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In this paper, we develop a registration method to 
eliminate the geometric inconsistency between the stereo-
images and light detection and ranging (LIDAR) data 
obtained by an airborne multisensor system. This method 
consists of three steps: registration primitive extraction, 
correspondence establishment, and exterior orientation 
parameter (EOP) adjustment. As the primitives, we 
employ object points and linked edges from the stereo-
images and planar patches and intersection edges from the 
LIDAR data. After extracting these primitives, we 
establish the correspondence between them, being 
classified into vertical and horizontal groups. These 
corresponding pairs are simultaneously incorporated as 
stochastic constraints into aerial triangulation based on 
the bundle block adjustment. Finally, the EOPs of the 
images are adjusted to minimize the inconsistency. The 
results from the application of our method to real data 
demonstrate that the inconsistency between both data sets 
is significantly reduced from the range of 0.5 m to 2 m to 
less than 0.05 m. Hence, the results show that the proposed 
method is useful for the data fusion of aerial images and 
LIDAR data. 
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I. Introduction 

The increasing demand for up-to-date and precise 3D 
models, particularly for urban areas, encourages us to do 
research on establishing and providing spatial information such 
as digital surface models (DSMs), orthoimages, and city 
models. This spatial information can be efficiently generated 
using the data acquired by multisensor systems. There exist 
several different types of available multisensor systems which 
include airborne systems based on manned/unmanned aerial 
vehicles or ground systems based on wheeled vehicles [1]. 
Those multisensor systems are usually equipped with global 
positioning system (GPS)/inertial navigation system (INS), a 
camera, and a laser scanner [2]. Especially, an airborne 
multisensor system, which is carrying GPS/INS, a camera, and 
a laser scanner, facilitates producing sophisticated 3D models 
autonomously and cost-effectively [3]. 

Numerous studies attempt to reconstruct the object space by 
employing LIDAR data and aerial imagery simultaneously due 
to their complementary characteristics [4]. The important 
advantages of LIDAR systems are direct acquisition of 3D 
coordinates from ground objects and better vertical accuracy 
than horizontal accuracy. However, they may have difficulties 
obtaining the information along break lines. On the other hand, 
camera systems enable us to derive dense spatial information 
along the break lines and their horizontal accuracy is superior 
to the vertical accuracy. Nonetheless, it is hard to construct 
dense 3D coordinates from only aerial imagery because of the 
absence of robust and reliable matching procedures [5]. Thus, 
the majority of existing research related to the generation of 3D 
city models takes advantage of such complementary 
characteristics [6]-[9]. In addition, changes in urban areas are 
detected and ancient ruins are reconstructed by exploiting 
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synergic effectiveness of both kinds of data [10], [11]. 
The synergy of LIDAR data and images can be fully utilized 

only after the elimination of the geometric inconsistency 
between both kinds of data, called geometric registration [12]. 
The inconsistency originates from the systematic errors of each 
individual sensor. For example, the errors are inherent in 
interior orientation parameters (IOPs) of a camera, exterior 
orientation parameters (EOPs) of images, internal parameters 
of a laser scanner, and so on. To reduce or eliminate the 
inconsistency, we should address the following issues. 

• Extraction of registration primitives 
• Correspondence setup between the primitives 
• Transformation of the matched entities 

The primitives to be used to establish the correspondence 
between both datasets are the points, linear features, and areal 
features. The significant issue in the determination of the 
primitives is the fact that the primitives can be extracted and 
identified automatically and accurately. The correspondence 
between conjugate primitives is found by the similarity 
measure, which describes the correspondence of conjugate 
entities mathematically. It is also important to find the 
correspondence automatically because this task can be 
laborious for a situation where there is an enormous amount of 
data, including images and LIDAR data. We compute the 3D 
location of the matched entity and transform the entity to a 
reference frame at the end of the registration procedure. 

