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ǏǣǯǝǩǥǶǥ 

 

ǆ ǟǫǟǤǜǲǥǱǥ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, ǨǟǦǼǰ Ǩǟǧ ǥ ǵǟǯǲǭǡǯǚǴǥǱǥ ǲǷǫ 

ǣǮǧǮǛǢǷǫ ǲǥǰ, ǨǚǲǷ ǟǮǺ ǲǥǫ ǣǮǧǴǚǫǣǧǟ ǲǥǰ ǦǚǩǟǱǱǟǰ, ǟǮǭǲǣǩǣǝ Ǫǝǟ ǟǫǚǡǨǥ 

ǪǣǝǤǭǫǭǰ ǱǥǪǟǱǝǟǰ ǡǧǟ ǲǥǫ ǮǯǭǱǲǟǱǝǟ ǲǥǰ ǳǮǭǦǟǩǚǱǱǧǟǰ Ǩǟǧ ǲǥǰ ǟǫǦǯǼǮǧǫǥǰ 

ǤǷǜǰ. ǂǧǟ ǲǭǫ ǩǺǡǭ, ǟǳǲǺ, ǱǲǺǵǭǰ ǲǥǰ ǮǟǯǭǻǱǟǰ ǢǧǮǩǷǪǟǲǧǨǜǰ ǣǯǡǟǱǝǟǰ ǟǮǭǲǣǩǣǝ 

ǥ ǮǯǭǱǭǪǭǝǷǱǥ ǲǷǫ ǲǧǪǼǫ ǪǛǲǯǥǱǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǲǭǫ ǠǳǦǺ ǲǥǰ ǦǚǩǟǱǱǟǰ, Ǫǣ 

ǲǥǫ ǵǯǜǱǥ ǫǛǷǫ ǟǳǲǺǫǭǪǷǫ ǭǵǥǪǚǲǷǫ ǮǩǭǜǡǥǱǥǰ, ǲǟ underwater gliders. ǂǧǟ 

ǲǥǫ ǣǮǝǲǣǳǬǥ ǲǭǳ ǱǲǺǵǭǳ Ǫǟǰ, ǟǯǵǧǨǚ ǳǩǭǮǭǧǭǻǪǣ ǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ ǲǷǫ ǮǭǯǣǧǼǫ 

ǲǷǫ underwater gliders ǪǛǱǟ Ǳǣ Ǜǫǟǫ ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. ƹǮǣǧǲǟ, 

ǮǯǭǱǭǪǭǧǼǫǭǳǪǣ Ǩǟǧ ǲǧǰ ǟǫǟǪǣǫǺǪǣǫǣǰ ǲǧǪǛǰ ǪǛǲǯǥǱǥǰ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǫǣ 

ǠǚǱǥ ǲǧǰ Ǯǭǯǣǝǣǰ Ǯǭǳ ǱǵǣǢǧǚǱǲǥǨǟǫ, ǡǧǟ ǢǧǟǴǭǯǣǲǧǨǭǻ ǣǝǢǭǳǰ ǮǥǡǛǰ. Ǒǲǥǫ 

ǱǳǫǛǵǣǧǟ, ǵǯǥǱǧǪǭǮǭǧǭǻǪǣ ǲǥǫ ǲǣǵǫǧǨǜ ǲǭǳ interpolation, ǪǛǱǷ Ǫǝǟǰ ǜǢǥ 

ǳǩǭǮǭǧǥǪǛǫǥǰ ǱǳǫǚǯǲǥǱǥǰ, ǨǟǦǼǰ Ǩǟǧ ǣǫǺǰ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ, ǲǭ ǭǮǭǝǭ 

ǨǟǲǟǱǨǣǳǚǱǟǪǣ, ǡǧǟ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǲǷǫ ǚǡǫǷǱǲǷǫ ǲǧǪǼǫ ǲǷǫ ǱǥǪǣǝǷǫ, ǟǮǺ ǲǟ 

ǭǮǭǝǟ Ǣǣǫ ǮǛǯǟǱǟǫ ǲǟ underwater gliders ǠǚǱǥ ǲǥǰ ǱǵǣǢǧǟǱǪǛǫǥǰ Ǯǭǯǣǝǟǰ ǲǭǳǰ. 

ǒǛǩǭǰ, ǦǣǷǯǭǻǪǣ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǥǰ ǮǯǭǱǭǪǭǧǼǱǥǰ ǟǯǨǣǲǚ ǧǨǟǫǭǮǭǧǥǲǧǨǚ 

Ǩǟǧ ǣǫǦǟǯǯǳǫǲǧǨǚ, ǱǻǪǴǷǫǟ Ǫǣ ǲǥǫ ǟǬǧǭǩǺǡǥǱǥ Ǯǭǳ ǮǯǟǡǪǟǲǭǮǭǧǜǱǟǪǣ Ǩǟǲǚ 

ǲǥǫ ǣǨǲǛǩǣǱǥ ǲǭǳ ǮǟǯǟǮǚǫǷ ǪǥǵǟǫǧǱǪǭǻ. 

 

ǊǛǬǣǧǰ ǉǩǣǧǢǧǚ 

ǮǯǭǱǭǪǭǝǷǱǥ, ǯǟǢǧǣǫǛǯǡǣǧǟ, ǮǥǡǛǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, ǳǮǭǦǟǩǚǱǱǧǟ ǟǳǲǺǫǭǪǟ 

ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ, underwater gliders, ǪǥǵǟǫǧǨǜ ǪǚǦǥǱǥ, ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ, 

multilayer perceptron, MLP 
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Abstract 

 

 The search for radiation sources, as well the mapping of radiation levels 

under the surface of the sea, is of major importance for the protection of 

marine and human life. For this exact reason, the purpose of this diploma 

thesis is the simulation of radiation measurements in the sea, by using a new 

type of autonomous underwater vehicles, called underwater gliders. Initially, 

in order to achieve our goal, we implement the simulation of the paths that 

the underwater gliders will follow, in a volume of interest, which we define. 

Afterwards, we simulate the expected measurements of radiation, based on 

the paths of the underwater gliders and the different type of radiation sources, 

which were chosen. Next, we make use of the technique of interpolation, by 

taking advantage of an already implemented library, as well as a neural 

network, which we designed, in order to estimate the unknown values of the 

coordinates, from which the underwater gliders did not pass, as they were not 

included in the created paths. Finally, we consider the results of the simulation 

to be quite satisfactory and encouraging, according to the evaluation we 

carried out during the execution of the above mechanism. 

 

Key words 

simulation, radiation, radiation sources, autonomous underwater vehicle, 

underwater gliders, machine learning, neural network, multilayer perceptron, 

MLP 
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ǄǳǵǟǯǧǱǲǝǣǰ 

 

 ǆ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ ǣǨǮǭǫǜǦǥǨǣ ǟǮǺ ǲǭǫ ǋǟǸǭ 2022 ǛǷǰ 

ǲǭǫ ǔǣǠǯǭǳǚǯǧǭ 2023, Ǳǲǭ ǄǯǡǟǱǲǜǯǧǭ ǒǥǩǣǮǧǱǨǺǮǥǱǥǰ ǲǥǰ Ǳǵǭǩǜǰ 

ǀǡǯǭǫǺǪǷǫ Ǩǟǧ ǒǭǮǭǡǯǚǴǷǫ ǋǥǵǟǫǧǨǼǫ ǲǭǳ ǄǦǫǧǨǭǻ ǋǣǲǱǺǠǧǭǳ 

Ǐǭǩǳǲǣǵǫǣǝǭǳ, Ǳǲǟ ǮǩǟǝǱǧǟ ǲǭǳ ǋǣǲǟǮǲǳǵǧǟǨǭǻ ǏǯǭǡǯǚǪǪǟǲǭǰ ǑǮǭǳǢǼǫ 

ôǄǮǧǱǲǜǪǥ ǃǣǢǭǪǛǫǷǫ & ǋǥǵǟǫǧǨǜ ǋǚǦǥǱǥõ. 

 ǀǯǵǧǨǚ, Ǧǟ ǜǦǣǩǟ ǫǟ ǣǳǵǟǯǧǱǲǜǱǷ ǲǭǫ ǄǮǧǠǩǛǮǭǫǲǟ ǉǟǦǥǡǥǲǜ Ǫǭǳ Ǩ. 

ǉǷǫǱǲǟǫǲǝǫǭ ǉǟǯǚǫǲǤǟǩǭ ǡǧǟ ǲǥǫ ǠǭǜǦǣǧǚ Ǩǟǧ ǲǥǫ ǨǟǦǭǢǜǡǥǱǥ ǲǭǳ Ǳǲǥǫ 

ǣǨǮǺǫǥǱǥ ǲǥǰ ǮǟǯǭǻǱǟǰ ǢǧǮǩǷǪǟǲǧǨǜǰ ǣǯǡǟǱǝǟǰ, ǨǟǦǼǰ Ǩǟǧ ǱǳǫǭǩǧǨǚ ǡǧǟ ǲǥǫ ǣǼǰ 

ǲǼǯǟ ǱǳǫǣǯǡǟǱǝǟ Ǫǟǰ. ǀǨǺǪǥ, Ǧǟ ǜǦǣǩǟ ǫǟ ǣǳǵǟǯǧǱǲǜǱǷ ǲǭǫ ǋǣǲǟǢǧǢǟǨǲǭǯǧǨǺ 

Ǆǯǣǳǫǥǲǜ Ǩ. ǋǚǨǥ ǌǲǭǻǱǨǭ ǡǧǟ ǲǧǰ ǮǭǩǻǲǧǪǣǰ ǱǳǪǠǭǳǩǛǰ ǲǭǳ Ǩǟǧ ǲǥǫ 

ǨǟǦǭǢǜǡǥǱǜ ǲǭǳ, ǨǟǦǼǰ ǜǲǟǫ ǣǫǣǯǡǚ Ǳǲǭ Ǯǩǚǧ Ǫǭǳ ǟǮǺ ǲǥǫ ǟǯǵǜ ǪǛǵǯǧ ǲǭ ǲǛǩǭǰ 

ǲǥǰ ǮǟǯǭǻǱǟǰ ǢǧǮǩǷǪǟǲǧǨǜǰ ǣǯǡǟǱǝǟǰ. ǎǧ ǡǫǼǱǣǧǰ Ǩǟǧ ǭǧ ǧǢǛǣǰ ǲǭǳ ǟǮǭǲǛǩǣǱǟǫ 

Ǜǫǟǫ ǱǥǪǟǫǲǧǨǺ Ǯǟǯǚǡǭǫǲǟ Ǳǲǥǫ ǣǮǧǲǳǵǜ ǣǨǮǩǜǯǷǱǥ ǲǥǰ.  

 ǉǩǣǝǫǭǫǲǟǰ, Ǜǫǟ ǟǨǺǪǥ ǱǥǪǟǫǲǧǨǺ ǨǣǴǚǩǟǧǭ ǲǥǰ ǤǷǜǰ Ǫǭǳ, Ǧǟ ǜǦǣǩǟ ǫǟ 

ǣǳǵǟǯǧǱǲǜǱǷ ǲǭǳǰ Ǵǝǩǭǳǰ Ǫǭǳ, Ǯǟǩǟǧǭǻǰ Ǩǟǧ ǫǣǺǲǣǯǭǳǰ, ǡǧǟ ǲǥǫ ǳǮǭǱǲǜǯǧǬǥ Ǯǭǳ 

Ǫǭǳ Ǯǟǯǣǝǵǟǫ Ǩǟǲǚ ǲǥǫ ǢǧǚǯǨǣǧǟ ǲǷǫ ǴǭǧǲǥǲǧǨǼǫ Ǫǭǳ ǵǯǺǫǷǫ Ǩǟǧ ǡǧǟ ǲǧǰ 

ǟǬǛǵǟǱǲǣǰ ǱǲǧǡǪǛǰ Ǯǭǳ ǮǣǯǚǱǟǪǣ ǪǟǤǝ. 

 ǀǨǺǪǥ, ǭǴǣǝǩǷ ǫǟ ǣǳǵǟǯǧǱǲǜǱǷ ǲǭǳǰ Ǵǝǩǭǳǰ Ǩǟǧ ǱǳǪǴǭǧǲǥǲǛǰ Ǫǭǳ Ǳǲǭ 

ǋǣǲǟǮǲǳǵǧǟǨǺ ǏǯǺǡǯǟǪǪǟ, ǁǟǱǝǩǥ Ǩǟǧ ǃǥǪǜǲǯǥ, ǡǧǟ ǲǧǰ ǟǪǛǲǯǥǲǣǰ Ǽǯǣǰ Ǯǭǳ 

ǮǣǯǚǱǟǪǣ ǪǧǩǼǫǲǟǰ ǢǧǟǢǧǨǲǳǟǨǚ Ǳǲǟ ǵǯǺǫǧǟ ǲǭǳ Covid-19, ǡǧǟ ǲǟ ǪǟǦǜǪǟǲǟ ǲǭǳ 

ǃǏǋǑ. 

ǒǛǩǭǰ, ǲǭ Ǫǣǡǟǩǻǲǣǯǭ ǣǳǵǟǯǧǱǲǼ ǟǫǜǨǣǧ Ǳǲǭǳǰ ǡǭǫǣǝǰ Ǫǭǳ ǡǧǟ ǲǥǫ 

ǟǮǣǯǧǺǯǧǱǲǥ ǣǪǮǧǱǲǭǱǻǫǥ Ǩǟǧ ǲǥǫ ǟǢǧǚǨǭǮǥ ǱǲǜǯǧǬǥ ǲǭǳǰ Ǩǟǲǚ ǲǭ Ǳǻǫǭǩǭ ǲǷǫ 

ǟǨǟǢǥǪǟǸǨǼǫ Ǫǭǳ ǵǯǺǫǷǫ. 

 

 

ǋǣǩǨǺǫ ǕǟǲǱǧǨǧǚǫ, 

28 ǔǣǠǯǭǳǟǯǝǭǳ 2023 
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ǉǣǴǚǩǟǧǭ 1  

 

ǄǧǱǟǡǷǡǜ 

 

 

1.1 ǑǥǪǟǱǝǟ ǟǫǟǤǜǲǥǰ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ 

 

ǆ ǯǟǢǧǣǫǛǯǡǣǧǟ ǟǮǭǲǣǩǣǝ Ǫǝǟ ǪǭǯǴǜ ǣǫǛǯǡǣǧǟǰ, ǥ ǭǮǭǝǟ ǪǣǲǟǢǝǢǣǲǟǧ Ǳǣ 

ǪǭǯǴǜ ǨǳǪǚǲǷǫ ǜ ǱǷǪǟǲǧǢǝǷǫ, Ǩǟǧ ǢǧǟǵǷǯǝǤǣǲǟǧ Ǳǣ Ǩǟǲǥǡǭǯǝǣǰ ǟǫǚǩǭǡǟ Ǫǣ ǲǭ 

ǣǝǢǭǰ ǲǥǰ ǯǟǢǧǣǫǣǯǡǭǻǰ ǢǧǚǱǮǟǱǥǰ. ǆ ǯǟǢǧǣǫǛǯǡǣǧǟ ǪǮǭǯǣǝ ǫǟ Ǜǵǣǧ ǣǳǣǯǡǣǲǧǨǛǰ 

ǱǳǫǛǮǣǧǣǰ ǡǧǟ ǲǭǫ ǚǫǦǯǷǮǭ ǣǴǺǱǭǫ ǵǯǥǱǧǪǭǮǭǧǥǦǣǝ Ǳǣ ǪǧǨǯǛǰ ǢǺǱǣǧǰ Ǩǟǧ Ǫǣ 

ǟǱǴǚǩǣǧǟ, ǺǮǷǰ ǡǧǟ ǲǭǫ ǱǵǥǪǟǲǧǱǪǺ ǧǟǲǯǧǨǼǫ ǟǮǣǧǨǭǫǝǱǣǷǫ Ǩǟǧ ǲǥǫ 

ǟǫǲǧǪǣǲǼǮǧǱǥ ǟǱǦǣǫǣǧǼǫ. ǗǱǲǺǱǭ, ǥ ǛǨǦǣǱǥ Ǳǣ Ǫǣǡǚǩǥ ǮǭǱǺǲǥǲǟ ǯǟǢǧǣǫǛǯǡǣǧǟǰ 

ǪǮǭǯǣǝ ǫǟ ǟǮǭǠǣǝ ǨǟǲǟǱǲǯǭǴǧǨǜ ǡǧǟ ǭǮǭǧǟǢǜǮǭǲǣ ǪǭǯǴǜ ǤǷǜǰ. 

ǑǳǫǣǮǼǰ, ǡǝǫǣǲǟǧ ǨǟǲǟǫǭǥǲǺ ǲǭ ǮǺǱǭ ǱǥǪǟǫǲǧǨǜ ǣǝǫǟǧ ǥ ǟǫǟǤǜǲǥǱǥ Ǩǟǧ ǭ 

ǣǫǲǭǮǧǱǪǺǰ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, ǭǧ ǭǮǭǝǣǰ ǪǮǭǯǣǝ ǫǟ ǣǝǲǣ ǴǳǱǧǨǛǰ ǣǝǲǣ 

ǢǥǪǧǭǳǯǡǥǪǛǫǣǰ ǟǮǺ ǲǭǫ ǚǫǦǯǷǮǭ. ǋǣ ǲǭǫ ǣǫǲǭǮǧǱǪǺ ǟǳǲǼǫ ǲǷǫ ǮǥǡǼǫ, Ǫǟǰ 

Ǣǝǫǣǲǟǧ ǥ ǢǳǫǟǲǺǲǥǲǟ ǫǟ ǩǚǠǭǳǪǣ ǲǟ Ǩǟǲǚǩǩǥǩǟ ǪǛǲǯǟ ǼǱǲǣ ǫǟ ǮǯǭǱǲǟǲǛǶǭǳǪǣ 

ǲǥǫ ǟǫǦǯǼǮǧǫǥ ǤǷǜ, ǨǟǦǼǰ Ǩǟǧ ǲǭ ǮǣǯǧǠǚǩǩǭǫ. ǀǨǺǪǥ, ǥ ǢǯǟǱǲǥǯǧǺǲǥǲǟ ǲǷǫ 

ǮǥǡǼǫ, ǨǟǦǼǰ Ǩǟǧ ǲǷǫ ǴǟǧǫǭǪǛǫǷǫ Ǯǭǳ ǱǳǪǠǟǝǫǭǳǫ ǡǻǯǷ ǟǮǺ ǟǳǲǛǰ, ǟǮǭǲǣǩǭǻǫ 

ǟǫǲǧǨǣǝǪǣǫǭ Ǜǯǣǳǫǟǰ Ǩǟǧ ǟǮǟǱǵǺǩǥǱǥǰ ǣǫǺǰ ǪǛǯǭǳǰ ǲǥǰ ǣǮǧǱǲǥǪǭǫǧǨǜǰ 

ǨǭǧǫǺǲǥǲǟǰ. 

 

1.2 ǀǫǲǧǨǣǝǪǣǫǭ Ǩǟǧ ǑǳǫǣǧǱǴǭǯǚ ǲǥǰ ǄǯǡǟǱǝǟǰ 

 

ǆ ǟǫǟǤǜǲǥǱǥ ǯǟǢǧǣǫǣǯǡǼǫ ǮǥǡǼǫ ǨǚǲǷ ǟǮǺ ǲǥǫ ǣǮǧǴǚǫǣǧǟ ǲǥǰ ǦǚǩǟǱǱǟǰ, 

ǨǟǦǼǰ Ǩǟǧ ǥ ǵǟǯǲǭǡǯǚǴǥǱǥ ǲǷǫ ǣǮǧǮǛǢǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǳǮǚǯǵǭǳǫ Ǳǲǭǫ 

ǷǨǣǟǫǺ ǟǮǭǲǣǩǭǻǫ ǪǣǝǤǭǫǭǰ ǱǥǪǟǱǝǟǰ ǡǧǟ ǲǥǫ ǮǯǭǱǲǟǱǝǟ ǲǥǰ ǟǫǦǯǼǮǧǫǥǰ ǟǩǩǚ 

Ǩǟǧ ǲǥǰ ǳǮǭǦǟǩǩǚǱǧǟǰ ǤǷǜǰ. ǀǳǲǺǫ ǲǭǫ ǱǲǺǵǭ Ǜǵǣǧ Ǩǟǧ ǲǭ ǣǳǯǷǮǟǧǨǺ Ǜǯǡǭ 
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RAMONES: Advancing deep-ocean radioactivity monitoring to Environmental 

Intelligence status [1]. 

ǆ ǵǟǯǲǭǡǯǚǴǥǱǥ ǲǷǫ ǣǮǧǮǛǢǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǪǮǭǯǣǝ ǫǟ ǣǮǧǲǣǳǵǦǣǝ Ǫǣ 

ǲǥǫ ǵǯǜǱǥ ǳǮǭǦǟǩǚǱǱǧǷǫ ǭǵǥǪǚǲǷǫ, Ǳǲǟ ǭǮǭǝǟ Ǜǵǭǳǫ ǣǡǨǟǲǟǱǲǟǦǣǝ ǭǧ 

Ǩǟǲǚǩǩǥǩǭǧ ǟǧǱǦǥǲǜǯǣǰ ǪǛǲǯǥǱǥǰ. ƹǫǟ ǣǝǢǭǰ ǳǮǭǦǟǩǚǱǱǧǷǫ ǭǵǥǪǚǲǷǫ 

ǟǮǭǲǣǩǭǻǫ ǲǟ underwater gliders, ǲǟ ǭǮǭǝǟ ǮǯǭǱǴǛǯǭǳǫ ǱǥǪǟǫǲǧǨǚ 

ǮǩǣǭǫǣǨǲǜǪǟǲǟ ǱǳǡǨǯǧǲǧǨǚ Ǫǣ ǚǩǩǟ ǭǵǜǪǟǲǟ. ǆ Ǯǭǯǣǝǟ Ǯǭǳ Ǧǟ ǟǨǭǩǭǳǦǜǱǣǧ Ǜǫǟ 

ǟǳǲǺǫǭǪǭ ǺǵǥǪǟ ǮǯǭǨǟǦǭǯǝǤǣǲǟǧ ǟǮǺ ǲǭǫ ǵǯǜǱǲǥ ǱǳǫǟǯǲǜǱǣǧ ǲǷǫ ǟǮǟǧǲǜǱǣǷǫ 

ǡǧǟ ǲǥǫ ǱǷǱǲǜ ǨǚǩǳǶǥ ǣǫǺǰ ǺǡǨǭǳ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. ǗǱǲǺǱǭ, ǣǝǫǟǧ ǟǫǟǡǨǟǝǟ ǥ 

ǮǯǟǡǪǟǲǭǮǭǝǥǱǥ ǮǯǭǱǭǪǭǧǼǱǣǷǫ, Ǯǯǧǫ ǲǥǫ ǣǨǲǛǩǣǱǥ ǲǷǫ ǮǣǧǯǟǪǚǲǷǫ, 

ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǡǝǫǣǧ ǥ ǟǫǟǤǜǲǥǱǥ ǲǥǰ ǠǛǩǲǧǱǲǥǰ Ǯǭǯǣǝǟǰ ǲǷǫ ǳǮǭǦǟǩǚǱǱǧǷǫ 

ǭǵǥǪǚǲǷǫ. ǀǨǺǪǥ, ǪǛǱǷ ǲǥǰ ǮǯǭǱǭǪǭǝǷǱǥǰ, ǡǝǫǣǲǟǧ Ǣǳǫǟǲǜ ǥ ǣǨǲǝǪǥǱǥ ǲǷǫ 

ǪǣǲǯǜǱǣǷǫ Ǩǟǲǚ ǲǥǫ ǣǨǲǛǩǣǱǥ ǲǷǫ ǮǣǧǯǟǪǚǲǷǫ, ǱǳǫǟǯǲǜǱǣǧ ǲǷǫ ǢǧǟǴǭǯǣǲǧǨǼǫ 

ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǪǮǭǯǣǝ ǫǟ ǳǮǚǯǵǭǳǫ Ǳǲǭǫ ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. 

ǂǧǟ ǲǭǫ ǱǨǭǮǺ, ǟǳǲǺ, Ǳǲǥǫ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ ǳǩǭǮǭǧǭǻǪǣ 

ǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ ǲǷǫ ǟǫǟǪǣǫǺǪǣǫǷǫ ǲǧǪǼǫ ǪǛǲǯǥǱǥǰ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǟǮǺ 

ǲǭǳǰ ǟǧǱǦǥǲǜǯǣǰ, Ǳǣ ǱǳǫǚǯǲǥǱǥ Ǫǣ ǲǧǰ ǢǧǟǴǭǯǣǲǧǨǛǰ ǲǻǮǭǳ ǮǥǡǛǰ. ǄǮǧǮǯǭǱǦǛǲǷǰ, 

ǳǩǭǮǭǧǭǻǪǣ ǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ ǲǣǱǱǚǯǷǫ ǢǧǟǴǭǯǣǲǧǨǭǻ ǣǝǢǭǳǰ ǵǷǯǧǨǼǫ 

ǨǟǲǟǫǭǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ. ǀǨǺǪǥ, ǱǳǡǨǯǝǫǭǳǪǣ ǲǟ ǢǧǟǴǭǯǣǲǧǨǚ ǣǝǢǥ ǲǯǭǵǧǼǫ 

ǲǷǫ underwater gliders ǱǳǫǟǯǲǜǱǣǧ Ǫǣ ǲǥǫ Ǩǟǩǻǲǣǯǥ ǨǚǩǳǶǥ ǲǭǳ ǵǼǯǭǳ 

ǟǫǟǤǜǲǥǱǥǰ Ǩǟǧ ǲǭǫ ǵǯǺǫǭ Ǯǭǳ ǟǮǟǧǲǣǝǲǟǧ ǡǧǟ ǲǥǫ ǭǩǭǨǩǜǯǷǱǥ ǟǳǲǼǫ. ǒǛǩǭǰ, 

ǵǯǥǱǧǪǭǮǭǧǭǻǪǣ ǲǥǫ ǲǣǵǫǧǨǜ ǲǭǳ interpolation ǡǧǟ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǲǷǫ ǲǧǪǼǫ 

ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǣ ǮǣǯǧǭǵǛǰ, ǲǧǰ ǭǮǭǝǣǰ ǭǧ ǮǯǭǨǟǦǭǯǧǱǪǛǫǣǰ ǲǯǭǵǧǛǰ ǲǷǫ 

underwater gliders Ǣǣǫ ǮǣǯǧǣǩǚǪǠǟǫǟǫ. ǂǧǟ ǲǥǫ ǠǣǩǲǝǷǱǥ ǟǳǲǼǫ ǲǷǫ 

ǟǮǭǲǣǩǣǱǪǚǲǷǫ Ǩǟǧ ǲǥǫ ǪǣǝǷǱǥ ǲǭǳ ǟǮǟǧǲǭǻǪǣǫǭǳ ǵǯǺǫǭǳ ǣǨǲǛǩǣǱǥǰ, 

ǢǥǪǧǭǳǯǡǭǻǪǣ Ǩǟǧ ǵǯǥǱǧǪǭǮǭǧǭǻǪǣ Ǜǫǟ ǮǩǜǯǷǰ ǱǳǫǢǣǢǣǪǛǫǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ, 

ǺǮǷǰ Ǧǟ ǢǣǝǬǭǳǪǣ Ǳǲǥǫ Ǳǻǫǣǵǣǧǟ ǲǥǰ ǣǯǡǟǱǝǟǰ. 

