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1 Introduction

1.1 Metaheuristics

Metaheuristics are numerical optimization methods (Luke 2009). Generally 

they take one or more parameter vectors, and change them slightly iteration-by-

iteration to find the optimum of  the  objective function.  The majority  of these 

methods has stochastic features. The advantage of their application is that they 

have almost no constraints regarding the objective function (no need for accurate 

guess values, derivatives, linearity, or a closed form). The disadvantage is that 

they give no exact solution (although by careful implementation, the results can 

be reproduced up to a given precision). 

The objective function assigns a fitness value to each specific parameter 

vector.  In  each  iteration,  stochastically  modified  version(s)  of  the  parameter 

vector(s) is (are) compared to the original vector(s). The goal is to enhance the 

fitness value by each iteration.

1.2 Objectives

In the field of geodesy, the most frequent form of optimization problems 

are least squares parameter fitting problems. The solution of such problems by 

linearizing the observation equations and utilizing some kind of pseudo inverse is 

well discussed in the literature (Detrekői 1991).

In everyday applications, the linearized solution is usually adequate (i.e. 

convergence  is  ensured  in  most  cases).  Moreover,  traditional  methods  usually 

need less computation power compared to metaheuristics. My objective is to look 

for alternate solutions regarding the topics discussed in the thesis (free network 

adjustment,  geodetic  network  design,  astronomical  positioning,  ground 

gradiometry) that truly exploit the capabilities of metaheuristics in exchange for  

the increased computation time. The selected topics cover a broad (but of course 
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not complete) range of geodesy.

2 The Differential Evolution (DE) algorithm

Along the thesis, various optimization problems have been solved by the 

Differential Evolution (DE) algorithm. DE has been developed by  Rainer Storn 

and  Kenneth  Price  since  1994  (Storn  and  Price  1997).  As  most  evolution 

algorithms, the DE has been designed to optimize real-valued vector functions (Rn 

→ R1).

Steps of the algorithm can be seen on Fig. 1. An example for the realization 

of these steps is the following.

1. Delimiting search space (e.g.  defining the domain of the objective 

function by means of minimal and maximal value for each variable).

2. Creation of initial population (NP pieces of D dimensional parameter 

vectors, i.e. individuals spread randomly on the search space).

3. Creating  mutant  vectors  by  vector  differences  (using  three 

individuals).

4. Creating  trial  vectors  by  crossover  (specific  elements  of  the  trial 

vector are selected random from the parent  individual  or  from the 

mutant).

5. Selecting the individuals for the next generation by competition (the 

parent and the trial compete for the place in the next generation, the 

winner is the one with a better fitness value).

6. Evaluating  stop  criteria  (e.g.  the  number  of  iterations  reached 

maximum, the fitness value approached the desired value, etc).
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7. The result is the fittest individual (the one with the best fitness value 

after the last iteration).

Figure 1. The DE algorithm

3 Geodetic free network adjustment using evolutionary algorithm

The objectives of the research are:

1. Finding  a  general  algorithm,  that  works with the  traditional  L2 based 

adjustment (weighted least squares), but also with L1 norm (minimizing 

the  weighted  absolute  residuals),  L∞ norm  (minimizing  the  weighted 

absolute  maximum of  the  residuals)  and a  median-based cost  function 

(minimizing the median of the weighted absolute residuals).

2. Finding  a  method  for  estimating  the  propagation  of  the  measurement 

errors, given any of the before mentioned cost functions.

3. Assess the before mentioned cost functions in presence of blunders or low 

redundancy, or both.

Figure 2. The Sóskút network
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The subject of the test has been chosen to be the Sóskút network of the 

Department  of  Geodesy and Surveying (Fig. 2).  The implementation has  been 

done in C, in a multi-threaded manner (parallel processing on multi-core CPUs).  

The process can be followed on Fig. 3. For testing purposes, an artificial blunder 

has  been introduced.

Figure 3. Position of the network points after 1, 2500, 2700, 3000, 3500 
and 5000 iterations 

Results are shown in Table 1 and 2. The performance of the median-based 

cost function is outstanding in presence of blunder. Despite the standard deviation 

of  the  adjusted  parameters  increasing  by  decreasing  the  redundancy  of  the 

measurements, the estimation remained unbiased. In combination with some of 

the  blunder-sensitive  norms  (e.g.  L∞),  this  can  be  exploited  for  blunder 

identification.
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Redun-
dancy

Blunder-free With blunder

L2 L1 L∞ Median L2 L1 L∞ Median

42 0.000 0.000 0.002 0.001 0.338 0.000 1.159 0.001

12 0.001 0.001 0.001 0.001 0.386 0.002 1.183 0.001

2 0.002 0.002 0.002 0.002 0.836 1.554 1.203 0.002

Table 1. Average distance of control points (in meters) with respect to their positions  
given by L2 adjustment with maximal redundancy and no blunder