A number of registration methods have been developed in 
the past few years. Some methods use point primitives. The 
iterative closest point method solves the registration problem 
by matching dense photogrammetric point cloud to LIDAR 
point cloud [13], [14]. In this case, it is difficult to find the 
correspondence between each primitive set due to the irregular 
nature of the LIDAR points and require extensive overlapping 
images. To alleviate the difficulty in finding the 
correspondence, some methods utilize special targets which 
can be effortlessly detected in range images [15], [16]. 
However, there is still the restriction on the automation of the 
procedure and the needs of special targets.  

Planar patch-to-patch registration methods which use areal 
features as the primitive have been accomplished [17], [18]. 
The analysis of the elevation at corresponding grid posts is 
executed in the procedure. Therefore, the interpolation into a 
grid can produce some errors. The registration method using 
centroid of the roof surfaces of buildings extracted from 
LIDAR data and images is proposed [19]. The correspondence 
established in this method lacks reliability. In addition, planar 
patch-to-point registration methods are found [20], [21]. When 
planar patches extracted from images are used, the extraction 
process is not reliably automated. Also, when planar patches 

automatically generated from LIDAR data are used, it tends to 
minimize the differences mostly along the vertical direction 
rather than horizontal direction. This limitation mainly occurs 
because most planar patches extracted from LIDAR data are 
nearly horizontal. 

To mitigate the various problems mentioned above, many 
researchers focus on the use of linear primitives. Three 
connected segments (3CS), consisting of connected line 
segments, are detected from both kinds of data and then 
matched [22]. The registration is achieved by comparing 2D 
linear primitives from images with 3D linear primitives from 
LIDAR data [23]-[26]. Those approaches usually apply an 
edge detector, such as the Canny operator, to images to obtain 
the 2D linear primitives. 3D linear primitives from LIDAR 
data are created by the segmentation and intersection of patches. 
They can minimize the differences between images and 
LIDAR data along both horizontal direction and vertical 
direction through adjusting EOPs of images or estimating 
transformation parameters. Approaches based on the linear 
primitives are not completely satisfied in terms of accuracy. 
Horizontal accuracy is remarkably improved by adopting 
linear primitives. Nevertheless, the inevitable error along a 
vertical direction can remain since those linear primitives are 
mainly located at the intersection of two facets of gable-frame 
roofs. The seaming structure on the intersection results in the 
vertical difference between the primitives from images and 
LIDAR data.    

This paper introduces an alternative methodology for 
geometric registration of aerial images and LIDAR data. Our 
methodology employs two kinds of the combination of 
primitives to be compared for more precise registration. One is 
the linear-to-linear comparison for the minimization of the 
horizontal difference. The other is the areal-to-point 
comparison as vertical constraints. All of the primitives can be 
extracted from each dataset automatically and incorporated into 
the bundle block adjustment with stochastic constraints 
simultaneously. The following section explains the general 
methodology and mathematical model of our proposed 
approach. Section III covers the experimental results using real 
data. Finally, section IV highlights the research conclusions and 
recommendations for future work.  

II. Registration Methodology 

The geometric inconsistency between multisensory data 
usually originates from the systematic errors still remaining in 
each individual sensory data even after their precise calibration 
process. To combine such inconsistent multisensory data for 
any data fusion process, we should first eliminate such 
inconsistency through a precise registration of these data. 
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Fig. 1. Outline of proposed registration process. 
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The proposed registration process of aerial images and 
LIDAR data consists of three main steps; namely, primitive 
extraction, correspondence setup, and EOP adjustment [27], as 
shown in Fig. 1. These steps will be explained in the following 
subsections. 

1. Extraction of Registration Primitives  

The registration primitives are the geometric features 
extracted from both data sets and used for registration 
afterward. In general, a registration process attempts to 
minimize the discrepancies systematically existing between 
conjugate primitives from both data sets. Such primitives 
should be easily identifiable and possibly automatically 
extractable. They should also represent some portions of the 
object space exactly and be evenly located on the target area if 
possible. In imagery and LIDAR data, different characteristics 
of both data sets may require more deliberate selection of the 
registration primitives. For example, an image consists of a set 
of gray values regularly distributed on a 2D image plane, while 
LIDAR data comprises a set of points irregularly distributed on 
the 3D object space. 

