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Abstract
We introduce a flexible, variable resolution tool for interactive resampling of computational fluid dynamics
(CFD) simulation data on versatile grids. The tool and
coupled algorithm afford users precise control of glyph
placement during vector field visualization via six interactive degrees of freedom. Other important characteristics of this method include: (1) an algorithm that resamples any unstructured grid onto any structured grid, (2)
handles changes to underlying topology and geometry,
(3) handles unstructured grids with holes and discontinuities, (4) does not rely on any pre-processing of the
data, and (5) processes large numbers of unstructured
grid cells efficiently. We believe this tool to be a valuable asset in the engineer’s pursuit of understanding and
visualizing the underlying flow field in CFD simulation Figure 1: The CFD simulation grid of an intake port. The image illustrates the versatility of a typical, unstructured, CFD
results.
simulation grid containing a flow source on the left, two con-

Computers and Graphics Keywords: Interaction necting pipes in the middle, two intake ports at the ends of the
techniques, Applications, Engineering, Graphics data pipes, and a combustion chamber on the right.
structures and data types
Additional Keywords: interactive resampling, CFD
simulation data, vector field visualization

1 Introduction -Applied Research

Research Center we collaborate with AVL in order to
provide visualization solutions for analysis of their CFD
The demand for analysis and visualization solutions simulation result data. AVL (www.avl.com) is an infor CFD simulation data has grown rapidly in the last ternationally recognized leader in providing automotive
decade. This is due, in part, by the interest of manufac- design and CFD simulation solutions to its partners in
tures in minimizing the time taken for their production the automotive industry. AVL works with other internacycle. This objective is realized with the use of software tionally recognized companies such as Toyota, Daimsimulation tools to analyze design decisions rather than lerChrysler – Mercedes-Benz, and Pierburg Instruments
constructing real, heavyweight objects. At the VRVis GmbH.
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1.2 A Wide Variety of Simulation Data
Sets
The tools used to analyze and visualize these data sets
have to address not only the versatility of individual geometries but also the wide range of simulation data sets
that undergo analysis. AVL has a large, varied collection of data sets ranging from small geometries such
as small fluid conduits and cylinders to mid-range size
geometries such as cooling jackets, intake manifolds,
catalytic converters, to large geometries such as automotive cabin interiors and automotive exteriors. The
geometric sizes of these grids, as well as the sizes of
the underlying polygons, differ by six or more orders of
magnitude. Furthermore, we speculate that this difference will only increase in the future.
Figure 2: A close-up view of the surface of the intake port(s)
shown in Figure 1. We can see many components, features,
and multiple, adaptive resolution levels of unstructured grid
cells. This versatility motivates interactive tools that have the
ability to change their size, shape, orientation, and resolution
to match the component(s) of the mesh currently undergoing
user analysis.

The unpredictable nature of both the data sets and the
individual components the engineer may choose to analyze provide strong motivation for tools that offer many
options and, thus, higher levels of control to the user.
The tools used to visualize the simulation results also
need to span this range of sizes correspondingly. The
FIRST tool described here offers six interactive degrees
of freedom (DoF) with the goal of addressing the nature
of both the wide range of data sets and the interests of
engineers.

1.1 Flexible Tools for Versatile Grids

1.3 Perceptual Problems in FlowViz

Figure 1 shows two intake ports -small valves in a car
engine that allow air into the engine’s cylinders. The
source of the flow is the cubical structure on the left.
Flow travels through the connecting pipes in the middle, down through the intake ports, and is ignited in the
combustion cylinder.

When analyzing the results of a CFD simulation, engineers are interested in the option of examining planar
vector fields with normal components [15]. An obvious approach to this problem is to place glyphs (e.g.
directed lines, arrows, cones etc.) oriented in the direction of the vector components, at selected points of
the vector field. Ideally, the length of the glyphs should
be equal to the normal of the vector, but often a scaling constant is added to improve the visualization result. This method (called hedgehog visualization) [16]
is illustrated in Figure 3.

We use the term versatile to describe such meshes from
CFD. By versatile we mean embracing a wide variety
of components, features, and levels of resolution. Figure 2, a close up image of the intake ports, helps reveal
the adaptive levels of resolution contained in the mesh.
We identify this aspect of CFD data sets because their
versatility requires flexible analytic and visualization
solutions. Ideally, the tools used to analyze and visualize these data sets should be flexible enough to adapt
their size, shape, orientation, and resolution to fit the
individual components of the data sets either automatically or through user-specified parameters. The resampling tool we present, called FIRST (a Flexible and
Interactive ReSampling Tool), meets precisely these requirements.

