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Abstract 
This paper presents a dual camera system combining a 
wide field-of-view (FOV) surveillance camera and a pan-tilt-
zoom (PTZ) camera with an asymmetric photogrammetric 
configuration, and focuses on the analysis of its attainable 
measurement accuracy. First, we discuss the geometric 
modeling of the asymmetric photogrammetric configura-
tion and analyze the accuracy of measurement based on 
error propagation for different baseline lengths, different 
focal lengths, and different pan angles of the PTZ camera. 
Second, we performed a comprehensive accuracy analy-
sis based on Monte Carlo simulation, which incorporated 
artificial noise into the input data. Third, we conducted 
actual experiments in indoor and outdoor environments to 
verify the theoretical and simulation results. We found that 
the baseline length between the dual cameras was the main 
factor influencing measurement accuracy. Increase of the 
PTZ camera focal length could improve the measurement 
accuracy, but this trend was not significant when its focal 
length was relatively long. The pan angle of the PTZ camera 
also influenced the measurement accuracy, but this influence 
was not significant at short ranges. From these discoveries, 
we present an optimum configuration of the dual camera 
system for better than 1 percent measurement accuracy of 
the range within a normal observation range (e.g., 60 m). This 
proposed dual camera system provides enhanced machine 
vision capabilities that can be used in various applications. 

Introduction
Traditional photogrammetric systems use stereoscopic image 
pairs, obtained either through a pair of identical cameras with 
a fixed lens rigidly connected by a hard base or through one 
camera repeatedly imaging the interest area (Fraser, 1982; Li 
et al., 2004; Di and Peng, 2011). These systems are considered 
symmetric photogrammetric systems, as the stereo cameras or 
images are symmetrically distributed and the stereo images 
have similar characteristics (e.g., image scale/resolution, FOV, 
and coverage). Symmetric photogrammetric systems were 
dominant in traditional photogrammetric applications in the 
past; however, the intelligent vision capabilities of these sys-
tems are limited in non-traditional photogrammetric applica-
tions. For example, an ideal video surveillance system may re-
quire monitoring of a wide scene while zooming in on specific 
targets of interest, and measurement and tracking of objects 
using stereo images. These aims are impossible to achieve 
with traditional, symmetrical photogrammetric systems.

We present a dual camera system with an asymmetric 
photogrammetric configuration for better machine vision ca-
pability. The system combines a standard surveillance camera 
and a PTZ camera, thus providing simultaneous wide FOV and 
localized high-resolution imaging capability, in addition to 

stereo measurement capability via the vertical base connecting 
the dual cameras (see Plate 1). The asymmetry of the proposed 
system is due to its asymmetric stereo configuration. The 
surveillance camera has a short focal length but a large FOV, 
whereas the PTZ camera has longer and varying focal lengths 
but a small FOV. The surveillance camera is fixed, whereas the 
PTZ camera has adjustable pan and tilt angles. To render this 
asymmetric dual camera system useful, the attainable mea-
surement accuracy of the system must be characterized.

Dual camera systems with asymmetric photogrammetric 
configurations are not commonly used in photogrammetry. 
Di and Peng (2011) investigated the wide-baseline mapping 
capability of the Mars rovers in the 2003 Mars Exploration 
Rover (MER) mission. Analysis of mapping accuracy with 
respect to baseline length using the rover images was con-
ducted by theoretical derivation with error propagation, and 
Monte Carlo simulation. However, all of the images used in 
their research were acquired by the same camera. They also 
assumed that the two camera axes were parallel to each other 
and perpendicular to the baseline when collecting the images 
in two different places, which simplified the derivation but 
may not have represented the actual situation.

In the area of machine vision, there have been several 
achievements in the use of dual camera or multi-camera sys-
tems for the purposes of 3D reconstruction (Luh and Klaasen, 
1985; Allen and Bajcsy, 1986; Kanade et al., 1998; Gao et al., 
2000; Li et al., 2004). However, most of these studies have 
used two identical cameras to generate the 3D information. 
Marcenaro et al. (2002) proposed a multi-resolution outdoor 
dual camera system, which contained a PTZ camera and a 
wide-FOV camera and was able to recognize objects more ac-
curately than other systems. However, this system was only 
used to investigate enhanced imaging and recognition, rather 
than stereo measurement. Iwata et al. (2006) developed a 
hybrid camera surveillance system for human tracking that 
contained an omni-directional system comprising 36 cameras 
for the acquisition of wide-range images, and a pair of PTZ 
cameras to acquire images of sufficient resolution for object 
measurement and identification. Wan and Zhou (2009) also 
proposed a stereo rectification method with dual symmetric 
PTZ cameras. Investigations into dual camera systems with 
asymmetric photogrammetric configurations have been rare in 
the past, and important aspects of asymmetric photogrammet-
ric configurations, such as theoretical accuracy analysis and 
error propagation, have yet to be thoroughly investigated.

