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Chapter 7 : Uncertainty Analysis 
 

After the velocity data acquired from the calibration wheel had been reduced, an uncertainty 

analysis was performed to determine the uncertainty of the velocities measured by the VT DGV 

system.  All of the uncertainties discussed in this chapter have a confidence level of 95%.  In addition 

to determining the overall uncertainty of the data obtained from the calibration wheel, this analysis 

was used to determine what factors in the acquisition and reduction of the calibration wheel data led 

to the largest increases in uncertainty.  Determining what factors led to the largest increases in 

uncertainty will provide guidance on what portions of the VT DGV system will require the most 

attention to improve the performance of this system in the future.   

 

The software used to calculate the standard deviations in the pixel intensities for a series of 

data images, the uncertainties of the reference value of the laser reference transmission ratio, the 

uncertainty of the laser reference transmission ratio and the uncertainty of the average reference 

transmission ratio for camera module i, was written by Troy Jones as part of his M.S. thesis.107  The 

rest of the software used in this uncertainty analysis was written as part of this research.  The 

procedure used to conduct this analysis was adapted from one discussed in Troy Jones’ M.S. thesis.108  

The procedures used to calculate the uncertainty in the wave number used to reduce the calibration 

wheel velocity data and to calculate the uncertainty in the Euler angles used to determine the laser 

propagation vector were added to the procedure discussed in Jones’ thesis.  While this uncertainty 

analysis was being performed, errors in the procedures used to calculate the uncertainty of the 

transmission ratios used in the data reduction procedure were located and corrected  
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The governing equation used to solve for velocities in the DGV technique can be expressed in 

the following manner: 
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where Vx, Vy, and Vz were the velocity components in the x, y, and z directions, respectively, c was 

the speed of light, 0ν  was the optical frequency of the laser pulse used to acquire DGV data, 1xθ , 

2xθ , and 3xθ  were the Euler angles, about the x axis, used to calculate the unit vector pointing toward 

the direction from which the data area is being viewed by camera modules 1, 2, and 3 respectively, 

1yθ , 2yθ , and 3yθ  were the Euler angles, about the y axis, used to calculate the unit vector pointing 

toward the direction from which the data area is being viewed by camera modules 1, 2, and 3 

respectively, xlasθ  and ylasθ  were the Euler angles about the x and y axes, respectively, used to 

calculate the laser propagation unit vector, and 1ν∆ , 2ν∆ , and 3ν∆  were the changes in optical 

frequency measured by camera modules 1, 2, and 3 respectively.  Therefore, the general equation 

used to calculate the uncertainty of the velocity data was: 
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where jVω  was the uncertainty of the jth velocity component, 1νω∆ , 2νω∆ , and 3νω∆  were the 

uncertainties in the change in optical frequency due to the Doppler effect, 1xωθ , 2xωθ , and 3xωθ  
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were the uncertainties in the Euler angles about the x axis for the camera viewing angles,  1yωθ , 

2yωθ , and 3yωθ  were the uncertainties in the Euler angles about the y axis for the camera viewing 

angles, and xlasωθ , and ylasωθ  were the uncertainties in the Euler angles used to calculate the laser 

propagation vector.  The term WNω  was the uncertainty in the calculated wave number of the laser 

pulse.  As was discussed in Chapter 2, the wave number was defined to be .  The uncertainty of 

each velocity component (V

cvo /

x, Vy, and Vz) was calculated at each pixel location in the data plane.  The 

average uncertainty for each of these velocity components was also calculated. 
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7.1 Calculating Frequency Shift Uncertainties 

 Before the uncertainty of the acquired velocities could be calculated, the uncertainties on the 

right hand side of equation 52 had to be determined.  The frequency shift uncertainties: ω , 

, and , will be considered first.  The change in optical frequency due to the Doppler 

effect was determined by calculating the difference in the optical frequency at each pixel location in 

the data plane and the optical frequency of the unshifted laser beam.  Both optical frequencies were 

calculated using the frequency calibration functions contained in equations 47 through 49.  These 

three equations were functions of transmission ratio and so the change in optical frequency was a 

function of transmission ratio, as can be seen in equation 53: 

 

( ) ( )ref
iiii TRTR νν −=     (53) 

