the
corresponding transformation of the robot base coordinate
frame to the hand coordinate frame, where j ∈ {1, · · · ,m}
and i ∈ {1, · · · , Nj}. Aj

i can be easily solved by utilizing
PnP methods [30], [31], [32] with a known calibration pattern
size, and Bj

i is directly obtained from the robot arm system—
for which tracking system markers on the target are used
lateron. Let Xj furthermore be the transformation from the
robot-base coordinate frame to the fixed camera j. Finally,
let Y be the transformation from the hand coordinate to
the target coordinate frame. Note that Aj

i , Bj
i , Xj and Y



are represented by a 3 × 3 rotation matrix R and a 3 × 1
translation vector t.

B. Brief review of hand-eye/robot-world calibration

Note that the following exposition considers only a single
camera, so index j is dropped. The standard hand-eye/robot-
world calibration constraint is given by

AiX = YBi, (1)

and most solvers solve the problem in two stages (first
rotation, then translation):

RAi
RX = RYRBi

(2)
RAi

tX + tAi
= RYtBi

+ tY. (3)

The equations can be solved by either closed-form or iterative
solutions. In this paper, we focus on closed-form solutions.
As illustrated in [26], we can apply the Kronecker product
to represent (2) and (3) as linear equations, thus resulting in(

−I RBi
⊗RAi

)(vec(RY)
vec(RX)

)
= 0 (4)

(
I −RAi

)(tY
tX

)
= tAi

−RYtBi
, (5)

where vec(RY) and vec(RX) are vectorized rotation matri-
ces. Note that in practice, many such constraints are stacked
into larger linear problems. Next, finding the nullspace for
the first part of (4) is equivalent to find an efficient and
unique solution of nI −

n∑
i=1

RBi ⊗RAi

−
n∑

i=1

RT
Bi
⊗RT

Ai
nI

(vec(RY)
vec(RX)

)
= 0.

(6)
The normal equations of a linear system AX = B can
be rephrased as ATAX = ATB, which leads to another
simplified solution for the second part of (5) as well. The
nullspace and thus the rotations vec(RY) and vec(RX) are
easily found by singular value decomposition of (6). The
translation is then recovered by substituting RY and RX into
the second constraint, and solved for example by applying
Cholesky factorization.

IV. JOINT MULTI-AGENT HAND-EYE CALIBRATION

The standard solver is not well suited for a multi-camera
system, as only a single camera can be calibrated at a time.
Although we could recover the extrinsics between multiple
cameras by using the individual eye-to-base transformations,
the solution would ignore the fact that the fixed hand-
to-target transformation RY is shared by all calibration
problems. It would be computed multiple times, each time
suffering from errors due to a lack of constraints. The errors
would furthermore propagate onto the parameters of interest,
which are the eye-to-base transformations. In the following,
we therefore introduce a generalized hand-eye calibration
solver that jointly solves for multiple extrinsic camera trans-
formations as well as the hand-to-target transformation. Our
main contribution consists of extending the idea of [26] into

a generalized solver. We start by seeing a new linear system,
which enables the joint retrieval of a common hand-to-
target rotation and multiple base-to-camera rotations. Next,
we derive the translations again through a joint solution
scheme. The section concludes with a proof of equivalence of
the multi-eye-to-base and the multi-eye-on-hand cases, which
both have interesting practical applications.

A. Joint linear rotation estimation

Suppose that the ith pose of the jth camera with respect
to the target (Aj

i ) and the corresponding transformation of
the robot base frame to the hand frame (Bj

i ) have already
been identified. The multi-camera hand-eye/robot-world cal-
ibration can be easily formulated as:

Aj
iX

j = YBj
i . (7)

It is important to realize that once multiple such constraints
are stacked into a large linear problem, the resulting equation
is different from (1). (7) can be used to calculate Y as
a unique variable for calibrating the complete, generalized
camera system. Stacking all pose measurements, the rotation
constraint becomes

RA1
1
RX1 = RYRB1

1

RA1
2
RX1 = RYRB1

2

· · ·
RAm

Nm
RXm = RYRBm

Nm

. (8)

Inspired by the definition of (4), all sub-constrains in (8) can
now be grouped into the linear problem

−I R
B1

1
⊗R

A1
1

−I R
B1

2
⊗R

A1
2

···

−I RBm
Nm

⊗RAm
Nm


 vec(RY )

vec(RX1 )

···

vec(RXm )

 = 0. (9)

In the spirit of (6), we can again find an efficient and unique
solution to the homogeneous linear system (9) by moving to