 

1.3 ǃǭǪǜ ǲǥǰ ǄǯǡǟǱǝǟǰ 

 

Ǒǲǭ ǨǣǴǚǩǟǧǭ 2 ǮǟǯǭǳǱǝǟǤǭǳǪǣ ǲǭ ǦǣǷǯǥǲǧǨǺ ǳǮǺǠǟǦǯǭ, Ǳǲǭ ǭǮǭǝǭ 

ǱǲǥǯǝǵǦǥǨǣ ǥ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ. ǏǟǯǟǦǛǲǭǳǪǣ ǮǩǥǯǭǴǭǯǝǣǰ ǡǧǟ ǲǟ 

underwater gliders Ǩǟǧ ǲǧǰ ǪǣǦǺǢǭǳǰ Ǫǣ ǲǧǰ ǭǮǭǝǣǰ ǣǮǧǲǳǡǵǚǫǭǳǫ ǲǥǫ ǨǝǫǥǱǜ ǲǭǳǰ 

Ǳǲǭ ǫǣǯǺ. ǀǨǺǪǥ, ǮǟǯǭǳǱǧǚǤǭǳǪǣ ǲǭǫ ǲǯǺǮǭ ǩǣǧǲǭǳǯǡǝǟǰ ǣǫǺǰ ǮǩǜǯǷǰ 

ǢǧǟǱǳǫǢǣǢǪǛǫǭǳ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ, ǨǟǦǼǰ Ǩǟǧ ǮǯǭǡǣǫǛǱǲǣǯǣǰ Ǜǯǣǳǫǣǰ ǱǵǣǲǧǨǚ 

Ǫǣ ǲǥǫ ǱǻǫǦǣǱǥ ǣǬǺǢǭǳ ǟǮǺ ǟǯǟǧǚ Ǳǻǫǭǩǭ ǢǣǢǭǪǛǫǷǫ ǣǧǱǺǢǭǳ Ǩǟǧ ǲǥǫ ǟǻǬǥǱǥ 

ǲǷǫ ǢǧǟǱǲǚǱǣǷǫ ǲǥǰ ǣǧǱǺǢǭǳ Ǫǣ ǲǥǫ ǵǯǜǱǥ ǲǥǰ ǲǣǵǫǧǨǜǰ ǲǭǳ positional encoding. 
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Ǒǲǭ ǨǣǴǚǩǟǧǭ 3 ǮǟǯǭǳǱǧǚǤǭǳǪǣ ǲǥǫ ǱǵǣǢǝǟǱǥ ǲǭǳ ǺǡǨǭǳ ǣǫǢǧǟǴǛǯǭǫǲǭǰ 

Ǩǟǧ ǲǭǫ ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders. ǀǨǺǪǥ, ǮǟǯǭǳǱǧǚǤǭǳǪǣ ǲǟ ǢǧǟǴǭǯǣǲǧǨǚ 

ǣǝǢǥ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǮǯǭǱǦǛǱǟǪǣ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ Ǫǟǰ. ǒǛǩǭǰ, 

ǮǟǯǭǳǱǧǚǤǭǳǪǣ Ǩǟǧ Ǣǻǭ ǢǧǟǴǭǯǣǲǧǨǛǰ ǪǣǦǺǢǭǳǰ ǮǟǯǣǪǠǭǩǜǰ Ǯǭǳ 

ǵǯǥǱǧǪǭǮǭǧǜǱǟǪǣ ǡǧǟ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǚǡǫǷǱǲǷǫ ǲǧǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǪǛǱǟ Ǳǲǭǫ 

ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. 

Ǒǲǭ ǨǣǴǚǩǟǧǭ 4 ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǥǰ ǮǯǭǱǭǪǭǝǷǱǥǰ 

ǲǷǫ ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders Ǩǟǧ ǲǷǫ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ. ǀǨǺǪǥ, 

ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ Ǩǟǧ ǱǵǭǩǧǚǤǭǫǲǟǧ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǷǫ ǪǣǦǺǢǷǫ ǮǟǯǣǪǠǭǩǜǰ. 

Ǒǲǭ ǨǣǴǚǩǟǧǭ 5 ǮǟǯǟǦǛǲǭǳǪǣ ǲǟ ǠǜǪǟǲǟ Ǯǭǳ ǟǨǭǩǭǳǦǜǱǟǪǣ 

ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǨǟǲǟǩǜǬǭǳǪǣ Ǳǲǥǫ ǲǣǩǧǨǜ ǟǯǵǧǲǣǧǨǲǭǫǧǨǜ ǲǭǳ ǫǣǳǯǷǫǧǨǭǻ 

ǢǧǨǲǻǭǳ Ǯǭǳ ǟǫǟǮǲǻǬǟǪǣ. 

Ǒǲǭ ǨǣǴǚǩǟǧǭ 6 ǱǳǫǭǶǝǤǭǳǪǣ ǲǥǫ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ Ǩǟǧ 

ǮǟǯǟǦǛǲǭǳǪǣ ǮǧǦǟǫǛǰ ǪǣǩǩǭǫǲǧǨǛǰ ǨǟǲǣǳǦǻǫǱǣǧǰ, ǡǧǟ ǲǥǫ ǮǣǯǟǧǲǛǯǷ ǟǫǚǮǲǳǬǥ ǲǥǰ 

ǮǯǭǱǭǪǭǧǼǱǥǰ Ǯǭǳ ǮǯǟǡǪǟǲǭǮǭǧǜǱǟǪǣ.  
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ǉǣǴǚǩǟǧǭ 2  

 

ǇǣǷǯǥǲǧǨǺ ǓǮǺǠǟǦǯǭ 

 

 

2.1 ǄǧǱǟǡǷǡǜ Ǳǲǟ underwater gliders 
 

ǒǟ underwater gliders ǟǮǭǲǣǩǭǻǫ ǟǳǲǺǫǭǪǟ ǳǮǭǦǟǩǚǱǱǧǟ ǭǵǜǪǟǲǟ, ǲǟ 

ǭǮǭǝǟ ǣǨǪǣǲǟǩǩǣǻǭǫǲǟǧ ǲǥǫ ǮǩǣǳǱǲǺǲǥǲǟ ǲǭǳǰ ǡǧǟ ǫǟ ǨǧǫǥǦǭǻǫ ǪǛǱǟ Ǳǲǭ ǫǣǯǺ [2]. 

Ǒǣ ǟǫǲǝǦǣǱǥ Ǫǣ ǲǟ Ǯǧǭ ǮǟǯǟǢǭǱǧǟǨǚ ǳǮǭǦǟǩǚǱǱǧǟ ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ Ǯǭǳ 

ǵǯǥǱǧǪǭǮǭǧǭǻǫ ǨǚǮǭǧǭǫ Ǩǧǫǥǲǜǯǟ ǼǱǲǣ ǫǟ ǩǚǠǭǳǫ ǼǦǥǱǥ Ǩǟǧ ǫǟ ǨǧǫǥǦǭǻǫ Ǳǲǭ 

ǫǣǯǺ, ǲǟ underwater gliders ǪǣǲǟǠǚǩǩǭǳǫ ǲǭ ǨǛǫǲǯǭ Ǡǚǯǭǳǰ ǲǭǳǰ, ǼǱǲǣ ǫǟ 

Ǯǣǲǻǵǭǳǫ ǚǫǷǱǥ Ǩǟǧ ǠǻǦǧǱǥ, ǨǟǦǼǰ Ǩǟǧ ǲǟ Ǯǲǣǯǻǡǧǟ ǲǭǳǰ ǡǧǟ ǫǟ ǪǣǲǟǲǯǛǶǭǳǫ ǲǥǫ 

ǨǚǦǣǲǥ ǨǝǫǥǱǥ Ǳǣ ǭǯǧǤǺǫǲǧǟ Ǩǟǧ ǟǫǲǝǱǲǯǭǴǟ. ǒǭ ǱǵǜǪǟ ǣǫǺǰ underwater glider 

ǣǝǫǟǧ ǮǟǯǺǪǭǧǭ Ǫǣ ǟǳǲǺ Ǫǝǟǰ ǲǭǯǮǝǩǥǰ, Ǽǫǲǟǰ ǪǟǨǯǻ Ǩǟǧ ǩǣǮǲǺ ǺǮǷǰ Ǵǟǝǫǣǲǟǧ 

Ǳǲǥǫ ǣǧǨǺǫǟ 2.1. Ǒǣ ǟǳǲǚ ǪǮǭǯǭǻǫ ǫǟ ǣǡǨǟǲǟǱǲǥǦǭǻǫ ǢǧǟǴǭǯǣǲǧǨǭǻ ǣǝǢǭǳǰ 

ǟǧǱǦǥǲǜǯǣǰ Ǩǟǧ ǨǚǪǣǯǣǰ, ǟǫǚǩǭǡǟ Ǫǣ ǲǭ ǲǧ ǦǛǩǣǧ ǭ ǵǯǜǱǲǥǰ ǫǟ ǣǫǲǭǮǝǱǣǧ ǨǚǲǷ 

ǟǮǺ ǲǥǫ ǣǮǧǴǚǫǣǧǟ ǲǥǰ ǦǚǩǟǱǱǟǰ. ǒǛǩǭǰ, ǥ ǲǯǭǵǧǚ Ǯǭǳ Ǧǟ ǟǨǭǩǭǳǦǜǱǭǳǫ ǣǝǫǟǧ 

ǮǯǭǨǟǦǭǯǧǱǪǛǫǥ Ǯǯǧǫ ǟǮǺ ǲǥǫ ǛǫǟǯǬǥ ǲǥǰ ǨǝǫǥǱǥǰ ǲǭǳǰ. 

 

 

ǑǵǜǪǟ 2.1: ǋǭǯǴǜ ǣǫǺǰ underwater glider 
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ǒǭ Ǯǧǭ ǱǥǪǟǫǲǧǨǺ ǮǩǣǭǫǛǨǲǥǪǟ Ǯǭǳ ǮǯǭǱǴǛǯǭǳǫ ǲǟ ǱǳǡǨǣǨǯǧǪǛǫǟ 

ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ ǣǝǫǟǧ ǥ ǵǟǪǥǩǜ ǨǟǲǟǫǚǩǷǱǥ ǣǫǛǯǡǣǧǟǰ. ƼǮǷǰ ǮǣǯǧǡǯǚǶǟǪǣ 

ǮǟǯǟǮǚǫǷ, ǵǯǥǱǧǪǭǮǭǧǭǻǫ Ǩǟǲǚ Ǩǻǯǧǭ ǩǺǡǭ ǲǥǫ ǪǣǲǟǠǭǩǜ ǲǭǳ ǨǛǫǲǯǭǳ Ǡǚǯǭǳǰ 

ǲǭǳǰ ǡǧǟ ǫǟ Ǯǣǲǻǵǭǳǫ ǲǥǫ ǨǝǫǥǱǜ ǲǭǳǰ. ǑǳǫǣǮǼǰ, ǥ ǣǩǚǵǧǱǲǥ ǵǯǜǱǥ ǣǫǺǰ 

Ǩǧǫǥǲǜǯǟ, ǭ ǭǮǭǝǭǰ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ ǪǺǫǭ ǡǧǟ Ǫǝǟ ǪǧǨǯǜ ǟǯǵǧǨǜ ǼǦǥǱǥ, ǭǢǥǡǣǝ 

Ǳǣ ǵǟǪǥǩǜ ǵǯǜǱǥ ǲǥǰ ǪǮǟǲǟǯǝǟǰ Ǯǭǳ ǢǧǟǦǛǲǭǳǫ. ǀǮǭǲǛǩǣǱǪǟ ǟǳǲǭǻ ǣǝǫǟǧ ǥ 

ǢǳǫǟǲǺǲǥǲǟ ǲǭǳǰ ǫǟ ǮǟǯǟǪǣǝǫǭǳǫ ǨǚǲǷ ǟǮǺ ǲǥǫ ǣǮǧǴǚǫǣǧǟ ǲǥǰ ǦǚǩǟǱǱǟǰ ǡǧǟ Ǯǭǩǻ 

Ǫǣǡǚǩǟ ǵǯǭǫǧǨǚ ǢǧǟǱǲǜǪǟǲǟ, ǢǝǵǷǰ ǫǟ ǟǮǟǧǲǭǻǫ ǴǺǯǲǧǱǥ ǜ ǟǩǩǟǡǜ ǲǥǰ 

ǪǮǟǲǟǯǝǟǰ ǲǭǳǰ. 

ǗǱǲǺǱǭ, ǳǮǚǯǵǭǳǫ Ǩǟǧ ǭǯǧǱǪǛǫǭǧ ǮǣǯǧǭǯǧǱǪǭǝ Ǩǟǲǚ ǲǥǫ ǣǮǧǩǭǡǜ ǲǥǰ 

ǵǯǜǱǥǰ ǲǷǫ ǱǳǡǨǣǨǯǧǪǛǫǷǫ ǭǵǥǪǚǲǷǫ. ǁǟǱǧǨǺ ǮǣǯǧǭǯǧǱǪǺ ǟǮǭǲǣǩǣǝ ǥ ǪǧǨǯǜ 

ǲǟǵǳǲǜǲǟ ǨǝǫǥǱǥǰ, ǟǴǭǻ ǲǭ ǪǛǡǧǱǲǭ Ǯǭǳ ǪǮǭǯǣǝ ǫǟ ǴǲǚǱǣǧ ǣǝǫǟǧ ǮǣǯǝǮǭǳ Ǳǲǟ 2 

ǵǧǩǧǺǪǣǲǯǟ ǟǫǚ Ǽǯǟ. ǑǳǫǣǮǼǰ, ǟǳǲǺ Ǣǣǫ ǲǟ Ǩǚǫǣǧ Ǩǟǲǚǩǩǥǩǟ ǡǧǟ ǲǥǫ 

ǮǟǯǟǨǭǩǭǻǦǥǱǥ ǱǲǺǵǷǫ, ǭǧ ǭǮǭǝǭǧ Ǩǧǫǭǻǫǲǟǧ Ǫǣ Ǫǣǡǟǩǻǲǣǯǥ ǲǟǵǻǲǥǲǟ ǟǮǺ 

ǟǳǲǜǫ. ƹǫǟ ǟǨǺǪǥ ǪǣǧǭǫǛǨǲǥǪǟ ǟǮǭǲǣǩǣǝ ǥ ǲǯǭǮǭǮǭǝǥǱǥ ǲǥǰ ǨǟǲǣǻǦǳǫǱǥǰ ǲǭǳǰ, 

ǨǟǦǼǰ ǟǮǟǧǲǣǝ ǱǥǪǟǫǲǧǨǺ ǵǯǺǫǭ ǟǴǭǻ ǵǯǥǱǧǪǭǮǭǧǭǻǫ ǲǥǫ ǟǩǩǟǡǜ ǲǭǳ ǨǛǫǲǯǭǳ 

Ǡǚǯǭǳǰ ǲǭǳǰ Ǩǟǧ ǲǟ Ǯǲǣǯǻǡǧǟ ǲǭǳǰ, Ǳǣ ǟǫǲǝǦǣǱǥ Ǫǣ ǚǩǩǟ ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ Ǯǭǳ 

ǠǟǱǝǤǭǫǲǟǧ ǪǺǫǭ Ǳǲǭǫ Ǩǧǫǥǲǜǯǟ ǲǭǳǰ ǡǧǟ ǲǥǫ ǟǩǩǟǡǜ ǨǟǲǣǻǦǳǫǱǥǰ. ǒǛǩǭǰ, ǲǟ 

underwater gliders ǢǧǟǦǛǲǭǳǫ ǩǧǡǺǲǣǯǭ ǵǼǯǭ ǡǧǟ ǲǥǫ ǣǡǨǟǲǚǱǲǟǱǥ Ǩǟǧ 

ǪǣǲǟǴǭǯǚ ǭǯǡǚǫǷǫ ǪǛǲǯǥǱǥǰ ǱǳǡǨǯǧǲǧǨǚ Ǫǣ ǚǩǩǟ ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ, Ǩǚǲǧ Ǯǭǳ 

ǮǣǯǧǭǯǝǤǣǧ ǲǥǫ ǢǳǫǟǲǺǲǥǲǟ ǲǭǳǰ ǫǟ ǵǯǥǱǧǪǭǮǭǧǥǦǭǻǫ Ǳǣ Ǯǧǭ ǱǻǫǦǣǲǣǰ Ǜǯǣǳǫǣǰ, 

ǺǮǭǳ ǟǫǲǧǨǣǧǪǛǫǭ ǣǝǫǟǧ ǥ ǮǟǯǟǨǭǩǭǻǦǥǱǥ ǮǣǯǧǱǱǭǲǛǯǷǫ ǟǮǺ Ǜǫǟ ǴǟǧǫǭǪǛǫǷǫ. 

ǑǳǫǭǩǧǨǚ, ǲǟ underwater gliders ǣǝǫǟǧ Ǩǟǲǚǩǩǥǩǟ ǡǧǟ Ǜǯǣǳǫǣǰ, Ǩǟǲǚ ǲǧǰ 

ǭǮǭǝǣǰ ǥ ǢǳǫǟǲǺǲǥǲǟ ǲǥǰ ǮǟǯǟǪǭǫǜǰ ǲǭǳǰ ǪǛǱǟ Ǳǲǥǫ ǦǟǩǚǱǱǟ ǡǧǟ Ǫǣǡǟǩǻǲǣǯǥǰ 

ǢǧǚǯǨǣǧǟǰ ǮǣǯǧǺǢǭǳǰ ǣǝǫǟǧ Ǯǧǭ ǱǥǪǟǫǲǧǨǜ ǟǮǺ ǲǥǫ ǳǶǥǩǜ ǲǟǵǻǲǥǲǟ ǜ ǲǥǫ 

ǡǯǜǡǭǯǥ ǟǩǩǟǡǜ ǨǟǲǣǻǦǳǫǱǥǰ Ǯǭǳ ǮǯǭǱǴǛǯǭǳǫ ǚǩǩǟ ǟǳǲǺǫǭǪǟ ǳǮǭǦǟǩǩǚǱǧǟ 

ǭǵǜǪǟǲǟ ǮǩǭǜǡǥǱǥǰ. ǆ ǵǯǜǱǥ ǲǷǫ underwater gliders ǮǣǯǧǩǟǪǠǚǫǣǧ Ǩǟǲǚ Ǩǻǯǧǭ 

ǩǺǡǭ ǲǥǫ Ǜǯǣǳǫǟ ǲǷǫ ǷǨǣǟǫǼǫ, ǲǥǫ ǮǟǯǟǨǭǩǭǻǦǥǱǥ ǲǭǳ ǮǣǯǧǠǚǩǩǭǫǲǭǰ, ǨǟǦǼǰ 

Ǩǟǧ ǲǥǫ ǟǬǧǭǮǭǝǥǱǥ ǲǭǳǰ ǡǧǟ ǱǲǯǟǲǧǷǲǧǨǭǻǰ ǱǨǭǮǭǻǰ. 

 

2.2 ǉǧǫǥǪǟǲǧǨǜ ǲǷǫ underwater gliders 
 

 ǒǟ underwater gliders, ǺǮǷǰ ǟǫǟǴǛǯǟǪǣ ǮǟǯǟǮǚǫǷ, ǵǯǥǱǧǪǭǮǭǧǭǻǫ ǲǥǫ 

ǟǩǩǟǡǜ ǲǭǳ ǨǛǫǲǯǭǳ Ǡǚǯǭǳǰ ǲǭǳǰ, ǲǥǫ ǟǩǩǟǡǜ ǲǥǰ ǨǟǲǣǻǦǳǫǱǥǰ ǲǷǫ ǮǲǣǯǳǡǝǷǫ 

ǲǭǳǰ, ǨǟǦǼǰ Ǩǟǧ Ǫǝǟ ǣǩǚǵǧǱǲǥ ǼǦǥǱǥ ǟǮǺ Ǜǫǟǫ Ǩǧǫǥǲǜǯǟ ǡǧǟ ǲǥǫ ǣǮǝǲǣǳǬǥ ǲǥǰ 

ǨǝǫǥǱǜǰ ǲǭǳǰ [3], [4]. 

ǗǱǲǺǱǭ, Ǫǝǟ Ǯǭǩǻ ǱǥǪǟǫǲǧǨǜ ǮǟǯǚǪǣǲǯǭǰ ǡǧǟ ǲǭǫ ǨǟǦǭǯǧǱǪǺ ǲǥǰ ǨǝǫǥǱǜǰ 

ǲǭǳǰ ǟǮǭǲǣǩǣǝ ǲǭ pitch angle. ǒǭ pitch angle ǣǝǫǟǧ ǥ ǡǷǫǝǟ Ǯǭǳ ǱǵǥǪǟǲǝǤǣǲǟǧ 
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ǪǣǲǟǬǻ ǲǭǳ ǚǬǭǫǟ Ǯǭǳ Ǩǧǫǣǝǲǟǧ Ǯǟǯǚǩǩǥǩǟ ǲǭ ǺǵǥǪǟ Ǩǟǧ ǲǭǳ ǭǯǧǤǺǫǲǧǭǳ ǚǬǭǫǟ. 

ǋǣ ǲǭ pitch angle ǨǟǦǭǯǝǤǣǲǟǧ ǲǭ ǠǚǦǭǰ ǮǩǣǻǱǥǰ ǲǭǳ underwater glider Ǩǟǧ 

ǲǯǭǮǭǮǭǧǣǝǲǟǧ Ǫǣ ǲǥǫ ǟǩǩǟǡǜ ǲǥǰ ǡǷǫǝǟǰ ǲǷǫ ǮǲǣǯǳǡǝǷǫ ǲǭǳ ǭǵǜǪǟǲǭǰ. ǒǭ pitch 

angle ǪǮǭǯǣǝ ǫǟ ǩǚǠǣǧ ǲǧǪǛǰ ǟǮǺ -25Ü ǣǼǰ 25Ü. Ƽǲǟǫ ǲǭ pitch angle ǣǝǫǟǧ ǦǣǲǧǨǺ, 

ǲǺǲǣ ǣǮǧǲǳǡǵǚǫǣǲǟǧ ǥ ǚǫǷǱǥ ǲǭǳ ǭǵǜǪǟǲǭǰ, ǣǫǼ ǥ ǠǻǦǧǱǥ ǮǯǟǡǪǟǲǭǮǭǧǣǝǲǟǧ Ǻǲǟǫ 

ǲǭ pitch angle ǣǝǫǟǧ ǟǯǫǥǲǧǨǺ. ǉǟǲǚ ǲǥǫ ǮǩǣǻǱǥ ǲǭǳǰ, ǲǟ ǱǳǡǨǣǨǯǧǪǛǫǟ ǭǵǜǪǟǲǟ 

ǮǩǭǜǡǥǱǥǰ ǲǯǭǮǭǮǭǧǭǻǫ ǲǭ pitch angle ǪǣǲǟǬǻ ǦǣǲǧǨǭǻ Ǩǟǧ ǟǯǫǥǲǧǨǭǻ, ǼǱǲǣ ǫǟ 

ǣǮǧǲǻǡǵǭǳǫ ǲǥǫ Ǯǭǯǣǝǟ Ǯǭǳ ǲǭǳǰ Ǜǵǣǧ ǮǯǭǨǟǦǭǯǧǱǲǣǝ. ǑǳǫǣǮǼǰ, ǲǭ pitch angle 

ǣǝǫǟǧ Ǫǝǟ ǮǟǯǚǪǣǲǯǭǰ Ǫǣ ǲǥǫ ǭǮǭǝǟ ǪǮǭǯǣǝ ǫǟ ǣǩǣǡǵǦǣǝ ǲǭ ǠǚǦǭǰ ǮǩǣǻǱǥǰ Ǩǟǧ ǥ 

ǲǟǵǻǲǥǲǟ ǲǭǳ ǭǵǜǪǟǲǭǰ. 

ǆ ǟǩǩǟǡǜ ǲǭǳ ǨǛǫǲǯǭǳ Ǡǚǯǭǳǰ, ǥ ǲǯǭǮǭǮǭǝǥǱǥ ǲǥǰ ǡǷǫǝǟǰ ǲǷǫ ǮǲǣǯǳǡǝǷǫ 

Ǩǟǧ ǣǮǟǨǭǩǭǻǦǷǰ ǲǭǳ pitch angle, ǨǟǦǼǰ Ǩǟǧ ǥ ǪǧǨǯǜ ǼǦǥǱǥ ǟǮǺ Ǜǫǟǫ Ǩǧǫǥǲǜǯǟ, 

ǟǮǭǲǣǩǭǻǫ ǲǟ ǠǟǱǧǨǚ ǵǟǯǟǨǲǥǯǧǱǲǧǨǚ, ǼǱǲǣ ǲǟ underwater gliders ǫǟ ǪǮǭǯǭǻǫ 

ǫǟ ǣǮǧǲǻǡǵǭǳǫ ǭǯǧǤǺǫǲǧǟ Ǩǟǧ ǨǚǦǣǲǥ ǨǝǫǥǱǥ, ǺǮǷǰ Ǩǟǧ ǲǥǫ ǟǩǩǟǡǜ ǨǟǲǣǻǦǳǫǱǥǰ 

ǡǻǯǷ ǟǮǺ Ǜǫǟǫ ǚǬǭǫǟ ǨǚǦǣǲǭ Ǳǣ ǟǳǲǚ. ǗǱǲǺǱǭ, Ǣǝǫǣǲǟǧ ǥ ǢǳǫǟǲǺǲǥǲǟ ǲǭǳ 

ǱǳǫǢǧǟǱǪǭǻ ǲǷǫ ǮǟǯǟǮǚǫǷ ǨǧǫǜǱǣǷǫ, ǡǧǟ ǲǥǫ ǣǮǝǲǣǳǬǥ Ǯǧǭ ǱǻǫǦǣǲǷǫ ǲǯǭǵǧǼǫ. 

Ǒǲǥǫ ǮǟǯǭǻǱǟ ǣǯǡǟǱǝǟ ǟǬǧǭǮǭǧǭǻǪǣ ǟǳǲǜǫ ǲǥǫ ǢǳǫǟǲǺǲǥǲǟ ǡǧǟ ǫǟ ǣǬǣǲǚǱǭǳǪǣ 

Ǣǻǭ ǱǻǫǦǣǲǣǰ ǨǧǫǜǱǣǧǰ, ǺǮǷǰ ǲǥǫ ǢǧǟǡǼǫǧǟ Ǩǟǧ ǲǥǫ ǱǮǧǯǷǲǜ ǨǝǫǥǱǥ. ǎǧ 

ǱǳǡǨǣǨǯǧǪǛǫǣǰ ǲǯǭǵǧǛǰ ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ Ǳǲǟ ǱǵǜǪǟǲǟ 2.2 Ǩǟǧ 2.3 ǟǫǲǝǱǲǭǧǵǟ. 

 

 

ǑǵǜǪǟ 2.2: ǃǧǟǡǼǫǧǟ ǨǝǫǥǱǥ ǣǫǺǰ underwater glider 
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ǑǵǜǪǟ 2.3: ǑǮǧǯǷǲǜ ǨǝǫǥǱǥ ǣǫǺǰ underwater glider 

 

2.3 Multilayer Perceptron 
 

ǒǭ multilayer perceptron (MLP) ǟǮǭǲǣǩǣǝ Ǜǫǟ ǣǝǢǭǰ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ, 

ǲǭ ǭǮǭǝǭ ǟǮǭǲǣǩǣǝǲǟǧ ǟǮǺ ǣǮǝǮǣǢǟ ǢǧǟǱǳǫǢǣǪǛǫǷǫ ǪǣǲǟǬǻ ǲǭǳǰ ǨǺǪǠǷǫ. ǉǚǦǣ 

ǨǺǪǠǭǰ ǜ ǫǣǳǯǼǫǟǰ ǩǟǪǠǚǫǣǧ ǮǣǯǧǱǱǺǲǣǯǣǰ ǟǮǺ Ǫǝǟ ǣǧǱǺǢǭǳǰ, ǲǧǰ ǣǮǣǬǣǯǡǚǤǣǲǟǧ 

Ǩǟǧ Ǯǟǯǚǡǣǧ Ǜǫǟ ǟǮǭǲǛǩǣǱǪǟ, ǲǭ ǭǮǭǝǭ Ǩǟǧ ǟǮǭǱǲǛǩǩǣǧ Ǳǲǭǳǰ ǨǺǪǠǭǳǰ ǲǭǳ 

ǣǮǺǪǣǫǭǳ ǣǮǧǮǛǢǭǳ. ǒǟ MLP ǟǮǭǲǣǩǭǻǫǲǟǧ ǟǮǺ ǲǭ ǣǮǝǮǣǢǭ ǣǧǱǺǢǭǳ, Ǜǫǟ ǜ 

ǮǣǯǧǱǱǺǲǣǯǟ ǨǯǳǴǚ ǣǮǝǮǣǢǟ Ǩǟǧ ǲǭ ǣǮǝǮǣǢǭ ǣǬǺǢǭǳ. ǆ ǟǯǵǧǲǣǨǲǭǫǧǨǜ ǣǫǺǰ MLP 

ǮǟǯǭǳǱǧǚǤǣǲǟǧ Ǳǲǥǫ ǣǧǨǺǫǟ 2.4. 

ǉǟǲǚ ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǲǭǳ forward pass, ǲǭ ǣǮǝǮǣǢǭ ǣǧǱǺǢǭǳ ǩǟǪǠǚǫǣǧ ǲǥǫ 

ǣǝǱǭǢǭ ǟǮǺ ǲǥǫ ǵǯǜǱǲǥ ǜ ǲǭ ǱǻǱǲǥǪǟ Ǩǟǧ ǲǭ ǮǯǭǷǦǣǝ Ǳǲǭ ǣǮǺǪǣǫǭ ǣǮǝǮǣǢǭ. 