This paper focuses on the systematic accuracy analysis of 
the dual camera system with an asymmetric photogrammetric 
configuration. First, we present the detailed configuration of the 
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dual camera system. Then, we describe the geometric modeling 
of the asymmetric photogrammetric configuration, and pres-
ent the theoretical accuracy analysis and error propagation of 
such a configuration with respect to intra-camera baseline, PTZ 
camera focal length, and PTZ camera pan angle. Then, a Monte 
Carlo simulation was carried out to investigate the attainable 
accuracies of the asymmetric photogrammetric configuration 
under the same conditions. After that, actual experimental 
analyses in indoor and outdoor environments were conducted 
to verify the theoretical and simulated analysis results. Finally, 
we present a discussion and our concluding remarks.

A Dual Camera System with Asymmetric Photogrammetric  
Configuration
The dual camera system with an asymmetric photogrammet-
ric configuration is illustrated in Plate 1. The configuration 
was based on two pin-hole cameras, which worked coop-
eratively in a master-slave configuration. The master camera 

(surveillance camera) camera was fixed and had a short focal 
length. It monitored a wide FOV in the scene to ensure global 
surveillance of the area of interest. The slave camera (PTZ 
camera) was actively controlled, and its pan, tilt, and zoom 
abilities allowed the generation of close-up imagery of inter-
esting targets. The two cameras were connected through a 
vertical rigid base, thus creating a stereoscopic vision system. 
In photogrammetry, normally the terms “left” and “right” are 
used to distinguish the image pair when processing the stereo 
image data. Therefore, in this paper we use the same terms 
of “left” and “right” image instead of “bottom” and “top” for 
consistency consideration (although the base is vertical). The 
term “pan” refers to the rotation of the PTZ camera towards or 
away from the surveillance camera.

Geometric Modeling of the Asymmetric Photogrammetric Configuration
To describe the geometric configuration of the asymmetric 
dual camera system, we have used the pin-hole camera model 
(Hartley and Zisserman, 2004) rather than collinearity equa-
tions since the former explicitly incorporates the rotation 
angles of the camera system. The system used a local refer-
ence frame centered at the surveillance camera’s perspective 
center (see Figure 1). A point P = (X, Y, Z) in the reference 
frame can be projected onto the PTZ camera’s image coordi-
nate pr = (xr, yr) by using the pin-hole camera model:
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where θP and θT represent the pan and tilt angles of the PTZ 
camera, and (xz, yz), fr, and sr, denote its principal point, focal 
length, and skew, respectively. T denotes the translation vec-
tor between the perspective centers of the PTZ camera and the 
surveillance camera; λ is a non-zero scale factor.

The same point P can be projected onto the surveillance 
camera’s image coordinate pl = (xl, yl) by:
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Plate 1. Illustration of the asymmetric dual camera system: (a) A ptz camera attached to a regular surveillance camera through a vertical 
base, (b) low-resolution image with wide fov acquired by the surveillance camera, and (c) zoomed-in image acquired by the ptz camera.

Figure 1. Geometric configuration of the asymmetric dual cam-
era system.
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where (xs, ys), fl, and sl represent the principal point, focal 
length, and skew of the surveillance camera, respectively. If 
point correspondence (Zhu et al., 2007; Wu et al., 2011) is 
identified on the images acquired by the PTZ and surveillance 
cameras; its 3D coordinates in the local reference frame can be 
determined from Equations 1 and 2.

The interior orientation parameters (IOPs) of the surveil-
lance camera, (xs, ys), fl, and sl, were calibrated using tradi-
tional calibration methods (Tsai, 1987), whereas the IOPs of 
the PTZ camera, (xz, yz), fr, and sr, were subject to changes 
in zoom value. Calibration of the zoom lens was performed 
independently at a few lens settings covering the entire zoom 
span, and the calibrated results were subsequently modeled 
using polynomials. We developed an innovative and flexible 
zoom-lens calibration method (Wu et al., 2013) and used it to 
calibrate and model the PTZ camera.

The parameters of the surveillance camera and the PTZ 
camera are listed in Table 1. They were used as references in 
the following theoretical analysis, Monte-Carlo simulation, 
and experimental analysis.

table 1. Camera parameters

Surveillance camera PTZ camera

Focal length 8 mm 10-120 mm

FOV 80° 5°–30°

Image size 2560 × 900 pixels 1280 × 1024 pixels

Pixel size 2.5 µm 5.3 µm

Pose control Fixed ±45° pan, ±30° tilt

Figure 2. Illustration of the geometric principle of the asymmet-
ric stereo configuration.

