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ABSTRACT 

 

According to JCGM 100:2008, Evaluation of measurement data - Guide to the expression of 

uncertainty in measurement, “When reporting the result of a measurement of a physical quantity, 

it is obligatory that some quantitative indication of the quality of the result be given so that those 

who use it can assess its reliability. Without such an indication, measurement results cannot be 

compared, either among themselves or with reference values”. As a measurement device the 

Sistema de Trajetografia Ótico (SisTrO - Optical Tracking System), computes 3-D store trajectory 

in real time using photogrammetric techniques. The estimation of 3-D trajectory uncertainty can’t 

be achieved by either Type A or B procedures, as recommended by JCGM 100-2008. So, IPEV, 

using physics basics and advanced system identification tools developed an experimental process 

for the estimation of SisTrO’s 3-D solution uncertainty. The developed process and laboratory 

experimental results used for validation is presented. 

 

INTRODUCTION 

 

The prime objective of executing an experimental flight test campaign is to gather accurate 

information (i.e., Test data) from the test bed, to support its development and certification. More 

specifically, the execution of an experimental test flight is considered satisfactory, only if the test 

bed and crew lands safely and bringing valid and accurate information of all test points. To achieve 

such goals, the test bed is equipped with a complete Flight Test Instrumentation (FTI) system to 

perform data acquisition of all required parameters. The FTI as a measurement device should 

strictly follow the best metrology practices, and therefore be in compliance with its associated 

Standards. 

According to JCGM 100:2008 [1], “When reporting the result of a measurement of a 

physical quantity, it is obligatory that some quantitative indication of the quality of the result be 

given so that those who use it can assess its reliability. Without such an indication, measurement 

results cannot be compared, either among themselves or with reference values”. The same 

document recognizes that “when all of the known or suspected components of error have been 

evaluated and the appropriate corrections have been applied, there still remains an uncertainty 

about the correctness of the stated result, that is, a doubt about how well the result of the 

measurement represents the value of the quantity being measured.” 

The uncertainty evaluation could be determined by two methods: 
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1. Type A, where the evaluation is achieved by statistical analysis of series of observation 

(i.e., Actual measurements); or 

2. Type B, where the evaluation is achieved by other means, and this may include: 

a. Previous measurement data; 

b. Experience with or general knowledge of the behavior and properties of relevant 

materials and instruments;  

c. Manufacturer's specifications;  

d. Data provided in calibration and other certificates; and 

e. Uncertainties assigned to reference data taken from handbooks. 

IRIG Document 121-13 [2], states that “Physical end-to-end calibration is the best method 

of ensuring collection of valid data”, as stated by Institute of Environmental Sciences (IES) 

recommended practice, RP 0121.1.1994 [3]. 

Nowadays most of the test ranges uses an autonomous calibration system (e.g., SALEV [4]) 

to execute FTI physical end-to-end calibration and to compute associated parameter uncertainty. 

Such tools and its operation process should be implemented in compliance with ISO/IEC STD 

17025:2017 [5]. 

So, the usage of SALEV (or any similar system), to be used in flight test parameter 

calibration, for systematic error minimization and uncertainty determination, should always 

provide the best solution in terms of accuracy, reliability, repeatability and efficiency. 

In the past years IPEV RD&I group has been involved with the development of the Sistema 

de Trajetografia Óptico (SisTrO - Optical Tracking System), which is a unique Airborne 

Autonomous Real-Time 3-D Photogrammetric System, that computes the external store 3-D 

ejection trajectory, from hi-speed (i.e., up to 400 fps), hi-resolution (i.e., up to 1920 x 1024 pixels). 

SisTrO computes the 6 degrees-of-freedom (6DoF) Time-Space Positioning Information 

(TSPI) of the released store using the 3D TSPI data of several store Reference Marks (RM). 

In a static condition, the 3D ith RM uncertainty components (i.e., [xi yi zi]
T), is a function 

of the image resolution, the lens calibration residuals and the camera relative positioning (i.e., 

Cameras optical center relative positioning and orientation). 

In such static condition it is possible to use a total station to provide a True-Reference 3D 

position of all in-view RM’s and use such measurement for the estimation of each RM uncertainty 

[xi yi zi]
T. However, in real applications, where each RM 3D positioning is dynamically 

changing, its associated uncertainty components are also varying due to a geometry change and 

other effects (e.g., camera shutter synchronization). 

Now in this dynamic scenario it’s almost impossible to provide a True-Reference 3D 

positioning of all in-view RM’s to be used for uncertainty estimation, then as an alternative 

solution IPEV RD&I group proposes a model-based uncertainty determination procedure to 

provide a consistent solution for SisTrO 3D solution accuracy estimation. 