ǉǚǦǣ ǨǺǪǠǭǰ ǣǝǫǟǧ ǳǮǣǻǦǳǫǭǰ ǫǟ ǮǯǟǡǪǟǲǭǮǭǧǜǱǣǧ ǱǳǡǨǣǨǯǧǪǛǫǭǳǰ 

ǳǮǭǩǭǡǧǱǪǭǻǰ ǮǚǫǷ Ǳǲǧǰ ǣǧǱǺǢǭǳǰ Ǯǭǳ ǛǩǟǠǣ ǟǫǚǩǭǡǟ Ǫǣ ǲǟ Ǡǚǯǥ ǲǭǳ (weights) 

Ǩǟǧ ǨǚǮǭǧǣǰ ǱǲǟǦǣǯǛǰ ǮǯǟǡǪǟǲǧǨǛǰ ǲǧǪǛǰ (bias) Ǩǟǧ ǫǟ ǣǴǟǯǪǺǱǣǧ Ǫǝǟ ǱǳǫǚǯǲǥǱǥ 

ǣǫǣǯǡǭǮǭǝǥǱǥǰ (activation function) Ǳǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ. ǒǭ ǣǮǝǮǣǢǭ ǣǬǺǢǭǳ 

ǣǝǫǟǧ ǟǳǲǺ Ǯǭǳ Ǯǟǯǚǡǣǧ ǲǭ ǟǮǭǲǛǩǣǱǪǟ ǲǭǳ ǢǧǨǲǻǭǳ Ǩǟǧ ǪǮǭǯǣǝ ǫǟ ǟǮǭǲǣǩǣǝǲǟǧ 

ǟǮǺ Ǫǝǟ ǜ ǮǣǯǧǱǱǺǲǣǯǣǰ ǣǬǺǢǭǳǰ, ǟǫǚǩǭǡǟ Ǫǣ ǲǭ ǲǧ Ǜǵǣǧ ǨǟǦǭǯǝǱǣǧ ǭ ǵǯǜǱǲǥǰ 

Ǩǟǲǚ ǲǭǫ ǟǯǵǧǨǺ ǱǵǣǢǧǟǱǪǺ ǲǭǳ ǢǧǨǲǻǭǳ. 

ǉǟǲǚ ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ ǲǭǳ ǢǧǨǲǻǭǳ, ǲǟ Ǡǚǯǥ ǲǭǳ ǨǚǦǣ ǨǺǪǠǭǳ, ǨǟǦǼǰ Ǩǟǧ 

ǲǟ biases, ǪǣǲǟǠǚǩǩǭǫǲǟǧ ǱǻǪǴǷǫǟ Ǫǣ ǲǥǫ ǢǧǟǴǭǯǚ ǲǭǳ ǩǚǦǭǳǰ ǲǥǰ ǣǬǺǢǭǳ ǲǭǳ 

MLP Ǩǟǧ ǲǥǰ ǣǮǧǦǳǪǥǲǜǰ ǣǬǺǢǭǳ, Ǳǣ Ǫǝǟ ǢǧǟǢǧǨǟǱǝǟ Ǯǭǳ ǭǫǭǪǚǤǣǲǟǧ 

backpropagation. ǆ ǱǳǫǚǯǲǥǱǥ ǩǚǦǭǳǰ Ǩǟǧ ǥ ǱǳǫǚǯǲǥǱǥ Ǯǭǳ ǟǫǟǩǟǪǠǚǫǣǧ ǲǥǫ 

ǪǣǲǟǠǭǩǜ ǲǷǫ ǠǟǯǼǫ Ǩǟǧ ǲǷǫ biases (optimizer) ǭǯǝǤǭǫǲǟǧ ǟǮǺ ǲǭǫ ǵǯǜǱǲǥ Ǩǟǲǚ 

ǲǥǫ ǟǯǵǧǨǜ ǣǮǧǩǭǡǜ ǲǥǰ ǟǯǵǧǲǣǨǲǭǫǧǨǜǰ ǲǭǳ ǢǧǨǲǻǭǳ. 
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ǑǵǜǪǟ 2.4: ǀǯǵǧǲǣǨǲǭǫǧǨǜ ǣǫǺǰ Multilayer Perceptron 

 

ǒǟ MLP ǪǮǭǯǭǻǫ ǫǟ ǮǯǭǱǣǡǡǝǱǭǳǫ Ǳǣ Ǯǭǩǻ Ǫǣǡǚǩǭ ǠǟǦǪǺ ǭǮǭǧǟǢǜǮǭǲǣ 

Ǳǳǫǣǵǜ ǱǳǫǚǯǲǥǱǥ, ǟǫǚǩǭǡǟ Ǫǣ ǲǥǫ ǟǯǵǧǲǣǨǲǭǫǧǨǜ Ǯǭǳ Ǜǵǣǧ ǟǯǵǧǨǚ ǣǮǧǩǣǡǣǝ. 

ǗǱǲǺǱǭ, Ǜǫǟ ǱǳǵǫǺ ǮǯǺǠǩǥǪǟ Ǯǭǳ ǣǫǢǛǵǣǲǟǧ ǫǟ ǮǯǭǨǻǶǣǧ Ǩǟǧ Ǜǵǣǧ Ƿǰ 

ǟǮǭǲǛǩǣǱǪǟ ǲǥǫ ǟǧǱǦǥǲǜ ǪǣǝǷǱǥ ǲǥǰ ǟǮǺǢǭǱǜǰ ǲǭǳǰ, ǟǮǭǲǣǩǣǝ ǥ ǳǮǣǯǣǨǮǟǝǢǣǳǱǥ 

(overfitting). ǆ ǳǮǣǯǣǨǮǟǝǢǣǳǱǥ ǮǯǭǨǻǮǲǣǧ Ǻǲǟǫ ǲǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ 

ǣǨǮǟǧǢǣǻǣǲǟǧ ǮǚǫǷ Ǳǲǟ ǢǣǝǡǪǟǲǟ ǡǧǟ ǮǭǩǩǛǰ ǣǮǭǵǛǰ Ǩǟǧ ǛǲǱǧ, ǪǮǭǯǣǝ ǫǟ 

ǟǫǟǡǫǷǯǝǤǣǧ ǪǺǫǭ ǟǳǲǚ. ǑǳǫǣǮǼǰ, Ǳǣ ǟǳǲǜǫ ǲǥǫ ǮǣǯǝǮǲǷǱǥ, ǲǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ 

Ǣǣǫ Ǯǣǲǳǵǟǝǫǣǧ ǲǥǫ ǡǣǫǝǨǣǳǱǥ ǮǚǫǷ Ǳǲǟ ǢǣǝǡǪǟǲǟ ǣǧǱǺǢǭǳ Ǩǟǧ Ǜǵǣǧ Ƿǰ ǟǮǭǲǛǩǣǱǪǟ 

Ǻǲǟǫ ǲǭǳ ǢǭǦǣǝ Ǫǝǟ ǣǝǱǭǢǭǰ, ǲǥǫ ǭǮǭǝǟ Ǣǣǫ Ǜǵǣǧ ǩǚǠǣǧ ǮǯǷǲǻǲǣǯǟ, ǫǟ Ǫǥǫ ǪǮǭǯǣǝ 

ǫǟ ǮǯǭǠǩǛǶǣǧ ǲǥǫ ǱǷǱǲǜ ǛǬǭǢǭ. ǒǣǵǫǧǨǛǰ ǺǮǷǰ ǲǟ L1 ǜ L2 regularization, ǭǧ 

ǭǮǭǝǣǰ ǮǯǭǱǦǛǲǭǳǫ ǨǚǮǭǧǭ penalty Ǳǲǥǫ ǱǳǫǚǯǲǥǱǥ ǩǚǦǭǳǰ, ǨǟǦǼǰ ǲǭ early 

stopping, Ǩǟǲǚ ǲǭ ǭǮǭǝǭ ǥ ǣǨǮǟǝǢǣǳǱǥ ǱǲǟǪǟǲǚ ǫǷǯǝǲǣǯǟ Ǫǣ ǠǚǱǥ ǨǚǮǭǧǟ 

ǱǳǫǦǜǨǥ Ǯǭǳ ǟǴǭǯǚ ǲǟ ǩǚǦǥ ǲǭǳ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ Ǩǟǲǚ ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ, 

Ǜǵǭǳǫ ǟǫǟǮǲǳǵǦǣǝ ǼǱǲǣ ǫǟ ǮǯǭǩǟǪǠǚǫǭǳǫ ǲǭ ǴǟǧǫǺǪǣǫǭ ǲǥǰ ǳǮǣǯǣǨǮǟǝǢǣǳǱǥǰ. 

 

2.4 ǑǻǫǦǣǱǥ ǲǧǪǼǫ ǣǬǺǢǭǳ ǟǮǺ ǟǯǟǧǺ Ǳǻǫǭǩǭ ǲǧǪǼǫ ǣǧǱǺǢǭǳ 
 

ƹǮǣǧǲǟ ǟǮǺ ǲǥǫ ǩǜǶǥ ǲǷǫ ǲǧǪǼǫ ǯǟǢǧǣǯǫǛǯǡǣǧǟǰ ǟǮǺ ǲǭǳǰ ǟǧǱǦǥǲǜǯǣǰ, ǭǧ 

ǭǮǭǝǭǧ ǣǝǫǟǧ ǲǭǮǭǦǣǲǥǪǛǫǭǧ ǮǚǫǷ Ǳǲǟ underwater gliders, Ǫǝǟ ǢǧǟǢǧǨǟǱǝǟ Ǯǭǳ 

ǮǯǛǮǣǧ ǫǟ ǟǨǭǩǭǳǦǜǱǭǳǪǣ ǣǝǫǟǧ ǟǳǲǜ ǲǥǰ ǮǯǭǱǛǡǡǧǱǥǰ ǲǷǫ ǳǮǺǩǭǧǮǷǫ ǲǧǪǼǫ 

ǯǟǢǧǣǯǫǛǯǡǣǧǟǰ ǲǭǳ ǵǼǯǭǳ ǟǫǟǤǜǲǥǱǥǰ Ǫǣ ǠǚǱǥ ǲǧǰ ǮǯǟǡǪǟǲǧǨǛǰ ǲǧǪǛǰ. Ǐǧǭ 

ǱǳǡǨǣǨǯǧǪǛǫǟ, ǩǺǡǷ ǲǭǳ Ǻǲǧ ǭǧ ǲǯǭǵǧǛǰ ǲǷǫ underwater gliders ǨǟǩǻǮǲǭǳǫ ǪǺǫǭ 

Ǜǫǟ Ǯǭǩǻ ǪǧǨǯǺ ǮǭǱǭǱǲǺ ǲǭǳ ǵǼǯǭǳ ǟǫǟǤǜǲǥǱǥǰ, ǣǝǫǟǧ ǟǮǟǯǟǝǲǥǲǭ ǫǟ 

ǮǯǭǱǭǪǭǧǼǱǭǳǪǣ ǲǧǰ ǳǮǺǩǭǧǮǣǰ ǲǧǪǛǰ ǲǭǳ ǵǼǯǭǳ, ǺǮǷǰ Ǧǟ ǟǫǟǮǲǻǬǭǳǪǣ Ǩǟǧ Ǳǲǭ 

ǨǣǴǚǩǟǧǭ 4. 
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ǎǧ Mildenhall et al. ǮǟǯǭǳǱǝǟǱǟǫ ǲǭ NeRF [5], Ǫǝǟ ǪǛǦǭǢǭ ǡǧǟ ǲǥǫ 

ǱǻǫǦǣǱǥ ǱǻǫǦǣǲǷǫ ǱǨǥǫǼǫ, ǵǯǥǱǧǪǭǮǭǧǼǫǲǟǰ Ǫǧǟ Ǳǳǫǣǵǜ ǱǳǫǚǯǲǥǱǥ ǟǮǺ Ǜǫǟ 

ǟǯǟǧǺ Ǳǻǫǭǩǭ ǲǧǪǼǫ ǣǧǱǺǢǭǳ. ǆ ǪǛǦǭǢǭǰ, ǟǳǲǜ, ǟǮǭǲǣǩǣǝǲǟǧ ǟǮǺ Ǜǫǟ ǮǩǜǯǷǰ 

ǢǧǟǱǳǫǢǣǪǛǫǭ ǠǟǦǻ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ, Ǫǣ 5D ǣǝǱǭǢǭ Ǯǭǳ ǟǮǭǲǣǩǣǝǲǟǧ ǟǮǺ ǲǥǫ 

ǲǭǮǭǦǣǱǝǟ (x, y, z) Ǩǟǧ ǲǥǫ ǡǷǫǝǟ ǦǛǟǱǥǰ (Ǧ, Ǵ). ǒǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ Ǯǟǯǚǡǣǧ 

Ǫǝǟ ǛǬǭǢǭ Ǣǻǭ ǢǧǟǱǲǚǱǣǷǫ, ǺǮǭǳ ǥ ǮǯǼǲǥ ǟǴǭǯǚ ǲǥǫ ǟǨǲǧǫǭǠǭǩǝǟ Ǯǭǳ Ǯǣǯǫǚ 

ǟǮǺ ǲǭ ǱǥǪǣǝǭ (x, y, z) Ǫǣ ǡǷǫǝǟ (Ǵ, Ǧ), ǥ ǭǮǭǝǟ ǟǫǲǧǱǲǭǧǵǝǤǣǲǟǧ Ǳǣ Ǜǫǟ ǵǯǼǪǟ 

RGB, Ǩǟǧ ǲǥǫ ǮǳǨǫǺǲǥǲǟ ǲǥǰ ǟǨǲǧǫǭǠǭǩǝǟǰ. ǆ ǟǯǵǧǲǣǨǲǭǫǧǨǜ ǲǭǳ ǫǣǳǯǷǫǧǨǭǻ 

ǢǧǨǲǻǭǳ Ǯǭǳ ǨǟǲǟǱǨǣǳǚǱǲǥǨǣ, ǮǟǯǭǳǱǧǚǤǣǲǟǧ Ǳǲǥǫ ǣǧǨǺǫǟ 2.5. ǂǧǟ ǲǥǫ 

ǢǥǪǧǭǳǯǡǝǟ ǲǭǳ ǱǳǫǺǩǭǳ ǢǣǢǭǪǛǫǷǫ ǣǨǮǟǝǢǣǳǱǥǰ, ǥ ǭǪǚǢǟ ǲǭǮǭǦǛǲǥǱǣ Ǳǣ 

ǢǧǟǴǭǯǣǲǧǨǛǰ ǡǷǫǝǣǰ ǦǛǟǱǥǰ (Ǵ, Ǧ) ǮǭǪǮǭǻǰ ǟǨǲǧǫǭǠǭǩǝǟǰ Ǩǟǧ ǨǟǲǛǡǯǟǶǣ ǲǧǰ 

ǪǣǲǯǜǱǣǧǰ ǲǥǰ ǟǨǲǧǫǭǠǭǩǝǟǰ Ǩǟǧ ǲǥǰ ǮǳǨǺǲǥǲǟǰ ǟǳǲǜǰ, Ǳǣ ǢǧǟǴǭǯǣǲǧǨǛǰ 

ǱǳǫǲǣǲǟǡǪǛǫǣǰ (x, y, z).  

 

 

ǑǵǜǪǟ 2.5: ǀǯǵǧǲǣǨǲǭǫǧǨǜ ǢǧǨǲǻǭǳ NeRF 

 

ǉǟǲǚ ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǲǥǰ ǣǨǮǟǝǢǣǳǱǥǰ Ǩǟǧ ǲǥǰ ǩǜǶǥǰ ǲǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ 

ǟǮǺ ǲǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ, ǭǧ ǱǳǡǡǯǟǴǣǝǰ ǮǟǯǟǲǜǯǥǱǟǫ Ǻǲǧ ǭǧ ǪǛǵǯǧ ǮǯǺǲǧǫǭǰ 

ǲǣǵǫǧǨǛǰ Ǣǣǫ ǮǟǯǭǳǱǝǟǤǟǫ ǲǟ ǣǮǧǦǳǪǥǲǚ ǟǮǭǲǣǩǛǱǪǟǲǟ, ǱǵǣǲǧǨǚ Ǫǣ ǲǥǫ 

ǨǟǲǟǱǨǣǳǜ Ǩǟǧ ǱǻǫǦǣǱǥ ǱǨǥǫǼǫ Ǳǣ ǳǶǥǩǜ ǣǳǨǯǝǫǣǧǟ. ǑǻǪǴǷǫǟ Ǫǣ ǲǟ 

ǟǮǭǲǣǩǛǱǪǟǲǟ Ǯǭǳ ǮǟǯǭǳǱǝǟǤǭǳǫ, ǲǭ ǟǝǲǧǭ ǟǳǲǜǰ ǲǥǰ ǱǳǪǮǣǯǧǴǭǯǚǰ, ǟǮǭǲǣǩǣǝ ǲǭ 

ǡǣǡǭǫǺǰ Ǻǲǧ ǲǟ MLP Ǣǣǫ ǣǝǫǟǧ ǧǨǚǫǟ ǫǟ ǪǚǦǭǳǫ ǱǳǫǟǯǲǜǱǣǧǰ ǳǶǥǩǭǻ ǠǟǦǪǭǻ. ǒǭ 

ǮǯǺǠǩǥǪǟ ǟǫǲǧǪǣǲǷǮǝǱǲǥǨǣ ǵǯǥǱǧǪǭǮǭǧǼǫǲǟǰ ǲǥǫ ǲǣǵǫǧǨǜ ǲǭǳ positional 

encoding Ǳǲǥǫ ǣǝǱǭǢǭ, ǥ ǭǮǭǝǟ Ǧǟ ǮǟǯǭǳǱǧǟǱǲǣǝ Ǳǲǥǫ  ǣǫǺǲǥǲǟ 2.5. 

ǑǳǫǭǩǧǨǚ, ǥ ǪǛǦǭǢǭǰ Ǯǭǳ ǮǟǯǭǳǱǧǚǱǲǥǨǣ ǟǮǺ ǲǭǳǰ Mildenhall et al. 

ǟǮǭǲǣǩǣǝ Ǫǝǟ ǨǟǧǫǭǲǺǪǭ ǮǯǭǱǛǡǡǧǱǥ Ǳǲǭ ǮǯǺǠǩǥǪǟ ǲǥǰ ǱǻǫǦǣǱǥǰ ǲǧǪǼǫ ǟǮǺ Ǜǫǟ 

ǟǯǟǧǺ Ǳǻǫǭǩǭ ǲǧǪǼǫ ǣǧǱǺǢǭǳ Ǩǟǧ ǪǮǭǯǣǝ ǫǟ ǮǯǭǱǣǡǡǝǱǣǧ Ǳǣ Ǯǭǩǻ ǨǟǩǺ ǠǟǦǪǺ ǲǥǫ 

ǡǣǷǪǣǲǯǝǟ ǲǷǫ ǟǫǲǧǨǣǧǪǛǫǷǫ Ǯǭǳ ǢǛǵǣǲǟǧ Ƿǰ ǣǝǱǭǢǭ, ǨǟǦǼǰ Ǩǟǧ ǲǟ ǵǯǼǪǟǲǟ 
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ǟǳǲǼǫ. ǑǻǪǴǷǫǟ Ǫǣ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ, ǲǭ NeRF ǳǮǣǯǲǣǯǣǝ Ǜǫǟǲǧ ǚǩǩǷǫ ǲǣǵǫǧǨǼǫ 

ǡǧǟ ǲǥǫ ǱǻǫǦǣǱǥ ǱǻǫǦǣǲǷǫ ǱǨǥǫǼǫ. 

 

2.5 Positional Encoding 
 

ǒǭ positional encoding ǟǮǭǲǣǩǣǝ Ǫǝǟ ǲǣǵǫǧǨǜ, ǥ ǭǮǭǝǟ ǵǯǥǱǧǪǭǮǭǣǝǲǟǧ 

Ǩǟǲǚ ǨǺǯǭǫ Ǳǲǭǳǰ ǲǭǪǣǝǰ ǲǥǰ ǣǮǣǬǣǯǡǟǱǝǟǰ ǴǳǱǧǨǜǰ ǡǩǼǱǱǟǰ (natural language 

processing) Ǩǟǧ ǲǥǰ ǺǯǟǱǥǰ ǳǮǭǩǭǡǧǱǲǼǫ (computer vision), ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ 

ǣǧǱǚǡǭǳǪǣ ǮǩǥǯǭǴǭǯǝǟ ǦǛǱǥǰ Ǳǲǧǰ ǟǨǭǩǭǳǦǝǣǰ ǣǧǱǺǢǭǳ. ǋǣ ǟǳǲǺǫ ǲǭǫ ǲǯǺǮǭ, 

Ǣǝǫǣǲǟǧ ǥ ǢǳǫǟǲǺǲǥǲǟ Ǳǲǟ ǪǭǫǲǛǩǟ Ǯǭǳ ǵǯǥǱǧǪǭǮǭǧǭǻǫǲǟǧ ǫǟ ǨǟǲǟǫǭǜǱǭǳǫ 

Ǩǟǩǻǲǣǯǟ ǲǧǰ ǱǵǣǲǧǨǛǰ ǦǛǱǣǧǰ ǲǷǫ ǢǧǟǴǭǯǣǲǧǨǼǫ ǱǲǭǧǵǣǝǷǫ Ǳǲǥǫ ǟǨǭǩǭǳǦǝǟ 

ǣǧǱǺǢǭǳ. 

ǆ ǮǟǯǟǢǭǱǧǟǨǜ ǲǣǵǫǧǨǜ ǲǭǳ positional encoding ǟǴǭǯǭǻǱǣ ǲǥǫ 

ǣǧǱǟǡǷǡǜ ǣǫǺǰ ǫǛǭǳ ǮǝǫǟǨǟ ǣǧǱǺǢǭǳ Ǫǣ ǢǧǟǴǭǯǣǲǧǨǛǰ ǲǧǪǛǰ ǨǚǦǣ Ǵǭǯǚ ǡǧǟ ǨǚǦǣ 

Ǜǫǟ Ǳǲǭǧǵǣǝǭ ǲǥǰ ǟǨǭǩǭǳǦǝǟǰ ǣǧǱǺǢǭǳ. ǆ ǱǳǡǨǣǨǯǧǪǛǫǥ ǪǛǦǭǢǭǰ Ǣǣǫ ǣǝǫǟǧ ǟǯǨǣǲǚ 

ǟǮǭǢǭǲǧǨǜ, ǨǟǦǼǰ Ǣǣǫ ǨǩǧǪǟǨǼǫǣǧ Ǩǟǩǚ ǡǧǟ Ǫǣǡǚǩǣǰ ǣǧǱǺǢǭǳǰ ǩǺǡǷ ǲǷǫ 

ǟǮǟǧǲǜǱǣǼǫ ǲǥǰ ǡǧǟ ǵǼǯǭ Ǳǲǥǫ ǪǫǜǪǥ, Ǩǟǧ ǪǮǭǯǣǝ ǫǟ ǭǢǥǡǜǱǣǧ Ǳǲǭ ǴǟǧǫǺǪǣǫǭ 

ǲǭǳ overfitting, ǨǟǦǼǰ ǮǯǭǱǦǛǲǣǧ Ǫǣǡǚǩǥ ǮǭǩǳǮǩǭǨǺǲǥǲǟ Ǳǲǭ ǪǭǫǲǛǩǭ. ǎǧ 

Vaswani et al. [6] ǮǟǯǭǳǱǝǟǱǟǫ Ǫǝǟ ǣǫǟǩǩǟǨǲǧǨǜ ǮǯǭǱǛǡǡǧǱǥ ǲǭǳ positional 

encoding, Ǩǟǲǚ ǲǥǫ ǭǮǭǝǟ ǮǯǭǱǦǛǲǭǳǪǣ Ǜǫǟǫ ǱǲǟǦǣǯǺ ǮǝǫǟǨǟ Ǳǣ ǨǚǦǣ Ǳǲǭǧǵǣǝǭ 

ǲǥǰ ǟǨǭǩǭǳǦǝǟǰ ǣǧǱǺǢǭǳ. ƹǮǣǧǲǟ, ǭ ǫǛǭǰ ǮǝǫǟǨǟǰ ǨǷǢǧǨǭǮǭǧǣǝ ǲǭ Ǳǲǭǧǵǣǝǭ ǲǥǰ 

ǣǧǱǺǢǭǳ Ǳǣ ǱǳǫǚǯǲǥǱǥ Ǫǣ ǲǟ ǳǮǺǩǭǧǮǟ ǲǥǰ ǟǨǭǩǭǳǦǝǟǰ Ǩǟǧ Ǯǟǯǚǡǣǧ ǲǭǫ ǲǣǩǧǨǺ 

ǮǝǫǟǨǟ, ǭ ǭǮǭǝǭǰ Ǳǲǥǫ ǱǳǫǛǵǣǧǟ ǣǧǱǚǡǣǲǟǧ Ƿǰ ǣǝǱǭǢǭǰ Ǳǲǭ ǪǭǫǲǛǩǭ. 

ǎ ǳǮǭǩǭǡǧǱǪǺǰ ǲǭǳ ǮǝǫǟǨǟ, Ǯǭǳ ǮǣǯǧǡǯǚǴǦǥǨǣ ǮǟǯǟǮǚǫǷ, 

ǮǯǟǡǪǟǲǭǮǭǧǣǝǲǟǧ Ǩǚǫǭǫǲǟǰ ǵǯǜǱǥ ǱǳǫǟǯǲǜǱǣǷǫ ǥǪǧǲǭǫǭǣǧǢǭǻǰ ǲǻǮǭǳ. 

ǑǻǪǴǷǫǟ Ǫǣ ǲǭǳǰ ǱǳǡǡǯǟǴǣǝǰ, ǥ ǱǳǡǨǣǨǯǧǪǛǫǥ ǮǯǭǱǛǡǡǧǱǥ ǠǣǩǲǝǷǱǣ ǲǥǫ 

ǟǮǺǢǭǱǥ ǲǭǳ ǪǭǫǲǛǩǭǳ Ǯǭǳ ǣǝǵǟǫ ǨǟǲǟǱǨǣǳǚǱǣǧ Ǫǣ ǱǨǭǮǺ ǲǥǫ ǪǭǫǲǣǩǭǮǭǝǥǱǥ 

ǲǥǰ ǴǳǱǧǨǜǰ ǡǩǼǱǱǟǰ. ǀǨǺǪǥ, ǱǳǫǛǨǯǧǫǟǫ ǲǥǫ ǟǮǺǢǭǱǥ ǲǥǰ ǱǳǡǨǣǨǯǧǪǛǫǥǰ 

ǮǯǭǱǛǡǡǧǱǥǰ Ǫǣ ǚǩǩǣǰ ǮǯǭǱǣǡǡǝǱǣǧǰ ǲǭǳ positional encoding, ǺǮǷǰ ǲǥǰ 

ǮǯǭǱǦǜǨǥǰ ǣǫǺǰ ǮǝǫǟǨǟ Ǫǣ ǢǧǟǴǭǯǣǲǧǨǛǰ ǲǧǪǛǰ Ǳǣ ǨǚǦǣ ǣǝǱǭǢǭ Ǯǭǳ ǟǫǟǴǛǯǦǥǨǣ 

ǮǟǯǟǮǚǫǷ, Ǩǟǧ ǢǧǟǮǝǱǲǷǱǟǫ ǮǷǰ ǥ ǮǯǭǱǛǡǡǧǱǜ ǲǭǳǰ ǜǲǟǫ ǥ Ǯǧǭ ǟǮǭǢǭǲǧǨǜ. 