In this research, as the registration primitives, linear and areal 
features are used. The different combinations of such 
primitives are used to minimize the inconsistency along 
vertical and horizontal directions, respectively. This can 
overcome the limitation of the existing methods employing 
linear or areal features as the primitives. For example, the 
point-to-patch methods efficiently remove the difference along 
the vertical direction but may not control the differences along 
the horizontal direction. Also, in the line-to-line methods, the 
vertical correspondences between the conjugate line pairs may 
often be incorrect though their horizontal correspondences are 
accurate. Such examples are illustrated in Fig. 2. Linear 
features from each dataset can be extracted at the break lines,  

 

   
 

Fig. 2. Vertical inconsistency between linear primitives from 
imagery and LIDAR data. 
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such as the boundaries of buildings or the intersection of two 
facets of gable-frame roofs. Usually, the line-to-line methods 
attempt to also eliminate the vertical difference as well as 
horizontal difference, even though the vertical differences are 
real, not originating from the systematic errors. Such 
differences can occur due to the balustrades on the top of 
buildings or the seaming structures on the center of gable-
frame roofs, as shown in Fig. 2. Thus, we reduce only the 
horizontal differences using linear primitives and the vertical 
difference by the point-to-patch approach. 

The primitives from stereo-images are the object points 
derived from the tie points selected from the stereo-images and 
the 3D edges linking the object points. From the tie points, the 
object points can be computed using the collinearity equations 
with the initial EOPs provided from GPS/INS. The tie points 
are selected on two different types of areas. The first type 
includes relatively flat, smooth, and large areas, such as roads 
regions and parking lots, mainly contributing to controlling the 
vertical discrepancies. The tie points of the other type are 
mainly located on the break lines, such as the boundaries of 
buildings and the intersection of two facets of gable-frame 
roofs, to control horizontal coordinate. The object points from 
the tie points are linked for 3D intersected edges to be utilized 
as the registration primitives. 

The primitives from the LIDAR data are the planar surface 
patches segmented from the raw LIDAR points and the 
intersection edges derived from the adjacent patches. The 
segmentation can be performed by recursively grouping the 
points near to each other with similar plane parameters based 
on the theory of perceptual organization [28]. Each patch is 
then described with a set of plane parameters, the fitting errors, 
and its boundary. The primitives from LIDAR data are 
classified into two groups, similarly to the primitives from 
stereo-images. The first group is the planar patches, located on 
flat areas, such as roads and parking lots. These areal primitives 
are utilized to control vertical discrepancies along the vertical  
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Fig. 3. Illustration of finding correspondence between (a) patches
and points and (b) linked and intersected edges. 
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direction. The second group consists of 3D edges, which are 
intersected with two patches of gable-frame roofs. These linear 
primitives are employed to compare the differences of the 
horizontal coordinates. 

2. Correspondence Setup 

After extracting the registration primitives from the aerial 
images and LIDAR data, their correspondences are then 
established, mainly using the distance among the registration 
primitives. For the comparison of the vertical difference, we 
have to establish the correspondence between the 3D object 
points derived from aerial images and the planar patches 
generated from the LIDAR data. To assign the patch to point 
correspondence, we first select almost horizontal patches of 
large areas and small fitting errors. The road regions are 
major candidates for those patches which almost retain no 
variation of height and low roughness. Then, the 
correspondence is assigned if all the image-derived object 
points are within the boundary of each patch. Considering the 
uncertainty, which is inherent in the estimated object point 
coordinates from initial EOPs given by GPS/INS, the 
confidence interval of the assignment is determined, as 
illustrated in Fig. 3(a). If another patch exists in the 
confidence interval or the vertical difference between the 
corresponding object point and the patch is significant, the 
assignment of the correspondence is invalidated. However, to 
compare horizontal coordinates, it is essential to individually 
find 3D corresponding lines from each dataset. To assign the 
correspondence between the image-derived 3D edges and 
LIDAR-derived intersection edges, we check the distance 
between the edges and assign the correspondence to any pair 
of the edges close to each other. If the vertical distance 
between the linked edge from an image and the intersected 
edge from LIDAR data is slight and the horizontal distance is 
in a confidence range, the correspondence between two edges 
is established, as illustrated in Fig. 3(b). The confidence range 
is determined by the uncertainty derived from the fitting error 
of the patch and the estimation error of the end points of the 
edge from images based on the error propagation principle.  