 

STATIC CALIBRATION PROCESS 

 

For a typical FTI parameter (e.g., Pitot Static Pressure - pb), in the end-to-end calibration 

process, SALEV issues automated commands to the true-reference pressure which generates the 

selected pressure level for sensor stimulation. Then after pressure stabilization, SALEV collects 

several samples of the resulting measurement (Figure 1). Then at least 10 even-spaced pressure 

levels are used to cover the entire measurement range and the registered data set (i.e., Command 



and measured response) will be used for systematic error minimization and uncertainty 

determination. 

 
Figure 1 - End-to-end calibration process diagram 

The photogrammetric measurement devices use as reference the pinhole camera as originally 

described in the Chinese Mozi writings from 500 BC [6]. For this particular camera (Figure 2): 

• 
1

𝑓
=

1

𝐷1
+

1

𝐷2
         (eq. 1) 

Where f is the focal distance (m). 

 
Figure 2 - Pinhole camera diagram 

Using as reference the pinhole camera it’s possible to determine the ideal camera model as: 

• [
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Where: 

• 𝑓𝑥 and 𝑓𝑦 are respectively the x and y focal distances (m) of the camera lens; 

• 𝑃𝑥  and 𝑃𝑦 are respectively the x and y pixels coordinates (m) image center; 

•  is the projected image skew angle (rad) 

• 𝑥𝑐  and 𝑦𝑐 are respectively the x and y coordinates in pixels, of the projected image point 

in the camera image plane; 

• 𝑅(3𝑥3) is the rotation matrix from the world coordinate system to the camera coordinate 

system; 



• 𝑇(3𝑥1)  is the translation matrix from the world coordinate system to the camera 

coordinate system; 

• 𝑥𝑤  , 𝑦𝑤 and 𝑧𝑤 are respectively the x, y and z coordinates in (m), of the image point 

measured in the world coordinate system. 

The refraction differences suffered by light rays as they pass through one or more lenses of 

the camera’s optical assembly will cause a symmetrical radial distortion of the projected image 

that could be modeled as: 

• {
𝛿𝑥𝑐𝑅𝑎𝑑 = 𝑥𝑐(1 + 𝑘1. 𝑟

2 + 𝑘2. 𝑟
4 + 𝑘3. 𝑟

6 + 𝑘4. 𝑟
8)

𝛿𝑦𝑐𝑅𝑎𝑑 = 𝑦𝑐(1 + 𝑘1. 𝑟
2 + 𝑘2. 𝑟

4 + 𝑘3. 𝑟
6 + 𝑘4. 𝑟

8)
   (eq.3) 

Where: 

• 𝑟 = √𝑥𝑐2 + 𝑦𝑐2
2

.; and 

• 𝑘1, …, 𝑘4 are the optical radial distortion minimization coefficients. 

The lens plane is not perfectly aligned with the image plane (i.e., CCD plane), therefore the 

lack of parallelism between both planes will also cause a tangential distortion that is modeled as: 

• {
𝛿𝑥𝑐𝑇𝑎𝑛 = [𝑝1. (𝑟

2 + 2𝑥𝑐
2) + 2. 𝑝2. 𝑥𝑐. 𝑦𝑐]. [1 + 𝑝3. 𝑟

2 + 𝑝4. 𝑟
4 +⋯ ]

𝛿𝑦𝑐𝑇𝑎𝑛 = [𝑝2. (𝑟
2 + 2𝑦𝑐

2) + 2. 𝑝1. 𝑥𝑐 . 𝑦𝑐]. [1 + 𝑝3. 𝑟
2 + 𝑝4. 𝑟

4 +⋯ ]
 (eq.4) 

Where: 𝑃1, …, 𝑃𝑛 are the optical tangential distortion minimization coefficients. 

The 3D photogrammetric solution is based on triangulation techniques by identifying the 

same image points in two or more image frames.  

When one Reference Point (RP) is identified in at least two pictures taken from different 

known locations (Figure 3), we can draw imaginary lines from the two camera positions in the 

direction of that point.  

Then by geometry (i.e., triangulation) we then mathematically determine where the lines 

intersect. The converging lines give us the 3D coordinates of the jth RP. 

To accomplish that it is necessary to identify the: 

1. Parameters of the cameras ideal transfer function (i.e., eq.2 parameters); 

2. Coefficients of the radial and tangential minimization algorithm (i.e., eq.3 and eq.4 

coefficients); 

3. The rotation and translation matrixes for reference system coordinate translation 

between: 

a. The main camera reference frame (i.e., Sr [xr yr zr]) and at least, one secondary 

camera reference frame (i.e. Ss [xs ys zs]); and 

b. The reference camera frame (i.e., Sr) and the world coordinate system (i.e., Sw [xw 

yw zw]). 