There are multiple drawbacks to this approach. Perceptual problems such as visual complexity and occlusion
can result. Figure 3 shows a 2D slice taken through
the intake port data set with the surface also shown as
semi-transparent context information. Here, the glyphs
are either too big, resulting in occlusion, or too small to
clearly indicate directional information. Another problem arises due to the number and placement the glyphs.
Critical points might be missed if they are either oc2

Figure 3: Visualizing the direction of the flow, including the normal component, using the classic hedgehog
visualization technique can result in perceptual problems such as visual complexity and occlusion. Here the
problems are illustrated in a slice through the intake port data set with semi-transparent context information.
than stored explicitly. In contrast, grids whose neighbors must be explicitly stored are categorized as unstructured grids. This distinction is important in understanding our claim that the resampling technique here
can be used to represent any unstructured grid with any
structured grid. We demonstrate this assertion with implementations of the resampler from unstructured triangular grids (Figure 4(f)) to cartesian and polar grids
(Figure 4(a-d)). The basis for this claim hinges on the
supposition that cell positions in structured grids can be
computed.

cluded by too many glyphs placed in the wrong areas or
if an insufficient number of glyphs is chosen in certain
areas. FIRST solves both the perceptual and placement
problems by (1) giving the user control of the resolution of the glyphs in the image and (2) giving the user
precise control of where to place the vector glyphs for
viewing the flow with normal components.
The rest of the paper is organized as follows: Section 2
describes related research work. Section 3 describes the
contribution of this work. The resampling algorithm
and user options are described in Section 4. Timing
and results are presented in Section 5. Conclusions are
drawn in Section 6.

The literature dedicated to the topic of resampling spans
multiple, sometimes disparate, goals. While we designed our resampler with the goal of a high level of
user-control, other resampling techniques focus on the
goals of volume rendering, surface reconstruction, and
accurate surface normal representation. In contrast with
these approaches, we concentrate on 2D slices through
a 3D mesh from CFD. We contrast other resampling
goals with ours.

2 Related Work

When describing grids, we follow the terminology of
Yagel et al. [20]. Structured grids, including cartesian
grids, regular grids, and rectilinear grids, all maintain
an implicit neighborhood connectivity (Figure 4(a-d)), Resampling techniques whose goal is to achieve faster
i.e. the position of grid cells can be computed, rather
3

The user chooses the areas on the surface to which the
surface normal anti-aliasing algorithm is applied. To remodel the structure of a sample CFD grid can take an
interactive session lasting one hour.

(a)

(d)

(b)

(e)

Rocchini et al. [14] present an algorithm whose goal
is the removal of small topological inconsistencies and
high frequency details from surfaces. One of their goals
is the simplification of huge meshes, i.e., meshes composed of millions of faces.

(c)

It is also worthy of note that some resampling algorithms from the image processing domain magnify or
minify the original image via sampling at regular intervals [11]. Our approach samples the original data
irregular intervals and generates an evenly-spaced representation.

(f)

Figure 4: (a) cartesian grid, (b) regular grid, (c) general rectilinear grid, (d) structured grid, (e) unstructured grid, and (f)
unstructured triangular grid [20]. The FIRST technique described in Section 4 can resample any unstructured grid onto
any other structured grid.

3 Interactive
Analysis

Visualization

and

The key distinguishing features of FIRST stem from
the fact that it was specifically developed in order to
provide the user with a range of flexible interactions at
multiple resolutions. The reason we focus on a combination of user control with resampling is because the
engineers at AVL require interactive visualization solutions. We speculate that this is due to a large amount
of time engineers spend searching the data sets. The
analysis of an engineer includes tasks such as searching
for areas of extreme pressure, looking for symmetries
in the flow, searching for critical points, and comparing
simulation results with measured, experimental results.
FIRST has the following advantages:

volume rendering speeds may make use of the hardware
capabilities offered by modern graphics cards.
Westermann presents a resampling technique for resampling scalar fields given on unstructured tetrahedral
grids [19]. The goal of this research is to bring direct
volume rendering towards interactive frame rates with
the assistance of graphics hardware. Determining the
visibility ordering of grid elements is a major challenge
in this scenario. While the goal of this approach is dissimilar to ours, one similarity worthy of note is that
Westermann’s technique can be used to display timedependent unstructured grids with changing geometry
and topology.

1. 6 interactive DoFs: 3 translational, scaling, rotation, and resolution

Weiler and Ertl [18] also present three resampling approaches and contrast the results with the work of Westermann [19]. Their goal is to minimize performance
time via balancing the computing workload between the
native processor and the graphics board processor.

2. handles changes to both underlying topology and
geometry, i.e., can be utilized for the display of
time-dependent, unstructured grid slices where geometry and topology change over time or space
(Section 4)

In addition to resampling techniques for volume rendering, some resampling approaches are targeted at representing surfaces. Botch and Kobbelt [3] present a technique to resample feature regions of a given triangle
mesh with the goal of reducing aliasing artifacts on surfaces, i.e., surface anti-aliasing. Similar the work here,
there is a strong interaction component to their work.