ǋǝǟ ǟǨǺǪǥ ǱǵǣǲǧǨǜ ǢǥǪǭǱǝǣǳǱǥ Ǫǣ ǲǭ positional encoding ǣǝǫǟǧ ǟǳǲǜ 

ǲǷǫ Tancik et al. [7]. ǎǧ ǱǳǡǡǯǟǴǣǝǰ ǲǥǰ ǱǳǡǨǣǨǯǧǪǛǫǥǰ ǢǥǪǭǱǝǣǳǱǥǰ Ǯǯǭǲǣǝǫǭǳǫ 

ǲǥǫ ǵǯǜǱǥ ǲǷǫ ǵǟǯǟǨǲǥǯǧǱǲǧǨǼǫ Fourier ǡǧǟ ǲǥǫ Ǫǣǡǟǩǻǲǣǯǥ 

ǟǮǭǲǣǩǣǱǪǟǲǧǨǺǲǥǲǟ ǲǷǫ ǫǣǳǯǷǫǧǨǼǫ ǢǧǨǲǻǷǫ Ǳǲǥǫ ǣǨǪǚǦǥǱǥ ǱǳǫǟǯǲǜǱǣǷǫ 

ǳǶǥǩǜǰ ǱǳǵǫǺǲǥǲǟǰ ǡǧǟ ǣǧǱǺǢǭǳǰ ǵǟǪǥǩǼǫ ǢǧǟǱǲǚǱǣǷǫ. ǑǻǪǴǷǫǟ Ǫǣ 

ǟǮǭǲǣǩǛǱǪǟǲǟ Ǯǭǳ ǮǟǯǭǳǱǝǟǱǟǫ, ǥ ǱǳǡǨǣǨǯǧǪǛǫǥ ǪǛǦǭǢǭǰ ǣǝǫǟǧ 

ǟǮǭǲǣǩǣǱǪǟǲǧǨǺǲǣǯǥ Ǳǣ ǱǻǡǨǯǧǱǥ Ǫǣ ǚǩǩǣǰ ǲǣǵǫǧǨǛǰ ǟǫǟǮǟǯǚǱǲǟǱǥǰ ǲǷǫ 
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ǢǣǢǭǪǛǫǷǫ Ǳǣ ǳǶǥǩǺǲǣǯǣǰ ǢǧǟǱǲǚǱǣǧǰ Ǩǟǧ ǣǮǧǲǯǛǮǣǧ Ǳǲǭ ǢǝǨǲǳǭ ǫǟ ǪǚǦǣǧ 

ǱǳǫǟǯǲǜǱǣǧǰ ǳǶǥǩǜǰ ǱǳǵǫǺǲǥǲǟǰ. ǒǟ ǮǣǧǯǚǪǟǲǟ Ǯǭǳ ǮǯǟǡǪǟǲǭǮǭǝǥǱǟǫ 

ǣǪǮǣǯǧǣǝǵǟǫ ǲǥǫ ǲǟǬǧǫǺǪǥǱǥ ǣǧǨǺǫǷǫ (image classification), ǲǥǫ ǮǟǩǧǫǢǯǺǪǥǱǥ 

(regression) Ǩǟǧ ǲǭ generative modeling. 

ǉǟǲǚ ǲǥǫ ǲǣǵǫǧǨǜ Ǯǭǳ ǮǟǯǭǳǱǧǚǤǭǳǫ ǭǧ ǱǳǡǡǯǟǴǣǝǰ, Ǯǯǭǲǣǝǫǣǲǟǧ Ǫǝǟ 

ǪǛǦǭǢǭǰ, Ǩǟǲǚ ǲǥǫ ǭǮǭǝǟ ǮǯǭǱǣǡǡǝǤǭǳǫ ǲǭǫ ǪǣǲǟǱǵǥǪǟǲǧǪǺ Fourier ǪǛǱǷ Ǫǝǟǰ 

Ǳǳǩǩǭǡǜǰ ǟǮǺ ǮǟǯǟǪǛǲǯǭǳǰ Ǯǭǳ ǪǟǦǟǝǫǭǫǲǟǧ, ǭǧ ǭǮǭǝǣǰ Ǳǲǥǫ ǱǳǫǛǵǣǧǟ, 

ǵǯǥǱǧǪǭǮǭǧǭǻǫǲǟǧ ǡǧǟ ǲǥǫ ǨǟǲǟǱǨǣǳǜ ǲǷǫ ǵǟǯǟǨǲǥǯǧǱǲǧǨǼǫ Fourier. ǒǛǩǭǰ, ǲǟ 

ǵǟǯǟǨǲǥǯǧǱǲǧǨǚ Fourier ǣǫǼǫǭǫǲǟǧ Ǫǣ ǲǥǫ ǟǯǵǧǨǜ ǟǨǭǩǭǳǦǝǟ ǣǧǱǺǢǭǳ Ǩǟǧ 

ǢǥǪǧǭǳǯǡǭǻǫ Ǫǝǟ ǫǛǟ ǟǫǟǮǟǯǚǱǲǟǱǥ ǲǷǫ ǢǣǢǭǪǛǫǷǫ, ǥ ǭǮǭǝǟ ǣǪǮǣǯǧǛǵǣǧ ǲǥǫ 

ǵǷǯǧǨǜ ǮǩǥǯǭǴǭǯǝǟ Ǩǟǧ ǲǥǫ ǱǳǵǫǺǲǥǲǟ ǲǥǰ ǟǯǵǧǨǜǰ ǣǧǱǺǢǭǳ. 
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ǉǣǴǚǩǟǧǭ 3  

 

ǑǵǣǢǧǟǱǪǺǰ ǏǣǯǧǠǚǩǩǭǫǲǭǰ ǏǯǭǱǭǪǭǝǷǱǥǰ 

 

 

3.1 ǄǧǱǟǡǷǡǜ 
 

 Ǒǲǭǫ ǮǟǯǺǫ ǨǣǴǚǩǟǧǭ Ǧǟ ǮǟǯǭǳǱǧǚǱǭǳǪǣ ǲǧǰ ǨǟǲǣǳǦǻǫǱǣǧǰ Ǯǭǳ 

ǟǨǭǩǭǳǦǜǱǟǪǣ ǡǧǟ ǲǭǫ ǱǵǣǢǧǟǱǪǺ ǲǷǫ ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders, ǨǟǦǼǰ 

Ǩǟǧ ǲǥǫ ǣǮǧǩǭǡǜ Ǩǟǧ ǱǵǣǢǧǟǱǪǺ ǱǥǪǣǧǟǨǼǫ ǮǥǡǼǫ Ǩǟǧ ǢǧǟǴǭǯǣǲǧǨǭǻ ǲǻǮǭǳ 

ǵǷǯǧǨǼǫ ǨǟǲǟǫǭǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ. ǀǨǺǪǥ, Ǧǟ ǮǟǯǭǳǱǧǚǱǭǳǪǣ Ǩǟǧ ǲǥǫ ǲǣǵǫǧǨǜ 

ǲǭǳ interpolation, ǨǟǦǼǰ Ǩǟǧ Ǣǻǭ ǢǧǟǴǭǯǣǲǧǨǭǻǰ ǲǯǺǮǭǳǰ ǳǩǭǮǭǝǥǱǥǰ ǟǳǲǜǰ ǲǥǰ 

ǩǻǱǥǰ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ Ǫǟǰ, ǡǧǟ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǲǷǫ ǚǡǫǷǱǲǷǫ ǲǧǪǼǫ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǣǫǲǺǰ ǲǭǳ ǺǡǨǭǳ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. ǒǛǩǭǰ, ǮǯǛǮǣǧ ǫǟ ǱǥǪǣǧǷǦǣǝ ǮǷǰ 

ǵǯǥǱǧǪǭǮǭǧǜǦǥǨǣ ǪǺǫǭ ǥ ǮǯǭǡǯǟǪǪǟǲǧǱǲǧǨǜ ǡǩǼǱǱǟ Python Ǳǲǥǫ ǮǟǯǭǻǱǟ 

ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ, ǲǺǱǭ ǡǧǟ ǲǧǰ ǡǯǟǴǧǨǛǰ ǟǫǟǮǟǯǚǱǲǟǱǣǧǰ Ǯǭǳ Ǧǟ 

ǮǟǯǭǳǱǧǟǱǲǭǻǫ ǮǟǯǟǨǚǲǷ, ǺǱǭ Ǩǟǧ ǡǧǟ ǲǧǰ ǮǯǭǱǭǪǭǧǼǱǣǧǰ ǲǷǫ ǪǣǲǯǭǻǪǣǫǷǫ 

ǲǧǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǩǟǧ ǲǥǫ ǨǟǲǟǱǨǣǳǜ Ǩǟǧ ǣǨǮǟǝǢǣǳǱǥ ǲǭǳ MLP Ǯǭǳ Ǧǟ 

ǮǟǯǭǳǱǧǟǱǲǣǝ Ǳǲǭ ǣǮǺǪǣǫǭ ǨǣǴǚǩǟǧǭ.  

 

3.2 ǏǯǭǱǭǪǭǝǷǱǥ ǏǣǯǧǠǚǩǩǭǫǲǭǰ Ǩǟǧ ǏǭǯǣǧǼǫ 
 

ǂǧǟ ǲǥǫ ǢǧǣǬǟǡǷǡǜ ǲǷǫ ǮǣǧǯǟǪǚǲǷǫ Ǫǟǰ, ǟǯǵǧǨǚ ǭǯǝǤǭǳǪǣ ǲǭǫ ǵǼǯǭ 

ǣǫǢǧǟǴǛǯǭǫǲǭǰ, ǭ ǭǮǭǝǭǰ Ǜǵǣǧ ǲǥǫ ǪǭǯǴǜ ǣǫǺǰ ǨǳǠǭǣǧǢǭǻǰ ǱǵǜǪǟǲǭǰ ǲǯǧǼǫ 

ǢǧǟǱǲǚǱǣǷǫ Ǫǣ ǪǛǡǣǦǭǰ 3000 x 3000 x 300 (x, y, z ǚǬǭǫǣǰ ǟǫǲǝǱǲǭǧǵǟ) ǪǛǲǯǟ. ǎ 

ǺǡǨǭǰ, ǟǳǲǺǰ, ǮǟǯǭǳǱǧǚǤǣǲǟǧ Ǳǲǥǫ ǣǧǨǺǫǟ 3.1. Ǒǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ Ǫǟǰ, 

ǣǮǧǩǛǬǟǪǣ ǫǟ ǵǯǥǱǧǪǭǮǭǧǜǱǭǳǪǣ ǪǛǡǣǦǥ Ǯǭǳ ǟǫǲǟǮǭǨǯǝǫǭǫǲǟǧ Ǳǲǧǰ ǮǯǟǡǪǟǲǧǨǛǰ 

ǱǳǫǦǜǨǣǰ Ǩǟǧ Ǻǵǧ ǳǮǺ ǨǚǮǭǧǟ ǨǩǝǪǟǨǟ. 
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ǑǵǜǪǟ 3.1: ǕǼǯǭǰ ǣǫǢǧǟǴǛǯǭǫǲǭǰ 

 

Ǒǲǥǫ ǱǳǫǛǵǣǧǟ, Ǩǟǧ ǱǻǪǴǷǫǟ Ǫǣ ǲǥǫ ǣǫǺǲǥǲǟ 2.2 ǱǵǣǢǧǚǤǭǳǪǣ ǲǧǰ ǲǯǭǵǧǛǰ 

ǲǷǫ underwater gliders, ǣǝǲǣ Ǫǣ ǢǧǟǡǼǫǧǟ ǣǝǲǣ Ǫǣ ǱǮǧǯǷǲǜ ǨǝǫǥǱǥ. ǏǯǛǮǣǧ ǫǟ 

ǲǭǫǧǱǦǣǝ ǮǷǰ Ǳǲǥǫ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ, ǮǯǟǡǪǟǲǭǮǭǧǭǻǪǣ ǲǥǫ 

ǮǟǯǟǢǭǵǜ, ǮǷǰ Ǣǣǫ ǳǮǚǯǵǣǧ ǨǚǮǭǧǭ ǱǴǚǩǪǟ ǜ ǟǮǺǨǩǧǱǥ Ǳǲǧǰ Ǯǭǯǣǝǣǰ ǲǷǫ 

ǭǵǥǪǚǲǷǫ ǮǩǭǜǡǥǱǥǰ, Ǯǭǳ ǪǮǭǯǣǝ ǫǟ ǢǥǪǧǭǳǯǡǥǦǣǝ ǣǬǟǧǲǝǟǰ ǢǧǚǴǭǯǷǫ 

ǳǮǭǦǟǩǩǚǱǧǷǫ ǱǳǫǦǥǨǼǫ. 

ǀǨǺǪǥ, ǡǧǟ ǲǥǫ ǢǧǟǡǼǫǧǟ ǨǝǫǥǱǥ, ǭǯǝǤǭǳǪǣ ǲǥǫ ǟǮǺǱǲǟǱǥ ǪǣǲǟǬǻ Ǣǻǭ 

ǨǧǫǜǱǣǷǫ ǲǭǳ underwater glider Ǯǟǯǚǩǩǥǩǟ Ǫǣ ǨǚǮǭǧǭǫ ǚǬǭǫǟ x ǜ y, Ƿǰ 

trajectory spacing. ǄǮǝǱǥǰ, ǡǧǟ ǲǥǫ ǱǮǧǯǷǲǜ ǨǝǫǥǱǥ, ǵǷǯǝǤǭǳǪǣ ǲǭǫ ǟǯǵǧǨǺ 

ǺǡǨǭ Ǳǣ ǪǧǨǯǺǲǣǯǟ ǨǭǪǪǚǲǧǟ Ƿǰ Ǯǯǭǰ ǲǭǳǰ ǚǬǭǫǣǰ x Ǩǟǧ y, ǲǟ ǭǮǭǝǟ Ǩǟǧ 

ǭǫǭǪǚǤǭǳǪǣ voxels ǜ voxel spacing. ǎǯǝǤǭǳǪǣ, ǟǨǺǪǥ, ǲǥǫ ǟǨǲǝǫǟ ǲǥǰ 

ǱǮǧǯǷǲǜǰ ǨǝǫǥǱǥǰ, Ƿǰ ǲǭ Ǜǫǟ ǲǛǲǟǯǲǭ ǲǭǳ ǪǣǡǛǦǭǳǰ ǲǭǳ voxel spacing. ǒǛǩǭǰ, 

ǮǣǯǧǭǯǝǤǭǳǪǣ ǲǥǫ ǨǝǫǥǱǥ ǲǭǳ underwater glider Ƿǰ Ǯǯǭǰ ǲǭǫ ǚǬǭǫǟ z, ǼǱǲǣ ǟǳǲǺ 

ǫǟ Ǩǧǫǣǝǲǟǧ ǪǛǱǟ Ǳǲǭ ǣǻǯǭǰ [25, 300]. ǎ ǩǺǡǭǰ ǡǧǟ ǟǳǲǺǫ ǲǭǫ ǮǣǯǧǭǯǧǱǪǺ ǣǝǫǟǧ 

Ǻǲǧ ǲǭ ǺǵǥǪǟ Ǣǣǫ ǪǮǭǯǣǝ ǫǟ ǠǯǣǦǣǝ Ǯǭǩǻ Ǩǭǫǲǚ Ǳǲǭǫ ǮǳǦǪǛǫǟ ǲǥǰ ǦǚǩǟǱǱǟǰ, 

ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǟǮǭǴǣǳǵǦǣǝ ǭǮǭǧǟǢǜǮǭǲǣ ǱǻǡǨǯǭǳǱǥ. 

 

3.3 ǏǯǭǱǭǪǭǝǷǱǥ ǏǥǡǼǫ ǐǟǢǧǣǫǛǯǡǣǧǟǰ 
 

Ǒǲǥǫ ǮǟǯǭǻǱǟ ǣǫǺǲǥǲǟ Ǧǟ ǮǟǯǭǳǱǧǟǱǲǭǻǫ ǭǧ ǢǧǟǴǭǯǣǲǧǨǭǻ ǲǻǮǭǳ ǮǥǡǛǰ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ, Ǫǣ ǲǧǰ ǭǮǭǝǣǰ ǮǣǧǯǟǪǟǲǧǱǲǜǨǟǪǣ, ǣǝǲǣ ǡǧǟ ǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ ǲǷǫ 

ǪǣǲǯǜǱǣǷǫ Ǯǭǳ Ǧǟ ǮǛǯǫǟǪǣ ǳǮǺ ǮǯǟǡǪǟǲǧǨǛǰ ǱǳǫǦǜǨǣǰ ǱǻǪǴǷǫǟ Ǫǣ ǲǧǰ ǲǯǭǵǧǛǰ 

ǲǷǫ underwater gliders, ǣǝǲǣ ǡǧǟ ǲǥǫ ǡǯǟǴǧǨǜ ǲǭǳǰ ǟǫǟǮǟǯǚǱǲǟǱǥ. Ƽǩǣǰ ǭǧ 

ǮǯǭǱǭǪǭǧǷǪǛǫǣǰ ǲǧǪǛǰ ǲǷǫ ǪǣǲǯǜǱǣǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǟǮǭǦǥǨǣǻǲǥǨǟǫ Ǳǣ ǟǯǵǣǝǟ 

ǲǻǮǭǳ csv, ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǟǬǧǭǮǭǧǥǦǭǻǫ ǟǯǡǺǲǣǯǟ, ǺǮǷǰ Ǧǟ ǮǟǯǭǳǱǧǟǱǲǣǝ Ǳǣ 

ǣǮǺǪǣǫǟ ǨǣǴǚǩǟǧǟ. 
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3.3.1 ǑǥǪǣǧǟǨǛǰ ǏǥǡǛǰ 
 

ǉǟǲǚ ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǲǥǰ ǣǮǧǩǭǡǜǰ ǢǧǟǴǭǯǣǲǧǨǭǻ ǲǻǮǭǳ ǮǥǡǼǫ, ǥ ǮǯǼǲǥ 

Ǩǟǲǥǡǭǯǝǟ Ǯǭǳ ǣǬǣǲǚǤǭǳǪǣ ǣǝǫǟǧ ǭǧ ǱǥǪǣǧǟǨǛǰ ǮǥǡǛǰ. ǋǝǟ ǱǥǪǣǧǟǨǜ Ǯǥǡǜ 

ǟǮǭǲǣǩǣǝ Ǜǫǟ ǦǣǷǯǥǲǧǨǺ Ǳǣǫǚǯǧǭ Ǯǭǳ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ Ǳǲǥǫ ǣǮǧǱǲǜǪǥ ǲǥǰ 

ǴǳǱǧǨǜǰ Ǩǟǧ ǟǬǧǭǮǭǧǣǝǲǟǧ ǡǧǟ ǫǟ ǮǣǯǧǡǯǚǶǣǧ ǲǥǫ ǣǨǮǭǪǮǜ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǟǮǺ Ǜǫǟ 

ǟǮǣǝǯǷǰ ǪǧǨǯǺ Ǳǣ ǪǛǡǣǦǭǰ ǱǥǪǣǝǭ Ǳǲǭǫ ǵǼǯǭ. ǗǱǲǺǱǭ, Ǳǲǭǫ ǮǯǟǡǪǟǲǧǨǺ ǨǺǱǪǭ 

Ǣǣǫ ǳǮǚǯǵǭǳǫ ǮǥǡǛǰ-ǱǥǪǣǝǟ, ǟǴǭǻ ǨǚǦǣ Ǯǥǡǜ Ǜǵǣǧ Ǜǫǟ ǮǯǟǡǪǟǲǧǨǺ ǮǣǮǣǯǟǱǪǛǫǭ 

ǪǛǡǣǦǭǰ. ƼǪǷǰ, ǲǭ ǪǭǫǲǛǩǭ ǲǥǰ ǱǥǪǣǧǟǨǜǰ Ǯǥǡǜǰ ǪǮǭǯǣǝ ǫǟ ǵǯǥǱǧǪǭǮǭǧǥǦǣǝ Ƿǰ 

Ǫǝǟ Ǩǟǩǜ ǮǯǭǱǛǡǡǧǱǥ Ǻǲǟǫ ǲǭ ǪǛǡǣǦǭǰ ǲǥǰ Ǯǥǡǜǰ Ǳǲǭǫ ǵǼǯǭ ǣǝǫǟǧ Ǯǭǩǻ 

ǪǧǨǯǺǲǣǯǭ ǟǮǺ ǲǥǫ ǟǮǺǱǲǟǱǥ, Ǳǲǥǫ ǭǮǭǝǟ ǩǟǪǠǚǫǭǳǪǣ ǪǣǲǯǜǱǣǧǰ ǡǧǟ ǲǥǫ 

ǣǨǮǣǪǮǺǪǣǫǥ ǯǟǢǧǣǫǛǯǡǣǧǟ ǟǮǺ ǟǳǲǜǫ. 

ǆ ǛǫǲǟǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǣǨǮǛǪǮǣǲǟǧ ǟǮǺ Ǫǝǟ ǱǥǪǣǧǟǨǜ Ǯǥǡǜ ǣǝǫǟǧ 

ǟǫǲǧǱǲǯǺǴǷǰ ǟǫǚǩǭǡǥ ǲǭǳ ǲǣǲǯǟǡǼǫǭǳ ǲǥǰ ǟǮǺǱǲǟǱǥǰ ǪǣǲǟǬǻ ǲǥǰ Ǯǥǡǜǰ Ǩǟǧ ǲǭǳ 

ǱǥǪǣǝǭǳ ǮǟǯǟǲǜǯǥǱǥǰ [8]. ǑǳǫǣǮǼǰ, ǨǟǦǼǰ ǟǮǭǪǟǨǯǳǫǺǪǟǱǲǣ ǟǮǺ ǲǥǫ 

ǱǥǪǣǧǟǨǜ Ǯǥǡǜ, ǲǺǱǭ Ǯǧǭ ǡǯǜǡǭǯǟ ǪǣǧǼǫǣǲǟǧ ǥ ǛǫǲǟǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, 

ǱǻǪǴǷǫǟ ǲǥǫ ǟǫǲǯǧǱǲǺǴǷǰ ǟǫǚǩǭǡǥ ǱǵǛǱǥ. ƹǫǟ ǟǨǺǪǥ ǴǟǧǫǺǪǣǫǭ, ǲǭ ǭǮǭǝǭ 

ǣǮǥǯǣǚǤǣǧ ǱǥǪǟǫǲǧǨǚ ǲǥǫ ǪǣǲǚǢǭǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǲǭǫ ǵǼǯǭ, ǣǝǫǟǧ ǟǳǲǺ ǲǥǰ 

ǦǷǯǚǨǧǱǥǰ (shielding). ǑǻǪǴǷǫǟ Ǫǣ ǲǭ ǟǳǲǺ ǲǭ ǴǟǧǫǺǪǣǫǭ, ǥ ǛǫǲǟǱǥ ǲǥǰ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǪǣǧǼǫǣǲǟǧ ǣǨǦǣǲǧǨǚ ǺǱǭ ǥ ǮǳǨǫǺǲǥǲǟ ǲǭǳ ǳǩǧǨǭǻ, Ǳǲǭ ǭǮǭǝǭ 

ǢǧǟǢǝǢǣǲǟǧ, ǟǳǬǚǫǣǲǟǧ. ǒǭ ǴǟǧǫǺǪǣǫǭ ǲǥǰ ǦǷǯǚǨǧǱǥǰ ǭǫǭǪǚǤǣǲǟǧ Ǩǟǧ Ƿǰ 

ǟǮǺǱǠǣǱǥ (attenuation). 

ǑǳǫǣǮǼǰ, ǥ ǛǫǲǟǱǥ ǲǥǰ ǪǣǲǯǭǻǪǣǫǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǣ Ǜǫǟ ǱǥǪǣǝǭ ǟǮǺ Ǫǝǟ 

ǱǥǪǣǧǟǨǜ Ǯǥǡǜ, ǣǬǟǯǲǚǲǟǧ ǟǮǺ ǲǥǫ ǛǫǲǟǱǥ ǲǥǰ Ǯǥǡǜǰ I 0 , ǲǥǫ ǟǮǺǱǲǟǱǥ ǲǥǰ 

Ǯǥǡǜǰ Ǩǟǧ ǲǭǳ ǱǥǪǣǝǭǳ ǮǟǯǟǲǜǯǥǱǥǰ R , ǨǟǦǼǰ ǲǭǫ ǢǣǝǨǲǥ ǟǮǺǱǠǣǱǥǰ 

(attenuation rate) Ǫ , ǲǭ ǭǮǭǝǭ ǣǝǫǟǧ Ǫǝǟ ǱǲǟǦǣǯǜ ǲǧǪǜ Ǯǭǳ ǣǬǟǯǲǚǲǟǧ ǟǮǺ ǲǭ 
ǪǛǱǭ ǢǧǚǢǭǱǥǰ. ƹǲǱǧ, ǮǯǭǨǻǮǲǣǧ ǥ ǟǨǺǩǭǳǦǥ ǱǵǛǱǥ. 

 

 Ὅ  
Ὅ

Ὑ
ϽὩ Ͻ (1) 

 
 

ǀǨǺǪǥ, ǩǟǪǠǚǫǭǫǲǟǰ ǳǮǺǶǧǫ ǲǧǰ ǮǥǡǛǰ [9], [10], ǭǯǝǤǭǳǪǣ ǲǭǫ ǢǣǝǨǲǥ 

ǟǮǺǱǠǣǱǥǰ ǡǧǟ ǪǛǱǭ ǢǧǚǢǭǱǥǰ ǲǭ ǫǣǯǺ Ƿǰ Ǫ å 7.2 m-1 , ǣǫǼ ǡǧǟ ǲǭǫ ǟǛǯǟ ǭ 

ǢǣǝǨǲǥǰ ǟǮǺǱǠǣǱǥǰ ǭǯǝǤǣǲǟǧ Ƿǰ Ǫ å 7.8*10-3 m-1 . ǒǛǩǭǰ, ǮǯǭǱǦǛǲǭǳǪǣ ǲǭǫ Ǻǯǭ 

ǲǥǰ Ǳǲǣǯǣǚǰ ǡǷǫǝǟǰ sa = 4*10-4/ R2 Ǳǲǥǫ ǱǵǛǱǥ (1) Ǩǟǧ ǱǳǫǣǮǼǰ, ǟǳǲǜ ǩǟǪǠǚǫǣǧ 

ǲǥǫ ǟǨǺǩǭǳǦǥ ǪǭǯǴǜ. 
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 Ὅ  
ϽϽ

ϽὩ Ͻ       (2) 
 

 

 

3.3.2 ǏǥǡǛǰ ǨǟǲǟǫǭǪǜǰ 
 

ƹǫǟ ǣǝǢǭǰ ǵǷǯǧǨǜǰ ǨǟǲǟǫǭǪǜǰ ǯǟǢǧǣǫǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǣǬǣǲǚǱǟǪǣ ǟǮǭǲǣǩǭǻǫ 

ǭǧ ǨǟǲǟǫǭǪǛǰ ǟǫǟǴǭǯǛǰ, ǭǧ ǭǮǭǝǣǰ ǨǟǩǻǮǲǭǳǫ ǱǳǫǭǩǧǨǚ ǲǭǫ ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. 

ǆ ǪǭǫǲǣǩǭǮǭǝǥǱǥ ǲǭǳ background ǪǛǱǷ ǲǷǫ ǱǳǫǟǯǲǜǱǣǷǫ ǟǫǟǴǭǯǚǰ ǟǮǭǲǣǩǣǝ 

Ǜǫǟ Ǳǣǫǚǯǧǭ, ǲǭ ǭǮǭǝǭ ǣǝǫǟǧ ǟǯǨǣǲǚ ǢǧǟǢǣǢǭǪǛǫǭ Ǳǲǥǫ ǮǟǯǟǨǭǩǭǻǦǥǱǥ ǲǭǳ 

ǮǣǯǧǠǚǩǩǭǫǲǭǰ ǟǩǩǚ Ǩǟǧ ǲǥǫ ǮǯǭǱǲǟǱǝǟ Ǩǟǧ ǮǣǯǝǦǟǩǶǥ ǲǷǫ ǟǫǦǯǼǮǷǫ. 

ǋǝǟ ǨǟǲǟǫǭǪǜ ǟǫǟǴǭǯǚǰ ǣǝǫǟǧ Ǫǝǟ ǨǟǫǭǫǧǨǜ ǜ ǡǫǷǱǲǜ Ǳǣ ǣǪǚǰ ǨǟǲǟǫǭǪǜ, 

ǥ ǭǮǭǝǟ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ Ƿǰ ǱǳǡǨǯǝǱǥ Ǳǣ ǱǵǛǱǥ Ǫǣ ǲǥǫ ǩǜǶǥ ǲǷǫ ǮǯǟǡǪǟǲǧǨǼǫ 

ǜ ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǪǣǲǯǜǱǣǷǫ Ǯǭǳ ǩǚǠǟǪǣ ǡǧǟ ǲǭǫ ǵǼǯǭ Ǯǭǳ ǟǳǲǜ ǨǟǩǻǮǲǣǧ. 