 

Figure 3 - 3D Photogrammetric diagram 



There are several methods for calibration and parameter identification of the camera intrinsic 

parameters (i.e., eq. 2 scale factor  and A matrix parameters, radial and tangential minimization 

coefficients) and the extrinsic parameter Sr to Ss and Sr to Sw coordinate system rotation and 

translation matrices. The chessboard calibration algorithm [7], uses several images taken in 

different spatial positions of a known chessboard pattern. Then the projected position (in pixels) 

of the ith frame of the chessboard rectangles intersections (i.e., red circle of figure 3), becomes 

RP(i,j) coordinates (i.e., [xc(i,j), yc(i,j)]), and eq. 2 can be expressed as: 

• [
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]    (eq. 5) 

Considering that the model plane is on zw = 0, the homography (H) can be estimated as: 

• 𝐻 = [ℎ1 ℎ2 ℎ3] = 𝜆. 𝐴. [𝑟1 𝑟2 𝑡]       (eq. 6) 

In fact, r1 and r2 are orthonormal vectors and  is scalar, therefore: 

• {
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      (eq. 7) 

Using eq. 5 and eq.7: 
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  (eq. 8) 

Then for each camera: 

1. The pursued values of the A matrix components can be computed by eq. 7 and eq. 8; 

2. The initial rotation and translation matrices (M) are also estimated for each camera; and 

3. The parameter estimation of the radial and tangential (i.e., eqs. 3 and 4) distortion 

models are computed by non-linear least squares algorithm (e.g., Levenberg-

Marquardt). 

The usage of this calibration process with 22 pictures of a chess board with a matrix of 10x7 

RP’s (Figure 4), will provide a reprojection error (i.e., image calibration result) better than ±0.43 

pixels@1 in both projected image axes (Figure 5). 

 

Figure 4 - Two pictures used for reference camera calibration with its RP’s properly identified. 

After that, it should be determined the: 

1. Relative linear and angular positioning between the Master Camera and the slaves, so 

its possible to compute the ith RM 3D positioning, in Sr reference frame; and 

2. Sr to Sw rotation and translation matrices, so the RM’s 3D positions could be translated 

to the required world reference frame. 



 

Figure 5 - Reprojection errors after camera calibration: (a) Reference; and (b) Slave. 

Both Sr to Ss and Sr to Sw rotation and translation matrices are determined by using a non-

linear least squares algorithm (e.g., Levenberg-Marquardt). The first solution (i.e., Sr to Ss) can be 

computed with the same chessboard calibration picture set, but only if the size of all chessboard 

squares is known and constant (e.g., 50mm x 50mm). 

In addition, the estimation of Sr to Sw translation matrices requires the knowledge of the true 

3D positioning of all RM and expressed in Sw. Then, to accomplish this it should be used a total 

station to accurately measure all RM 3D positions in Sw. 

Such procedure (Figure 6) was used for SisTrO validation in a real application that included 

7 RM’s and 16 RM’s respectively attached to the aircraft pylon and its external store. 

 

Figure 6 – Setup diagram used for determination of Sr to Sw rotation and translation matrices. 

Then 20 independent tests (i.e., Test 01 to Test 20) was executed for the estimation of the 

SisTrO static 3-D solution positioning uncertainty, which was better than ±1,42mm @1s (Figure 

7) for all Sw axis components (i.e., [xw yw zw]). 

In summary this optical calibration process, that was used for SisTrO’s validation, is quite 

similar to the end-to-end calibration process (i.e., JCGM 100:2008 - Type A Process), because it 

relies on actual statistical analysis of series of observations. 

In addition, in a static condition, the final uncertainty results were considered satisfactory 

for the desired application. 

 

DYNAMIC CALIBRATION PROCESS 

 

In a photogrammetric system, the 3D solution relies in triangulation geometry, therefore in 

a real application scenario, where all RM’s are moving into the 3D space, the geometrical solution 



is also changing and the its associated uncertainty. To complicate this scenario, in a dynamic 

condition, it’s very difficult and impracticable to setup a 3D positioning reference system to 

measure the true-reference positioning of the RM’s and then use such measurements for the 

estimation of the 3D dynamic uncertainty components. 

 

Figure 7 - SisTrO’s static uncertainty evaluation results. 

However, considering that the released store is a rigid body (i.e., there is no elastic or plastic 

deformation), the measure distances between all RM’s pairs should be constant. But in a real 

separation it was observed that the distance error is varying while the RM’s are moving towards 

the image limits (Figure 8). Such error buildup could be related to several factors that includes: 

the residual of the optical system calibration errors; the triangulation geometry changes and camera 

synchronization. 