Theoretical Accuracy Analysis
The proposed dual camera system with an asymmetric photo-
grammetric configuration is capable of producing a stereo pair 
of images for which the focal lengths of the two cameras are 
different and in which the two camera axes are not parallel to 
each other or perpendicular to the baseline, which presents 
novel problems that are not found in normal symmetrical 
configurations. We carried out a theoretical analysis of the 
measurement capability of the proposed dual camera system 
under different baseline lengths, different focal lengths and 
different pan angles of the PTZ camera.

As measurement error in the range direction is always 
larger than in the other two directions (Di and Li, 2007), we 
have used range error to represent measurement accuracy in 
the following discussions. Figure 2 illustrates the geometric 
principle of the asymmetric photogrammetric configuration. 
We assumed that the surveillance camera in the left was fixed 
and that its camera axis was perpendicular to the baseline. Its 
focal length fl was fixed. The PTZ camera in the right had vary-
ing focal length fr, and its pan angle θP and tilt angle θT varied. 
According to the geometric principle illustrated in Figure 2, 
only the pan angle θP needs to be considered when investigat-
ing the measurement accuracy in the range direction. B is the 
baseline length between the two camera projective centers. 
For a point P in the object space, its imaging points in the 
left image and right image are pl and pr. Their image coor-
dinates along the x direction are xl and xr, respectively. D is 
the distance or range from the object at point P to the base-
line; θ is the angle between the ray from object point P to the 
perspective center of the PTZ camera Or, and the optical axes 
of the PTZ camera. For the convenience of geometric relation-
ship derivation, the positive or negative signs of θP and θ are 
defined as follows: θP will have positive values when the 
optical axis of the PTZ camera rotates towards the surveillance 
camera, and negative values in the opposite case. θ will have 
negative values when the ray rotates clockwise with respect 
to the optical axis of the PTZ camera, and positive values in 
the opposite case. For the case illustrated in Figure 2, θP is 
positive, and θ is negative.

From Figure 2, the following equations can be derived 
based on the geometric relationship:
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From the above equation, it can be seen that the measurement 
accuracy depended on the image coordinates xl and xr (their 
influences together being similar to parallax in the normal 
symmetric stereo case), the baseline length B, the focal length 
fr of the PZT camera, and the pan angle θP of the PZT camera. 
The focal length fl of the surveillance camera was fixed in the 
proposed dual camera system; therefore, it is a constant in 
the above equation. We investigated the influence of baseline 
length B on the measurement accuracy. Since the two cam-
eras were rigidly mounted on the base when adjusting the 
baseline; therefore, the error propagation of baseline length B 
itself is ignored in the following error-propagation derivation. 
Through error-propagation derivation based on Equation 4, 
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the range error can be calculated using the following equation:
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In the above equation, σD is the standard error of range D; σxl
 is 

the coordinate measurement error on the left image, and σxr
 is 

the coordinate measurement error on the right image. Accord-
ing to theoretical analysis, pixel measurement error can reach 
an accuracy of approximately one-third of a pixel. Since the 
resolutions of images acquired by the surveillance camera and 
PTZ camera may be different, the following strategy is em-
ployed. The pixel measurement error on the images acquired 
by the surveillance camera is estimated to be one-third of a 
pixel, while the pixel measurement error on the images ac-
quired by the PTZ camera is estimated to be a multiple of one-
third pixel depending on the times of the focal length of the 
PTZ camera with respect to that of the surveillance camera. It 
should be noted that in the proposed dual camera system the 
pixel size of the surveillance camera and the PTZ camera dif-
fer. σfr 

is the standard error of the focal length of the PTZ cam-
era, which can be determined from an antecedent zoom lens 
calibration and modeling procedure. σθp

 is the standard error 
of the pan angle of the PTZ camera, which can be estimated 
from the pan control system of the camera.

From the above equation, the range error at a specific range 
D is dependent on the baseline length B, PZT camera focal 
length fr, PZT camera pan angle σp, and the image coordinates 
xl and xr. For a given set of D, B, fr, and θp, xl  is dependent on 
xr, so that it can be represented by xr.

To investigate the measurement accuracy in different sce-
narios, the accuracy analysis was divided into the following 
three steps. First, the relationship between the range error and 
different baseline length B at different ranges was investigat-
ed. In this step, the focal length fr of the PZT camera was set to 
a constant length, and the pan angle θp of the PZT camera was 
set to 0°. Second, the relationship between the range error and 
PTZ camera focal length at different ranges was investigated. 
In this step, the baseline length B was set to a constant length, 
and the pan angle θp of the PZT camera was again set to 0°. 
Third, the relationship between the range error and the PZT 
camera pan angle θp at different ranges was investigated. In 
this step, both the baseline length B and the focal length fr of 
the PZT camera were set to constants.