 

where iν was the frequency calibration function for camera module i, solved at each pixel 

location in the data plane, and )  was the frequency calibration function solved using the laser 

reference transmission ratio calculated for the camera module as described in section 4.6.3.  From 

equation 53, the equation to express the uncertainty of  iν∆  was derived to be: 

 

  (54) 

 

where TRω  was the uncertainty of the transmission ratio calculated at each pixel location in the data 

area for camera module i, and  was the uncertainty of the laser reference transmission ratio i
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for camera module i.109  The partial derivatives in this equation were determined by calculating the 

partial derivatives of equation 53 with respect to the transmission ratio calculated at each pixel 

location in the data area for camera module i and the laser reference transmission ratio for camera 

module i.  The values for these partial derivatives were calculated using the following equations: 
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Camera Module 2: (Port side of test section) 
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Camera Module 3: (Starboard side of test section) 
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where c was the speed of light. 
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7.1.1 Calculating Transmission Ratio Uncertainty 

Before the uncertainty of the change in optical frequency ( iνω∆ ) could be calculated, the 

uncertainties iTRω  and  needed to be calculated.  The transmission ratio at a given pixel 

location (x, y) in the data area, TR  was a function of the reference and filtered pixel intensities 

at that pixel location, so therefore, the uncertainty of the transmission ratio at pixel location (x, y) was 

calculated using the following equation: 

ref
iTRω
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where ),( yxPfilteredω was the uncertainty in the pixel intensity for the pixel in the filtered view at 

location (x, y) and ),( yxreferencePω  was the uncertainty in the pixel intensity for the pixel in the 

reference view at location (x, y).  The uncertainties in the filtered and reference view pixel intensities 

at location (x, y) were calculated using the standard deviation in the pixel intensities over the 

sequence of images reduced, the number of images within the sequence of images reduced, and 

Student’s t distribution.  The uncertainties in these pixel intensities were calculated using an equation 

of the following form: 

 

n
tP σω =      (62) 

 

where t was Student’s t value, σ  was the standard deviation in the mean pixel intensity, and n was 

the number of images in the sequence of images reduced.110  The values for the partial derivatives in 

equation 61 were calculated using the following equations: 
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7.1.2 Calculating Laser Reference Transmission Ratio Uncertainty 

A similar procedure was used to calculate the uncertainty in the calculated laser reference 

transmission ratio for each camera module.  The following equation was used to calculate the laser 

reference transmission ratio for each camera module: 
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where TR  was the laser reference transmission ratio for camera module i, TR  was the average 

transmission ratio for the pixels inside the laser region of interest from the laser reference camera data 

image, TR  was the average reference transmission ratio for camera module i, as described in 

subsection 4.5.5, and TR  was the reference value of the laser reference transmission ratio from 

the laser reference camera, as described in section 4.5.3.  From equation 65, the following equation 

was derived to calculate the uncertainty in the calculated value of the laser reference transmission 

ratio for camera module i: 

ref
i

ref
camera

ROI
laser

ref

ROI
laser

2
22









∂
∂

⋅+
















∂
∂

⋅+
















∂
∂

⋅= ref
camera

ref
iref

cameraref

ROI
laser

ref
iref

ROI
laser

ROI
laser

ref
i

ROI
laser

ref
i TR

TR
TR

TR
TR

TR
TR
TR

TRTR ωωωω     (66) 

 

The transmission ratio uncertainties, 
ROI
laserTRω , , and , were calculated using a 

series of equations of the form shown in equations 61 through 64.  The standard deviations used to 

calculate 

ref
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laserTRω  and  were calculated from the filtered and reference pixel intensities for 

the pixels inside the laser reference regions of interest described in section 4.4.3.  The standard 

deviations used to calculate  were calculated from the filtered and reference pixel 

intensities for the pixels inside the filtered and reference regions of interest from the reference images 

acquired prior to acquiring velocity data from the calibration wheel.  The values for the partial 

derivatives in equation 66 were calculated by taking the partial derivative of equation 65 with respect 

to TR ,  TR , and TR .  The partial derivative of the laser reference transmission ratio for 

camera module i, with respect to the average transmission ratio for the pixels inside the laser region 
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of interest from the laser reference camera data image, TR , was 1.  The partial derivative of the 

laser reference transmission ratio for camera module i, with respect to the reference value of the laser 

reference transmission ratio from the laser reference camera, TR , was -1.  The partial derivative 

of the laser reference transmission ratio for camera module i, with respect to the average reference 

transmission ratio from camera module i, TR , was 1.  Once the uncertainty of the transmission 

ratio at each pixel location in the data area and the uncertainty of the laser reference transmission ratio 

had been calculated for camera module i, equation 54 could be used to solve for the uncertainty of the 

change in optical frequency measured by camera module i, 

ROI
laser

ref

ROI
laser

i

ref
camera

νω∆ , could be calculated. 
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7.1.3 Calculating Velocity Partial Derivatives with respect to ∆ν 