N1I −K1

· · · · · ·
NmI −Km

−L1 N1I
· · · · · ·
−Lm NmI


 vec(RY )

vec(RX1)
· · ·

vec(RXm)

 = UX = 0,

where

Kj =

Nj∑
i=1

RBj
i
⊗RAj

i
,Lj =

Nj∑
i=1

RT
Bj

i

⊗RT
Aj

i

. (10)

Note that Nj is the number of pose measurements for the jth
camera. The nullspace of U can still be efficiently computed
by singular value decomposition. The exact solution of
UX = 0 is given by the column of the right-hand nullspace
matrix V corresponding to the smallest singular value. In
order to recover the rotation matrices RY and RXj , we
de-vectorize the solution and obtain the 3 × 3 matrices
MXj = vec−1(RXj ) and MY = vec−1(RY). In order to
ensure that MXj and MY both satisfy the side-constraints



of SO3 elements, we conclude with a normalization. We first
obtain {

RXj = sign(MXj )det(MXj )−
1
3MXj

RY = sign(MY)det(MY)−
1
3MY

, (11)

which ensures that we have right-hand matrices of determi-
nant 1. Finally we orthogonalize the matrices by using SVD.

B. Recovery of translations

In order to recover the translation tY and tXj , we start
by substituting the rotation matrices RY and RXj from Sec.
IV-A into equation (3):

RA1
1
tX1 + tA1

1
= RYtB1

1
+ tY

RA1
2
tX1 + tA1

2
= RYtB1

2
+ tY

· · ·
RAm

Nm
tXm + tAm

Nm
= RYtBm

Nm
+ tY

. (12)

By grouping all sub-constrains in (12), we obtain the linear
system: I −R

A1
1

I −R
A1

2 ···
I −RAm

Nm

 tY
tX1

···

tXm

 =

 t
A1

1
−RYt

B1
1

···

tAm
Nm

−RYtBm
Nm

.

(13)
tXj and tY are the solutions to the non-homogeneous linear
system AX = B, which can again be brought into the normal
form ATAX = ATB and solved by standard techniques
such as Cholesky factorization.

The final eye-to-base transformation for each camera

Xj−1 is given by Xj−1
=

[
RXj

T −RXj
T tXj

0 1

]
. Extrin-

sics between cameras in the system can be easily computed
by using the chain of transformations

T0,j = X0−1
Xj , (14)

where T0,j denotes the relative transformation from camera
j to camera 0. We generally use the first camera as the
reference frame with respect to which all other extrinsic
camera poses are expressed.

C. Extension towards the multi-eye-on-hand case

The previous subsections have presented a novel closed-
form solver for the multi-eye-to-base constraint. A very
similar problem is given by the multi-eye-on-hand case, in
which we have multiple cameras mounted on the robot arm,
and they observe only a single target. In this scenario, we
have multiple hand-to-eye transformations Yj , but only a
single base-to-target transformation X. The basic constraint
of this problem is

Aj
iX = YjBj

i . (15)

It is interesting to see that this equation is of algebraically
identical form, as we may simply take the inverse on either
side

Bj
i

−1
Yj−1

= X−1Aj
i

−1
, (16)

Fig. 3. Overview of the proposed multi-agent hand-eye calibration pipeline
for non-overlapping multi-camera systems.

thus resulting in a form that is entirely similar to (7). From a
practical perspective, this means that our generalized solver
can be easily used to handle two different cases. The first
one is given by the multi-eye-to-base case, which may be
more relevant for calibrating larger scale systems that are
hard to move. The second is given by the multi-eye-on-hand
calibration problem, which may be more relevant to calibrate
smaller multi-camera setups. Note that, in the continuation,
we will focus on calibrating a vehicle mounted surround-
view camera system, hence the remainder of this paper will
use the multi-eye-to-base constraint.

V. APPLICATION TO NON-OVERLAPPING MULTI-CAMERA
SYSTEMS

We evaluate our method on a non-overlapping multi-
camera system, on which all cameras are facing into different
directions and have no overlap in their fields-of-view. Many
solutions to the case of regular hand-eye/robot-world cal-
ibration exist, including closed-form solvers [27] [26] and
an iterative solution [28]. The iterative solver can handle
the eye-on-hand case for multiple cameras, and solvers
are otherwise restricted to the single camera case. To the
best of our knowledge, we propose the first closed-form
solution to hand-eye calibration for the eye-to-base case
which supports multiple non-overlapping cameras. The eye-
to-base case is particularly relevant in situations where all
cameras are attached to a large-scale platform that cannot
be easily manipulated. In our framework, the base-to-hand
transformations Bj

i are given by a highly accurate external
motion capture system. It keeps tracking the 3D position
and orientation of a reflective marker frame (denoted Rig)
mounted on the calibration target, which—in analogy to the
hand-target transformation—requires the identification of an
extrinsic transformation Y to the calibration target’s refer-



ence frame. Aj
i and Xj are camera-to-target and tracking-

system-to-camera transformations, respectively. A detailed
overview of our framework is shown in the Figure 3.