As the focal length of the PTZ camera changes during the 
process of zooming, the range measurement accuracy at each 
specific range may vary from place to place in the image, due 
to the involvement of uncertainties (σfr

) in the calibration and 
modeling procedure of the PTZ camera’s focal length, and be-
cause σfr

 will be magnified by the location of the target point 

on the image. Normally, the closer of the target point to the 
image center (or principal point), the smaller the influence of 
σfr

 on the range measurement accuracy will be. This can be 
verified by the following error-propagation derivation when 
representing all the items of xl in Equation 5 using a function 
of xl (θp is set to 0 to simplify the derivation).

 
σ σ σ σD

l
x

r
x

r

r
f

D
B f

D
B f

D x
B fl r r

2
4

2 2
2

4

2 2
2

4 2

2 4
2= + + . (6)

In the above equation, it can be seen that the first and sec-
ond components in the right part of the equation are constant 
for a given set of D, B, fl, fr, and coordinate measurement er-
rors, whereas the third component is dependent on xr. When 
xr = 0 (i.e., when the target point is located at the image prin-
cipal point), the range error σD reaches a minimum. To find a 
unified comparison analysis of the measurement accuracy, we 
have focused on finding the attainable accuracy of the point 
located at the image principal point (xr = 0) in the following 
discussion. This is also meaningful since in real applications 
of the proposed dual camera system, such as target tracking, 
the PTZ camera would always be pointing at the target and 
would locate the target around the image center area.

Using the camera parameters listed in Table 1 as references 
and Equation 5, three figures were generated to show the 
range measurement error in the three previously mentioned 
scenarios. Figure 3 shows the relationship between the range 
error and baseline length B at ranges between 10 m and 60 
m. In this case, the focal length fr and pan angle θp of the PZT 
camera were set to 60 mm and 0°, respectively. The baseline 
length varied from 0.5 m to 1 m. Figure 4 shows the relation-
ship between the range error and focal length fr of the PZT 
camera at different ranges, where the baseline length was set 
to 0.8 m and the pan angle θp of the PZT camera was set to 0°. 
fr varied from 10 mm to 100 mm in this case. Figure 5 shows 
the relationship between the range error and pan angle θp of 
the PZT camera at different ranges, where the baseline length 
was set to 0.75 m and the focal length fr of the PZT camera 
was set to 60 mm. θp varied from −45° to 45° in this case. σθp

 
was set to 10", based on the PTZ camera control parameters. It 
should be noted when considering the above parameters that 
we were aiming for better than 1 percent measurement accu-
racy within a normal observation range (e.g., 60 m) in indoor 
or outdoor environments.

The range measurement error decreased with increased 
baseline length, as shown in Figure 3, and this trend was 
more significant over long ranges, which was consistent with 
traditional photogrammetric theory despite the disparity in 
focal length between the two cameras. For a surveillance 
camera with a focal length of 8 mm and a PTZ camera with a 
focal length of 60 mm, a minimum baseline length of 0.75 m 
was required to reach a measurement accuracy of 1 percent 
within a range of 60 m (0.6 m range error). Increase in the 
surveillance camera’s focal length would improve the mea-
surement accuracy; however, this would reduce the FOV of the 
surveillance camera, which deviated from the original inten-
tion of the proposed dual camera system to monitor a wide 
scene. While decreasing the surveillance camera’s focal length 
would offer an even wider FOV, however it would be more dif-
ficult to reach a better than 1 percent measurement accuracy 
within a normal observation range of 60 m through a feasible 
stereo configuration. An 8 mm focal length for the surveil-
lance camera was selected as a sensible mid-point value, as 
a trade-off between the monitoring FOV and the attainable 
measurement accuracy based on the theoretical analysis and 
actual experiments in this paper.

Changes to the focal length of the PTZ camera improved the 
measurement accuracy, especially at long ranges, as shown in 
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Figure 3. Range measurement error with respect to baseline 
length at different ranges from theoretical analysis.

Figure 6. Range measurement error with respect to baseline 
length at different ranges from the Monte Carlo simulation.

Figure 4. Range measurement error with respect to focal length 
of the ptz camera at different ranges from theoretical analysis.

Figure 7. Range measurement error with respect to ptz camera 
focal length at different ranges from the Monte Carlo simulation.