Redun-
dancy

Blunder-free With blunder

L2 L1 L∞ Median L2 L1 L∞ Median

42 ±1 ±1 ±4 ±4 ±1 ±1 ±770 ±3

12 ±2 ±2 ±4 ±5 ±2 ±2 ±971 ±4

2 ±3 ±3 ±4 ±12 ±2 ±3 ±776 ±12

Table 2.Average 95% confidence interval of the coordinates (in millimeters)

4 Geodetic network design using evolutionary algorithm

According to the literature, the need for geodetic network design arose in 

the 1960s. Given the complexity of such a design problem, the solution is not 

trivial. Many methods have been proposed by different authors. Sárközy (1989) 

and Detrekői (1991) both mention iterative design and mathematic programming. 

Fekete (2006) mentions the 'inventory of basic network configurations' concept 

and an iterative design process for first and second order network design in close 

photogrammetry.   Berné  and  Baselga  (2004)  use  simulated  annealing  in  a 

constrained  case  of  first  order  design.  Xu  and  Grafarend  (1995)  discuss  the 

second  order  design.  Saleh  and  Dare  (2001)  introduce  a  technique  for  cost 

optimization of GPS networks observations.

In  the  following,  a  solution  of  the  first  order  network  design  problem 

(network configuration) is introduced. We target 'A optimality' (that is, the trace of 

the a priori variance covariance matrix of the adjusted parameters is minimized) 
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with  optimal  surface  coverage,  and  minimal  constraints  for  geodetic  free 

networks. A multicriterion approach is also presented.

The criteria are the following.

1. Precision  (c1 =  σparam):  we  are  looking  for  a  configuration,  where  the 

average a priori standard deviation of the adjusted coordinates is minimal.

2. Optimal surface coverage (c2 = σarea): let the measure of the uniformness 

of  the  surface  coverage  be  the  standard  deviation  of  the  areas  of  the 

Voronoi  cells  clipped  to  the  work  site.  Given  a  specific  work  site 

boundary, there may be more than one optimal or near-optimal network 

designs (with zero or near zero area variance).

3. Auxiliary constraint on the shortest distance (c3 = 1/dmin): network designs 

given by c2 are often non-practical. To avoid this, an auxiliary condition is 

used to maximize the shortest distance of the network, thus to facilitate 

network designs to span the entire work site.

There  are  many  techniques  to  handle  multiple  criteria  with  the  DE 

algorithm at the same time. In my study, I have tested two methods:

1. Creating  an  aggregate 

objective  function  (AOF) 

using  criteria  c2 and  c3  (see 

Fig. 4).

2. Approximating  the  Pareto-

optimal  front  using  all  three 

criteria (see Fig. 5).
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Figure 4. Design of a six-point network  
with aggregate objective function after 1,  

50, 150 and 600 iterations



Figure 5. To the left: Pareto-optimal front of the network design problem after 1000  
iterations, value of 1/c3 also given by gray level. To the right: two potential solutions from 

the Pareto front.

5 Quick astronomic positioning using simplified zenith camera 
system

Nowadays,  geodetic  positioning  on  the  ellipsoid  is  an  everyday task  in 

surveying, utilizing GNSS techniques, with real-time accuracy ranging from some 

meters to  some centimeters depending on requirements. In Hungary, astronomic 

positioning based on celestial bodies for geodetic purposes is considered obsolete.  

Lately in Germany and in the Swiss a new astronomic positioning method has 

been unfolding using digital zenith cameras. This quick and precise method, when 

combined with GNSS observations, allows the determination of the deflection of  

the vertical (Hirt and Bürki 2006).

At the BUTE Department of Geodesy and Surveying and the HAS-BUTE 

Research Group for  Physical  Geodesy  and Geodynamics  an  attempt  has  been 

made to create a simplified version of the zenith camera system (Ress 2008). The 

primary goals were simplicity and cost efficiency, using the available instruments 

as building blocks.

While  processing  the  measurements,  I  have  faced  the  following 
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optimization problems:

1. Matching light sources on the images and star catalog data. For every 

image,  a  preliminary  image  has  been  calculated.  Then  the  optimal 

transformation parameters to match the preliminary and the real image 

are sought for (only displacement and rotation is considered). The fitness 

value of a given set of transformation parameters (to be minimized) is the 

sum of the squared distances of the five best matching light sources (on 

the real image) and star projections (on the preliminary image).

2. Determination  of  the 

direction of  the  camera axis 

at  the  time  of  taking  the 

photographs (see Fig. 6). The 

direction of  the  camera axis 

(with the camera taken to be 

placed in the center of mass 

of the Earth) is  given by the 

right  ascension  and 

declination,  while  the 

rotation  around  the  camera 

axis is related to the azimuth 

of the instrument when taking the photograph.