ǂǧǟ ǲǭǫ ǭǯǧǱǪǺ ǲǥǰ ǨǟǲǟǫǭǪǜǰ ǟǫǟǴǭǯǚǰ Ǯǭǳ ǮǣǯǧǡǯǚǴǣǧ Ǜǫǟǫ ǵǼǯǭ, ǟǮǟǧǲǣǝǲǟǧ 

ǥ ǪǟǨǯǭǵǯǺǫǧǟ ǩǜǶǥ ǲǷǫ ǪǣǲǯǜǱǣǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǪǛǱǟ Ǳǣ ǟǳǲǺǫ. ƹǮǣǧǲǟ, 

ǱǻǪǴǷǫǟ Ǫǣ ǟǳǲǛǰ ǲǧǰ ǪǣǲǯǜǱǣǧǰ, ǪǭǫǲǣǩǭǮǭǧǭǻǪǣ ǲǥǫ ǱǳǪǮǣǯǧǴǭǯǚ ǲǭǳ 

ǴǟǧǫǭǪǛǫǭǳ Ƿǰ background ǪǛǱǟ Ǳǣ ǟǳǲǺǫ ǲǭǫ ǵǼǯǭ Ǩǟǧ ǭǢǥǡǭǻǪǟǱǲǣ Ǳǲǥǫ 

ǣǻǯǣǱǥ ǲǥǰ ǨǟǲǟǫǭǪǜǰ Ǯǭǳ ǲǧǰ ǮǣǯǧǡǯǚǴǣǧ.  

ǑǳǫǣǮǼǰ, Ǜǵǭǫǲǟǰ Ǳǲǥǫ Ǩǟǲǭǵǜ Ǫǟǰ ǲǥǫ ǱǳǫǚǯǲǥǱǥ ǟǫǟǴǭǯǚǰ, Ǫǟǰ Ǣǝǫǣǲǟǧ 

ǥ ǢǳǫǟǲǺǲǥǲǟ ǫǟ ǢǧǟǮǧǱǲǼǱǭǳǪǣ ǲǳǵǺǫ ǟǩǩǟǡǛǰ ǜ ǟǫǷǪǟǩǝǣǰ ǲǷǫ ǣǮǧǮǛǢǷǫ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǲǭǫ ǵǼǯǭ Ǳǣ ǪǣǩǩǭǫǲǧǨǺ ǵǯǺǫǭ Ǩǟǧ ǫǟ ǩǚǠǭǳǪǣ ǲǧǰ Ǩǟǲǚǩǩǥǩǣǰ 

ǟǮǭǴǚǱǣǧǰ ǡǧǟ ǲǥǫ ǮǯǭǱǲǟǱǝǟ ǲǭǳ ǟǫǦǯǼǮǭǳ ǜ ǲǭǳ ǮǣǯǧǠǚǩǩǭǫǲǭǰ. 

 

3.3.3 ǃǧǚǵǳǲǣǰ ǮǥǡǛǰ 
 

ǎ ǫǺǪǭǰ ǲǭǳ Fick ǟǮǭǲǣǩǣǝ Ǫǝǟ Ǯǭǩǻ ǱǥǪǟǫǲǧǨǜ ǣǬǝǱǷǱǥ Ǳǲǥǫ ǣǮǧǱǲǜǪǥ 

ǲǥǰ ǴǳǱǧǨǜǰ, ǭ ǭǮǭǝǭǰ ǮǣǯǧǡǯǚǴǣǧ ǲǥǫ ǯǭǜ ǱǷǪǟǲǧǢǝǷǫ ǜ ǨǚǮǭǧǟǰ ǭǳǱǝǟ ǪǛǱǟ Ǳǣ 

Ǜǫǟ ǪǛǱǭ ǢǧǚǢǭǱǥǰ [11]. ǑǻǪǴǷǫǟ Ǫǣ ǲǭǫ ǫǺǪǭ ǲǭǳ Fick, ǭ ǯǳǦǪǺǰ ǢǧǚǵǳǱǥǰ 

ǣǬǟǯǲǚǲǟǧ ǮǩǜǯǷǰ ǟǮǺ ǲǭǫ ǠǟǦǪǺ ǲǥǰ ǱǳǡǨǛǫǲǯǷǱǥǰ ǲǥǰ ǭǳǱǝǟǰ. ǎ ǫǺǪǭǰ ǲǭǳ 

Fick ǣǨǴǯǚǤǣǲǟǧ ǪǟǦǥǪǟǲǧǨǚ ǟǮǺ ǲǥǫ ǱǵǛǱǥ (3), ǺǮǭǳ J ǣǝǫǟǧ ǭ ǯǳǦǪǺǰ ǢǧǚǵǳǱǥǰ, 

D ǣǝǫǟǧ ǭ ǱǳǫǲǣǩǣǱǲǜǰ ǢǧǚǵǳǱǥǰ, C ǣǝǫǟǧ ǥ ǱǳǡǨǛǫǲǯǷǱǥ ǲǥǰ ǭǳǱǝǟǰ Ǩǟǧ x ǣǝǫǟǧ ǥ 

ǟǮǺǱǲǟǱǥ ǮǚǫǷ Ǳǲǭǫ ǚǬǭǫǟ ǢǧǚǵǳǱǥǰ. 

 

 ὐ  ὈϽ               (3) 
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ǗǱǲǺǱǭ, Ǳǲǭǫ ǮǯǟǡǪǟǲǧǨǺ ǨǺǱǪǭ, ǥ ǱǳǡǨǛǫǲǯǷǱǥ Ǫǝǟǰ ǭǳǱǝǟǰ Ǣǣǫ ǣǝǫǟǧ 

ǱǲǟǦǣǯǜ, ǟǴǭǻ ǟǳǲǜ ǪǣǲǟǠǚǩǩǟǲǟǧ Ǳǣ ǱǵǛǱǥ Ǫǣ ǲǭǫ ǵǯǺǫǭ Ǩǟǧ ǲǭǫ ǵǼǯǭ, ǣǬǟǧǲǝǟǰ 

ǲǥǰ Ǳǳǫǣǵǭǻǰ ǮǟǯǟǡǷǡǜǰ ǜ ǨǟǲǟǫǚǩǷǱǥ ǲǥǰ ǭǳǱǝǟǰ ǟǳǲǜǰ. ǒǭ Ǳǣǫǚǯǧǭ, ǟǳǲǺ, 

ǣǝǫǟǧ ǡǫǷǱǲǺ Ǩǟǧ Ƿǰ Ǫǝǟ Ǣǧǚǵǳǲǥ Ǯǥǡǜ. ǏǯǭǨǣǧǪǛǫǭǳ ǫǟ ǣǨǴǯǟǱǲǣǝ ǟǳǲǺ ǲǭ 

ǴǟǧǫǺǪǣǫǭ, ǭ ǫǺǪǭǰ ǲǭǳ Fick ǲǯǭǮǭǮǭǧǣǝǲǟǧ Ƿǰ ǣǬǜǰ: 

 

  ὈϽ               (4) 
 

 

ǆ ǱǵǛǱǥ (4) ǟǮǭǲǣǩǣǝ ǲǭǫ Ǣǣǻǲǣǯǭ ǫǺǪǭ ǲǭǳ Fick. ǒǛǩǭǰ, ǭ ǫǺǪǭǰ ǲǭǳ 

Fick ǡǧǟ Ǣǧǚǵǳǲǣǰ ǮǥǡǛǰ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ ǣǳǯǛǷǰ Ǳǣ ǢǧǚǴǭǯǟ ǣǮǧǱǲǥǪǭǫǧǨǚ 

ǮǣǢǝǟ, ǺǮǷǰ ǟǳǲǚ ǲǥǰ ǠǧǭǴǳǱǧǨǜǰ, ǲǥǰ ǣǮǧǱǲǜǪǥǰ ǮǣǯǧǠǚǩǩǭǰ Ǩǟǧ ǲǥǰ ǵǥǪǧǨǜǰ 

ǪǥǵǟǫǧǨǜǰ. Ǐǧǭ ǱǳǡǨǣǨǯǧǪǛǫǟ, ǭ ǫǺǪǭǰ ǲǭǳ Fick ǪǮǭǯǣǝ ǫǟ ǟǬǧǭǮǭǧǥǦǣǝ ǡǧǟ ǫǟ 

ǪǭǫǲǣǩǭǮǭǧǜǱǣǧ ǲǥǫ ǪǣǲǟǴǭǯǚ ǯǻǮǷǫ Ǳǲǟ ǻǢǟǲǟ. 

Ǒǲǥǫ ǮǟǯǭǻǱǟ ǢǧǮǩǷǪǟǲǧǨǜ ǣǯǡǟǱǝǟ, ǵǯǥǱǧǪǭǮǭǧǭǻǪǣ ǲǭ ǴǟǧǫǺǪǣǫǭ ǲǥǰ 

ǢǧǚǵǳǱǥǰ, ǡǧǟ ǫǟ ǪǭǫǲǣǩǭǮǭǧǜǱǭǳǪǣ Ǫǝǟ ǵǷǯǧǨǜ Ǯǥǡǜ ǯǟǢǧǣǫǣǫǛǯǡǣǧǟǰ, ǥ ǭǮǭǝǟ 

ǨǟǩǻǮǲǣǧ ǱǳǫǭǩǧǨǚ ǲǭǫ ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. Ǐǧǭ ǱǳǡǨǣǨǯǧǪǛǫǟ, ǟǬǧǭǮǭǧǭǻǪǣ ǲǥǫ 

ǟǫǟǩǳǲǧǨǜ ǪǭǯǴǜ ǲǭǳ Ǣǣǻǲǣǯǭǳ ǫǺǪǭǳ ǲǭǳ Fick, ǥ ǭǮǭǝǟ ǮǟǯǭǳǱǧǚǤǣǲǟǧ Ǳǲǥǫ 

ǱǵǛǱǥ (5), ǺǮǭǳ C(x, t) ǣǝǫǟǧ ǥ ǱǳǡǨǛǫǲǯǷǱǥ ǲǥǰ ǭǳǱǝǟǰ Ǳǣ ǱǥǪǣǝǭ x Ǩǟǧ ǵǯǭǫǧǨǜ 

ǱǲǧǡǪǜ t, C0 ǣǝǫǟǧ ǥ ǟǯǵǧǨǜ ǱǳǡǨǛǫǲǯǷǱǥ ǲǥǰ ǭǳǱǝǟǰ, CS ǣǝǫǟǧ ǥ ǱǳǡǨǛǫǲǯǷǱǥ ǲǥǰ 

ǭǳǱǝǟǰ Ǳǲǭ ǱǥǪǣǝǭ x, ǣǫǼ ǲǭ erf(x) ǟǮǭǲǣǩǣǝ ǲǥǫ ǱǳǫǚǯǲǥǱǥ ǩǚǦǭǳǰ. 

 

 ὅὼȟὸ  ὅ ὅ ὅ ϽÅÒÆ 
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                 (5), 
 

      ǺǮǭǳ ÅÒÆὼ  
Ѝ
᷿ÅØÐό Ὠό                        (6) 

 
 

 

3.3.4 Plume - ǉǷǫǭǣǧǢǣǝǰ ǮǥǡǛǰ 
 

ǒǭ ǲǣǩǣǳǲǟǝǭ ǣǝǢǭǰ Ǯǥǡǜǰ, ǲǭ ǭǮǭǝǭ ǮǯǭǱǦǛǱǟǪǣ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǜ Ǫǟǰ, 

ǣǝǫǟǧ ǲǭ plume. ƹǫǟ plume ǯǟǢǧǣǫǣǯǡǜǰ ǢǯǟǱǲǥǯǧǺǲǥǲǟǰ ǭǯǝǤǣǧ ǲǥǫ ǣǨǮǭǪǮǜ 

Ǫǝǟǰ ǪǚǤǟǰ ǯǟǢǧǣǫǣǯǡǼǫ ǱǲǭǧǵǣǝǷǫ ǜ ǟǣǯǝǷǫ ǟǮǺ ǨǚǮǭǧǭ ǮǳǯǥǫǧǨǺ ǡǣǡǭǫǺǰ ǜ 

ǟǲǻǵǥǪǟ. ǂǧǟ ǮǟǯǚǢǣǧǡǪǟ, ǲǛǲǭǧǭǳ ǣǝǢǭǳǰ plumes ǪǮǭǯǭǻǫ ǫǟ ǢǥǪǧǭǳǯǡǥǦǭǻǫ 

Ƿǰ ǟǮǭǲǛǩǣǱǪǟ Ǫǝǟǰ ǥǴǟǧǱǲǧǟǨǜǰ ǛǨǯǥǬǥǰ Ǩǟǧ ǫǟ Ǫǭǩǻǫǭǳǫ ǲǭǫ ǟǛǯǟ ǜ ǲǟ ǻǢǟǲǟ, 

ǣǚǫ ǮǯǺǨǣǧǲǟǧ ǡǧǟ ǳǮǭǦǟǩǚǱǱǧǟ ǛǨǯǥǬǥ. ǆ ǱǳǪǮǣǯǧǴǭǯǚ ǣǫǺǰ plume ǣǬǟǯǲǚǲǟǧ 

ǟǮǺ Ǯǭǩǩǭǻǰ Ǯǟǯǚǡǭǫǲǣǰ, ǺǮǷǰ ǲǭ ǣǝǢǭǰ Ǩǟǧ ǲǥǫ ǮǭǱǺǲǥǲǟ ǲǥǰ ǯǟǢǧǣǫǣǯǡǭǻǰ 
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ǭǳǱǝǟǰ Ǯǭǳ ǣǨǮǛǪǮǣǲǟǧ, ǲǧǰ ǨǟǧǯǧǨǛǰ ǱǳǫǦǜǨǣǰ, ǲǧǰ ǨǟǲǣǻǦǳǫǱǣǧǰ ǲǭǳ ǟǫǛǪǭǳ ǜ ǲǷǫ 

ǳǢǚǲǷǫ. ƹǫǟ plume ǪǮǭǯǣǝ ǫǟ ǪǣǲǟǴǛǯǣǧ Ǯǭǩǻ ǡǯǜǡǭǯǟ Ǩǟǧ Ǳǣ Ǫǣǡǚǩǣǰ ǣǨǲǚǱǣǧǰ, 

ǯǟǢǧǣǫǣǯǡǚ ǧǱǺǲǭǮǟ Ǳǲǭǫ ǟǛǯǟ ǜ ǲǭ ǫǣǯǺ. 

ǋǝǟ ǪǭǯǴǜ ǪǭǫǲǣǩǭǮǭǝǥǱǥǰ ǲǭǳ plume ǟǮǭǲǣǩǣǝ ǲǭ ǨǷǫǭǣǧǢǛǰ ǱǵǜǪǟ, 

Ǩǟǲǚ ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǺǮǭǳ ǥ ǯǟǢǧǣǫǣǯǡǺǰ ǭǳǱǝǟ ǣǬǛǯǵǣǲǟǧ ǟǮǺ ǲǭ ǴǟǧǫǺǪǣǫǭ Ǯǭǳ 

ǲǥǫ ǮǯǭǨǚǩǣǱǣ [12]. 

 

3.4 ǒǣǵǫǧǨǛǰ ǏǟǯǣǪǠǭǩǜǰ 
 

ǎǧ ǟǧǱǦǥǲǜǯǣǰ ǪǛǲǯǥǱǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǣǝǫǟǧ ǣǡǨǟǲǣǱǲǥǪǛǫǭǧ Ǳǲǟ 

underwater gliders, ǩǟǪǠǚǫǭǳǫ ǪǣǲǯǜǱǣǧǰ ǯǟǢǧǣǫǣǫǛǯǡǣǧǟǰ ǪǺǫǭ ǟǮǺ ǟǮǺ ǲǟ 

ǱǥǪǣǝǟ ǟǮǺ ǲǟ ǭǮǭǝǟ ǢǧǛǯǵǭǫǲǟǧ Ǩǟǧ ǡǧǟ ǟǨǲǝǫǟ ǣǫǺǰ ǪǛǲǯǭǳ ǡǻǯǷ ǟǮǺ ǲǭ ǺǵǥǪǟ. 

ǑǳǫǣǮǼǰ, ǡǝǫǣǲǟǧ ǟǫǲǧǩǥǮǲǺ ǮǷǰ ǭǧ ǪǣǲǯǜǱǣǧǰ Ǯǭǳ ǩǟǪǠǚǫǭǳǪǣ ǣǝǫǟǧ ǩǝǡǣǰ Ǳǣ 

ǟǯǧǦǪǺ, ǼǱǲǣ ǫǟ ǪǮǭǯǛǱǭǳǪǣ ǫǟ ǪǭǫǲǣǩǭǮǭǧǜǱǭǳǪǣ ǲǥǫ ǱǳǪǮǣǯǧǴǭǯǚ ǲǥǰ 

ǯǟǢǧǣǯǫǛǯǡǣǧǟǰ Ǳǲǭǫ ǵǼǯǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ.  

ǏǯǭǨǣǧǪǛǫǭǳ ǫǟ ǪǮǭǯǛǱǭǳǪǣ ǫǟ ǵǟǯǲǭǡǯǟǴǜǱǭǳǪǣ ǲǟ ǣǮǝǮǣǢǟ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǲǭǫ ǵǼǯǭ, ǵǯǣǧǚǤǣǲǟǧ ǫǟ ǛǵǭǳǪǣ Ǳǲǥǫ Ǩǟǲǭǵǜ Ǫǟǰ Ǩǟǧ ǣǨǲǧǪǜǱǣǧǰ 

ǯǟǢǧǣǫǛǯǡǣǧǟǰ, ǡǧǟ ǮǣǯǧǭǵǛǰ Ǯǭǳ ǲǟ underwater gliders Ǣǣǫ ǨǚǩǳǶǟǫ. ǎǧ ǲǧǪǛǰ, 

ǟǳǲǛǰ, ǪǮǭǯǭǻǫ ǫǟ ǮǯǭǨǻǶǭǳǫ ǪǛǱǷ Ǫǝǟǰ ǲǣǵǫǧǨǜǰ ǮǯǭǱǛǡǡǧǱǥǰ ǚǡǫǷǱǲǷǫ ǲǧǪǼǫ 

Ǯǭǳ ǭǫǭǪǚǤǣǲǟǧ interpolation.  

ǆ ǲǣǵǫǧǨǜ ǲǭǳ interpolation ǮǣǯǧǡǯǚǴǣǧ Ǜǫǟ ǪǟǦǥǪǟǲǧǨǺ ǪǭǫǲǛǩǭ, ǲǭ 

ǭǮǭǝǭ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ ǡǧǟ ǫǟ ǡǝǫǣǧ ǮǯǭǱǛǡǡǧǱǥ Ǫǝǟǰ ǚǡǫǷǱǲǥǰ ǲǧǪǜǰ Ǯǭǳ 

ǠǯǝǱǨǣǲǟǧ ǟǫǚǪǣǱǟ Ǳǣ Ǣǻǭ ǡǫǷǱǲǛǰ, Ǳǣ ǣǪǚǰ, ǲǧǪǛǰ. ǒǭ interpolation ǪǮǭǯǣǝ ǫǟ 

ǮǯǟǡǪǟǲǭǮǭǧǥǦǣǝ Ǩǚǫǭǫǲǟǰ ǵǯǜǱǥ ǢǧǟǴǭǯǣǲǧǨǼǫ ǱǳǫǟǯǲǜǱǣǷǫ ǜ ǟǩǡǭǯǝǦǪǷǫ. 

ǎǯǧǱǪǛǫǣǰ ǢǧǟǴǭǯǣǲǧǨǛǰ ǣǨǢǺǱǣǧǰ ǟǳǲǜǰ ǲǥǰ ǲǣǵǫǧǨǜǰ ǣǝǫǟǧ ǲǭ linear 

interpolation, ǲǭ polynomial interpolation ǜ ǲǭ spline interpolation. Ǒǲǥǫ 

ǣǧǨǺǫǟ 3.2, ǮǟǯǭǳǱǝǟǤǣǲǟǧ ǡǯǟǴǧǨǚ ǲǭ linear interpolation, ǺǮǭǳ ǭǧ ǲǧǪǛǰ ǲǷǫ 

ǱǥǪǣǝǷǫ (x0, y0) Ǩǟǧ (x1, y1) ǣǝǫǟǧ ǡǫǷǱǲǛǰ Ǩǟǧ ǥ ǲǧǪǜ ǲǭǳ (x, y) ǟǮǭǲǣǩǣǝ ǲǥǫ ǲǧǪǜ 

Ǯǯǭǰ ǟǫǟǤǜǲǥǱǥ. 

ǗǱǲǺǱǭ, ǮǯǛǮǣǧ ǫǟ ǲǭǫǧǱǦǣǝ ǮǷǰ ǣǬǟǧǲǝǟǰ ǲǭǳ Ǻǲǧ ǲǟ ǢǣǢǭǪǛǫǟ ǲǷǫ 

ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǪǣǲǯǜǱǣǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǟǫǟǴǛǯǭǫǲǟǧ Ǳǣ Ǫǝǟ ǲǯǧǱǢǧǚǱǲǟǲǥ 

ǦǛǱǥ (x, y, z), ǣǫǼ ǮǯǭǛǯǵǭǫǲǟǧ ǟǮǺ ǲǭ ǪǜǨǭǰ Ǫǝǟ ǲǯǭǵǧǚǰ ǲǷǫ underwater 

gliders, ǢǥǩǟǢǜ Ǫǝǟ ǢǧǚǱǲǟǱǥ, Ǩǚǫǣǧ ǲǭ ǮǯǺǠǩǥǪǟ ǢǳǱǨǭǩǺǲǣǯǭ Ǯǯǭǰ ǣǮǝǩǳǱǥ 

Ǫǣ ǲǥǫ ǵǯǜǱǥ ǲǭǳ interpolation. 
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ǑǵǜǪǟ 3.2: ǏǟǯǚǢǣǧǡǪǟ linear interpolation 

 

3.4.1 ǂǯǟǪǪǧǨǜ ǏǟǯǣǪǠǭǩǜ 
 

ǆ ǱǳǫǚǯǲǥǱǥ `spicy.interpolate.griddatà ǲǥǰ ǠǧǠǩǧǭǦǜǨǥǰ SciPy 

ǵǯǥǱǧǪǭǮǭǣǝǲǟǧ ǡǧǟ ǲǥǫ ǮǯǟǡǪǟǲǭǮǭǧǜǱǥ ǲǥǰ ǲǣǵǫǧǨǜǰ ǲǭǳ interpolation Ǯǭǳ 

ǮǣǯǧǡǯǚǴǦǥǨǣ ǮǟǯǟǮǚǫǷ, ǡǧǟ ǮǭǩǳǢǧǚǱǲǟǲǟ ǢǣǢǭǪǛǫǟ Ǩǚǫǭǫǲǟǰ ǵǯǜǱǥǰ 

ǢǧǚǴǭǯǷǫ ǪǣǦǺǢǷǫ. ǆ ǣǝǱǭǢǭǰ ǲǥǰ ǱǳǫǚǯǲǥǱǥǰ ǟǮǭǲǣǩǣǝǲǟǧ ǟǮǺ ǲǯǣǧǰ ǮǝǫǟǨǣǰ, 

ǲǭǫ ǮǝǫǟǨǟ `points̀, ǲǭǫ ǮǝǫǟǨǟ `values̀ Ǩǟǧ ǲǭǫ ǮǝǫǟǨǟ `xì . 

ǎ ǮǝǫǟǨǟǰ `points̀ ǣǝǫǟǧ ǲǥǰ ǪǭǯǴǜǰ `(npoints, ndim)` Ǩǟǧ ǟǫǟǮǟǯǧǱǲǚ 

ǲǧǰ ǱǳǫǲǣǲǟǡǪǛǫǣǰ ǲǷǫ ǱǥǪǣǧǼǫ ǲǷǫ ǢǣǢǭǪǛǫǷǫ, ǺǮǭǳ `npoints̀ ǣǝǫǟǧ ǭ ǟǯǧǦǪǺǰ 

ǲǷǫ ǱǥǪǣǝǷǫ Ǩǟǧ `ndim̀  ǣǝǫǟǧ ǥ ǢǧǚǱǲǟǱǥ ǲǷǫ ǢǣǢǭǪǛǫǷǫ. ǎ ǮǝǫǟǨǟǰ `values̀ 

ǣǝǫǟǧ ǲǥǰ ǪǭǯǴǜǰ `(npoints, )` Ǩǟǧ ǟǫǟǮǟǯǧǱǲǚ ǲǧǰ ǲǧǪǛǰ Ǯǭǳ ǟǫǲǧǮǯǭǱǷǮǣǻǭǳǫ ǲǭ 

ǨǚǦǣ Ǜǫǟ ǱǥǪǣǝǭ ǲǷǫ ǱǳǫǲǣǲǟǡǪǛǫǷǫ. ǒǛǩǭǰ, ǭ ǮǝǫǟǨǟǰ `xi` ǣǝǫǟǧ ǲǥǰ ǪǭǯǴǜǰ 

`(npoints, ndim)` Ǩǟǧ ǟǫǟǮǟǯǧǱǲǚ ǲǧǰ ǱǳǫǲǣǲǟǡǪǛǫǣǰ ǲǷǫ ǱǥǪǣǝǷǫ, Ǳǲǟ ǭǮǭǝǟ 

ǦǛǩǭǳǪǣ ǭ ǟǩǡǺǯǧǦǪǭǰ ǫǟ ǮǯǭǱǣǡǡǝǱǣǧ ǲǥǫ ǮǯǟǡǪǟǲǧǨǜ ǲǧǪǜ.  

ǀǨǺǪǥ, ǥ ǠǧǠǩǧǭǦǜǨǥ SciPy Ǫǟǰ Ǣǝǫǣǧ ǲǥǫ ǢǳǫǟǲǺǲǥǲǟ ǫǟ ǣǮǧǩǛǬǭǳǪǣ 

ǪǣǲǟǬǻ ǢǧǚǴǭǯǷǫ ǲǣǵǫǧǨǼǫ interpolation, ǱǳǪǮǣǯǧǩǟǪǠǟǫǭǪǛǫǷǫ ǲǷǫ linear, 

cubic Ǩǟǧ nearest neighbor. ǂǧǟ ǲǭǳ ǱǨǭǮǭǻǰ ǲǥǰ ǮǟǯǭǻǱǟǰ ǢǧǮǩǷǪǟǲǧǨǜǰ 

ǣǯǡǟǱǝǟǰ, ǣǮǧǩǛǬǟǪǣ ǲǭ linear interpolation, ǨǟǦǼǰ ǦǣǷǯǜǱǟǪǣ Ǻǲǧ ǲǟǧǯǧǚǤǣǧ 

ǮǣǯǧǱǱǺǲǣǯǭ Ǳǲǥǫ ǪǭǯǴǜ ǲǷǫ ǢǣǢǭǪǛǫǷǫ Ǫǟǰ. ǎ ǟǫǟǡǫǼǱǲǥǰ, ǣǚǫ ǲǭ ǣǮǧǦǳǪǣǝ, 

ǪǮǭǯǣǝ ǫǟ ǟǫǟǤǥǲǜǱǣǧ ǮǣǯǧǱǱǺǲǣǯǣǰ ǮǩǥǴǭǴǭǯǝǣǰ ǡǧǟ ǲǥǫ ǱǳǫǚǯǲǥǱǥ 

`scipy.interpolate.griddatà ǣǢǼ1. 

 

 

 
1 SciPy ̀griddatà function 

https://docs.scipy.org/doc/scipy/reference/generated/scipy.interpolate.griddata.html
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3.4.2 ǓǩǭǮǭǝǥǱǥ AǩǡǭǯǝǦǪǭǳ ǏǟǯǣǪǠǭǩǜǰ Ǫǣ MLP 
 

Ǒǲǥǫ ǮǟǯǭǻǱǟ ǳǮǭǣǫǺǲǥǲǟ, Ǧǟ ǮǟǯǭǳǱǧǚǱǭǳǪǣ ǲǥǫ ǟǬǧǭǮǭǝǥǱǥ ǣǫǺǰ 

MLP, ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǮǯǟǡǪǟǲǭǮǭǧǜǱǭǳǪǣ Ǜǫǟ interpolation Ǳǲǧǰ 

ǮǯǭǱǭǪǭǧǷǪǛǫǣǰ ǲǧǪǛǰ ǲǷǫ ǪǣǲǯǜǱǣǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ. ǀǧǲǝǟ ǡǧǟ ǲǥǫ ǵǯǜǱǥ ǲǭǳ 

MLP ǟǮǭǲǣǩǣǝ ǥ ǠǣǩǲǝǷǱǥ ǲǥǰ ǣǮǝǢǭǱǥǰ, ǨǟǦǼǰ Ǩǟǧ ǥ ǪǣǝǷǱǥ ǲǭǳ ǟǮǟǧǲǭǻǪǣǫǭǳ 

ǵǯǺǫǭǳ ǣǨǲǛǩǣǱǥǰ ǲǭǳ interpolation. ǆ ǵǯǜǱǥ ǲǭǳ MLP Ǯǭǳ Ǧǟ ǮǣǯǧǡǯǚǶǭǳǪǣ 

ǮǟǯǟǨǚǲǷ, ǡǝǫǣǲǟǧ Ǫǣ ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ ǲǭǳ ǨǚǦǣ Ǵǭǯǚ Ǳǲǧǰ ǮǯǭǱǭǪǭǧǷǪǛǫǣǰ ǲǧǪǛǰ 

ǡǧǟ ǲǧǰ ǢǧǟǴǭǯǣǲǧǨǭǻ ǲǻǮǭǳ ǮǥǡǛǰ, ǨǟǦǼǰ Ǩǟǧ Ǳǲǟ ǢǧǟǴǭǯǣǲǧǨǚ Ǳǣǫǚǯǧǟ ǲǷǫ 

trajectory ǜ voxel spacing. 

