Spontaneous Generation: A breakthrough for energy minimization problems?
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Motivation.  Minimization problems are ubiquitous in computing, and many problems in physics involve the minimization of energy in systems with many local minima.  There are two principal techniques for the solution of such problems: simulated annealing and genetic algorithms.  Simulated annealing uses thermal fluctuations to cross over energy barriers and is a general and powerful technique that can be applied to essentially any minimization problem.  Genetic algorithms, which are based on the concept of mutations and natural selection, have replaced simulated annealing for a selected group of problems, and are effective when there is a natural mapping of the solution onto a 1-d string of bits.  Either of these methods can use significant amounts of computation time so there is a constant search for more effective methods.  In our research we are faced with finding the minimum energy configuration of a disordered system of permanent dipoles.  This is a very difficult problem due to the large density of states near the ground state, but solving this problem quickly and accurately is the key to understanding the magnetism of the complex structured composites we synthesize.

Accomplishment.  We have developed a new technique of energy minimization we call "Spontaneous Generation."  In this method each permanent dipole is replaced by a induced dipole that saturates at high fields.  In accord with expectations for permanent dipoles the induced dipole susceptibility is inversely proportional to temperature.  To minimize the system energy one starts at a high temperature and linearly ramps the temperature to zero.  At each temperature one solves for dipole moments.  At high temperatures the dipoles do not polarize each other and their moments would be exactly zero except that we perturb the moments by adding a very small amount of incoherent noise whose precise magnitude is unimportant.  However, at a certain critical temperature (unique to each structure) spontaneous polarization occurs, and the dipoles start to bring each other into existence, due to positive feedback in their interactions.  It is at this critical temperature that nearly all of the computational effort is expended.  At lower temperatures the dipoles simply grow, their orientation changing only slightly.  A detailed comparison to simulated annealing shows that this method is more than 1000 times faster - the difference between a day and a year of cpu time.  (See Figure. “Needle Energy” is the energy of the dipoles including reaction field. “temps” = temperatures)

Significance.  Spontaneous Generation is a tremendous computational advance for dipolar systems.  At this point we don't really understand why it is so effective, but it appears that some sort of shepherding occurs.  That is, the particles that first spontaneously generate are those that happen to be in the most favorable configurations.  They then exert a dominant influence on all of the other particles because of the magnitude of their potential field, shepherding these into a low energy state.  If this technique can be applied to a more general class of problems then it should become a significant advance in computational physics.  We plan to apply it to van der Waals fluids.
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