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Summary

Our understanding of the world is based on mental models of objects and processes and the relationships between them.  Abstractions such as drawings, graphs, or images can provide insight or show patterns.  Sandia researchers have developed visual tools to assist in the debugging of complex, dynamically changing systems, such as physics simulations.  We visualize underlying structures and variables so that scientists can ‘see’ their codes evolve.
Physicists at Sandia National Laboratories develop complex computer simulation codes to model physical phenomena.  These simulations are run on clusters of personal computers (PCs) that are hooked together to form supercomputers.  As the sizes of the simulations increase, in terms of both the quantity of data and the number of processors, finding and understanding mistakes in the simulation software can become very difficult.  Visualization researchers at Sandia have developed a suite of novel visual tools to assist physicists in debugging their codes.

Physics simulations frequently model the objects or physical space used in their calculations by subdividing the objects or space into little blocks.  The blocks are referred to as finite elements and are shaped like distorted bricks, since they typically are not uniform.  This approach is known as finite element modeling.  For each element, the simulation keeps track of things like temperature or pressure within that small region.  As the simulation evolves, these quantities can change and interact with quantities in neighboring elements.  In addition, during the simulation the elements can sometimes warp and change their shape.

A fundamental requirement in finite element simulations is that the elements never warp to such an extent that the region defined by the element collapses to nothing or overlaps regions contained in neighboring elements.  This type of error is known as an inverted element.  If this happens, the simulation stops.  The physicist must then locate the inverted element and try to understand what went wrong.  

Sandia’s visual tools were put to the test when an element inverted during a simulation of a vaporizing wire.  Given that the simulation contained hundreds of thousands of elements, finding the inverted element required using the tool’s parallel search and extraction capability to isolate a subset of the model surrounding the bad element.  Once found, the simulation scientists interactively explored the subset using visual abstractions to interpret the quantities associated with that element and its neighbors over time, especially the time right before the failure.  As seen in Figure 1, the values at each element are encoded as colors.  Arrows represent vector quantities, which have both direction and magnitude (shown through arrow length).  To reduce visual clutter, only elements whose values fall within a certain range are drawn.

Each ‘block’ in Figure 1 represents an element in a finite element model of a wire that is vaporizing.  The elements are color-coded by the amount of the wire material present in the element.  A rainbow scale is used, with dark blue for low amounts and red for high.  Elements with less than a specified amount of the wire material are excluded.  The outline of the wire body, shown as a black mesh column, provides context for the element subset shown.  The horizontal ‘fingers’ of elements to the right of the wire are streams of the wire material as it is vaporizing.  The inverted element is at the center right of the image.  It is the irregularly shaped dark blue element that we have manually outlined in pink to assist in locating it.  The arrows represent a magnetic quantity whose directions should coherent (as they are inside the wire), though in the region around the inverted element the arrow directions are not.
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Figure 1.  Vaporizing wire simulation with inverted element outlined in pink.

Using Sandia’s visual tools, researchers were able to develop and test hypotheses to isolate the cause of the element inversion.  The first clue came from the location of the inverted element, which was in the outer radial edge of the vaporized material.  These elements are mixtures of the wire material and vacuum.  By interactively adjusting the cutoff value for the percentage of material needed to display an element, simulation scientists were able to establish that the inverted element was tenuously attached, rather than an isolated fragment.  

Locating the error in mixed elements then led to the hypothesis that the error was caused by aspects of the algorithm computing magnetic forces in mixed elements.  To test this, a derived magnetic force vector was calculated from simulation quantities and displayed using arrows as shown in Figure 1.  The anomalous arrow directions around the inverted element confirmed this hypothesis.  Additional substantiation for the hypothesis was found in the high temperature values associated with elements neighboring the inverted element immediately before and immediately after the inversion (Figure 2).
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Figure 2.  The image on the left is immediately before the element inversion, the one on the right is immediately afterwards.  Elements are colored by temperature and the display is limited to show only those elements with higher temperatures.  The inverted element is shown highlighted in black.  
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