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Abstract— While a Global Positioning System (GPS) is the 

most widely used sensor modality for aircraft navigation; 

researchers have been motivated to investigate other 

navigational sensor modalities because of the desire to 

operate in GPS denied environments. Due to advances in 

computer vision and control theory, monocular camera 

systems have received growing interest as an 

alternative/collaborative sensor to GPS systems. Cameras 

can act as navigational sensors by detecting and tracking 

feature points in an image. Current methods have a limited 

ability to relate feature points as they enter and leave the 

camera field of view (FOV). A vision-based position and 

orientation estimation method for aircraft navigation and 

control is described. This estimation method accounts for a 

limited camera FOV by releasing tracked features that are 

about to leave the FOV and tracking new features. At each 

time instant that new features are selected for tracking, the 

previous pose estimate is updated. The vision-based 

estimation scheme can provide input directly to the vehicle 

guidance system and autopilot. Simulations are performed 

wherein the vision-based pose estimation is integrated with 

a nonlinear flight model of an aircraft. Experimental 

verification of the pose estimation is performed using the 

modelled aircraft. 
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I. INTRODUCTION 

Global Positioning System (GPS) is the primary 

navigational sensor modality used for vehicle guidance, 

navigation, and control. However, a comprehensive study, 

referred to as the Volpe report, indicates several 

vulnerabilities of GPS associated with signal disruptions. 

The Volpe Report delineates the sources of interference with 

the GPS signal into two categories, unintentional and 

deliberate disruptions. Some of the unintentional disruptions 

include ionosphere interference (also known as ionospheric 

scintillation) and RF interference (broadcast television, 

VHF, cell phones, and two-way pagers); whereas, some of 

the intentional disruptions involve jamming, spoofing, and 

meaconing. The Volpe report inspired a search for strategies 

to mitigate the vulnerabilities of the current GPS navigation 

protocol. Nearly all resulting strategies followed the 

suggested GPS backup methods that revert to archaic/legacy 

methods. Unfortunately, these navigational modalities are 

limited by the range of their land-based transmitters, which 

are expensive and may not be feasible for remote, 

hazardous, or adversarial environments. Based on these 

restrictions, researchers have investigated local methods of 

estimating position when GPS is denied. Given the 

advancements in computer vision and estimation and control 

theory, monocular camera systems have received growing 

interest as a local alternative/collaborative sensor to GPS 

systems. One issue that has inhibited the use of a vision 

system as a navigational aid is the difficulty in 

reconstructing inertial measurements from the projected 

image. Current approaches to estimating the aircraft state 

through a camera system utilize the motion of feature points 

in an image. A geometric approach is proposed that uses a 

series of homography relationships to estimate position and 

orientation with respect to an inertial pose. This approach 

creates a series of “daisy-chained” pose estimates in which 

the current feature points can be related to previously 

viewed feature points to determine the current coordinates 

between each successive image. Through these relationships 

previously recorded GPS data can be linked with the image 

data to provide position measurements in navigational 

regions where GPS is denied. The method also delivers an 

accurate estimation of vehicle attitude, which is an open 

problem in aerial vehicle control. The position and attitude 

(i.e., pose) estimation method can be executed in real time, 

making it amenable for use in closed-loop guidance control 

of an aircraft. 

II. POSE RECONSTRUCTION FROM TWO VIEWS 

A. Euclidean Relationships: 

Consider a body-fixed coordinate frame Fc that defines the 

position and attitude of a camera with respect to a constant 

world frame Fw. The world frame could represent a 

departure point, destination, or some other point of interest. 

The rotation and translation of Fc with respect to Fw is 

defined as R(t) ∈  
3×3  

and x(t) ∈ 
3
, respectively. The 

camera rotation and translation from Fc(t0) to Fc(t1) between 

two sequential time instances, t0 and t1, is denoted by R01(t1) 

and x01(t1). During the camera motion, a collection of I 

(where I ≥ 4) coplanar and non-colinear static feature points 

are assumed to be visible in a plane π. The assumption of 

four coplanar and non-colinear feature points is only 

required to simplify the subsequent analysis and is made 

without loss of generality. Image processing techniques can 

be used to select coplanar and non-colinear feature points 

within an image. However, if four coplanar target points are 

not available then the subsequent development can also 

exploit a variety of linear solutions for eight or more non-

coplanar points (e.g., the classic eight points algorithm or 

nonlinear solutions for five or more points. 