The governing equation for the DGV technique shown in equation 51 can also be expressed 

in the following manner: 
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121 ν ++∆= mmVy     (68) 

131 ν +∆= mmVz     (69) 

where 

   m 1111 a⋅= λ        (70) 

   m 1212 a⋅= λ        (71) 

   m 1313 a⋅= λ   and so on….    (72) 

 

The ai, j terms in equations 70-72 correspond to the terms in the inverse matrix shown in equation 51 

and the λ term is the wavelength of the laser pulse which is equal to the reciprocal of the wave 

number.  Taking the partial derivatives of each velocity component with respect to iν∆  gives 

the following results: 
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Using the Euler angles calculated for each of the camera modules and the laser propagation vector 

calculated in Chapter 6 the values for the partial derivatives of each velocity component with respect 

to the change in optical frequency measured by each camera module were: 
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where WN was the wave number of the pulse used to acquire velocity data.   

7.2 Calculating Wave Number Uncertainty 

The procedure used to calculate the uncertainty for the wave number used some of the same 

information used to calculate the uncertainty for the change in optical frequency, so this procedure 

will be discussed next.  As was discussed in Chapter 2, the wave number is defined as 1/wavelength.  

The frequency calibration functions given in equations 47 – 49 were used to calculate the wave 

number for the laser pulse as well as calculating the optical frequency at each pixel location in the 

data area.  A wave number was calculated using laser reference transmission ratio from each camera 

module, TR .  The three wave numbers were then averaged to calculate an average wave number, 

which was used in the data reduction procedure.  Because the laser reference transmission ratio from 

each camera module was used in calculating the wave number used in the data reduction procedure, 

the equation used to calculate the uncertainty of the calculated wave number was: 

ref
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where WNω  was the uncertainty of the wave number, and , , and  were the 

uncertainties in the laser reference transmission ratios for camera modules 1, 2, and 3 respectively.  

The uncertainties , , and  were calculated as part of the procedure used to 

calculate the uncertainty of the changes in optical frequency, 

refTR1ω

1

refTR2ω refTR3ω

refTR1ω refTR2ω refTR3ω

ν∆ , 2ν∆ , and 3ν∆ , (see section 

7.1.2).  All that was needed was to calculate the partial derivatives in equation 79.  The equations 

used to calculate the values for these partial derivatives are given below. 
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Camera Module 2: (Port side of test section) 
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Camera Module 3: (Starboard side of test section) 
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The partial derivative of velocity with respect to wave number, found in equation 52, was calculated 

to be: 
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Inserting the Euler angles for the camera module viewing angles and the laser propagation vector 

calculated in Chapter 6, equation 83 becomes:  
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7.3 Calculating Angle Uncertainties 

7.3.1 Viewing angle uncertainty   

As was discussed in the M. S thesis of Troy Jones, the camera calibration toolbox used to calculate 

the Euler angles for each of the camera modules did not provide direct uncertainties on the extrinsic 

properties output by the toolbox.111  The toolbox did output average pixel errors but these values were 

a measure of the accuracy of the analytical reprojection of the reference points input into the toolbox 

and not an indicator of the accuracy of the rotation matrix output by the program.  Jones performed an 

iterative procedure where small perturbations to the Euler angles calculated by the toolbox were made 

and the change in the observation vector was calculated.  From this analysis, Jones estimated the 

uncertainties for all of these angles to be ±0.75˚, or ±0.013090 radians.112  This uncertainty value was 

also used in the current uncertainty analysis. 

7.3.2 Laser Propagation Vector Uncertainty 

Because the laser propagation vector used to reduce the calibration wheel data was calculated 

from estimated Euler angles, the uncertainties for these angles are considerably higher than those 

calculated for the camera Euler angles.  The uncertainties for the θxlas and θylas angles used to calculate 

the laser propagation vector were both assumed to be ±3˚, or ±0.052360 radians. 