ǆ ǟǯǵǧǲǣǨǲǭǫǧǨǜ ǲǭǳ MLP Ǯǭǳ ǨǟǲǟǱǨǣǳǚǱǟǪǣ ǬǣǨǧǫǚ Ǫǣ ǲǭǫ ǭǯǧǱǪǺ 3 

ǫǣǳǯǼǫǷǫ Ǳǲǭ ǣǮǝǮǣǢǭ ǣǝǱǭǢǭǳ Ǯǭǳ ǟǫǲǧǱǲǭǧǵǭǻǫ Ǳǲǧǰ ǱǳǫǲǣǲǟǡǪǛǫǣǰ ǲǷǫ 

ǱǥǪǣǝǷǫ (x, y, z) Ǩǟǧ 1 ǫǣǳǯǼǫǟ Ǳǲǭ ǣǮǝǮǣǢǭ ǣǬǺǢǭǳ Ǯǭǳ ǟǫǲǧǱǲǭǧǵǜ Ǳǲǥǫ 

ǮǯǭǱǛǡǡǧǱǥ ǲǥǰ ǚǡǫǷǱǲǥǰ ǲǧǪǜǰ. ǀǯǵǧǨǚ, ǳǩǭǮǭǧǭǻǪǣ Ǜǫǟ MLP Ǯǭǳ ǮǣǯǧǛǵǣǧ 

ǲǛǱǱǣǯǟ ǨǯǳǴǚ ǣǮǝǮǣǢǟ ǪǣǲǟǬǻ ǲǷǫ ǣǮǧǮǛǢǷǫ ǣǧǱǺǢǭǳ Ǩǟǧ ǣǬǺǢǭǳ, ǣǨ ǲǷǫ ǭǮǭǝǷǫ 

ǲǟ ǲǯǝǟ ǮǯǼǲǟ ǟǮǭǲǣǩǭǻǫǲǟǧ ǟǮǺ 256 ǫǣǳǯǼǫǣǰ, ǣǫǼ ǲǭ ǲǯǝǲǭ ǟǮǺ 128 ǫǣǳǯǼǫǣǰ. 

ǏǯǺǨǣǧǲǟǧ ǡǧǟ Ǜǫǟ ǮǩǜǯǷǰ ǢǧǟǱǳǫǢǣǪǛǫǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ Ǩǟǧ ǱǳǫǣǮǼǰ, ǨǚǦǣ 

ǫǣǳǯǼǫǟǰ ǣǫǺǰ ǣǮǧǮǛǢǭǳ ǱǳǫǢǛǣǲǟǧ Ǫǣ Ǻǩǭǳǰ ǲǭǳǰ ǫǣǳǯǼǫǣǰ ǲǭǳ ǣǮǺǪǣǫǭǳ 

ǣǮǧǮǛǢǭǳ. Ǘǰ ǱǳǫǚǯǲǥǱǥ ǣǫǣǯǡǭǮǭǝǥǱǥǰ ǲǭǳ ǨǚǦǣ ǫǣǳǯǼǫǟ, ǣǮǧǩǛǡǭǳǪǣ ǲǥǫ 

ReLU. Ǘǰ ǱǳǫǚǯǲǥǱǥ ǩǚǦǭǳǰ ǡǧǟ ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ ǲǭǳ ǢǧǨǲǻǭǳ, ǣǮǧǩǛǡǭǳǪǣ ǲǭ 

MSE. ǒǛǩǭǰ, ǣǮǧǩǛǡǭǳǪǣ ǲǭǫ Adam Ƿǰ optimizer ǲǭǳ ǢǧǨǲǻǭǳ Ǫǟǰ Ǫǣ learning 

rate ǝǱǭ Ǫǣ 10-4. 

ǀǨǺǪǥ, ǡǧǟ ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ ǲǭǳ ǪǭǫǲǛǩǭǳ Ǫǟǰ ǟǩǩǚ Ǩǟǧ ǲǥǫ ǩǜǶǥ 

ǮǯǺǠǩǣǶǣǷǫ ǡǧǟ ǲǧǰ ǚǡǫǷǱǲǣǰ ǲǧǪǛǰ, ǭǯǡǟǫǼǫǭǳǪǣ ǲǧǰ ǣǧǱǺǢǭǳǰ Ǳǣ batches 

ǪǣǡǛǦǭǳǰ 2048 ǢǣǧǡǪǚǲǷǫ. ǒǭ batching ǣǝǫǟǧ Ǫǝǟ ǲǣǵǫǧǨǜ, ǥ ǭǮǭǝǟ ǣǝǫǟǧ ǣǳǯǛǷǰ 

ǢǧǟǢǣǢǭǪǛǫǥ Ǩǟǧ ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ ǡǧǟ ǲǥǫ ǠǣǩǲǝǷǱǥ ǲǥǰ ǲǟǵǻǲǥǲǟǰ Ǩǟǧ ǲǥǰ 

ǣǮǝǢǭǱǥǰ ǣǫǺǰ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ. ƼǮǷǰ ǮǣǯǧǡǯǚǶǟǪǣ Ǳǲǥǫ ǣǫǺǲǥǲǟ 2.3, Ǩǟǲǚ 

ǲǥǫ ǣǨǮǟǝǢǣǳǱǥ ǣǫǺǰ ǢǧǨǲǻǭǳ Ǫǣ Ǫǝǟ ǣǝǱǭǢǭ, ǳǮǭǩǭǡǝǤǭǳǪǣ ǲǥǫ ǟǮǺǨǩǧǱǥ ǲǥǰ 

ǣǬǺǢǭǳ Ǫǣ ǲǥǫ ǮǯǟǡǪǟǲǧǨǜ ǲǧǪǜ Ǩǟǧ ǛǮǣǧǲǟ, ǟǫǟǫǣǼǫǭǳǪǣ ǲǟ Ǡǚǯǥ ǲǷǫ ǫǣǳǯǼǫǷǫ 

Ǫǣ ǠǚǱǥ ǟǳǲǺ. ǉǟǲǚ ǲǭ batching, ǟǦǯǭǝǤǭǫǲǟǧ ǲǟ ǩǚǦǥ ǲǷǫ ǣǬǺǢǷǫ ǺǩǷǫ ǲǷǫ 

ǢǣǧǡǪǚǲǷǫ ǣǫǺǰ batch Ǩǟǧ Ǳǲǥǫ ǱǳǫǛǵǣǧǟ, ǟǫǟǫǣǼǫǭǳǪǣ ǲǟ Ǡǚǯǥ Ǫǣ ǠǚǱǥ ǟǳǲǺ ǲǭ 

ǚǦǯǭǧǱǪǟ. 

ǄǮǧǮǯǭǱǦǛǲǷǰ, ǳǩǭǮǭǧǭǻǪǣ Ǩǟǧ ǲǥǫ ǲǣǵǫǧǨǜ ǲǭǳ early stopping ǡǧǟ ǲǭ 

ǪǭǫǲǛǩǭ Ǫǟǰ, Ǫǣ patience ǝǱǭ Ǫǣ 7 ǣǮǭǵǛǰ. ǒǭ early stopping ǟǮǭǲǣǩǣǝ Ǫǝǟ 

ǪǛǦǭǢǭ, ǥ ǭǮǭǝǟ Ǫǟǰ ǠǭǥǦǚ ǫǟ ǟǮǭǲǯǛǶǭǳǪǣ ǲǭ ǪǭǫǲǛǩǭ Ǫǟǰ ǫǟ ǭǢǥǡǥǦǣǝ Ǳǣ 

overfitting. ǀǳǲǺ, ǱǳǪǠǟǝǫǣǧ ǢǥǪǧǭǳǯǡǼǫǲǟǰ Ǜǫǟ validation set, ǲǭ ǭǮǭǝǭ ǲǭ 

ǪǭǫǲǛǩǭ Ǫǟǰ ǢǛǵǣǲǟǧ Ƿǰ ǣǝǱǭǢǭ Ǳǲǭ ǲǛǩǭǰ ǨǚǦǣ ǣǮǭǵǜǰ Ǩǟǧ Ǩǚǫǣǧ ǮǯǭǠǩǛǶǣǧǰ 

ǮǚǫǷ Ǳǣ ǟǳǲǺ. ƹǮǣǧǲǟ, Ǫǣ ǠǚǱǥ ǲǧǰ ǣǮǧǢǺǱǣǧǰ ǲǭǳ ǮǚǫǷ Ǳǲǧǰ ǣǮǧǱǲǯǣǴǺǪǣǫǣǰ 

ǣǬǺǢǭǳǰ, ǲǭ early stopping ǣǝǫǟǧ Ǳǣ ǦǛǱǥ ǫǟ ǱǲǟǪǟǲǜǱǣǧ ǭǩǺǨǩǥǯǥ ǲǥǫ 
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ǢǧǟǢǧǨǟǱǝǟ ǣǨǮǟǝǢǣǳǱǥǰ, ǟǫ ǟǫǟǡǫǷǯǝǱǣǧ ǮǷǰ ǲǭ ǪǭǫǲǛǩǭ ǭǢǥǡǣǝǲǟǧ Ǳǣ 

overfitting Ǩǟǧ ǥ ǣǮǝǢǭǱǥ ǲǭǳ ǪǣǧǼǫǣǲǟǧ. Ǐǧǭ ǱǳǡǨǣǨǯǧǪǛǫǟ, ǲǭ early stopping 

ǭǯǝǤǣǲǟǧ Ǫǣ Ǫǝǟ ǳǮǣǯǮǟǯǚǪǣǲǯǭ, ǲǭ patience, ǱǻǪǴǷǫǟ Ǫǣ ǲǥǫ ǭǮǭǝǟ ǮǣǯǧǪǛǫǣǧ 

ǲǺǱǣǰ ǣǮǭǵǛǰ ǝǱǣǰ Ǫǣ ǲǭ patience, Ǩǟǧ ǣǚǫ ǥ ǣǮǝǢǭǱǥ Ǣǣǫ Ǜǵǣǧ ǠǣǩǲǧǷǦǣǝ, ǲǺǲǣ 

ǱǲǟǪǟǲǚ ǥ ǣǨǮǟǝǢǣǳǱǥ. ǏǯǛǮǣǧ ǫǟ ǲǭǫǧǱǦǣǝ ǮǷǰ ǲǭ validation set ǮǟǯǟǪǛǫǣǧ 

Ǯǚǫǲǟ ǚǡǫǷǱǲǭ Ǳǲǭ ǫǣǳǯǷǫǧǨǺ ǢǝǨǲǳǭ, ǟǴǭǻ Ǣǣǫ ǡǝǫǣǲǟǧ ǟǫǟǫǛǷǱǥ ǲǷǫ ǠǟǯǼǫ ǲǭǳ 

ǡǧǟ ǲǟ ǩǚǦǥ Ǯǭǳ ǳǮǭǩǭǡǝǤǭǫǲǟǧ ǡǧǟ ǲǧǰ ǣǬǺǢǭǳǰ ǲǭǳ. 

ǒǛǩǭǰ, ǮǯǭǱǦǛǱǟǪǣ ǲǥǫ ǲǣǵǫǧǨǜ ǲǭǳ positional encoding Ǳǲǥǫ ǣǝǱǭǢǭ ǲǷǫ 

ǲǯǧǼǫ ǱǳǫǲǣǲǟǡǪǛǫǷǫ (x, y, z), Ǩǚǫǭǫǲǟǰ ǵǯǜǱǥ ǲǷǫ Fourier Features, Ǫǝǟ 

ǢǧǟǢǧǨǟǱǝǟ Ǯǭǳ ǮǣǯǧǡǯǚǴǦǥǨǣ Ǳǲǥǫ ǣǫǺǲǥǲǟ 2.5. ǂǧǟ ǲǥǫ ǳǩǭǮǭǝǥǱǥ ǲǷǫ Fourier 

Features, ǵǯǥǱǧǪǭǮǭǧǭǻǪǣ ǲǥǫ `rff.layers.GaussianEncoding` ǲǥǰ ǠǧǠǩǧǭǦǜǨǥǰ 

Random Fourier Features. ǆ ǱǳǫǚǯǲǥǱǥ `GaussianEncoding` ǩǟǪǠǚǫǣǧ ǲǯǝǟ 

ǭǯǧǱǪǚǲǟ Ƿǰ ǣǝǱǭǢǭ, ǲǟ `sigmà, ìnput_sizè Ǩǟǧ `encoded_sizè. ǒǭ `sigmà 

ǟǮǭǲǣǩǣǝ ǲǥǫ ǲǧǪǜ ǲǥǰ ǲǳǮǧǨǜǰ ǟǮǺǨǩǧǱǥ ǲǥǰ ǨǟǲǟǫǭǪǜǰ Ǯǭǳ ǣǴǟǯǪǺǤǣǲǟǧ ǡǧǟ ǲǥǫ 

ǮǟǯǟǡǷǡǜ ǲǷǫ ǢǣǧǡǪǚǲǷǫ. ǆ ǮǟǯǚǪǣǲǯǭǰ `input_sizè ǟǫǟǴǛǯǣǲǟǧ Ǳǲǭǫ ǟǯǧǦǪǺ 

ǲǷǫ ǱǳǫǲǣǲǟǡǪǛǫǷǫ ǣǫǺǰ ǢǣǝǡǪǟǲǭǰ ǣǧǱǺǢǭǳ, ǢǥǩǟǢǜ ǧǱǭǻǲǟǧ Ǫǣ 3 ǡǧǟ ǲǥǫ 

ǮǣǯǧǡǯǟǴǜ ǲǷǫ ǢǧǨǼǫ Ǫǟǰ ǢǣǢǭǪǛǫǷǫ ǣǧǱǺǢǭǳ. ǒǛǩǭǰ, ǥ ǮǟǯǚǪǣǲǯǭǰ 

`encoded_sizè ǣǝǫǟǧ ǝǱǥ Ǫǣ ǲǭǫ ǟǯǧǦǪǺ ǲǷǫ ǢǧǟǱǲǚǱǣǷǫ, Ǳǲǧǰ ǭǮǭǝǣǰ ǦǛǩǭǳǪǣ ǫǟ 

ǟǫǟǡǚǡǭǳǪǣ ǲǭ ǮǯǺǠǩǥǪǟ Ǫǟǰ, ǢǥǩǟǢǜ ǲǭǫ ǟǯǧǦǪǺ ǲǷǫ ǢǧǟǱǲǚǱǣǷǫ Ǯǭǳ ǦǛǩǭǳǪǣ 

ǫǟ ǮǯǭǠǚǩǩǭǳǪǣ ǲǥǫ ǟǯǵǧǨǜ ǣǝǱǭǢǭ ǲǷǫ ǲǯǧǼǫ ǢǧǟǱǲǚǱǣǷǫ. ǎ ǟǫǟǡǫǼǱǲǥǰ, ǣǚǫ 

ǲǭ ǣǮǧǦǳǪǣǝ, ǪǮǭǯǣǝ ǫǟ ǟǫǟǤǥǲǜǱǣǧ ǮǣǯǧǱǱǺǲǣǯǣǰ ǮǩǥǴǭǴǭǯǝǣǰ ǡǧǟ ǲǥǫ 

ǱǳǫǚǯǲǥǱǥ `rff.layers.GaussianEncoding` ǣǢǼ2. 

 

 

 

  

 
2 GaussianEncoding function 

https://random-fourier-features-pytorch.readthedocs.io/en/latest/layers.html#rff.layers.GaussianEncoding
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ǉǣǴǚǩǟǧǭ 4  

 

ǀǮǭǲǣǩǛǱǪǟǲǟ ǏǯǭǱǭǪǭǝǷǱǥǰ Ǩǟǧ ǋǣǦǺǢǷǫ 

ǏǟǯǣǪǠǭǩǜǰ 

 

 

4.1 ǄǧǱǟǡǷǡǜ 
 

Ǒǲǭ ǮǟǯǺǫ ǨǣǴǚǩǟǧǭ, Ǧǟ ǮǟǯǭǳǱǧǚǱǭǳǪǣ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǥǰ 

ǮǯǭǱǭǪǭǝǷǱǥǰ ǲǷǫ ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders, ǲǧǰ ǣǨǲǧǪǜǱǣǧǰ ǲǷǫ 

ǪǣǲǯǜǱǣǷǫ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǡǧǟ ǨǚǦǣ ǢǧǟǴǭǯǣǲǧǨǭǻ ǣǝǢǭǳǰ Ǯǥǡǜ 

ǯǟǢǧǣǫǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǮǟǯǭǳǱǧǚǱǲǥǨǣ Ǳǲǭ ǨǣǴǚǩǟǧǭ 3, ǨǟǦǼǰ Ǩǟǧ ǲǟ 

ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǭǳ interpolation Ǩǚǫǭǫǲǟǰ ǵǯǜǱǥ ǲǥǰ ǱǳǫǚǯǲǥǱǥǰ ǲǥǰ 

ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ Ǩǟǧ ǲǭǳ MLP Ǯǭǳ ǮǟǯǭǳǱǧǚǱǲǥǨǣ ǫǷǯǝǲǣǯǟ. ǒǛǩǭǰ, Ǧǟ 

ǮǯǟǡǪǟǲǭǮǭǧǥǦǣǝ ǱǵǭǩǧǟǱǪǺǰ ǲǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ, ǨǟǦǼǰ Ǩǟǧ ǥ ǣǬǟǡǷǡǜ 

ǱǳǪǮǣǯǟǱǪǚǲǷǫ ǱǻǪǴǷǫǟ Ǫǣ ǟǳǲǚ. 

 

4.2 ǀǮǭǲǣǩǛǱǪǟǲǟ ǏǯǭǱǭǪǭǝǷǱǥǰ ǏǣǯǧǠǚǩǩǭǫǲǭǰ Ǩǟǧ 

ǒǯǭǵǧǼǫ 
 

ƼǮǷǰ ǮǟǯǭǳǱǧǚǱǟǪǣ Ǳǲǥǫ ǣǫǺǲǥǲǟ 3.1, ǡǧǟ ǲǥǫ ǨǟǲǟǱǨǣǳǜ ǲǥǰ  

ǮǯǭǱǭǪǭǝǷǱǥǰ ǲǷǫ ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders, ǱǵǣǢǧǚǱǟǪǣ Ǣǻǭ 

ǢǧǟǴǭǯǣǲǧǨǭǻ ǣǝǢǭǳǰ Ǯǭǯǣǝǣǰ, ǲǥǫ ǢǧǟǡǼǫǧǟ Ǩǟǧ ǲǥǫ ǱǮǧǯǷǲǜ. ǒǟ Ǣǻǭ ǢǧǟǴǭǯǣǲǧǨǚ 

ǣǝǢǥ ǲǯǭǵǧǼǫ ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ Ǳǲǟ ǱǵǜǪǟǲǟ 4.1, 4.2 Ǩǟǧ 4.3. 

ǀǨǺǪǥ, Ǫǝǟ ǧǢǧǟǝǲǣǯǟ ǵǯǜǱǧǪǥ ǮǩǥǯǭǴǭǯǝǟ Ǯǭǳ ǪǮǭǯǭǻǪǣ ǫǟ ǣǬǚǡǭǳǪǣ 

ǟǨǺǪǥ ǟǮǺ ǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ, ǣǝǫǟǧ ǟǳǲǜ ǲǭǳ ǟǮǟǧǲǭǻǪǣǫǭǳ ǵǯǺǫǭǳ ǲǥǰ 

ǣǨǲǛǩǣǱǥǰ ǲǥǰ Ǯǭǯǣǝǟǰ ǲǷǫ underwater glider ǜ ǟǳǲǜ ǲǭǳ ǮǭǱǭǱǲǭǻ ǨǚǩǳǶǥǰ ǲǭǳ 

ǵǼǯǭǳ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. ǂǧǟ ǲǥǫ ǣǬǟǡǷǡǜ ǲǥǰ ǣǨǲǝǪǥǱǥǰ ǲǭǳ ǵǯǺǫǭǳ ǭǩǭǨǩǜǯǷǱǥǰ 

ǲǥǰ Ǯǭǯǣǝǟǰ, ǟǦǯǭǝǤǭǳǪǣ ǲǧǰ ǟǮǭǱǲǚǱǣǧǰ ǪǣǲǟǬǻ ǲǷǫ ǢǧǟǴǭǯǣǲǧǨǼǫ ǱǥǪǣǝǷǫ Ǩǟǧ 

ǢǧǟǧǯǭǻǪǣ Ǫǣ 0.5 m/ s, ǢǥǩǟǢǜ ǲǥǫ ǲǟǵǻǲǥǲǟ ǨǝǫǥǱǥǰ ǲǷǫ underwater gliders. 

ǋǣ ǠǚǱǥ ǲǟ ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǷǫ ǮǯǭǱǭǪǭǧǼǱǣǷǫ ǡǧǟ ǲǭǫ ǣǫǲǭǮǧǱǪǺ ǲǷǫ 

ǱǥǪǣǧǟǨǼǫ ǮǥǡǼǫ, ǮǯǭǱǣǡǡǝǤǭǳǪǣ ǲǥǫ ǟǨǲǝǫǟ ǪǛǲǯǥǱǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǡǻǯǷ ǟǮǺ 
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ǲǭǫ ǟǧǱǦǥǲǜǯǟ Ǯǭǳ ǴǛǯǣǧ ǲǭ underwater glider Ƿǰ r = 1m. ƹǮǣǧǲǟ, ǭǯǝǤǭǳǪǣ Ƿǰ 

ǺǡǨǭ ǲǭǳ ǵǼǯǭǳ Ǯǭǳ ǟǫǲǧǱǲǭǧǵǣǝ Ǳǲǧǰ ǪǣǲǯǜǱǣǧǰ Ƿǰ Ǜǫǟǫ ǨǻǩǧǫǢǯǭ Ǫǣ ǟǨǲǝǫǟ r = 

1m Ǩǟǧ ǠǯǝǱǨǭǳǪǣ ǲǭ ǮǭǱǭǱǲǺ ǨǚǩǳǶǥǰ ǟǮǺ ǲǥǫ ǱǳǫǭǩǧǨǜ ǟǮǺǱǲǟǱǥ Ǯǭǳ ǢǧǛǫǳǱǣ 

ǲǭ underwater glider Ǳǣ ǱǳǫǚǯǲǥǱǥ Ǫǣ ǲǭǫ ǱǳǫǭǩǧǨǺ ǺǡǨǭ. ǑǻǪǴǷǫǟ Ǫǣ ǲǟ 

ǮǟǯǟǮǚǫǷ, ǮǯǭǨǻǮǲǭǳǫ ǭǧ ǮǝǫǟǨǣǰ 4.1 Ǩǟǧ 4.2. 

 

 

ǑǵǜǪǟ 4.1: ǏǟǯǭǳǱǝǟǱǥ ǢǧǟǡǼǫǧǟǰ ǨǝǫǥǱǥǰ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ 

 

 

ǑǵǜǪǟ 4.2: ǏǟǯǭǳǱǝǟǱǥ ǱǮǧǯǷǲǜǰ ǨǝǫǥǱǥǰ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ 
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ǑǵǜǪǟ 4.3: Top-view ǢǧǟǡǼǫǧǟǰ Ǩǟǧ ǱǮǧǯǷǲǜǰ ǨǝǫǥǱǥǰ ǲǥǰ ǮǯǭǱǭǪǭǝǷǱǥǰ 

 

Trajectory 
Spacing (m) 

ǑǳǫǭǩǧǨǜ 
ǀǮǺǱǲǟǱǥ (km) 

ǄǨǲǧǪǼǪǣǫǭǰ 
ǕǯǺǫǭǰ 

ǏǭǱǭǱǲǺ 
ǉǚǩǳǶǥǰ (%) 

100 x 100 221.21 5d & 2:53h 0.025 

150 x 150 151.79 3d & 12:19h 0.017 

200 x 200 117.07 2d & 17:02h 0.013 

250 x 250 96.251 2d & 5:28h 0.011 

ǏǝǫǟǨǟǰ 4.1: ǕǟǯǟǨǲǥǯǧǱǲǧǨǚ ǲǯǭǵǧǼǫ ǢǧǟǡǼǫǧǟǰ ǨǝǫǥǱǥǰ 

 

Voxel Spacing 
(m) 

ǑǳǫǭǩǧǨǜ 
ǀǮǺǱǲǟǱǥ (km) 

ǄǨǲǧǪǼǪǣǫǭǰ 
ǕǯǺǫǭǰ 

ǏǭǱǭǱǲǺ 
ǉǚǩǳǶǥǰ (%) 

200 x 200 362.2 8d & 9:13h 0.042 

300 x 300 229.57 5d & 7:32h 0.026 

400 x 400 146.7 3d & 9:30h 0.017 

500 x 500 133.21 3d & 2:00h 0.015 
ǏǝǫǟǨǟǰ 4.2: ǕǟǯǟǨǲǥǯǧǱǲǧǨǚ ǲǯǭǵǧǼǫ ǱǮǧǯǷǲǜǰ  ǨǝǫǥǱǥǰ 

 

4.3 ǀǮǭǲǣǩǛǱǪǟǲǟ ǏǯǭǱǭǪǭǝǷǱǥǰ ǏǥǡǼǫ ǐǟǢǧǣǫǛǯǡǣǧǟǰ 
 

ƼǮǷǰ ǮǟǯǭǳǱǧǚǱǲǥǨǣ, Ǳǲǥǫ ǳǮǭǣǫǺǲǥǲǟ 3.3, ǲǟ ǢǧǟǴǭǯǣǲǧǨǚ ǣǝǢǥ ǲǷǫ 

ǢǧǟǴǭǯǣǲǧǨǼǫ ǮǥǡǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǮǯǭǱǦǛǱǟǪǣ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ Ǫǟǰ, 

ǟǮǭǲǣǩǭǻǫǲǟǧ ǟǮǺ ǲǧǰ ǱǥǪǣǧǟǨǛǰ ǮǥǡǛǰ, ǲǧǰ ǮǥǡǛǰ ǨǟǲǟǫǭǪǜǰ, ǲǧǰ Ǣǧǚǵǳǲǣǰ ǮǥǡǛǰ, 

ǨǟǦǼǰ Ǩǟǧ ǲǧǰ ǨǷǫǭǣǧǢǣǝǰ ǮǥǡǛǰ. Ǒǲǥǫ ǱǳǫǛǵǣǧǟ, Ǧǟ ǮǟǯǭǳǱǧǚǱǭǳǪǣ ǲǟ 
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ǟǮǭǲǣǩǛǱǪǟǲǟ ǲǷǫ ǮǯǭǱǭǪǭǧǼǱǣǷǫ ǟǳǲǼǫ ǲǷǫ ǮǥǡǼǫ, ǨǟǦǼǰ Ǩǟǧ ǲǥǫ ǡǯǟǴǧǨǜ 

ǲǭǳǰ ǟǫǟǮǟǯǚǱǲǟǱǥ. 