 

Fig. 4. Proposed adjustment model. 
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3. EOPs Adjustment 

Ideally, the object points should be located exactly on their 
corresponding patches. In reality, this is not the case because of 
the registration errors between the data sets. Also, the 
corresponding pairs of the edges should be coincident at least 
for the horizontal location. The horizontal patches are used as 
the vertical control while the intersected edges are used as the 
horizontal control to adjust the EOPs. With this control 
information, the tie points and GPS/INS data, we perform the 
bundle block adjustment to adjust the EOPs and the 
coordinates of the object points. This adjustment model is 
illustrated in Fig. 4. 

The mathematical model for the adjustment of EOPs is 
based on the collinearity equations, which are functions of the 
interior orientation parameters (I), the exterior orientation 
parameters (E), and the ground points (P): 

( , , ),p f I E P=                  (1) 

where p is the vector of the conjugate points. 
Using the conjugate points, IOPs, and initial EOPs provided 

by GPS/INS, the observation equations with the stochastic 
constraints are established as  
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where y is the observations composed of conjugate points; z is 
the constraint imposed on EOPs, provided from GPS/INS; Ae 
and Ap are the design matrices derived from the partial 
differentiation of the collinearity equations with respect to the 
parameters eξ and pξ ; Ke is the design matrix related to the 
constraints; ey and ez are the error vectors associated with the 
corresponding observation vectors; and finally, Dy and Dz are 
the dispersion matrices of the error vectors. 

By performing the aerial triangulation without GCPs based 
on the observation equations, the EOPs as well as the 
coordinates of the object points are estimated. The estimated 
object points and 3D edges linking them are the 
photogrammetric primitives for the registration procedure. 

To minimize the inconsistency between photogrammetric 
primitives and LIDAR primitives, this method employs ground 
control patches and lines instead of ground control points. The 
control patches are the planar patches generated from LIDAR 
data and the control lines are the lines of the intersection of the 
patches. The observation equations including the control 
features as stochastic constraints for the aerial triangulation are  
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where v and h are the observation vectors for the vertical and 
horizontal constraints, respectively; Kv and Kh are the design 
matrices denoting the relationship v/h and pξ ; ev and eh are the 
error vectors implying the uncertainty of the constraints; the 
expectation of the error vectors is zero; and their dispersions are 
Dv and Dh, respectively. 

The vertical constraint is expressed mathematically as  

Z aX bY c= + + .                (4) 

 The vertical constraint is that an object point (X, Y, Z), 
derived from a pair of conjugate points, has to locate on the 
corresponding planar patch with plane coefficients (a, b, c). To 
substitute (4) into (3), (4) can be rewritten as  

[ ] 21 , ~ (0, ).vi vi i

X
c a b Y e e

Z
σ

⎡ ⎤
⎢ ⎥− = − +⎢ ⎥
⎢ ⎥⎣ ⎦

       (5) 

In (5), –c, [ ]1−ba , and [ ]TZYX indicate v, Kv, 
and pξ , respectively. The error vector is denoted by evi, which 
means the uncertainty of the vertical constraint. Its dispersion 
coincides with the roughness of the patch, represented as 2

iσ . 
More than two object points on the 3D edge derived from 

images have to coincide with the corresponding intersection 
edge from adjacent patches. This horizontal constraint is 
expressed mathematically as  