7.3.3 Partial Derivatives for the Angular Measurements  

The partial derivatives of each of the velocity components with respect to each of the angular 

measurements used in reducing the calibration wheel data were calculated using Mathematica.  

Mathematica was chosen to perform these calculations because these partial derivatives were too 

complicated to calculate by hand and Mathematica had the ability to perform mathematical operations 

on symbolic expressions.  The following equations were obtained from Mathematica and used in this 

uncertainty analysis: 
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where λ was the wavelength, which was equal to 1/wave number.  These were the last terms needed 

to solve equation 52 for the uncertainty of each velocity component.  This procedure was different 

from the one used by Troy Jones to calculate these partial derivatives.  He calculated these partial 

derivatives using a perturbation technique similar to the one he used to calculate the uncertainties in 

the camera Euler angles.113  

7.4 Uncertainty Analysis Results 

 Figures 7.1, 7.2, and 7.3 are contour plots of the uncertainties for the velocity components in 

the x, y, and z directions, respectively.  Figure 7.1 shows that the uncertainties for the velocity 

components in the x direction vary from roughly 9 m/s to 28 m/s.  Figure 7.2 shows that the 

uncertainties for the velocity components in the y direction vary from roughly 20 m/s to 55 m/s.  

Figure 7.3 shows that the uncertainties for the velocity components in the z direction vary from 

roughly 1.5 m/s to 11.75 m/s.  Given the results shown in Chapter 6, the large uncertainties shown 
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here were to be expected.  More will be said about the primary sources of the large uncertainties 

shown here later in this chapter.   

   

 
Figure 7.1: Uncertainty of the velocity components in the x direction. 
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Figure 7.2: Uncertainty of the velocity components in the y direction. 

 

 
Figure 7.3: Uncertainty of the velocity components in the z direction. 
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 Figures 7. 4 and 7.5 show the upper and lower bounds for the Vx velocity uncertainties 

applied to plots of the Vx velocity component measured along the vertical and horizontal centerlines 

of the calibration wheel.  Figures 7.6 and 7.7 show the upper and lower bounds for the Vy velocity 

uncertainties applied to plots of the Vy velocity component along the vertical and horizontal 

centerlines of the calibration wheel.  Figures 7.8 and 7.9 show the upper and lower bounds for the Vz 

velocity uncertainties applied to plots of the Vz velocity along the vertical and horizontal centerlines 

of the calibration wheel. 

 
Figure 7.4: Upper and lower bounds on Vx velocity uncertainty and Vx velocity component  

along horizontal centerline of calibration wheel. 
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Figure 7.5: Upper and lower bounds on Vx velocity uncertainty and Vx velocity component  

along vertical centerline of calibration wheel. 

 
 

Figure 7.6: Upper and lower bounds on Vy velocity uncertainty and Vy velocity component  
along horizontal centerline of calibration wheel. 
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Figure 7.7: Upper and lower bounds on Vy velocity uncertainty and Vy velocity component  
along vertical centerline of calibration wheel. 

 
 

Figure 7.8: Upper and lower bounds on Vz velocity uncertainty and Vz velocity component  
along horizontal centerline of calibration wheel. 
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Figure 7.9: Upper and lower bounds on Vz velocity uncertainty and Vz velocity component  
along vertical centerline of calibration wheel. 

 7.5 Analysis of Uncertainty Components 

An analysis of the calculated values for each term in equation 52 will reveal the largest 

sources of uncertainty in the measured calibration wheel velocities.  Determining the largest sources 

of uncertainty will provide direction for where improvements can and should be made to the VT 

DGV system in the future.  The average uncertainty for each velocity component will be calculated as 

part of this analysis. 

7.5.1 Optical Frequency Uncertainty    

The first step in calculating the average uncertainty of the measured change in optical 

frequency was to calculate the uncertainties in the transmission ratios TR  and TR , as was 

discussed in sections 7.1.1 and 7.1.2.  The average uncertainty values calculated for the transmission 

ratios in the data area were: 

i
ref
i

08227.01 =TRω , 09755.02 =TRω , and 04229.03 =TRω .  The average 

uncertainty values calculated for the laser reference transmission ratio from each camera module 

were: , , and .  Next, the partial derivatives of 

the change in optical frequency with respect to the data area transmission ratios and laser reference 