 

- ǑǥǪǣǧǟǨǛǰ ǏǥǡǛǰ 

 

ǉǚǫǭǫǲǟǰ ǵǯǜǱǥ ǲǥǰ ǱǵǛǱǥǰ (2) Ǩǟǧ ǲǷǫ ǢǧǟǴǭǯǣǲǧǨǼǫ ǲǧǪǼǫ ǟǮǺǱǠǣǱǥǰ 

ǟǫǚǩǭǡǟ Ǫǣ ǲǭ ǪǛǱǭ ǢǧǚǢǭǱǥǰ ǣǨǲǣǩǛǱǟǪǣ ǲǟ ǮǯǼǲǟ ǮǣǧǯǚǪǟǲǟ ǮǯǭǱǭǪǭǝǷǱǥǰ 

ǪǣǲǯǜǱǣǷǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǩǟǲǚ ǲǥǫ ǨǝǫǥǱǥ ǲǷǫ underwater gliders Ǳǲǭǫ 

ǭǯǧǱǪǛǫǭ ǺǡǨǭ. ǀǨǺǪǥ, Ǩǟǲǚ ǲǥǫ ǢǧǚǯǨǣǧǟ ǺǩǷǫ ǲǷǫ ǮǯǭǱǭǪǭǧǼǱǣǷǫ Ǩǟǧ ǲǥǫ 

ǮǟǯǭǳǱǝǟǱǥ ǲǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ Ǯǭǳ Ǧǟ ǟǨǭǩǭǳǦǜǱǭǳǫ Ǳǲǥǫ ǮǟǯǭǻǱǟ 

ǳǮǭǣǫǺǲǥǲǟ, ǦǣǷǯǭǻǪǣ Ǻǲǧ Ǣǣǫ ǳǮǚǯǵǣǧ ǭǮǭǧǱǢǜǮǭǲǣ ǦǺǯǳǠǭǰ Ǳǲǭ ǪǛǱǭ 

ǢǧǚǢǭǱǥǰ, Ǩǟǧ ǩǟǪǠǚǫǭǳǪǣ ǪǣǲǯǜǱǣǧǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǮǯǭǛǯǵǭǫǲǟǧ ǪǺǫǭ ǟǮǺ 

ǲǧǰ ǭǯǧǱǪǛǫǣǰ ǮǥǡǛǰ. ǒǛǩǭǰ, ǭǯǝǱǟǪǣ ǲǯǣǧǰ ǱǲǟǲǧǨǛǰ ǱǥǪǣǧǟǨǛǰ ǮǥǡǛǰ Ǳǲǭ z=0, 

ǲǷǫ ǭǮǭǝǷǫ ǭǧ ǦǛǱǣǧǰ Ǩǟǧ ǭǧ ǟǯǵǧǨǛǰ ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ ǮǟǯǟǨǚǲǷ. 

 

- Ǐǥǡǜ 1: 

 ǇǛǱǥ: (x, y, z) = (2500, 2100, 0) 

 ǀǯǵǧǨǜ ǛǫǲǟǱǥ: I0_1 = 1*1012 Bq 

 

- Ǐǥǡǜ 2: 

 ǇǛǱǥ: (x, y, z) = (700, 2700, 0) 

 ǀǯǵǧǨǜ ǛǫǲǟǱǥ: I0_2 = 7.5*1011 Bq 

 

- Ǐǥǡǜ 3: 

 ǇǛǱǥ: (x, y, z) = (900, 600, 0) 

 ǀǯǵǧǨǜ ǛǫǲǟǱǥ: I0_3 = 5*1011 Bq 

 

ǏǟǯǟǨǚǲǷ, Ǳǲǥǫ ǣǧǨǺǫǟ 4.4, ǮǟǯǭǳǱǧǚǤǣǲǟǧ ǲǭ heatmap ǲǷǫ 

ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǪǣǲǯǜǱǣǷǫ Ǫǣ ǮǯǭǠǭǩǜ ǮǚǫǷ Ǳǲǭ ǣǮǝǮǣǢǭ x-y, Ǫǣ ǪǛǱǭ 

ǢǧǚǢǭǱǥǰ ǲǭǫ ǟǛǯǟ. ǀǨǺǪǥ, ǡǧǟ ǲǥǫ ǣǻǯǣǱǥ ǲǷǫ ǲǧǪǼǫ ǟǫǚǪǣǱǟ Ǳǲǧǰ ǲǯǭǵǧǛǰ ǲǷǫ 

underwater gliders Ǜǵǣǧ ǵǯǥǱǧǪǭǮǭǧǥǦǣǝ ǥ ǱǳǫǚǯǲǥǱǥ `griddatà. ǏǟǯǟǲǥǯǭǻǪǣ 

Ǻǲǧ ǭǧ ǲǯǣǧǰ ǮǥǡǛǰ ǟǮǣǧǨǭǫǝǤǭǫǲǟǧ ǟǯǨǣǲǚ Ǩǟǩǚ, Ǫǣ ǝǱǷǰ ǪǭǫǟǢǧǨǜ ǣǬǟǝǯǣǱǥ ǲǥǫ 

Ǯǥǡǜ 3. ǗǱǲǺǱǭ, Ǩǟǧ ǭǧ ǲǯǣǧǰ ǮǥǡǛǰ ǠǯǛǦǥǨǟǫ ǟǮǺ ǲǟ underwater gliders Ǩǟǧ 
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ǱǳǫǣǮǼǰ, ǪǮǭǯǭǻǪǣ ǫǟ ǨǚǫǭǳǪǣ Ǫǝǟ Ǯǧǭ ǣǨǲǣǫǜ ǟǫǟǤǜǲǥǱǥ Ǩǟǧ ǟǮǣǧǨǺǫǧǱǥ ǟǳǲǼǫ, 

ǣǚǫ Ǳǣ ǣǮǺǪǣǫǭ ǮǣǝǯǟǪǟ, ǮǣǯǧǭǯǝǱǭǳǪǣ ǲǥǫ ǨǝǫǥǱǥ ǲǷǫ underwater gliders Ǳǣ 

Ǫǝǟ Ǯǣǯǧǭǵǜ ǡǻǯǷ ǟǮǺ ǟǳǲǛǰ. 

 

 

ǑǵǜǪǟ 4.4: Heatmap ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǲǧǪǼǫ Ǫǣ ǢǧǚǢǭǱǥ Ǳǲǭǫ ǟǛǯǟ 

 

 

ǑǵǜǪǟ 4.5: Heatmap ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǲǧǪǼǫ Ǫǣ ǢǧǚǢǭǱǥ Ǳǲǭ ǫǣǯǺ 

 

 ǏǟǯǟǮǚǫǷ, Ǳǲǥǫ ǣǧǨǺǫǟ 4.5, ǮǟǯǭǳǱǧǚǤǣǲǟǧ ǲǭ heatmap ǲǷǫ 

ǮǯǭǱǭǪǭǧǷǪǛǫǷǫ ǪǣǲǯǜǱǣǷǫ Ǫǣ ǮǯǭǠǭǩǜ ǮǚǫǷ Ǳǲǭ ǣǮǝǮǣǢǭ x-y, ǡǧǟ ǪǛǱǭ 

ǢǧǚǢǭǱǥǰ ǲǭ ǫǣǯǺ. Ǒǣ ǟǫǲǝǦǣǱǥ Ǫǣ ǲǭ ǮǟǯǟǮǚǫǷ ǢǧǚǡǯǟǪǪǟ, ǮǟǯǟǲǥǯǭǻǪǣ ǮǷǰ 

ǪǺǫǭ ǥ Ǫǝǟ Ǯǥǡǜ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǣǫǲǭǮǧǤǛǲǟǧ. ǀǨǺǪǥ, ǮǟǯǟǲǥǯǭǻǪǣ ǮǷǰ ǭǧ 
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ǪǣǲǯǭǻǪǣǫǣǰ ǲǧǪǛǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǣǝǫǟǧ ǮǭǩǩǛǰ ǲǚǬǣǧǰ ǪǣǡǛǦǭǳǰ ǪǧǨǯǺǲǣǯǣǰ 

ǱǳǡǨǯǧǲǧǨǚ Ǫǣ ǲǥǫ ǢǧǚǢǭǱǥ Ǳǲǭǫ ǟǛǯǟ, ǲǭ ǭǮǭǝǭ ǭǴǛǧǩǣǲǟǧ ǣǬõǭǩǭǨǩǜǯǭǳ Ǳǲǭǫ 

ǢǣǝǨǲǥ ǟǮǺǱǠǣǱǥǰ, ǨǟǦǼǰ ǥ ǲǧǪǜ ǲǭǳ ǣǮǥǯǣǚǤǣǧ Ǯǭǩǻ ǱǥǪǟǫǲǧǨǚ ǲǭǫ ǣǨǦǣǲǧǨǺ 

Ǻǯǭ ǲǥǰ ǱǵǛǱǥǰ (2). ǑǳǫǣǮǼǰ, ǱǻǪǴǷǫǟ Ǫǣ ǲǥǫ ǱǳǡǨǣǨǯǧǪǛǫǥ ǮǯǭǱǭǪǭǧǼǱǥ ǡǧǟ 

ǲǭ ǫǣǯǺ, ǦǣǷǯǭǻǪǣ ǮǷǰ ǣǝǫǟǧ Ǯǭǩǻ ǢǻǱǨǭǩǭ ǫǟ ǠǯǣǦǭǻǫ ǱǥǪǣǧǟǨǛǰ ǮǥǡǛǰ Ǳǲǭ 

ǫǣǯǺ, ǨǟǦǼǰ ǥ ǮǳǨǫǺǲǥǲǟ ǲǭǳ ǣǝǫǟǧ ǟǯǨǣǲǚ Ǫǣǡǚǩǥ Ǩǟǧ ǟǳǲǜ ǣǮǥǯǣǚǤǣǧ Ǯǭǩǻ 

ǱǥǪǟǫǲǧǨǚ ǲǥǫ ǢǧǚǢǭǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǳǣ ǟǳǲǺ. 

 ǂǧǟ ǲǥǫ ǣǮǧǠǣǠǟǝǷǱǥ ǲǥǰ ǮǟǯǟǮǚǫǷ ǮǟǯǟǲǜǯǥǱǥǰ, ǣǨǲǣǩǛǱǟǪǣ 30 ǟǨǺǪǥ 

ǮǣǧǯǚǪǟǲǟ. Ǒǣ ǨǚǦǣ Ǜǫǟ ǟǮǺ ǟǳǲǚ, ǲǭǮǭǦǣǲǭǻǪǣ Ǫǣ ǲǳǵǟǝǭ ǲǯǺǮǭ 30 ǱǥǪǣǧǟǨǛǰ 

ǮǥǡǛǰ ǮǚǫǷ Ǳǲǭ ǣǮǝǮǣǢǭ x-y (z=0), ǭǯǝǤǭǫǲǟǰ Ǫǣ ǲǳǵǟǝǭ ǲǯǺǮǭ ǲǥǫ ǟǯǵǧǨǜ ǲǭǳǰ 

ǣǫǲǚǱǥ ǪǛǱǟ Ǳǲǭ ǣǻǯǭǰ [109, 1012] Bq, Ǫǣ ǪǛǱǭ ǢǧǚǢǭǱǥǰ ǲǭ ǫǣǯǺ. Ǒǣ ǨǚǦǣ 

ǮǣǝǯǟǪǟ, ǭǯǝǤǭǳǪǣ ǲǥǫ ǟǯǵǧǨǜ ǲǭǮǭǦǛǲǥǱǥ ǲǭǳ underwater glider Ǳǣ ǟǮǺǱǲǟǱǥ 

5 ǪǛǲǯǷǫ ǟǮǺ ǟǳǲǜǫ ǲǭǳ ǮǯǭǥǡǭǻǪǣǫǥ ǮǣǧǯǚǪǟǲǭǰ Ƿǰ Ǯǯǭǰ ǲǭǫ ǚǬǭǫǟ x, Ǫǣ 

ǟǯǵǧǨǺ ǱǥǪǣǝǭ ǲǭǳ ǮǯǼǲǭǳ ǮǣǧǯǚǪǟǲǭǰ ǲǭ x = 3000. Ǒǲǥǫ ǱǳǫǛǵǣǧǟ, 

ǮǟǯǭǳǱǧǚǤǭǳǪǣ ǲǟ heatmaps ǲǷǫ ǲǣǱǱǚǯǷǫ ǨǟǩǻǲǣǯǷǫ ǮǯǭǱǭǪǭǧǼǱǣǷǫ Ǯǭǳ 

ǩǚǠǟǪǣ, Ƿǰ Ǯǯǭǰ ǲǭǫ ǟǯǧǦǪǺ ǲǷǫ ǮǥǡǼǫ Ǯǭǳ ǠǯǛǦǥǨǟǫ, ǨǟǦǼǰ Ǩǟǧ ǲǷǫ 

ǪǣǡǟǩǻǲǣǯǷǫ ǲǧǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǪǣǲǯǜǦǥǨǟǫ. 

 

   

    

ǑǵǜǪǟ 4.6: Heatmaps ǨǟǩǻǲǣǯǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ ǟǮǺ Ǳǻǫǭǩǭ ǮǣǧǯǟǪǚǲǷǫ 
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Ǒǣ ǭǯǧǱǪǛǫǟ ǟǮǺ ǲǟ ǮǟǯǟǮǚǫǷ heatmaps Ǯǟǯǟǲǥǯǭǻǫǲǟǧ ǭǯǧǱǪǛǫǣǰ 

ǚǱǮǯǣǰ ǮǣǯǧǭǵǛǰ. ǎǧ ǮǣǯǧǭǵǛǰ Ǫǣ ǚǱǮǯǭ ǵǯǼǪǟ Ǳǲǥǫ ǢǣǬǧǚ Ǯǩǣǳǯǚ ǲǷǫ 

ǢǧǟǡǯǟǪǪǚǲǷǫ ǭǴǣǝǩǭǫǲǟǧ Ǳǲǥǫ ǱǳǫǦǜǨǥ Ǯǭǳ ǮǣǯǧǡǯǚǶǟǪǣ ǮǟǯǟǮǚǫǷ, Ǩǟǲǚ ǲǥǫ 

ǭǮǭǝǟ ǪǣǧǼǪǣǫǭǳǪǣ Ǩǟǲǚ 5 ǪǛǲǯǟ Ǳǣ ǨǚǦǣ ǮǣǝǯǟǪǟ ǲǥǫ ǟǯǵǧǨǜ ǲǭǮǭǦǣǱǝǟ ǲǭǳ 

underwater glider. ǎǧ ǮǣǯǧǭǵǛǰ Ǫǣ ǚǱǮǯǭ ǵǯǼǪǟ Ǳǲǥǫ ǟǯǧǱǲǣǯǜ Ǯǩǣǳǯǚ ǲǷǫ 

ǢǧǟǡǯǟǪǪǚǲǷǫ ǭǴǣǝǩǭǫǲǟǧ Ǳǲǭ ǡǣǡǭǫǺǰ ǮǷǰ Ǫǣ trajectory spacing ǝǱǭ Ǫǣ 100, ǥ 

ǣǮǺǪǣǫǥ ǲǯǭǵǝǟ Ǯǟǯǚǩǩǥǩǥ Ǫǣ ǲǭǫ y ǚǬǭǫǟ Ǧǟ ǜǲǟǫ ǣǨǲǺǰ ǭǯǝǷǫ (x < 0) Ǩǟǧ 

ǱǳǫǣǮǼǰ, ǥ ǢǧǟǢǧǨǟǱǝǟ ǲǣǯǪǟǲǝǱǲǥǨǣ. 

 ǑǳǫǭǩǧǨǚ, ǟǮǺ ǲǟ ǮǟǯǟǮǚǫǷ ǢǧǟǡǯǚǪǪǟǲǟ ǣǮǧǠǣǠǟǧǼǫǣǲǟǧ ǥ ǟǯǵǧǨǜ Ǫǟǰ 

ǮǟǯǟǲǜǯǥǱǥ Ǩǧ ǛǲǱǧ, ǥ ǪǛǲǯǥǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ ǟǮǺ ǱǥǪǣǧǟǨǛǰ ǮǥǡǛǰ Ǳǲǭ 

ǫǣǯǺ ǣǝǫǟǧ ǣǨǮǩǥǨǲǧǨǚ ǢǻǱǨǭǩǥ. ǀǨǺǪǥ, ǟǫ ǱǳǫǳǮǭǩǭǡǝǱǭǳǪǣ Ǩǟǧ ǲǥǫ ǠǛǠǟǧǥ 

ǻǮǟǯǬǥ Ǩǟǧ ǨǚǮǭǧǭǳ ǦǭǯǻǠǭǳ Ǳǲǭ ǪǛǱǭ ǢǧǚǢǭǱǥǰ, Ǩǚǲǧ ǲǭ ǭǮǭǝǭ Ǣǣǫ 

ǮǣǯǧǩǟǪǠǚǫǣǲǟǧ Ǳǲǟ ǮǟǯǟǮǚǫǷ ǮǣǧǯǚǪǟǲǟ, ǲǺǲǣ ǡǝǫǣǲǟǧ ǮǯǟǨǲǧǨǚ ǟǢǻǫǟǲǥ. 

 ǊǟǪǠǚǫǭǫǲǟǰ ǳǮǺǶǧǫ ǲǟ ǮǟǯǟǮǚǫǷ ǣǳǯǜǪǟǲǟ Ǫǟǰ, ǣǮǧǩǛǬǟǪǣ ǫǟ 

ǨǟǲǣǳǦǳǫǦǭǻǪǣ Ǯǯǭǰ ǲǥǫ ǟǫǟǤǥǲǜǱǥ Ǩǟǧ ǲǥǫ ǵǟǯǲǭǡǯǚǴǥǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ 

ǡǣǫǧǨǺǲǣǯǟ ǪǛǱǟ Ǳǲǭǫ ǺǡǨǭ, Ǳǣ ǟǫǲǝǦǣǱǥ Ǫǣ ǲǥǫ ǣǻǯǣǱǥ ǲǷǫ ǮǥǡǼǫ Ǩǟǧ ǲǥǫ 

ǟǫǲǧǱǲǭǝǵǧǱǥ ǲǭǳǰ Ǳǣ ǨǚǮǭǧǭ ǱǳǡǨǣǨǯǧǪǛǫǭ ǱǥǪǣǝǭ ǲǭǳ ǵǼǯǭǳ. Ǘǰ ǟǮǭǲǛǩǣǱǪǟ, 

Ǳǲǧǰ ǣǮǺǪǣǫǣǰ ǳǮǭǣǫǺǲǥǲǣǰ ǣǬǣǲǚǤǭǳǪǣ ǲǻǮǭǳǰ ǮǥǡǼǫ Ǯǭǳ ǨǟǩǻǮǲǭǳǫ ǱǳǫǭǩǧǨǚ ǜ 

ǪǣǯǧǨǼǰ ǨǚǮǭǧǭ ǨǭǪǪǚǲǧ ǲǭǳ ǵǼǯǭǳ Ǩǟǧ ǮǯǭǨǻǮǲǭǳǫ ǟǮǺ ǨǚǮǭǧǣǰ ǨǟǲǟǫǭǪǛǰ 

ǟǫǟǴǭǯǚǰ, ǭǯǝǤǭǫǲǟǰ Ǻǩǣǰ ǲǧǰ ǪǣǲǯǜǱǣǧǰ Ǫǟǰ Ƿǰ background Ǩǟǧ Ǫǥ 

ǢǧǟǵǷǯǝǤǭǫǲǟǰ ǲǥǫ ǻǮǟǯǬǥ ǲǭǳ ǦǭǯǻǠǭǳ ǟǮǺ ǟǳǲǛǰ. 

 

- ǏǥǡǛǰ ǉǟǲǟǫǭǪǜǰ 

 

Ǒǲǭ ǮǩǟǝǱǧǭ ǲǥǰ ǮǟǯǭǻǱǟǰ ǢǧǮǩǷǪǟǲǧǨǜǰ ǣǯǡǟǱǝǟǰ, ǣǬǣǲǚǱǟǪǣ ǭǯǧǱǪǛǫǣǰ 

ǨǟǲǟǫǭǪǛǰ ǟǫǟǴǭǯǚǰ, Ǫǣ ǱǨǭǮǺ ǲǥǫ ǵǯǜǱǥ ǲǭǳǰ ǡǧǟ ǲǥǫ ǮǯǭǱǭǪǭǧǼǱǥ ǲǷǫ 

ǪǣǲǯǜǱǣǷǫ Ǩǟǲǚ ǲǥǫ ǣǨǲǛǩǣǱǥ ǲǷǫ ǮǭǯǣǧǼǫ ǲǷǫ underwater gliders. ǀǨǺǪǥ, 

ǭǯǝǤǭǳǪǣ ǲǥǫ ǮǯǭǱǭǪǭǧǷǪǛǫǥ ǪǛǲǯǥǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ƿǰ ǲǭ ǟǮǭǲǛǩǣǱǪǟ Ǯǭǳ 

ǣǮǧǱǲǯǛǴǣǧ ǥ ǱǳǫǚǯǲǥǱǥ ǟǫǟǴǭǯǚǰ ǡǧǟ Ǫǝǟ ǦǛǱǥ (x, y, z), Ǫǥ ǩǟǪǠǚǫǭǫǲǟǰ ǳǮǺǶǧǫ 

ǨǚǮǭǧǭǫ ǚǩǩǭ Ǯǟǯǚǡǭǫǲǟ. ǋǝǟ ǨǟǲǟǫǭǪǜ ǟǫǟǴǭǯǚǰ Ǯǭǳ ǣǬǣǲǚǱǟǪǣ ǣǝǫǟǧ ǥ 

ǟǨǺǩǭǳǦǥ: 

 

 Ὅὼȟώȟᾀ  ÓÉÎ 
  

   
  

   
  

        (7) 
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ǑǵǜǪǟ 4.7: ǂǯǟǴǧǨǜ ǟǫǟǮǟǯǚǱǲǟǱǥ ǱǵǛǱǥǰ (7) 

 

Ǒǲǥǫ ǣǧǨǺǫǟ 4.7, ǮǟǯǭǳǱǧǚǤǣǲǟǧ ǥ ǡǯǟǴǧǨǜ ǟǫǟǮǟǯǚǱǲǟǱǥ ǲǥǰ ǨǟǲǟǫǭǪǜǰ 

ǟǫǟǴǭǯǚǰ ǲǥǰ ǱǵǛǱǥǰ (7). ǏǟǯǟǲǥǯǭǻǪǣ Ǻǲǧ ǥ ǱǳǡǨǣǨǯǧǪǛǫǥ ǱǳǫǚǯǲǥǱǥ 

ǨǟǩǻǮǲǣǧ ǮǩǜǯǷǰ ǲǭǫ ǵǼǯǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ, Ǜǵǭǫǲǟǰ ǟǯǨǣǲǛǰ ǟǩǩǟǡǛǰ Ƿǰ Ǯǯǭǰ ǲǧǰ 

ǣǮǧǱǲǯǣǴǺǪǣǫǣǰ ǲǧǪǛǰ ǟǫǚǩǭǡǟ Ǫǣ ǲǥǫ ǦǛǱǥ. ǀǨǺǪǥ, ǲǭ Ǳǻǫǭǩǭ ǲǧǪǼǫ ǲǥǰ 

ǱǳǡǨǣǨǯǧǪǛǫǥǰ ǱǳǫǚǯǲǥǱǥǰ ǣǝǫǟǧ ǲǭ [-1, 1]. ǀǳǲǺ ǣǝǫǟǧ Ǩǚǲǧ Ǯǭǳ Ǫǟǰ ǣǫǢǧǟǴǛǯǣǧ 

ǱǥǪǟǫǲǧǨǚ, ǟǴǭǻ ǦǛǩǭǳǪǣ Ǫǝǟ ǱǳǫǚǯǲǥǱǥ, ǥ ǭǮǭǝǟ Ǧǟ ǮǟǯǭǳǱǧǚǤǣǧ ǢǳǱǨǭǩǝǣǰ Ƿǰ 

Ǯǯǭǰ ǲǥǫ ǣǨǪǚǦǥǱǥ ǲǥǰ, ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǟǬǧǭǮǭǧǥǦǣǝ ǡǧǟ ǲǭǳǰ ǱǨǭǮǭǻǰ Ǯǭǳ Ǧǟ 

ǟǫǟǩǳǦǭǻǫ Ǳǲǭ ǣǮǺǪǣǫǭ ǨǣǴǚǩǟǧǭ. 

Ǒǲǥǫ ǱǳǫǛǵǣǧǟ, Ǫǝǟ ǟǨǭǪǜ ǨǟǲǟǫǭǪǜ ǟǫǟǴǭǯǚǰ Ǯǭǳ ǣǬǣǲǚǱǟǪǣ ǣǝǫǟǧ ǟǳǲǜ 

Ǯǭǳ ǮǟǯǭǳǱǧǚǤǣǲǟǧ Ǳǲǥǫ ǣǧǨǺǫǟ 4.8 Ǩǟǧ ǲǥǫ ǱǵǛǱǥ (8). ǏǟǯǟǲǥǯǭǻǪǣ Ǻǲǧ Ǩǟǧ 

ǟǳǲǜ ǥ ǱǳǫǚǯǲǥǱǥ ǨǟǩǻǮǲǣǧ ǮǩǜǯǷǰ ǲǭǫ ǵǼǯǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ. ǗǱǲǺǱǭ, 

Ǯǟǯǟǲǥǯǣǝǲǟǧ Ǻǲǧ ǟǨǭǩǭǳǦǣǝ Ǜǫǟ Ǯǭǩǻ ǮǯǭǴǟǫǛǰ ǪǭǫǭǮǚǲǧ Ƿǰ Ǯǯǭǰ ǲǧǰ 

ǣǮǧǱǲǯǣǴǺǪǣǫǣǰ ǲǧǪǛǰ, ǨǟǦǼǰ ǟǳǲǛǰ ǟǳǬǚǫǭǫǲǟǧ ǺǱǭ ǪǣǡǟǩǼǫǣǧ ǥ ǲǧǪǜ ǲǭǳ z 

ǚǬǭǫǟ. 

 

 Ὅὼȟώȟᾀ                      (8) 
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ǑǵǜǪǟ 4.8: ǂǯǟǴǧǨǜ ǟǫǟǮǟǯǚǱǲǟǱǥ ǱǵǛǱǥǰ (8) 

 

ǑǳǫǭǶǝǤǭǫǲǟǰ, ǣǮǧǩǛǡǭǳǪǣ ǫǟ ǵǯǥǱǧǪǭǮǭǧǜǱǭǳǪǣ ǲǥǫ ǱǳǫǚǯǲǥǱǥ 

ǟǫǟǴǭǯǚǰ ǲǥǰ ǱǵǛǱǥǰ (7), ǨǟǦǼǰ ǟǳǲǜ ǮǟǯǭǳǱǧǚǤǣǧ ǟǯǨǣǲǛǰ ǟǩǩǟǡǛǰ Ƿǰ Ǯǯǭǰ ǲǥǫ 

ǱǳǪǮǣǯǧǴǭǯǚ ǲǥǰ, ǨǟǦǼǰ Ǜǯǵǣǲǟǧ Ǯǧǭ Ǩǭǫǲǚ Ǳǲǧǰ ǮǯǟǡǪǟǲǧǨǛǰ ǱǳǫǦǜǨǣǰ, ǡǣǡǭǫǺǰ 

Ǯǭǳ ǦǛǩǭǳǪǣ ǫǟ ǟǬǧǭǮǭǧǜǱǭǳǪǣ. 

 

- ǃǧǚǵǳǲǣǰ ǏǥǡǛǰ 

 

ǏǟǯǟǨǚǲǷ, Ǳǲǧǰ ǣǧǨǺǫǣǰ 4.9, 4.10 Ǩǟǧ 4.11, ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ ǭǧ ǡǯǟǴǧǨǛǰ 

ǟǫǟǮǟǯǟǱǲǚǱǣǧǰ ǲǭǳ ǴǟǧǫǭǪǛǫǭǳ ǲǥǰ ǢǧǚǵǳǱǥǰ ǡǧǟ ǢǧǟǴǭǯǣǲǧǨǛǰ ǵǯǭǫǧǨǛǰ 

ǱǲǧǡǪǛǰ. ǀǨǺǪǥ, ǭǯǝǤǭǻǪǣ Ǜǫǟǫ ǨǻǩǧǫǢǯǭ, ǭ ǭǮǭǝǭǰ Ǜǵǣǧ ǱǲǟǦǣǯǜ ǱǳǡǨǛǫǲǯǷǱǥ 

Ǳǲǭǫ ǵǯǺǫǭ ǝǱǥ Ǫǣ 100. ǒǛǩǭǰ, Ǳǲǟ ǢǧǟǡǯǚǪǪǟǲǟ ǣǴǟǯǪǺǱǲǥǨǣ ǪǚǱǨǟ Ǳǲǧǰ ǲǧǪǛǰ 

ǱǳǡǨǛǫǲǯǷǱǥǰ Ǩǟǧ ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ ǪǺǫǭ ǟǳǲǛǰ Ǯǭǳ ǣǝǫǟǧ Ǫǣǡǟǩǻǲǣǯǣǰ ǲǭǳ 10. ǂǧǟ 

ǲǭǫ ǳǮǭǩǭǡǧǱǪǺ ǲǭǳ ǴǟǧǫǭǪǛǫǭǳ ǲǥǰ ǢǧǚǵǳǱǥǰ ǪǛǱǟ Ǳǲǭǫ ǺǡǨǭ ǣǫǢǧǟǴǛǯǭǫǲǭǰ, 

Ǜǡǧǫǣ ǵǯǜǱǥ ǲǥǰ ǱǵǛǱǥǰ (5), ǢǥǩǟǢǜ ǲǥǰ ǟǫǟǩǳǲǧǨǜǰ ǪǭǯǴǜǰ ǲǭǳ Ǣǣǻǲǣǯǭǳ ǫǺǪǭǳ 

ǲǭǳ Fick. 

