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Least Squares Bundle Adjustment
Input

• Image Measurements.
• Initial values for image pointing/
p o s it i o n a n d g r o u n d p o i n t 
coordinates.

• ‘a priori’ precisions for above 
parameters if available.

Output
• Refined image pointing/position and 
ground point coordinates.

• Their uncertainties.
• Solution statistics.



The Collinearity 
Condition

x − xp +δ x = −c
m11 X − Xc( )+m12 Y −Yc( )+m13 Z − Zc( )
m31 X − Xc( )+m32 Y −Yc( )+m33 Z − Zc( )

y − yp +δ y = −c
m21 X − Xc( )+m22 Y −Yc( )+m23 Z − Zc( )
m31 X − Xc( )+m32 Y −Yc( )+m33 Z − Zc( )

The Mathematical Model
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All connections between 
object points and image 
space measurements form 
a bundle of light rays, 
the origin of the term 
“Bundle Adjustment”.

The Bundle Adjustment



Jigsaw Interface



Files
• FROMLIST

• ascii list of images in the control 
network.

• HELDLIST
• ascii list of images for which 
position & pointing parameters are 
to be held fixed.

• CNET
• Input control network.

• ONET
• Output control network.



Solve Options
• OBSERVATIONS (Observation Mode)

• All images within an “observation” 
have the same position & pointing.

• Example: LRO NAC L/R
• RADIUS
• UPDATE
• METHOD

• CholMod (default)
• SpecialK
• OLDSPARSE



Solve Options
• ERRORPROPAGATION

• G e n e r a t i o n o f p a r a m e t e r 
uncertainties.

• OUTLIER REJECTION
• Automated rejection of outliers

• REJECTION_MULTIPLIER
• METHOD

• CholMod (default)
• SpecialK
• OLDSPARSE



Maximum Likelihood 
Estimation

s e e n e x t 

presentation!



Convergence Criteria
• SIGMA0

• Convergence occurs when change in 
Sigma0 in successive iterations is 
less or equal to this value.

• Setting to a larger value results in 
fewer iterations.

• MAXITS
• Adjustment stops (regardless of 
co nve rgence) upo n reach in g 
maximum iterations.



Camera Pointing 
Options

• CKDEGREE
• D e g r e e o f p o l y n o m i a l f o r 
computation of initial values (time-
dependent sensors, e.g. line scan). 



Camera Pointing 
Options

• SOLVEDEGREE
• D e g r e e o f p o l y n o m i a l i n 
adjustment.

• e.g., degree of 2 ⇒ solving for 3 

polynomial coefficients.
• at2 + bt + c; where

• t = time
• a = angular acceleration
• b = angular velocity
• c = angle



Camera Pointing 
Options

• CAMSOLVE
• Selection of angular parameters in 
the adjustment.

• TWIST



Spacecraft 
Options

• SPSOLVE
• Selection of spacecraft position 
parameters in the adjustment.

• NOTE :capab i l it y to s o lve fo r 
coeffic ients of h igher deg ree 
polynomials (as with pointing) is 
coming soon.



Global Parameter 
Uncertainties

• Global ‘a priori’ uncertainties for 
ground point coordinates, position, & 
pointing parameters.
• Pa ram ete r w e i g ht s i n t h e 
adjustment are computed from 
uncertainties.

• Point sigmas in control network 
take precedence.



Output Options
• FILE_PREFIX
• BUNDLEOUT_TXT

• Standard report “bundleout.txt” 
contains...
• adjusted parameters
• adjusted parameter uncertainties 
(if error propagation is on)

• Statistics
• OUTPUT_CSV

• “bundleout_images.csv”
• “bundleout_points.csv”



Output Options
• RESIDUALS_CSV

• “residuals_images.csv”



Output



Examining the Results 

• Sigma0: ideally close to 1.0.
• Examine measure residuals 
for outliers.

• Unreasonably high adjusted 
parameter uncertainties.

• M a g n i t u d e o f t h e 
corrections to weighted 
parameters.

• Poor a priori parameter values 
- Bad SPICE? Problem DEM?

• Measurement errors - Wrong 
feature? Wrong point label?

• Improperly weighted point 
coordinates?

• Weak image geometry?
• Number and geometry of 
image measurements for a 
ground point

• Camera model problem?

Things to look for... Potential problems to consider...