01253.01 =refTRω 01255.02 =refTRω 01251.03 =refTRω
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transmission ratios were calculated. The average values calculated for the partial derivatives of the 

change in optical frequency with respect to the data area transmission ratios were: 

 

   8

1

1 106511.3 ×=
∂
∆∂
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ν

     (108) 

   7

2

2 105744.9 ×−=
∂
∆∂
TR
ν

    (109) 

   8

3

3 109646.3 ×=
∂
∆∂
TR
ν

     (110) 

 

The average values calculated for the partial derivatives of the change in optical frequency with 

respect to the laser reference transmission ratios for each camera module were: 

 

   8

1

1 101925.3 ×=
∂
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refTR
ν

    (111) 

   8

2

2 104999.1 ×−=
∂
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refTR
ν

    (112) 

   8

3

3 108415.3 ×=
∂
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refTR
ν

    (113) 

 

Once the uncertainties for the data area and laser reference transmission ratios and the partial 

derivatives of the change in optical frequency with respect to the data area and laser reference 

transmission ratios had been calculated, the uncertainty in the measured change in optical frequency 

was calculated using equation 54.  The following average uncertainty values were obtained: 

, , and .   7
1 100304.3 ×=∆νω 6

2 105273.9 ×=∆νω 7
3 107442.1 ×=∆νω

 

Next, the partial derivatives of each velocity component with respect to the change in optical 

frequency measured by each camera module were calculated.  The following average values for these 

partial derivatives were obtained: 

 



Refinement and Verification of the Virginia Tech Doppler Global Velocimeter (DGV) 139

( )
















−
−

−
×=

























∆∂
∂

∆∂
∂

∆∂
∂

∆∂

∂

∆∂

∂

∆∂

∂
∆∂
∂

∆∂
∂

∆∂
∂

−

20332.05265.333343.0
03147.13291.4241.10
7940.58582.70835.2

101 7

321

321

321

ννν

ννν

ννν

zzz

yyy

xxx

VVV

VVV

VVV

  (114) 

 

Once the average uncertainties in the measured change in optical frequency for each camera 

module and average values for the partial derivatives of each velocity component with respect to the 

change in optical frequency measured by each camera module had been calculated, the terms input 

into equation 52 were calculated.  The values for these terms were as follows: 
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7.5.2 Wave Number Uncertainty    

 
Next, the wave number uncertainty was calculated using equation 79.  As was discussed in 

section 7.2, the uncertainties of the laser reference transmission ratio for each camera module, 

, , and , were calculated as part of the procedure used to calculate the 

uncertainty of the changes in optical frequency 

refTR1ω refTR2ω refTR3ω

1ν∆ , 2ν∆ , and 3ν∆ .  The partial derivatives of 

wave number with respect to TR , TR , and TR  were calculated using equations 80-82.  The 

following values were obtained for these partial derivatives:  

ref
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ref
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ref
3

   0649.1
1

=
∂
∂

refTR
WN
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The uncertainties of the laser reference transmission ratios for each of the camera modules and the 

values for the partial derivatives shown in equations 124 through 126 were used to calculate the 

uncertainty of the wave number.  The value calculated for the uncertainty of the wave number was 

.   2101779.2 −×=WNω
 

 After the uncertainty of the wave number had been calculated, the partial derivative of each 

velocity component with respect to the wave number was calculated using equation 84.  The 

calculated values for these partial derivatives were as follows: 
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    6107329.5 −×=
∂
∂
WN
Vz      (129) 

 

Once the uncertainty of the wave number and the partial derivative of each velocity component with 

respect to the wave number had been calculated, the wave number term in equation 52 was calculated 

for each velocity component.  The calculated values for these terms were: 
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7.5.3 Angular Measurement Uncertainty 

The uncertainties in the Euler angles for each camera module and for the Euler angles used to 

calculate the laser propagation vector were given in sections 7.3.1 and 7.3.2 respectively.  All that is 

needed is to calculate the partial derivatives for the velocity components with respect to each of these 