Figure 5. Range measurement error with respect to pan angle of 
the ptz camera at different ranges from theoretical analysis.

Figure 8. Range measurement error with respect to different pan 
angles of the ptz camera at different ranges from Monte Carlo 
simulation.
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Figure 4. At relatively short ranges (e.g., 10 m and 20 m) an 
increase in the PTZ camera’s focal length from 10 mm to 100 
mm only slightly improved the measurement accuracy. At 
longer ranges, increasing the PTZ camera’s focal length well 
improved the measurement accuracy when the PTZ camera’s 
focal length itself was relatively short (e.g., 10 to 40 mm). 
But the improvements was not significant when its focal 
length was already relatively long (e.g., 60 mm). This could 
be explained that the focal length of the surveillance camera 
(e.g., 8 mm) influenced the measurement accuracy in this 
case, and when the PTZ camera’s focal length was close to the 
surveillance camera’s focal length increasing of the former 
would improve the measurement accuracy largely. But, when 
the PTZ camera’s focal length was far longer than the surveil-
lance camera’s focal length the latter dominated the measure-
ment accuracy and further increasing of the former would not 
improve the accuracy notably.

From Figure 5, it can be seen that the pan angle of the PTZ 
camera affected the range measurement accuracy, and that this 
trend was more significant over long ranges. For object points 
along a specific range, the point located in the range corre-
sponding to the middle of the baseline generated the maxi-
mum convergent angle. The convergent angles of points to the 
left or right of that point were smaller. Therefore, when the 
PTZ camera pointed to the point corresponding to the middle 
of the baseline, this maximum convergent angle caused the 
best measurement accuracy. Measurement errors increased 
when the PTZ camera changed its pan angle to point to other 
places along the specific range. The pan angles with the best 
measurement accuracies were dependent on the baseline 
length and on the range. For the baseline length of 0.75 m 
used in Figure 5, the pan angles with the best measurement 
accuracies were 2.15°, 1.08°, 0.72°, 0.54°, 0.43°, and 0.36° for 
ranges of 10 m, 20 m, 30 m, 40 m, 50 m, and 60 m, respective-
ly. These values are marked with arrows in Figure 5.

In the above theoretical analysis, estimates of the uncer-
tainties in the error propagation were made, based on general 
considerations. A more comprehensive analysis based on 
Monte Carlo simulation that incorporated additional factors is 
described below.

Monte Carlo Simulation
Monte Carlo simulation is an efficient way to investigate the 
numerical properties of a complex mathematical model with 
respect to artificial noise in the input data (Luhmann, 2009). 
Noise is added based on statistical distributions and typi-
cal noise levels, so that the resulting output data varies in a 
realistic way.

A simulation program was created for this study. To reduce 
the number of possible combinations, only the most critical 
impact parameters were investigated. For each numerical 
simulation, 10,000 variations were computed. Each simula-
tion was based on normally distributed input noise with an 
internal threshold of 2 sigma, and image point measurement 
noise with an internal threshold of ⅓ pixel. The detailed steps 
of the Monte-Carlo simulation were as follows:
 1. The exterior orientation parameters (EOPs) were gener-

ated. The origin (0, 0, 0) of the local reference frame 
was located at the perspective center of the surveil-
lance camera, and the coordinates of the PTZ camera’s 
perspective center were (B, 0, 0). The three rotation 
angles were set to (θT, θP, 0).

 2. The 3D coordinates of targets in object space were 
generated, at different distances from the center of the 
baseline. In this study, we choose 10 m, 20 m, 30 m, 40 
m, 50 m, and 60 m as the target ranges.

 3. The image coordinates of the target points on the 
surveillance and PTZ camera images were calculated 

using the EOPs (generated in Step 1) and the IOPs, which 
were based on the geometric model of the dual camera 
system (Equations 1 and 2).

 4. 10,000 Gaussian random noise data sets were gener-
ated, with means of 0 and standard deviations of the 
estimated pixel measurement errors, and added to 
image measurement coordinates from the two camera 
images. A further 10,000 Gaussian random noise data 
sets with 0 means and 1 percent fr standard deviations 
were generated and added to the focal length fr of the 
PTZ camera. Finally, 10,000 Gaussian random noise 
data sets with 0 means and tan-1(1 pixel/fr) standard 
deviations were generated and added to the tilt angle θT 
and pan angle θP of the PTZ camera.

 5. The 3D coordinates of the target points were calculated 
10,000 times by space intersection, using the above 
parameters and image coordinates with noise based on 
Equations 1 and 2.