A feature point pi(t) has coordinates  = 

[xi(t), yi(t), zi(t)]
T
 ∈ 

3
 ∀i ∈ {1…...I} in Fc. Standard 

geometric relationships can be applied to the coordinate 

systems depicted in Figure 2.1 to develop the following 

relationships: 

= R01(t1)  + x01(t1) 
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 = (R01(t1) +  n(t0)
T
 )            (1) 

H(t) =  R01(t1) +   n(t0)
T
   

 
Fig. 2.1: Euclidean relationships between two camera poses. 

Where H(t) is the Euclidean Homography matrix, 

and n(t0) is the constant unit vector normal to the plane π 

from Fc(t0), and d(t0) is the constant distance between the 

plane π and Fc(t0) along n(t0). After normalizing the 

Euclidean coordinates as 

mi(t) =                                                       (2)    

the relationship in (1) can be rewritten as 

mi(t1) =  Hmi(t0)                                     (3) 

αi =                                                                            

where αi ∈ R∀i ∈ {1...I} is a scaling factor. 

B. Projective Relationships: 

Using standard projective geometry, the Euclidean 

coordinate can  be expressed in image-space pixel 

coordinates as pi(t) = [ui(t), vi(t), 1]
T
. The projected pixel 

coordinates are related to the normalized Euclidean 

coordinates, mi(t) by the pin-hole camera model as  

pi = Ami                                                 (4) 

where A is an invertible, upper triangular camera 

calibration matrix defined as 

A                                         (5) 

In (4), u0 and v0 ∈ R denote the pixel coordinates 

of the principal point (the image center as defined by the 

intersection of the optical axis with the image plane), a, b ∈ 

R represent scaling factors of the pixel dimensions, and φ ∈ 

R is the skew angle between camera axes. By using (4), the 

Euclidean relationship in (3) can be expressed as  

pi(t1)  = αi A H A
−1

pi(t0) =αiGpi(t0)         (6) 

Sets of linear equations can be developed from (6) 

to determine the projective and Euclidean Homography 

matrices G(t) and H(t) up to a scalar multiple. Given images 

of four or more feature points taken at Fc(t0) and Fc(t1), 

various Techniques can be used to decompose the Euclidean 

Homography to obtain αi(t1), n(t0), x01(t1) d(t0) and R01(t1). 

The distance d(t0) must be separately measured (e.g., 

through an altimeter or radar range finder) or estimated 

using a priori knowledge of the relative feature point 

locations, stereoscopic cameras, or as an estimator signal in 

a feedback control. 

III. CHAINED POSE RECONSTRUCTION FOR AERIAL VEHICLES 

Consider an aerial vehicle equipped with a GPS and a 

camera capable of viewing a landscape. A technique is 

developed in this section to estimate the position and 

attitude using camera data when the GPS signal is denied. A 

camera has a limited field of view, and motion of a vehicle 

can cause observed feature points to leave the image. The 

method presented here chains together pose estimations 

from sequential sets of tracked of points. This approach 

allows the system to halt tracking a set of image features if it 

is likely to leave the image and begin tracking a new set of 

features while maintaining the pose estimate. Thus, the 

estimation can continue indefinitely and is not limited by the 

camera’s field of view.  

The subsequent development assumes that the 

aerial vehicle begins operating in a GPS denied environment 

at time t0, where the translation and rotation (i.e. Ro(t0) and 

x0(t0) in Figure 3.1) between Fc(t0) and Fw(t0) is known. The 

rotation between Fc(t0) and Fw(t0) can be determined through 

the bearing information of the GPS along with other sensors 

such as a gyroscope and/or compass. Without loss of 

generality, the GPS unit is assumed to be fixed to the origin 

of the aerial vehicle’s coordinate frame, and the constant 

position and attitude of the camera frame is known with 

respect to the position and attitude of the aerial vehicle 

coordinate frame. The subsequent development further 

assumes that the GPS is capable of delivering altitude, 

perhaps in conjunction with an altimeter, so that the altitude 

a(t0) is known. 