So, the result depicted in figure 8, proves that in a dynamic scenario the 3D uncertainty 

components are significantly different then the static ones. And the problem now is to try to 

estimate such values. 

To solve this issue, an alternate photogrammetric dynamic calibration process is proposed 

by IPEV. Such process is based on a well-known physical phenomenon where the RM real 

trajectory can be accurately estimated using a non-linear parameter estimation process. 

The proposed solution is based on the Newton second law for angular movement: 

• 𝑚. 𝑙2
2. �̈�(𝑡 − 𝑡0) + 𝛽. 𝜃.̇ (𝑡 − 𝑡0) + 𝑚. 𝑔. 𝑙1. 𝑠𝑒𝑛(𝜃(𝑡 − 𝑡0)) =  0   (eq.9) 

Where: 

• m is the object mass (kg); 

• g local gravity acceleration (in our case g = 9,7864304 m/s2 ± 0,2 x 10-6 m/s2 @1) [8]; 

• l2 is the radius of gyration (m); 

• l1 is the distance between the object Center of Gravity CG) and its rotation axis (m); 

•  is the angular position of the object (rad); 

•  is the viscous damping coefficient (N.s/m); 

• t is the elapsed time (s); and 

• t0 is the time when the pendulum is released. 

The process validation was carried out with the SisTrO and a pendular reference board with 

5 RM (Figure 9). Then several independent test runs were executed for parameter identification 

and trajectory modelling. Then several independent test runs were executed for parameter 

identification and trajectory modelling. The resulting identified parameter were: l1 = 0.328m ± 



4.29x10-5m @1; l2 = 0.507m ± 3.314x10-5m @1;  = -185.614° ± 0.792° @1; and m = 

0.0610kg ±0.0067kg@1. 

 

Figure 8 - P01 to P10 Distance error during a real store separation test point. 

 

Figure 9 - RM camera tracking for SisTrO dynamic calibration: (a) Reference; and (b) Slave. 

The estimated 2D true-reference trajectory, that was generated by eq. 9 model and its 

identified parameters, was very repetitive and accurate. As example, figure 10 depicts the 

measured and reference 2D trajectories of all RM’s (i.e., RM1 to RM5) for two independent test 

runs (i.e., T2 and T3).  

 

Figure 10 - Estimated and measured 2D positioning of all RM’s. 

For model validation it was observed that the estimated 2D trajectory error (Figure 11), 

between the clockwise and the counterclockwise (i.e., forward and reverse direction) movement 

for all RM’s (i.e., x = 0.13mm±1.0mm@1 and y = -0.95mm±0.77mm@1) has only a minor 

contribution (Figure 12) as compared to the total dynamic error (i.e., x=1.77mm±9.22mm@1 

and y=-5.58mm±8.33mm@1). 



 

Figure 11 - 2D Positioning error contribution for all RM’s caused by the estimation process. 

As expected, the resulting 3-D trajectory errors (i.e., Uncertainty) raised when the target 

was moving far from the camera optical axis (i.e., where the optical calibration residuals were 

larger) and moving with higher speeds (Figures 12 and 13).  

 

Figure 12 - Estimated and measured 2D positioning of all RM’s. 

 

Figure 13 – Measured linear speed of all RM’s during the angular movement. 

Therefore, the usage of this procedure allowed the estimation of SisTrO’s dynamic 

uncertainty (Figure 11) which was much larger than the static one (i.e., x=±9.22mm@1; 

y=±8.33mm@1; z=±4.40mm@1) instead of respectively ±0.97mm@1; ±1.42mm@1; 

±1.21mm@1 (Ref.: Figure 7). 

CONCLUSIONS 

 

The design and validation of any Flight Test Instrumentation, requires the uncertainty 

evaluation of all measured parameters. But, in some applications, the static uncertainty evaluation 

achieved by Type A does not provides the true value of uncertainty in the desired operating 



environment. To aggravate this scenario the setup for a dynamic 3D trajectory reference system to 

be used for SisTrO calibration and uncertainty determination is impracticable or too complex and 

expensive (e.g., Robotic arms).  

However, the knowledge of basic physic laws and the usage of advanced parameter 

identification process for the estimation and validation of the pendular target system provided an 

easy to build, repetitive and accurate dynamic 3D trajectory reference system which was used for 

SisTrO calibration and uncertainty determination. So, this ingenious solution could also be used 

in similar applications where the setup for a physical quantity reference system in a dynamic 

environment is mostly impracticable. As result it was possible to characterize the SisTrO dynamic 

uncertainty by using an alternative Type A calibration procedure based on simple physics 

phenomena and advanced simulation modelling & parameter identification tools. 
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