ǂǧǟ ǲǭǳǰ ǱǨǭǮǭǻǰ ǲǥǰ ǮǟǯǭǻǱǟǰ ǣǯǡǟǱǝǟǰ, ǣǮǧǩǛǡǭǳǪǣ ǫǟ ǨǯǟǲǜǱǭǳǪǣ ǲǥǫ 

ǢǧǚǵǳǱǥ ǲǥǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǟǫǧǱǲǭǧǵǣǝ Ǳǲǥǫ ǵǯǭǫǧǨǜ ǱǲǧǡǪǜ t = 4000. 
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ǀǨǺǪǥ, ǲǭ ǣǻǯǭǰ ǲǷǫ ǲǧǪǼǫ Ǯǭǳ ǩǟǪǠǚǫǭǳǪǣ ǣǝǫǟǧ ǪǛǱǟ Ǳǲǭ [0, 100], ǺǮǷǰ 

Ǵǟǝǫǣǲǟǧ Ǩǟǧ ǟǮǺ ǲǟ ǮǟǯǟǮǚǫǷ ǢǧǟǡǯǚǪǪǟǲǟ. ǒǛǩǭǰ, ǨǯǟǲǜǱǟǪǣ Ǳǣ Ǜǫǟ ǟǯǵǣǝǭ 

Ǻǩǣǰ ǲǧǰ ǲǧǪǛǰ Ǯǭǳ ǮǯǭǛǨǳǶǟǫ ǟǮǺ ǲǥǫ ǣǴǟǯǪǭǡǜ ǲǭǳ Ǣǣǻǲǣǯǭǳ ǫǺǪǭǳ ǲǭǳ Fick 

ǡǧǟ ǲǥǫ ǱǳǡǨǣǨǯǧǪǛǫǥ ǵǯǭǫǧǨǜ ǱǲǧǡǪǜ, ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ ǲǧǰ ǟǬǧǭǮǭǧǜǱǭǳǪǣ Ǩǟǲǚ 

ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǲǥǫ ǱǻǡǨǯǧǱǥ ǲǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ ǲǥǰ ǱǳǫǚǯǲǥǱǥǰ ǲǥǰ ǡǯǟǪǪǧǨǜǰ 

ǮǟǯǣǪǠǭǩǜǰ Ǩǟǧ ǲǷǫ ǟǮǭǲǣǩǣǱǪǚǲǷǫ ǲǭǳ MLP. 

 

 

ǑǵǜǪǟ 4.9: ǔǟǧǫǺǪǣǫǭ ǢǧǚǵǳǱǥǰ - ǟǯǵǧǨǜ ǨǟǲǚǱǲǟǱǥ (t=0) 

 

 

 

ǑǵǜǪǟ 4.10: ǔǟǧǫǺǪǣǫǭ ǢǧǚǵǳǱǥǰ (t=4000) 
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ǑǵǜǪǟ 4.11: ǔǟǧǫǺǪǣǫǭ ǢǧǚǵǳǱǥǰ (t=15000) 

 

- Plume 

 

ǒǭ ǲǣǩǣǳǲǟǝǭ ǣǝǢǭǰ Ǯǥǡǜǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ Ǯǭǳ ǮǯǭǱǦǛǱǟǪǣ Ǳǲǥǫ 

ǮǯǭǱǭǪǭǝǷǱǥ, ǜǲǟǫ ǲǭ plume. ƼǮǷǰ ǟǫǟǴǛǯǟǪǣ Ǩǟǧ Ǳǲǥǫ ǳǮǭǣǫǺǲǥǲǟ 3.3.4, Ǜǫǟ 

plume ǪǮǭǯǣǝ ǫǟ ǪǭǫǲǣǩǭǮǭǧǥǦǣǝ Ƿǰ Ǜǫǟ ǨǷǫǭǣǧǢǛǰ ǱǵǜǪǟ. ǂǧǟ ǲǭǫ ǩǺǡǭ, ǟǳǲǺ, 

ǦǣǷǯǭǻǪǣ Ǜǫǟǫ ǨǼǫǭ ǲǯǧǼǫ ǢǧǟǱǲǚǱǣǷǫ Ǩǟǧ ǲǭǫ ǲǭǮǭǦǣǲǭǻǪǣ Ǳǲǭ ǨǛǫǲǯǭ ǲǭǳ 

ǮǳǦǪǛǫǟ ǲǥǰ ǮǯǭǱǭǪǭǝǷǱǥǰ Ǫǟǰ (x = 1500, y = 1500). ǄǫǲǺǰ ǲǭǳ ǣǱǷǲǣǯǧǨǭǻ 

ǲǭǳ ǨǼǫǭǳ, ǭǧ ǣǮǧǱǲǯǣǴǺǪǣǫǣǰ ǲǧǪǛǰ ǣǝǫǟǧ ǝǱǣǰ Ǫǣ 10, ǣǫǼ ǣǬǷǲǣǯǧǨǚ ǲǭǳ ǣǝǫǟǧ ǝǱǣǰ 

Ǫǣ 1. ǒǛǩǭǰ, ǥ ǟǨǲǝǫǟ ǲǭǳ ǨǼǫǭǳ Ǳǲǥǫ ǠǚǱǥ ǲǭǳ ǣǝǫǟǧ Rb = 80, ǣǫǼ ǥ ǟǨǲǝǫǟ Ǳǲǭ 

ǳǶǥǩǺǲǣǯǭ ǱǥǪǣǝǭ ǣǝǫǟǧ Rt = 300. ǉǟǧ Ǯǚǩǧ, ǡǧǟ ǨǚǦǣ ǱǥǪǣǝǭ ǲǷǫ ǢǧǟǴǭǯǣǲǧǨǼǫ 

ǲǯǭǵǧǼǫ ǲǷǫ underwater gliders, ǩǟǪǠǚǫǭǳǪǣ ǲǧǰ ǮǯǭǱǭǪǭǧǷǪǛǫǣǰ ǲǧǪǛǰ 

ǪǛǲǯǥǱǣǧǰ Ǩǟǧ ǲǧǰ ǟǮǭǦǥǨǣǻǭǳǪǣ Ǳǣ ǟǯǵǣǝǟ, Ǫǣ ǱǨǭǮǺ ǲǥǫ ǟǬǧǭǮǭǝǥǱǜ ǲǭǳǰ ǡǧǟ 

ǲǥǫ ǢǧǟǢǧǨǟǱǝǟ ǲǭǳ interpolation. 
 

 

ǑǵǜǪǟ 4.12: ǏǟǯǭǳǱǝǟǱǥ ǨǷǫǭǣǧǢǭǻǰ Ǯǥǡǜǰ Ǳǲǥǫ ǮǯǭǱǭǪǭǝǷǱǥ 
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4.4 ǋǣǲǯǧǨǛǰ ǀǬǧǭǩǺǡǥǱǥǰ ǋǭǫǲǛǩǷǫ Ǩǟǧ ǕǟǯǟǨǲǥǯǧǱǲǧǨǚ 

ǑǳǱǲǜǪǟǲǭǰ 
 

Ǒǲǥǫ ǮǟǯǭǻǱǟ ǳǮǭǣǫǺǲǥǲǟ, Ǧǟ ǮǟǯǭǳǱǧǟǱǲǭǻǫ ǭǧ ǢǣǝǨǲǣǰ ǜ ǪǣǲǯǧǨǛǰ 

ǟǬǧǭǩǺǡǥǱǥǰ Ǯǭǳ ǵǯǥǱǧǪǭǮǭǧǜǦǥǨǟǫ ǡǧǟ ǲǥǫ ǟǬǧǭǩǺǡǥǱǥ ǲǥǰ ǣǮǝǢǭǱǥǰ ǲǥǰ 

ǱǳǫǚǯǲǥǱǥǰ ǲǥǰ ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ ǜ ǲǭǳ ǫǣǳǯǷǫǧǨǭǻ ǢǧǨǲǻǭǳ. 

 

Mean Squared Error 

ǒǭ Mean Squared Error (MSE) ǟǮǭǲǣǩǣǝ Ǫǝǟ ǪǣǲǯǧǨǜ Ǯǭǳ 

ǵǯǥǱǧǪǭǮǭǧǣǝǲǟǧ ǡǧǟ ǫǟ ǟǬǧǭǩǭǡǥǦǣǝ ǥ ǣǮǝǢǭǱǥ ǣǫǺǰ ǪǭǫǲǛǩǭǳ regression. ǎ 

ǳǮǭǩǭǡǧǱǪǺǰ ǲǭǳ ǮǯǭǨǻǮǲǣǧ ǟǮǺ ǲǭ ǚǦǯǭǧǱǪǟ ǲǷǫ ǢǧǟǴǭǯǼǫ ǳǶǷǪǛǫǷǫ Ǳǲǭ 

ǲǣǲǯǚǡǷǫǭ, ǪǣǲǟǬǻ ǲǥǰ ǣǬǺǢǭǳ ǮǯǺǠǩǣǶǥǰ Ǩǟǧ ǲǥǰ ǮǯǟǡǪǟǲǧǨǜǰ ǲǧǪǜǰ, Ǩǟǧ 

ǢǧǟǯǼǫǲǟǰ ǲǭ ǚǦǯǭǧǱǪǟ Ǫǣ ǲǭǫ ǟǯǧǦǪǺ ǲǷǫ ǱǳǫǭǩǧǨǼǫ ǮǟǯǟǲǥǯǜǱǣǷǫ, ǺǮǷǰ 

Ǵǟǝǫǣǲǟǧ ǮǟǯǟǨǚǲǷ. ǒǭ MSE ǣǝǫǟǧ ǵǯǜǱǧǪǭ, ǢǧǺǲǧ Ǣǝǫǣǧ Ǫǣǡǟǩǻǲǣǯǭ Ǡǚǯǭǰ Ǳǲǟ 

Ǫǣǡǟǩǻǲǣǯǟ ǩǚǦǥ ǲǭǳ ǪǭǫǲǛǩǭǳ Ǩǟǧ ǣǮǧǠǚǩǩǣǧ Ǫǣǡǟǩǻǲǣǯǟ penalty Ǳǣ ǟǳǲǺ, ǡǧǟ 

ǮǯǭǠǩǛǶǣǧǰ Ǯǭǳ ǟǮǛǵǭǳǫ ǟǯǨǣǲǚ ǟǮǺ ǲǧǰ ǮǯǟǡǪǟǲǧǨǛǰ ǲǧǪǛǰ. 

 

ὓὛὉ ϽВ ώ ώ   

 

Root Mean Squared Error 

 ǒǭ Root Mean Squared Error (RMSE) ǳǮǭǩǭǡǝǤǣǲǟǧ Ǫǣ ǲǭǫ ǝǢǧǭ ǲǯǺǮǭ, 

ǺǮǷǰ ǲǭ MSE, ǪǺǫǭ Ǯǭǳ Ǳǲǭ ǲǣǩǧǨǺ ǟǮǭǲǛǩǣǱǪǟ ǣǴǟǯǪǺǤǣǲǟǧ ǥ ǲǣǲǯǟǡǷǫǧǨǜ 

ǯǝǤǟ. ǀǳǲǺ Ǩǚǫǣǧ ǲǭ ǟǮǭǲǛǩǣǱǪǟ ǝǱǷǰ ǩǝǡǭ Ǯǧǭ ǣǻǨǭǩǟ ǣǯǪǥǫǣǻǱǧǪǭ, ǟǴǭǻ ǭǧ 

ǲǧǪǛǰ ǲǭǳ ǣǝǫǟǧ ǪǧǨǯǺǲǣǯǣǰ Ǩǟǧ Ǯǧǭ Ǩǭǫǲǚ Ǳǲǧǰ ǲǧǪǛǰ ǲǥǰ ǪǣǲǟǠǩǥǲǜǰ-ǱǲǺǵǭǳ Ǩǟǧ 

ǪǭǧǯǚǤǭǫǲǟǧ ǲǧǰ ǝǢǧǣǰ ǪǭǫǚǢǣǰ. ǆ ǣǮǝǢǭǱǥ ǣǫǺǰ ǪǭǫǲǛǩǭǳ ǟǳǬǚǫǣǲǟǧ, ǺǱǭ ǲǟ MSE 

Ǩǟǧ RMSE ǪǣǧǼǫǭǫǲǟǧ Ǩǟǧ ǲǣǝǫǭǳǫ Ǯǯǭǰ ǲǭ ǪǥǢǛǫ. 

 

ὙὓὛὉ ϽВ ώ ώ   

 

Peak Signal-to-Noise Ratio 

ǒǭ Peak Signal-to-Noise Ration ǜ PSNR ǟǮǭǲǣǩǣǝ Ǫǝǟ ǪǣǲǯǧǨǜ, Ǫǣ ǲǥǫ 

ǭǮǭǝǟ ǟǬǧǭǩǭǡǣǝǲǟǧ ǥ ǮǭǧǺǲǥǲǟ ǲǭǳ ǟǫǟǨǟǲǣǳǟǱǪǛǫǭǳ ǜ ǱǳǪǮǧǣǱǪǛǫǭǳ ǟǯǵǣǝǭǳ 

ǣǧǨǺǫǟǰ ǜ Ǡǝǫǲǣǭ. Ǆǝǫǟǧ Ǫǝǟ ǣǳǯǛǷǰ ǵǯǥǱǧǪǭǮǭǧǭǻǪǣǫǥ ǪǣǲǯǧǨǜ ǡǧǟ ǲǥǫ ǱǻǡǨǯǧǱǥ 

ǲǥǰ ǮǭǧǺǲǥǲǟǰ ǪǣǲǟǬǻ ǲǭǳ ǟǯǵǧǨǭǻ ǱǜǪǟǲǭǰ Ǫǣ Ǜǫǟ ǫǛǭ ǱǜǪǟ, Ǯǭǳ Ǜǵǣǧ ǢǣǵǦǣǝ 
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ǨǚǮǭǳ ǣǝǢǭǳǰ ǣǮǣǬǣǯǡǟǱǝǟ. ǂǧǟ ǲǭǫ ǳǮǭǩǭǡǧǱǪǺ ǲǭǳ PSNR ǟǮǟǧǲǣǝǲǟǧ ǥ ǡǫǼǱǥ 

ǲǭǳ ǣǻǯǭǳǰ ǲǧǪǼǫ ǲǭǳ ǟǯǵǧǨǭǻ ǱǜǪǟǲǭǰ, ǨǟǦǼǰ Ǩǟǧ ǲǭ MSE Ǯǭǳ ǮǯǭǨǻǮǲǣǧ ǟǮǺ 

ǪǣǲǟǬǻ ǲǷǫ ǟǯǵǧǨǼǫ Ǩǟǧ ǲǷǫ ǫǛǷǫ ǢǣǢǭǪǛǫǷǫ. ǎ ǳǮǭǩǭǡǧǱǪǺǰ ǲǭǳ PSNR ǡǝǫǣǲǟǧ 

Ƿǰ ǣǬǜǰ. 

 

ὖὛὔὙςπÌÏÇὺὥὰόὩ  ὺὥὰόὩ ρπÌÏÇὓὛὉ  

 

Ƽǩǟ ǲǟ ǮǣǧǯǚǪǟǲǟ Ǯǭǳ ǣǨǲǣǩǛǱǲǥǨǟǫ Ǳǲǟ ǮǩǟǝǱǧǟ ǲǥǰ ǮǟǯǭǻǱǟǰ 

ǢǧǮǩǷǪǟǲǧǨǜǰ ǣǯǡǟǱǝǟǰ, ǮǯǟǡǪǟǲǭǮǭǧǜǦǥǨǟǫ Ǳǣ ǭǧǨǧǟǨǺ ǳǮǭǩǭǡǧǱǲǜ, ǲǭǳ 

ǭǮǭǝǭǳ ǲǟ ǵǟǯǟǲǥǯǧǱǲǧǨǚ ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ Ǳǲǭǫ ǮǝǫǟǨǟ 4.3. ǆ ǣǨǲǛǩǣǱǥ ǲǥǰ 

ǱǳǫǚǯǲǥǱǥǰ ǲǥǰ ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ `griddatà, Ǜǡǧǫǣ Ǫǣ ǵǯǜǱǥ ǲǭǳ 

ǣǮǣǬǣǯǡǟǱǲǜ Ǩǟǧ ǲǥǰ DRAM, ǛǫǷ ǥ ǣǨǮǟǝǢǣǳǱǥ Ǩǟǧ ǥ ǩǜǶǥ ǮǯǭǱǣǡǡǝǱǣǷǫ ǟǮǺ 

ǲǭ MLP, Ǜǡǧǫǟǫ Ǫǣ ǲǥǫ ǣǬõǭǩǭǨǩǜǯǭǳ ǵǯǜǱǥ ǲǥǰ Ǩǚǯǲǟǰ ǡǯǟǴǧǨǼǫ. 

 

Hardware ǕǟǯǟǨǲǥǯǧǱǲǧǨǚ 

ǄǮǣǬǣǯǡǟǱǲǜǰ AMD Ryzen 9 5900X 

ǔǳǱǧǨǭǝ Ǐǳǯǜǫǣǰ 12 

ǊǭǡǧǨǭǝ Ǐǳǯǜǫǣǰ 24 

ǋǛǡǣǦǭǰ DRAM 32 GB 

ǑǳǵǫǺǲǥǲǟ DRAM 3600 MHz 

ǉǚǯǲǟ ǂǯǟǴǧǨǼǫ NVIDIA GeForce RTX 3070 
ǏǝǫǟǨǟǰ 4.3: ǕǟǯǟǨǲǥǯǧǱǲǧǨǚ ǱǳǱǲǜǪǟǲǭǰ 

 

4.5 ǀǮǭǲǣǩǛǱǪǟǲǟ ǏǟǯǣǪǠǭǩǜǰ ǲǷǫ ǏǯǭǱǭǪǭǧǷǪǛǫǷǫ ǒǧǪǼǫ 

ǐǟǢǧǣǫǛǯǡǣǧǟǰ 
 

ƼǮǷǰ ǟǫǟǴǛǯǟǪǣ Ǩǟǧ Ǳǲǭ ǮǯǭǥǡǭǻǪǣǫǭ ǨǣǴǚǩǟǧǭ, ǨǚǫǟǪǣ ǵǯǜǱǥ ǲǥǰ 

ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ ǡǧǟ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǲǷǫ ǚǡǫǷǱǲǷǫ ǲǧǪǼǫ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, 

ǡǧǟ ǱǥǪǣǝǟ ǟǮǺ ǲǟ ǭǮǭǝǟ ǲǟ underwater gliders Ǣǣǫ ǮǟǯǜǩǦǟǫ, Ǫǣ ǠǚǱǥ ǲǧǰ 

Ǯǭǯǣǝǣǰ Ǯǭǳ ǣǝǵǟǪǣ ǱǵǣǢǧǚǱǣǧ. 

ǂǧǟ ǲǭǫ ǱǨǭǮǺ, ǟǳǲǺ, ǢǥǪǧǭǳǯǡǭǻǪǣ Ǜǫǟ ǫǛǭ ǮǩǛǡǪǟ ǱǳǫǲǣǲǟǡǪǛǫǷǫ, ǲǭ 

ǭǮǭǝǭ ǢǝǫǭǳǪǣ Ƿǰ ǣǝǱǭǢǭ Ǳǲǥǫ ǱǳǫǚǯǲǥǱǥ ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ `griddatà, 

ǮǯǭǨǣǧǪǛǫǭǳ ǫǟ Ǫǟǰ ǣǮǧǱǲǯǛǶǣǧ ǲǥǫ ǮǯǭǱǛǡǡǧǱǥ ǲǷǫ ǮǯǟǡǪǟǲǧǨǼǫ ǲǧǪǼǫ Ǯǭǳ 

ǟǫǲǧǱǲǭǧǵǭǻǫ Ǳǣ ǨǚǦǣ Ǜǫǟ ǟǮǺ ǟǳǲǚ. ǒǭ ǮǩǛǡǪǟ Ǯǭǳ ǢǥǪǧǭǳǯǡǜǱǟǪǣ ǟǮǭǲǣǩǣǝǲǟǧ 

ǟǮǺ 31x31x8 = 7688 ǱǳǫǢǳǟǱǪǭǻǰ ǱǳǫǲǣǲǟǡǪǛǫǷǫ ǱǥǪǣǝǷǫ. ǒǟ ǱǥǪǣǝǟ ǣǝǫǟǧ 

ǢǧǟǵǷǯǧǱǪǛǫǟ Ǳǣ 31 ǝǱǣǰ ǟǮǭǱǲǚǱǣǧǰ ǡǧǟ ǲǭǳǰ ǚǬǭǫǣǰ x Ǩǟǧ y Ǳǲǭ ǣǻǯǭǰ [0, 3000] 
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Ǩǟǧ Ǳǣ 8 ǝǱǣǰ ǟǮǭǱǲǚǱǣǧǰ ǡǧǟ ǲǭǫ ǚǬǭǫǟ z Ǳǲǭ ǣǻǯǭǰ [0, 300]. ǆ ǣǮǧǩǭǡǜ ǲǭǳ 

ǪǣǡǛǦǭǳǰ ǲǭǳ ǮǩǛǡǪǟǲǭǰ Ǜǡǧǫǣ Ǫǣ ǲǭ ǱǨǣǮǲǧǨǺ ǲǥǰ ǻǮǟǯǬǥǰ ǟǯǨǣǲǼǫ ǱǥǪǣǝǷǫ, 

ǼǱǲǣ ǫǟ ǪǮǭǯǭǻǪǣ ǫǟ ǟǬǧǭǩǭǡǜǱǭǳǪǣ ǲǥǫ ǱǳǫǚǯǲǥǱǥ Ƿǰ Ǯǯǭǰ ǲǧǰ 

ǣǮǧǱǲǯǣǴǺǪǣǫǣǰ ǮǯǭǱǣǡǡǝǱǣǧǰ ǲǷǫ ǲǧǪǼǫ, ǟǩǩǚ Ǩǟǧ Ƿǰ Ǫǝǟǰ ǪǧǨǯǜǰ ǮǭǱǺǲǥǲǟǰ 

ǱǥǪǣǝǷǫ, ǨǟǦǼǰ ǥ ǱǳǡǨǣǨǯǧǪǛǫǥ ǱǳǫǚǯǲǥǱǥ ǣǝǫǟǧ ǣǮǣǬǣǯǡǟǱǲǧǨǚ Ǯǭǩǻ Ǡǟǯǧǚ Ǩǟǧ 

ǟǮǟǧǲǣǝǲǟǧ ǟǯǨǣǲǺǰ ǵǯǺǫǭǰ ǡǧǟ ǲǥǫ ǭǩǭǨǩǜǯǷǱǥ ǲǥǰ, ǺǮǷǰ Ǧǟ Ǵǟǫǣǝ Ǩǟǧ 

ǮǟǯǟǨǚǲǷ. 

ǀǨǺǪǥ, ǢǝǫǭǳǪǣ Ƿǰ ǣǝǱǭǢǭ Ǳǲǥǫ ǱǳǫǚǯǲǥǱǥ Ǻǩǣǰ ǲǧǰ ǮǯǭǱǭǪǭǧǷǪǛǫǣǰ 

ǪǣǲǯǜǱǣǧǰ ǯǟǢǧǣǫǛǯǡǣǧǟǰ, ǡǧǟ ǲǧǰ ǢǧǟǴǭǯǣǲǧǨǭǻ ǲǻǮǭǳ ǮǥǡǛǰ Ǯǭǳ ǮǣǯǧǡǯǚǴǦǥǨǟǫ 

Ǳǲǭ ǨǣǴǚǩǟǧǭ 3, ǨǟǦǼǰ Ǩǟǧ ǲǟ ǢǧǟǴǭǯǣǲǧǨǚ Ǳǣǫǚǯǧǟ Ƿǰ Ǯǯǭǰ ǲǭ trajectory ǜ voxel 

spacing ǟǫǚǩǭǡǟ Ǫǣ ǲǭ ǣǝǢǭǰ ǲǥǰ ǨǝǫǥǱǥǰ. Ǒǲǭǳǰ ǮǝǫǟǨǣǰ 4.4 Ǩǟǧ 4.5, 

ǮǟǯǭǳǱǧǚǤǭǫǲǟǧ ǟǫǟǩǳǲǧǨǚ ǭǧ ǪǣǲǯǧǨǛǰ ǟǬǧǭǩǺǡǥǱǥǰ ǲǥǰ ǱǳǫǚǯǲǥǱǥǰ Ǳǣ 

ǱǻǡǨǯǧǱǥ Ǫǣ ǲǧǰ ǮǯǟǡǪǟǲǧǨǛǰ ǲǧǪǛǰ ǲǷǫ ǱǳǫǲǣǲǟǡǪǛǫǷǫ ǲǭǳ ǮǩǛǡǪǟǲǭǰ Ǯǭǳ 

ǢǥǪǧǭǳǯǡǜǱǟǪǣ, ǨǟǦǼǰ Ǩǟǧ ǭ ǵǯǺǫǭǰ ǭǩǭǨǜǯǷǱǥǰ ǲǥǰ ǢǧǟǢǧǨǟǱǝǟǰ. 

Ǒǲǭǳǰ ǮǟǯǟǨǚǲǷ ǮǝǫǟǨǣǰ, Ǳǲǭǫ ǵǟǯǟǨǲǥǯǧǱǪǺ ǲǷǫ ǮǣǧǯǟǪǚǲǷǫ, ǲǭ ǮǯǼǲǭ 

ǪǛǯǭǰ ǲǥǰ ǭǫǭǪǟǱǝǟǰ {}x{} , ǟǫǟǴǛǯǣǲǟǧ Ǳǲǥǫ ǣǮǧǩǭǡǜ ǲǭǳ trajectory spacing 

ǣǚǫ ǮǯǺǨǣǧǲǟǧ ǡǧǟ ǢǧǟǡǼǫǧǟ ǨǝǫǥǱǥ ǜ Ǳǣ voxel spacing ǣǚǫ ǮǯǺǨǣǧǲǟǧ ǡǧǟ ǱǮǧǯǷǲǜ 

ǨǝǫǥǱǥ, ǣǫǼ ǲǭ Ǣǣǻǲǣǯǭ ǪǛǯǭǰ ǟǫǟǴǛǯǣǲǟǧ Ǳǲǭ ǣǝǢǭǰ ǲǥǰ Ǯǥǡǜǰ Ǳǲǭ ǭǮǭǝǭ 

ǟǫǲǧǱǲǭǧǵǭǻǫ ǭǧ ǪǣǲǯǜǱǣǧǰ. 

 

ǏǣǝǯǟǪǟ RMSE MSE PSNR 
ǕǯǺǫǭǰ 

ǎǩǭǨǩǜǯǷǱǥǰ 
(seconds) 

100x100_cone 0.435 0.19 26.309 4517.82 

150x150_cone 0.448 0.201 26.058 3685.19 

200x200_cone 0.455 0.207 25.922 6208.8 

250x250_cone 0.485 0.235 25.373 2474.45 

300x300_cone 0.465 0.217 25.729 2489.56 

100x100_diffused 1.254 1.573 37.946 4714.56 

150x150_diffused 1.282 1.643 37.757 3189.47 

200x200_diffused 1.995 3.979 33.915 6514.14 

250x250_diffused 1.467 2.153 36.582 2365.43 

300x300_diffused 1.756 3.085 35.02 2126.22 

100x100_distrib 0.392 0.153 14.164 4781.69 

150x150_distrib 0.455 0.207 12.867 3081.06 

200x200_distrib 0.526 0.276 11.609 6601.45 

250x250_distrib 0.526 0.276 11.607 2692.13 

300x300_distrib 0.562 0.315 11.031 2432.46 

ǏǝǫǟǨǟǰ 4.4: ǀǮǭǲǣǩǛǱǪǟǲǟ ǢǧǟǡǼǫǧǟǰ ǨǝǫǥǱǥǰ Ǫǣ ǵǯǜǱǥ ǡǯǟǪǪǧǨǜǰ ǮǟǯǣǪǠǭǩǜǰ 




