1 2 1 2 1 2( ) ( ) ( ) 0a a X b b Y c c− + − + − = .        (6) 

The coefficients of the adjacent two patches are (a1, b1, c1) 
and (a2, b2, c2). The horizontal coordinates of an object point on 
the 3D photogrammetric edge are (X, Y). To substitute (6) into 
(3), (6) can be also rewritten as 

[ ]2 1 1 2 1 2
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X
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Z

e σ σ
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        +

    (7) 

 From (7), (c2–c1), [(a1–a2), (b1–b2), 0], and [ ]TZYX  
are represented by , ,andh ph K ξ , respectively. The error 
vector is ehi, which denotes the uncertainty of the horizontal 
constraint. Its dispersion coincides with the sum of roughness 
( 2

jσ , 2
kσ ) of the adjacent two patches, which produce the 

intersection edge corresponding to the 3D photogrammetric 
edge. 

Finally, we determine the exterior orientation parameters of 
all the images by applying the least squares principle to the 
observation equations. 

III. Experimental Results 

1. Experimental Data and Preprocessing 

The test area is a small portion of Jeju Island, Korea, which 
includes buildings, roads, and mountains. From this area, we 
acquired the test data by an airborne multisensor system 
equipped with a medium format metric digital camera, a laser 
scanner, and a GPS/INS. All the sensors are precisely 
synchronized with the GPS time. The GPS/INS provides the 
initial approximations to the EOP of each image at its time of 
exposure. The test data includes a pair of stereo-images, 
LIDAR data, and the GPS/INS data. Figure 5 shows the 
ground coverage of these data. 

As the digital camera is a metric camera, the focal length, the  
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Fig. 5. Ground coverage of test imagery and LIDAR data. 
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Table 1. Key parameters of image acquisition. 

Item Value 

Dimensions (pixels) 4,092 × 4,077 

Pixel size (μm) 9.0 

Focal length (mm) 55.145 

Nominal height (m) 1,438 

Nominal GSD (cm) 23 

Nominal base length (m) 379 

Nominal base/height ratio 0.264 

Table 2. Key properties of LIDAR data. 

Item Value 

Number of points (pts) 4,990,602 

Point density (pts/m2) 2.4  

Nominal point interval (cm) 64 

Average elevation (m) 175.1 

 
 
location of the principle point, and the lens distortion 
parameters are provided from a camera calibration report. The 
key parameters of the image acquisition are shown in Table 1. 
The key properties of the LIDAR data are shown in Table 2. 
With the LIDAR points, we generated a DSM with the grid 
interval of 1 m. 

2. Registration of Images and LIDAR Data 

To check the geometric discrepancy between the aerial 
images and LIDAR data, we first carefully selected 12 regions 
well distributed over the overlapping area of both sets of data, 
as denoted by A to L in Fig. 6. In each area, we manually  

 

Fig. 6. Regions selected over overlapping area of both images 
and LIDAR data visualized on images 1 and 2. 
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Table 3. Types and numbers of tie points. 

Region Type No. Region Type No.

A Building 14 G Building 12

B Building 16 H Building 20

C Road 11 I Road 10

D Road 13 J Building 12

E Building & road 18 K Building 12

F Road 5 L Building & road 16

Sum 159

 

selected a number of pairs of tie points from both images by 
mainly digitizing easily distinguishable points on building 
roofs and roads. The types and number of the tie points in each 
area are listed in Table 3. In total, 159 pairs of tie point are 
selected from the 12 regions. Figure 7 shows the tie point 
selected on building roofs. When selecting the tie points on 
building roofs, we digitized the entire corner points of each 
roof patch so that we could reconstruct the full geometry of the 
building roof. While the primitives from the images are  
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Fig. 7. Tie points selected on building roofs in region A.  
 