We assume that the intrinsics of the cameras are pre-
calibrated, thus we can directly use the PnP methods [30],
[31], [32], to recover all Aj

i ’s. In order to obtain perfectly
synchronized transformation measurements, each camera is
hard synchronized with the tracking system. Note however
that the calibration target can be moved in front of each
camera individually, and thus the image sets for each camera
can be recorded sequentially.

VI. EXPERIMENTAL EVALUATION

In this section, we briefly introduce implementation de-
tails of our method and evaluate the performance on both
synthetic and real data. Our solver depends on eye-to-base
hand-eye/robot-world calibration constraints and is designed
for non-overlapping multi-camera systems. Our experiments
therefore focus on a comparison against previous hand-
eye/robot-world algorithms, which are closed-form hand-
eye solutions [26] and [27], and an iterative method [28]
designed for multi-camera systems. However, all methods
above are not able to handle the multi-eye-to-base case, thus
we compute the eye-to-base transformation for each camera
individually. The extrinsics between cameras are each time
derivied from a chain of transformations. We execute differ-
ent comparative simulation experiments to evaluate accuracy
and noise resilience, and evaluate the performance of the
proposed method for a different number of cameras. We
conclude with extrinsic calibration of both a surround-view
camera system and an overlapping stereo camera with non-
overlapping assumptions. Ground truth for the stereo camera
calibration is delivered by a classical stereo calibration
method. Implementations are made in C++ and use OpenCV
[33] for image processing and the solution of geometric
problems. All experiments are conducted on an Intel Core i7
2.4 GHz CPU with 8GB RAM.

A. Error Metrics

Next we introduce the error metrics for comparing our
solver against alternatives. Similar to [28], we use the hand-
eye constraint (1) to represent rotation and translation errors
in the absence of ground truth extrinsics:

eR =
1

n

1

m

m−1∑
j=0

n−1∑
i=0

angle((RYR
B

j
i
)T (R

A
j
i
RXj ))

et =
1

n

1

m

m−1∑
j=0

n−1∑
i=0

‖(R
A

j
i
tXj + t

A
j
i
)− (RYt

B
j
i
+ tY)‖

(17)
Please note that we use averaged RY and tY computed from
each camera when we are evaluating the solvers designed for
the single camera case.

B. Results on synthetic data

In our simulation experiment, we generate a surround-
view camera system that highly resembles the multi-camera
system in our real experiments. It has four cameras pointing
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Fig. 4. Comparison between our proposed method Our and Shah’s and
Li’s method for different perturbation factors. Each value is averaged over
100 random experiments. Details are provided in the text.

into all directions (cf. Figure 1). The cameras all lie in the
same horizontal plane and have a distance between 0.4 and
0.65m away from the body origin. For the simulated dataset,
we add up to 40 camera-to-target poses Bj

i for each camera,
which are taken from a real sequence and thus have realistic
values. We then generate Aj

i by using Aj
i = YBj

iX
j−1.

Note that the iterative method in [28] minimizes reprojection
errors in their objective function and therefore requires a sim-
ulated camera model and point reprojections. Thus, we only
compare our method against other state-of-the-art closed-
form solvers in our simulation experiments. We analyze the
performance of our method for different noise levels, and
varying numbers of cameras and measurements per camera.
In practical calibration procedures, the measurements are
obtained from well-selected calibration images, thus we do
not add any outliers in the simulation experiment. We finally
report the accuracy based on above mentioned error metrics.
We compare our method against two alternative closed-form,
hand-eye/robot-world methods, denoted (Shah [26] and Li
[27]). We conduct three types of experiments:

• Noise level: We use the full 4-camera system and 40
measurements for each camera. Noise is generated by
taking a random faction of the absolute coordinates (up
to 30%), and adding it directly onto the measurements
for both rotation and translation. Note that the camera
system is placed in the center of the tracking system’s



(a) (b)

Fig. 5. Multi-camera systems as analyzed in this paper. (a) a stereo setup
with overlapping fields-of-view and (b) a surround-view camera system.

reference frame, which is why the absolute poses—
and thus also the random errors—have a relatively
homogeneous distribution across the tracking system’s
area. As shown in Figure 4(a), for both Shah and Li,
the noise addition leads to a significant increase of the
errors, especially for Li. Our proposed method performs
best in terms of both rotational and translational errors.