Euler angles.  The average values calculated for the partial derivatives of each velocity component 

with respect to the θx Euler angles for the camera modules were: 
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The average values calculated for the partial derivatives of each velocity component with respect to 

the θy Euler angles for the camera modules were: 
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The average values calculated for the partial derivatives of each velocity component with respect to 

the Euler angles used to calculate the laser propagation vector were: 
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 Once the values for all of the partial derivatives were calculated, the angular measurement 

uncertainty terms in equation 52 were calculated.  The average values calculated for the uncertainty 

terms containing the θx Euler angle for each of the camera modules were:  
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The average values calculated for the uncertainty terms containing the θy Euler angle for each of the 

camera modules were: 
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The average values calculated for the uncertainty terms containing the θxlas and θylas Euler angles used 

to calculate the laser propagation vector were: 
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7.5.4 Component Contributions to Total Uncertainty 

Once the average values for the individual terms in the uncertainty equation given in equation 

52 were calculated, these values were used to calculate an average uncertainty for each velocity 

component.  The average values for the uncertainty of each velocity component were: ωVx = 14.076 

m/s, ωVy = 32.743 m/s, and ωVz = 3.562 m/s.  The average values used in equation 52 were also used 

to determine how much each term contributed to the total uncertainty of the velocity measurement.  

Table 7.1 shows a breakdown in terms of percentage, that each term contributed to the total 

uncertainty for the Vx velocity component.  Table 7.2 shows a breakdown in terms of percentage, that 

each term contributed to the total uncertainty for the Vy velocity component.  Table 7.3 shows a 

breakdown in terms of percentage, that each term contributed to the total uncertainty for the Vz 

velocity component.  Looking at tables 7.1, 7.2, and 7.3, the largest contributors to the total 

uncertainty of the Vx, Vy, and Vz velocity component are, by far, the changes in optical frequency 
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measured by the VT DGV system.  The other uncertainties in this calculation are miniscule compared 

to the uncertainties in the measured changes in optical frequency. 

 
Table 7.1: Uncertainty Contribution Percentages 

for Vx velocity uncertainty. 
 
ωVx

∆ν1 20.12086%
∆ν2 28.29034%
∆ν3 51.54705%
WN 0.00000%
θx1 0.00005%
θx2 0.00970%
θx3 0.00832%
θy1 0.00168%
θy2 0.00576%
θy3 0.02048%
θxlas 0.00005%
θylas 0.00005%  

 
Table 7.2: Uncertainty Contribution Percentages 

for Vy velocity uncertainty. 
 

ωVy
∆ν1 89.83588%
∆ν2 1.58670%
∆ν3 0.30193%
WN 0.00000%
θx1 0.00022%
θx2 0.00054%
θx3 0.00138%
θy1 0.00751%
θy2 0.00032%
θy3 0.00340%
θxlas 0.00001%
θylas 0.00001%  
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Table 7.3: Uncertainty Contribution Percentages 
for Vz velocity uncertainty. 

 

ωVz
∆ν1 8.04532%
∆ν2 88.94762%
∆ν3 0.98498%
WN 0.00000%
θx1 0.00002%
θx2 0.03052%
θx3 0.00016%
θy1 0.00067%
θy2 0.01812%
θy3 0.00039%
θxlas 0.00076%
θylas 0.00076%  

 

The results from this uncertainty analysis indicate that future work on the VT DGV system 

needs to focus on reducing the uncertainties in the measured changes in optical frequency.  Looking 

at the uncertainties of the transmission ratios used to calculate the change in optical frequency for 

each camera module, found in section 7.5.1, the uncertainties for the transmission ratios in the data 

area are all over 3.5 times greater than the uncertainties of the laser reference transmission ratios for 

each camera module, so, the uncertainties for the transmission ratios in the data plane contributed the 

largest portion to the total uncertainty in the measured changes in optical frequency. The uncertainties 

in the transmission ratios from the data area were directly affected by the poor performance of the 

Nd:YAG laser and by the fact that only seven calibration wheel images were reduced.  If the laser 

performance was more stable and if more of the calibration wheel images could have been reduced, 

this would have significantly reduced the uncertainties from the measured change in optical 

frequency.   

 

Improving the technique used to measure the laser reference transmission ratio would also 

help to reduce the uncertainties of the measured changes in optical frequency.  The technique used to 

measure the laser reference transmission ratio can be improved upon by adding a fourth camera to the 

VT DGV system, and using this camera to monitor the spatial and temporal variations in the laser 

pulses used to acquire velocity data.  This improvement would be two fold.  First, it would allow 
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spatial variations within a given laser pulse to be measured and accounted for.  Adding a fourth 

camera would also increase the number of pixels used to calculate the laser reference transmission 

ratio, thus reducing the uncertainty of this value.  
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