 

Fig. 8. Object points computed from tie points in region A. 
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extracted manually, those from LIDAR data are automatically 
generated by the segmentation and intersection procedures [28]. 

By performing the bundle block adjustment with the 
constraints on the EOPs using the GPS/INS data, we estimated 
the EOPs of every image and the object points corresponding 
to every pair of tie points. By analyzing the variance-
covariance matrix of the estimated parameters, we found that 
the precision of the vertical coordinates of the object points was 
much worse than that of the horizontal coordinates. This is 
because the original usage of the aerial images is just the 
texture mapping on the LIDAR derived DSM; hence, the base-
height ratio is insufficient for the accurate geometric 
reconstruction. Figure 8 shows the object points in region A. 
The thick blue lines indicate intersected edges and the thin 
green lines do boundary edges. Based on the visual inspection 
on the roof geometry reconstructed with the object points, we 
also confirm the poor vertical accuracy. For example, the 
central intersection edge of the gable roof in Fig. 8 should be a 
horizontal line, but the vertical difference of the object point 2 
and 6 is about 1.3 m. Conversely, in the 2D plot, the building 
boundary edges look quite parallel or orthogonal, indicating  

` 

Fig. 9. LIDAR points and image derived object points in region A.
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Fig. 10. Discrepancies between LIDAR points and image derived
object points in regions A and L. 
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relatively good horizontal accuracy of the object points. 

Around the image-derived object points in each region, we 
extract the LIDAR points, as shown as in Fig. 9. The colored 
points indicate the LIDAR points, in which the color represents 
the elevation of each point. 

To show the geometric discrepancy between the LIDAR 
points and the image-derived object points, we visualize the 
data with a different view in Fig. 10. By comparing the roof 
lines (the solid red and blue lines) extracted from both sets of 
data, we can recognize a significant difference in both 
horizontal and vertical coordinates. Such discrepancies were 
similarly observed in other regions. These systematic 
discrepancies originate mainly from inaccurate system 
calibration parameters, especially bore-sight angles. Although 
both sets of bore-sight angles for photogrammetric and LIDAR 
systems are not accurate, the precise registration can be 
achieved by adjusting either EOPs of images or EOPs of 
LIDAR data to the other. In this study, we decided to adjust the  
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Table 4. Threshold values for correspondence setup. 

Threshold Value 

Vertical distance (m) 1 Areal-to-patch 
correspondence Horizontal distance (m) 2 

Vertical distance (m) 2 Linear-to-linear 
correspondence Horizontal distance (m) 1 

 

 

Fig. 11. (a) Patches and intersection edges extracted from LIDAR
data in region A and (b) image-derived object points in
region C. 
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EOPs of images to minimize the discrepancies between both 
data sets. 

Before performing the data fusion processes to generate 
DSMs, orthoimages, or building models, we should eliminate 
the geometric discrepancy between the images and LIDAR 
data as much as possible. Hence, we attempted to readjust the 
EOPs of the images so that the geometry derived from the 
stereo-image could be more precisely registered with that from 
the LIDAR data. To incorporate the LIDAR data as the control  

Table 5. EOPs at each step. 

Image EOPs Initial given by 
GPS/INS 

Adjusted with 
TP, GPS/INS 

Adjusted with TP, 
GPS/INS, LIDAR

Xc1 (m) –579.040 –579.036 –579.049 

Yc1 (m) –84.381 –84.382 –84.372 

Zc1 (m) 1,620.500 1,620.493 1,620.515 

ω1 (°) –2.058 –2.059 –2.039 

φ1 (°) –3.316 –3.316 –3.272 

1 

κ1 (°) –75.602 –75.604 –75.608 

Xc2 (m) –214.960 –214.964 –214.982 

Yc2 (m) 23.148 23.149 23.146 

Zc2 (m) 1,617.900 1,617.933 1,617.914 

ω2 (°) –1.280 –1.279 –1.264 

φ2 (°) –2.917 –2.917 –2.858 

2 

κ2 (°) –75.298 –75.300 –75.301 

 