 6. The calculated coordinates and the true 3D coordinates 
of the targets were compared and analyzed statistically.

The above simulation was performed for each combination 
of baseline length B, focal length fr of the PTZ camera, and pan 
angle θP of the PTZ camera at different target ranges. Figures 6, 
7, and 8 were generated to show the range measurement error 
with respect to these three parameters.

From the figures referenced above, it can be seen that the 
simulation results are generally consistent with the results of 
the theoretical analysis. The results from the former are rela-
tively inferior to the results from the latter as can be noticed 
from the more fluctuant curves in Figures 6, 7, and 8 com-
pared with those in Figures 3, 4, and 5. The general consis-
tency between the results from these two methods verifies the 
correctness of the range calculation equation (Equation 4) and 
the corresponding error propagation derivations.

From the theoretical analysis and Monte Carlo simulation 
results, the following summary can be derived: 
 1. The baseline length was the main factor influencing the 

range measurement accuracy. This influence was more 
significant for long ranges than for short ranges.

 2. The focal length of the PTZ camera also influenced the 
range measurement accuracy. But the influence was 
related to the surveillance camera’s focal length. When 
the PTZ camera’s focal length was far longer than the 
surveillance camera’s focal length further increasing of 
the former would not improve the accuracy notably. 

 3. The pan angle of the PTZ camera influenced the range 
measurement accuracy. This influence was more sig-
nificant at long ranges than at short ranges. The highest 
accuracy was achieved when the PTZ camera was 
pointed towards a target located along the middle line 
of the two cameras.

Actual Experimental Analysis
To verify the previous theoretical analysis and Monte Carlo 
simulation of the attainable measurement accuracy of the 
proposed dual camera system, two sets of experiments were 
conducted, one in an indoor facility with a relatively short 
range and the other in an outdoor environment with a rela-
tively long range.

The indoor facility, shown in Plate 2a and 2b, contained 68 
cross-shaped targets, mounted on two perpendicular walls. 
To determine the orientation parameters of the PTZ camera at 
different focal lengths, 29 targets were densely mounted near 
the center of the study area, which ensured that at least eight 
targets would be present in the image acquired by the PTZ 
camera at a long focal length. The average distance between 
the camera system and the targets was approximately 10 m. 
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The 3D coordinates of the target centers were measured using 
a total station, with a standard deviation below 1 mm. The 
3D coordinates were recorded in a local coordinate system. 
A stereo pair of images was taken and the image coordinates 
of the targets were measured. The image coordinates and 3D 
coordinates of the targets were used to calculate the 3D coordi-
nates of the two cameras’ principle points in the local coor-
dinate system based on Equations 1 and 2. At the meantime, 
the 3D coordinates of the two cameras’ principle points in the 
local reference frame of the dual camera system were ob-
tained (refer to Figure 1). A transformation equation was then 
formulated based on the 3D coordinates of the two cameras’ 
principle points in the local coordinate system and in the 
local reference frame. The measured 3D coordinates of all the 
targets were then transformed into the local reference frame of 
the dual camera system based on the transformation equation.

The outdoor experimental environment is shown in Plate 
2c and 2d. The distance from the camera system to the middle 
of the experimental area (the footbridge in Plate 2c) is ap-
proximately 40 m. The lidar point cloud of the experimental 
area was obtained to provide control and check data in the 
experiment. The lidar point cloud was collected using a Leica 
ScanStation HDS3000.

The 3D coordinates of the point cloud data were recorded 
in a local coordinate system which was then transformed 
to the local reference frame of the dual camera system. The 
root-mean-square error (RMSE) was found by comparing the 
measurements using a steel tape with measurements using the 
lidar point cloud data. The RMSE found was 4.6 mm, indicat-
ing that the point cloud was highly precise.

The experiments were carried out in the following steps:
 1. For both indoor and outdoor experiments, stereo im-

ages were taken by both cameras simultaneously, using 
a specific baseline length, and specific PTZ focal length 
and pan angle.

 2. The image coordinates of control points on the stereo 
images were measured. For the indoor experiment, the 

image coordinates of the targets used as control points 
were measured. For the outdoor experiment, at least 
eight feature points evenly distributed in the image 
were manually identified and measured for each im-
age pair, and their corresponding 3D coordinates were 
derived from the lidar point cloud.

 3. The control points were then used to calculate the 
orientation parameters of the two cameras, using Equa-
tions 1 and 2.

 4. For each stereo pair, a feature point near the center of 
the image acquired by the PTZ camera was selected and 
used as a checkpoint. The 3D coordinates of the check-
point were calculated through space intersection, using 
Equations 1 and 2.

 5. The ground truth of the checkpoint was obtained. For 
the indoor experiment, the 3D coordinates of the check-
point were interpolated from four nearby target points 
with known coordinates using bi-linear interpolation. 
For the outdoor experiment, the 3D coordinates of the 
checkpoint were derived from the lidar point cloud by 
referring to the feature point on the images.