As illustrated in Fig 3.1, when the camera is 

initially at a pose {x0(t0),R0(t0)}, the initial set of tracked 

coplanar and noncolinear feature points are contained in the 

plane πa. The plane πa is perpendicular to the unit vector 

na(t0) in the camera frame, and the plane lies at a distance 

da(t0) from the camera frame origin. The feature points lying 

in a have Euclidean coordinates ∈ R
3
 ∀i ∈ {1...I} in 

Fc. An image is captured at this time, resulting in image 

points with pixel coordinates pa(t0). At time t1 the vehicle 

has undergone some rotation R01(t1) and translation x01(t1): 

At this time the points in πa have 

Euclidean coordinates ∈ R
3
 ∀i ∈ {1...I} in 

Fc. Another image is captured, resulting in image points 

with pixel coordinates pa(t1). 

As described earlier, R01(t1) and  can be 

solved from two corresponding images of the feature points 

pa(t0) and pa(t1). A measurement or estimate for da(t0) is 

required to recover x01(t1). This estimation is possible with 

distance sensors or with a priori knowledge of the geometric 

distances between the points in πa. However, with an 
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additional assumption, it is possible to estimate da(t0) 

geometrically using altitude information from the last  

 

Fig. 3.1: Illustration of pose estimation chaining. 

GPS reading and/or an altimeter. From the 

illustration in Figure 3.2, if a(t0) is the height above πa (e.g., 

the slope of the ground is constant between the feature 

points and projection of the plane’s location to the ground), 

then the distance da(t0) can be determined as 

da(t0)=na(t0)·a(t0).                                      (7) 

where na(t0) is known from the homography 

decomposition. 

Once R01(t1), da(t0), and x01(t1) have been 

determined, the rotation R1(t1) and translation x1(t1) can be 

determined with respect to Fw as 

R1  =  R0 R01 

x1  =  R01 x01 + x0. 

As illustrated in Figure 3.1, a new collection of 

feature points pb(t) can be obtained that correspond to a 

collection of points on a planar patch denoted by πb. At time 

t2, the sets of points pb(t1) and pb(t2) can be used to 

determine R12(t2) and  which provides the rotation 

and scaled translation of Fc with respect to Fw. 

 

Fig. 3.2: Depth estimation from altitude. 

If πb and πa are the same plane, then db(t1) can be determined 

as 

db(t1) = da(t1) = da(t0) + x01(t1) · n(t0)                     (8)                                                  

When πb and πa are the same plane x12(t2) can be 

correctly scaled, and R2(t2) and x2(t2) can be computed in a 

similar manner as described for R1(t1) and x1(t1). 

Estimations can be propagated by chaining them together at 

each time instance without further use of GPS 

In the general case, pb and pa are not coplanar and 

equation (8) cannot be used to determine db(t1). If pb and pa 

are both visible for two or more frames, it is still possible to 

calculate db(t) through geometric means. Let t1- denote as 

some time before the daisy chain operation is performed, 

when both pb and pa are visible in the image. At time t1- , an 

additional set of homography equations for the points pb and 

pa at times t1 and t1-can be solved for 

) mai(t1-)                          (9) 

) mbi(t1-)                   (10) 

Where a = ) 

) 

Note that R(t1) and x(t1) have the same values in 

equations (9) and (10), but the distance and normal to the 

plane are different for the two sets of points. The distance 

da(t1−) is known from using equation (8). and the scaled 

translations    and  

can be recovered from the homography decomposition in (9) 

and (10).  The translation x(t1) is solved as 

x = da (t1−) xa, and then determining db(t1−) 

db(t1−) = x
T

bx /   

The distance db(t1) can then be found by using 

equation (8) with db(t1−) in place of da(t0). Alternatively, 

additional sensors, such as an altimeter, can provide an 

additional estimate in the change in altitude. These estimates 

can be used in conjunction with equation (8) to update depth 

estimates. 

IV. CONCLUSION 

The efforts in this paper integrated new vision-based, pose 

estimation methods for guidance, navigation, and control of 

an aerial vehicle. This method is based on Epipolar 

geometry, with a novel “daisy-chaining” approach that 

allows image features to enter and leave the FOV while 

maintaining pose estimation. Furthermore, no known target 

is required. 
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