• Number of cameras: We fix the noise ratio to 5% and
vary the number of cameras to be calibrated from 1 to 4.
The results are illustrated in Figure 4(b). As expected,
our method is well-suited for calibrating multi-camera
systems. Adding more cameras will not decrease accu-
racy, while for Shah and Li, the errors increase with
the number of cameras in the system.

• Number of measurements: We keep using the full 4-
camera system and fix the noise ratio to 5%. We vary
the number of measurements for each camera from 3 to
40. Note that 3 is the minimum number of pose mea-
surements for a single hand-eye/robot-world calibration
solver. The results are indicated in Figure 4(c). As can
be observed, using more pose measurements leads to
a large reduction of errors for all methods, and our
method maintains a higher level of accuracy than the
alternatives, which also proves that well-distributed pose
measurements can significantly improve the calibration
accuracy.

To conclude, we compare the computational efficiency of
different methods. All methods process 160 measurements
for 4 cameras in total. Our method’s processing time is
5.54ms, Shah uses 3.58ms, Li uses 14.77ms. As mentioned
in [28], the linear Li method will decompose an 8n × 16
matrix using SVD, where n is the number of measurements,
thus it is 3 times slower than our method and Shah. Our
method has comparable efficiency to the fastest alternative.

C. Experiments on Real Data

In order to demonstrate the performance of our algorithm
on real platforms, we apply it to two multi-camera systems
given by a surround-view camera system and a stereo setup
with overlapping fields-of-view (cf. illustrated in Figure 5(a)
and 5(b)). Note that the surround-view camera system is
mounted on a mobile rig and first calibrated inside the lab.
Only after the calibration is finished, the entire frame is
installed on top of the vehicle. The stereo setup allows us

to compare our calibration results against a classical stereo
calibration method , denoted (GT [8]).

Table I shows our results on both surround-view and stereo
camera systems and compares them against all alternatives.
The retrieved extrinsic parameters from all methods are listed
in Table II. The following is worth noting:

• We carefully select 80 calibration images for the
surround-view camera setup and 50 for the stereo
setup. We add the iterative methods introduced by
[28] as alternatives and select the two best methods
based on geometric constraints and reprojection errors
respectively, which are c1-Euler-separable and c2-
Euler-separable in [28]. As shown in Table I, all
algorithms successfully complete the calibration without
gross errors in rotations, while the translational errors
are much more obvious due to error propagation. This is
especially true for Li and Tabb methods. Similar to our
simulation experiments, our method again outperforms
all alternatives including iterative methods.

• A direct comparison of the retrieved extrinsic param-
eters is shown in the Table II. As can be observed,
our calibration result with non-overlapping assumption
is nearly as accurate as classical algorithms exploiting
overlap in the fields-of-view.

TABLE I
COMPARISON OF METHODS USING THE ERROR METRICS DESCRIBED IN

SECTION VI-A ON SURROUND-VIEW AND STEREO CAMERA SYSTEMS.

surround-view dataset stereo dataset
Method eR (deg) et (m) eR (deg) et (m)

Shah [26] 2.184 0.072 3.229 0.175
Li [27] 3.070 0.534 6.773 1.880

Tabb [28] (c1) 2.138 0.124 3.687 0.791
Tabb [28] (c2) 2.137 0.106 3.551 0.714

Our 1.423 0.035 1.927 0.086

TABLE II
COMPARISON OF EXTRINSIC PARAMETERS AGAINST GT. [R: deg, t: m]

Method tx ty tz yaw pitch roll
Shah [26] -0.057 -0.264 0.028 2.80 2.09 2.08

Li [27] 0.496 0.376 -0.351 0.11 7.43 9.13
Tabb [28] (c1) 0.228 -0.166 -0.019 3.24 3.36 2.04
Tabb [28] (c2) 0.190 -0.146 -0.022 3.24 3.35 2.05

Our 0.078 0.005 0.006 -0.45 0.19 -1.59
GT [8] 0.091 0.000 0.005 1.51 -0.14 0.52

VII. CONCLUSION

We present a novel calibration technique for non-
overlapping multi-camera systems that relies on an external
motion capture system. Our work stands in contrast with
many prior iterative optimization schemes presented in the
literature, as it is a closed-form solution which does not
suffer from an inadequate starting point and can be solved
very efficiently. High accuracy is achieved by our solution
to the multi-eye-to-base problem, and we demonstrate its
equivalence to the multi-eye-in-hand problem, both of which
are extensions of the well-known hand-eye calibration con-
straint. The method is easy to re-implement, and thus of high
practical value to the community.
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