 6. The 3D coordinates of the checkpoint were calculated 
from the geometric model in Step 4 and its ground 
truth was determined from Step 5. The measurement 
error was the difference between these two results.

 7. The baseline length, focal length of the PTZ camera, and 
pan angle of the PTZ camera were altered to correspond 
to the three scenarios in the theoretical analysis and 
Monte Carlo simulation, and Steps 1 through 6 were 
repeated.

 8. The experimental results were summarized and analyzed.

In the actual experiments, a rigid base was used to mount 
the two cameras, which was made of stainless steel plate and 
manufactured by a precision machining instrument. There 
are graduations from 0.5 m to 1 m on the rigid base for setting 
up the baseline lengths in the experiments, and the exact 

                                                                   (a)                                                                    (b)

                                                 (c)                                                                          (d)

Plate 2. The indoor and outdoor experimental environments: (a) The indoor facility with targets mounted on the two walls, (b) a zoomed-
in view of the targets in the indoor facility, (c) the outdoor experimental environment, and (d) the LiDAR point cloud of the outdoor 
experimental area.
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baseline lengths were calibrated using the control points as 
mentioned in Step 3 of the above experimental procedures. 
There are bubble cells on each of the two cameras and the 
rigid base. They were used in the experiments to guarantee 
a vertical baseline and zero kappa offset. The other camera 
parameters were kept the same as those used in the theoreti-
cal analysis and Monte Carlo simulation. The focal length of 
the surveillance camera was set to 8 mm, and the pixel sizes 
for the images acquired by the surveillance camera and the 
PTZ camera were 2.5 µm and 5.3 µm, respectively. It should be 
noted that the two ranges of 10 m in the indoor environment 
and 40 m in the outdoor environment were chosen due to 
limitations such as difficulties in establishing control net-
works with longer ranges. However, the results derived from 
these experiments can be applied to longer ranges.

Figure 9 shows the influence of baseline length on mea-
surement error at ranges of 10 m and 40 m. The measurement 
accuracies attainable at these two ranges were relatively 
worse than those predicted by theoretical analysis and Monte 
Carlo simulation, especially at short baseline lengths. The 
trends between them are consistent. For the experiments at 
the range of 40 m, the differences between them range from 
about 3 cm (at 1 m baseline) to 9 cm (at 0.5 m baseline). This 
is consistent with the theoretical derivation that longer base-
line will result in less range errors as indicated by Equation 
5. The distribution curves of the measurement accuracy as 
illustrated in Figure 9 are more fluctuant than the curves for 
the theoretical analysis and Monte Carlo simulation, which 
can be explained by unavoidable uncertainties in experimen-
tal measurements.

The change of the PTZ camera focal length is controlled 
by a zoom motor through a computer program, and it is not 
possible to directly set an accurate focal length. Instead, para-
metric settings (e.g., 100, 200, …, 1000) were used to control 
the zoom motor. Therefore, we calibrated the accurate focal 
lengths of the PTZ camera at several zoom motor settings, and 
used these settings in the experiments. The focal lengths used 
were 10.70 mm, 16.54 mm, 27.89 mm, 33.74 mm, 42.88 mm, 
49.64 mm, 59.39 mm, 65.75 mm, 74.11 mm, 80.45 mm, 90.81 
mm, and 96.22 mm, which are generally consistent with those 
used in the theoretical analysis and Monte Carlo simulation. 
Figure 10 shows the influence of the focal length of the PTZ 
camera on the measurement error at ranges of 10 m and 40 m.

The attainable measurement accuracies were worse than 
those predicted by the theoretical analysis and Monte Carlo 
simulation results at the range of 40 m, as shown in Figure 
10. At a range of 10 m, the experimental results were much 
worse than the predicted results at short PTZ camera focal 
lengths, but the accuracy improved when the focal length was 
increased to 80 mm. These large errors may be due to the rela-
tively large uncertainties in image coordinate measurement of 
targets at short ranges when compared to those at long ranges. 
In experiments at both long and short range, increasing the 
PTZ camera focal length up to a length of 80 mm notably im-
proved the accuracy. However, in the theoretical analysis and 
Monte Carlo simulation results, there was almost no notable 
improvement in accuracy when the PTZ camera focal length 
exceeded 40 mm at a range of 40 m, which may be due to the 
increased uncertainties involved in practical experiments.