 
information into the bundle block adjustment of the EOPs of 
the images, we extracted planar surface patches from the 
LIDAR data and derived intersection edges from the patches 
adjacent to each other. The nearly horizontal patches are then 
used as the vertical control, and the intersection edges are done 
as the horizontal control. As shown in Fig. 11, 10 surface 
patches and one intersection edge are extracted from the 
LIDAR data in region A. The intersection edge derived from 
patches 4 and 6 can be used as horizontal control by 
constraining the corresponding edge derived from the stereo-
images, the edge linking points 2 and 6. Similarly, patch 29 in 
region C can be used as vertical control by constraining the 
corresponding image derived object points, point 31 to 44. 

After checking the horizontal and vertical discrepancies 
between the primitives extracted from each data set, we then 
established their correspondence. In this procedure, the proper 
threshold values were selected by considering the uncertainty 
included each data set, as presented in Table 4. From these 
corresponding primitives, we derived 44 vertical and 10 
horizontal constraints. These constraints together with 159 
pairs of the tie points and the GPS/INS data were then used for 
the bundle block adjustment to adjust the EOPs and the 
coordinates of the object points.  

Table 5 shows the EOPs at each step. The first column 
shows the initial values provided by the GPS/INS. The second 
one shows the adjusted values resulted from the bundle block 
adjustment with the tie points and the GPS/INS data. The last 
one shows the adjusted values resulted from the bundle block 
adjustment with the tie points, the GPS/INS data, and the 
LIDAR derived control primitives. 
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Table 6. Discrepancies before and after the registration. 

Before registration After registration 
Discrepancies 

Avg. Std. Avg. Std. 

dX (m) 0.486 0.2695 0.005 0.0082 

dY (m) 0.257 0.7174 0.003 0.0124 

dZ (m) 1.437 0.3840 0.001 0.0010 

 

 

 

Fig. 12. Comparison of image-derived object points before and
after LIDAR-based registration in regions A and L. 
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The EOP differences do not appear very significant, but they 
make significant changes on the coordinates of the object 
points. The average coordinate changes of the 159 object points 
in X, Y, and Z axes are about –1.430 m, 0.385 m, and 1.366 m, 

respectively. Figure 12 shows the image-derived geometry 
before and after LIDAR based registration. The green lines and 
points indicate the geometry before the registration, while the 
blue ones indicate the geometry after the registration. The 
central intersection edges derived from the stereo-images are 
exactly matched to those derived from the LIDAR data. Before 
the registration, the object points retain the vertical differences 
of 1 m to 2 m from the LIDAR patch. After registration, the 
points locate themselves with precision on the patch. We 
measured the discrepancies before and after the registration to 
evaluate the performance of our proposed registration method.  
The results are presented as Table 6. The proposed registration 
method could reduce the discrepancies from the range of 0.5 m 
through 2 m to less than 0.05 m. 

IV. Conclusion 

In this study, we proposed a novel method to simultaneously 
register images with LIDAR data using areal and linear 
primitives as ground control features. The main processes of 
the proposed method are (i) extracting registration primitives 
from images and LIDAR data, (ii) establishing correspondence 
between both primitive sets, and (iii) adjusting the exterior 
orientation parameters of the images.  

From the comparison analysis of real data sets, we found that 
the images and LIDAR data retained the recognizable 
systematic difference although the individual data set had been 
carefully calibrated. The average differences were about 0.49 
m, 0.26 m, 1.44 m in X, Y, and Z coordinates, respectively. By 
applying the proposed registration process to these data sets, 
we were able to register them precisely with the differences of 
less than 0.05 m. 

The proposed precise registration method can be used as an 
intermediate process toward further information extraction 
processes, such as generation of accurate and dense urban 
DSMs, city models, and orthoimages, by combining both 
imagery and LIDAR data. Our future research will focus on 
increasing the degree of automation in extraction of registration 
primitives and their correspondence establishment. 
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