3. Determination  of  the  astronomical  position  by  finding  the  axis  of 

revolution of the cone swept by the camera axis while taking photographs 

in multiple azimuths.

These optimization problems have been solved using the DE algorithm.

9.

Figure 6. Light sources on the image (gray)  
and calculated projections of the stars  

(black) after 1, 10, 20, 30 and 100 iterations



6 Investigations on the damping model of the torsion balance

After a near 50 years long break, torsion balance measurements has been 

started again by the Eötvös Lorand Geophysical Isntitute of Hungary in 2006. 

Using  an  E-54  torsion  balance  (Szabó 1999),  first  laboratory  test  have  been 

carried out. Then in 2007 and 2008, joined by the HAS-BUTE Research Group 

for Physical Geodesy and Geodynamics and the BUTE Department of Geodesy 

and  Surveying,  field  measurements  have  been  carried  out  in  the  outskirts  of 

Makád (Csepel island), also supported by gravimeters  (Csapó et al. 2009).

Based  on  laboratory  tests,  I  have  been  seeking  the  most  appropriate 

damping model to model the damped free oscillation of the balance bar. Fitting of 

the parameters of various models has been carried out using the DE algorithm 

(see  Table 3).  I  have  concluded  that  the  damping  is  best  described  by  the 

generalized  viscous  damping  equation  ẍ+s⋅sgn ( ẋ)⋅∣ẋ∣u
+k⋅x = 0  

(Adhikari 2000) (x(t) is the rotation of the beam as a function of time, k, s and u 

are model parameters).

Date 2007.10.20 2007.10.26 2007.10.26 2007.10.26 2007.10.30 2008.01.18

No. of torsion wire No. 1 No. 2 No. 2 No. 2 No. 2 No. 2

Azimuth 4th 2nd 3rd 4th 2nd 1st

Generalized viscous 0.06 0.12 0.08 0.25 0.14 0.01

Viscous damping 0.07 0.16 0.08 0.26 0.14 0.01

Structural damping 0.51 0.57 1.24 1.42 1.50 0.20

Frictional damping 5.83 8.55 3.91 17.92 – –

Mixed model 0.07 0.13 0.08 0.26 – –

Fractional model 0.47 0.31 0.76 0.68 0.29 0.18

Table 3. Standard deviation of the fitting errors of various damping models to various time  
series (unit: scale division).

Apart from better understanding the physics of the torsion balance, another 
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goal is to facilitate the shortening of the measurement time of the instrument. I 

have concluded that if we already have good estimates of the model parameters 

(based  on  laboratory  tests),  then  observing  the  first  ~800sec  (~13min)  of  the 

damped oscillation and fitting the initial conditions of the equation of motion,  the 

reading (the damped value after 40mins) can be predicted with a maximum error 

of 1div (see Fig. 7).

Figure 7. Absolute prediction error of the generalized viscous damping model on various  
time series, as a function of fitting time. Horizontal line marks the 1div value, bold line  

marks the average value.
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8 Theses

New  scientific  results  regarding  the  application  of  metaheuristics  in 

geodesy are the following.

1. I  have  developed  a  method  for  geodetic  free  network  adjustment  by 

minimizing  the  median  of  absolute  measurement  residuals  using 
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evolutionary  algorithm.  I  have  shown,  that  median  based  adjustment 

gives an unbiased estimation of the network parameters even in the case 

of blunders and low reduncancy.

Related publication: [1]

2. I have developed a method for geodetic free network design with multiple 

criteria based on multiobjective evolutionary algorithm. I have shown the 

importance of multiobjective optimization and the Pareto-optimal front in 

assisting decision making related to network design in case of clashing 

criteria.

Related publication: [2]

3. I have developed an automatized method based on evolutionary algorithm 

to process the measurements of the simplified zenith camera system. One 

of the key steps of the processing is finding the transformation parameters 

between  two  sets  of  non  mutually  identified  points.  The  developed 

method can be used to solve a wide variety of problems in surveying (e.g. 

to  determine  the  transformation  parameters  between  two  vectorized 

maps).

Related publication: [3]

4. I  have developed a  method to predict  the reading of  the E-54 torsion 

balance. The prediction is done by fitting the damping model to the initial 

oscillations of the balance bar using evolutionary algorithm  After testing 

various  damping  models,  I  have  concluded  that  the  equation 

ẍ+s⋅sgn ( ẋ)⋅∣ẋ∣
u
+k⋅x = 0  gives  the   best  approximation  for  the 

oscillation. Fitting this model has also proven to be numerically stable.

Related publications: [4], [5], [6], [7], [8], [9]
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