Only the outdoor experiment with a range of 40 m was 
conducted to examine the relationship between PTZ camera 
pan angle and measurement error. This relationship had been 
shown by theoretical analysis and Monte Carlo simulation 
to be negligible at shorter ranges. It should be noted that due 
to lidar point cloud coverage, the PTZ camera pan angle was 
adjusted between −22.5° and 15°, which is smaller than the 
range used in the theoretical analysis and Monte Carlo simu-
lation. The results of this experiment are shown in Figure 11.

From Figure 11 it can be seen that the attainable measure-
ment accuracies at different pan angles of the PTZ camera are 
relatively worse than those in the theoretical analysis and 
Monte Carlo simulation at a range of 40 m, but that the trends 
between them are consistent.

Figure 9. Range measurement error with respect to baseline 
length from indoor and outdoor experiments.

Figure 10. Range measurement error at different ptz camera 
focal lengths in indoor and outdoor experiments.

Figure 11. Range measurement error at different ptz camera 
pan angles from outdoor experiments.
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The residual errors in image space were also examined 
for the extreme cases in the experiments at 40 m range. The 
control points were back-projected to the image space, and 
the back-projected positions were compared with the true 
positions manually identified in the images acquired by the 
surveillance camera and the PTZ camera to obtain the image 
residuals. The results are summarized in Table 2.

table 2. Image resIduals for the extreme Cases In the experIments at 40 m 
range

Baseline length

0.5 m 1 m

Residual  
on the  

surveillance  
camera image

Residual 
on the  
PTZ  

camera  
image

Residual  
on the 

surveillance 
camera image

Residual 
on the 
PTZ 

camera 
image

Focal 
length 
of the 
PTZ 
camera

10 
mm

2.76 pixels 1.29 pixels 2.63 pixels
1.17 

pixels

100 
mm

2.72 pixels
11.52 
pixels

2.42 pixels
11.09 
pixels

From Table 2, it can be seen that when the baseline length 
increases from 0.5 m to 1 m, the image residuals decrease for 
both the 10 mm and 100 mm focal lengths of the PTZ camera. 
When the focal length of the PTZ camera increases from 10 
mm to 100 mm, the image residuals on the surveillance cam-
era image decrease for both the 0.5 m and 1 m baselines. It is 
not strange to see that the image residuals on the PTZ camera 
image increase to over 10 pixels in this case, since its focal 
length increases by 10 times. The image residuals at different 
PTZ camera pan angles are negligible.

Conclusions and Discussion
We have presented a systematic analysis of the measure-
ment accuracy of a dual camera system with an asymmetric 
photogrammetric configuration. We have drawn the following 
conclusions from theoretical derivation, Monte-Carlo simula-
tion, and actual experimental analysis.
 1. The baseline length was the main factor influencing the 

measurement accuracy of the dual camera system. This 
influence was more significant over long ranges than 
over short ranges.

 2. The focal length of the PTZ camera influenced the 
measurement accuracy. The influence was related to 
the surveillance camera’s focal length. When the PTZ 
camera’s focal length was far longer than the surveil-
lance camera’s focal length further increasing of the 
former would not improve the accuracy notably.

 3. The pan angle of the PTZ camera had an influence on the 
range measurement accuracy. This influence was more 
significant at long range than at short range. The best 
accuracy was when the PTZ camera pointed to targets 
within a specific range to the middle of the baseline.

 4. The optimum configuration for greater than 1 percent 
measurement accuracy within a normal observation 
range (e.g., 60 m) was found using theoretical deriva-
tion, Monte-Carlo simulation, and actual experimental 
analysis. The optimum focal length for the surveillance 
camera was found to be 8 mm, combined with a PTZ 
camera focal length of greater than 60 mm and a PTZ 
camera pan angle within ±20°, and a baseline length 
between the two cameras of over 0.75 m.

To date, a dual camera system with an asymmetric pho-
togrammetric configuration had not been systematically 
investigated, due to unusual difficulties such as the geometric 
modeling and calibration of cameras with different character-
istics, correspondence between images with large differences 
(e.g., in scale, FOV, and coverage), camera orientation, camera 
coordination and accuracy evaluation of the system. This 
paper has focused on the accuracy analysis of the asymmetric 
photogrammetric configuration, and these discoveries will 
facilitate research and development in other areas of asym-
metric photogrammetry.

The proposed dual camera system is more flexible in the 
context of real surveillance than traditional camera networks, 
which could lead to a dramatic increase in the deployment 
of stereo video surveillance systems. By providing rapid 3D 
information and high-resolution imaging data, the camera 
system has enhanced capabilities for tracking moving objects. 
In combination with automated image analysis and camera 
coordination, this system is suitable for intelligent applica-
tions such as robotic exploration, traffic monitoring and 
hazard detection.
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