3. resamples any unstructured grid (Figure 4(f)) onto
any structured grid (Figure 4(a-d))
4. handles unstructured grids with holes and discontinuities (Figure 11)
5. does not rely on any pre-processing of the data
4

case I

(Figure 5): (I) the underlying unstructured grid cells are
generally smaller than the structured resampler cells,
(II) the unstructured grid cells are generally larger than
the resampler cells, and (III) some unstructured grid
cells are inside a resampler cell, however, the resampler cell should not be rendered. A resampler cell is
rendered only if its center is covered by the underlying
unstructured grid. In this paper we use the term resampler cell to refer to a structured grid cell that represents,
or summarizes, the original data.

case II

4.1 Algorithm and Implementation
It is important to note that, unlike many other applications where vector field values might be stored at triangle vertices, the vector field here is associated with the
centers of the triangles in the slice mesh. By slice mesh,
we mean the user-defined 2D slice through the original
3D mesh. Engineers require the option of visualizing
the original values resulting from the simulation rather
than interpolated values at the triangle vertices. Storing
the CFD simulation data values at the center of the grid
cells may result from using a finite volume method to
solve for the flow quantities [5].

case III

Figure 5: The FIRST algorithm handles 3 cases: (I) when
several scalene triangles influence one resampler cell, (II)
when one triangle influences several resampler cells, and (III)
when several triangles influence one resampler cell, however,
the resampler cell is not rendered. The resampler cells are
outlined in black while the original unstructured grid is drawn
colored.

We have, however, implemented the option of viewing
the interpolated scalar values at the triangle vertices.
We note that the algorithm here is easily modified to
handle unstructured grids where the scalar field is stored
at the vertices.

6. consists of a straightforward implementation, e.g.,
requires no neighbor-finding capabilities or complicated data structures

4.1.1 Algorithm Overview

7. processes large quantities of unstructured, scalene
triangles efficiently

To describe the algorithm, we introduce the notion of
influence, similar to the notion introduced by Rhodes
et al. [12, 13]. A triangle influences a resampler cell if
the triangle contributes to the summary (or resampled)
data of a structured grid cell. This happens when a triangle is in the vicinity of a resampler cell. In short,
the resampling algorithm traverses multiple loops of resampler cells in the neighborhood of each unstructured
cell in order to see if they are influenced by the original
unstructured grid cells. In the most common case (Figure 5, Case I), we can think of a resampler cell as summarizing multiple underlying unstructured grid cells.

The resampler we describe provides flexible userinteraction capabilities beyond those offered by these
previous methods. Also, the algorithm operates on a
per-unstructured-polygon basis, making it suitable for
parallelization.

4 FIRST: A Flexible and Interactive ReSampling Tool
Because we are dealing with unstructured, adaptive resolution grids and because the users require the option
of fine resampling, the resampling algorithm presented
here is required to handle a minimum of three cases

4.1.2 Algorithm Detail
The following high level pseudo-code summarizes the
resampling algorithm (Figure 6):
5

In the computeInfluence() method, each resampler cell
in the loop is tested for influence by the current triangle,
 , in the unstructured grid. A sample traversal loop is
shown in Figure 6. A triangle influences a loop when
any resampler cell in the loop tests positive for influence.

starting cell C s

Cs

rt

testInfluenceOfTriangle(triangle , cell  ):
bool influence = FALSE
IF ! "$# %& bounded by
influence = TRUE // Cases I & III
render  = TRUE
add ')( to  
IF ! "$# %
bounded by  
influence = TRUE // Case II
add ')( to  
return influence

C ij

(j)

(i)
triangle center p

traversal path

In the testInflunceOfTriangle() method, two simple
tests are performed: (1) if the resampler cell center is
bounded by the triangle cell and, (2) if the triangle center is bounded by the resampler cell. If the resampler
cell center is bounded by the triangle, the velocity vector of the unstructured, scalene triangle, *,+ is added to
the resampler cell’s summary vector and the resampler
cell is rendered (during the rendering pass). By rendered, we mean simply that a vector glyph is drawn at
the center of the resampler cell. If the triangle center
is bounded by the resampler cell, the velocity vector of
the unstructured, scalene triangle, * + is added to the resampler cell’s summary vector; however, the resampler
cell is not necessarily rendered. These two tests cover
all three cases shown in Figure 5. It is helpful to note
that a triangle cell,  , may influence a resampler cell,
.- , without - being rendered.

Figure 6: A schematic of the resampling algorithm. A loop
of structured grid cells is tested for influence by the unstructured grid cell.

resample():
FOR each scalene triangle,
compute center point,  , of
compute resampler cell index,  
int
= 0
bool influence = FALSE
do
influence = computeInfluence( ,
++
while (influence == TRUE)

)

The resampling algorithm requires exactly one visit to
each unstructured grid cell. In the resample() method,
first the resampler cell,   in Figure 6, surrounding
the triangle center is computed. Next, a loop of resampler cells is traversed clockwise, starting with cell,  .
The size of the loop traversed is determined by a topological radius,  , starting with a loop radius of 0, and
incremented until the triangle,  , is found to have no
influence on the loop of resampler cells.

In the actual implementation, the test to see if a resampler cell center falls within the bounds of an unstructured, scalene triangle includes an explicit test of
whether the resampler cell center falls precisely on the
edge of a triangle. This is because often, the triangles
in the mesh are derived from highly structured portions
of CFD components –such as the flow source shown in
the left of Figure 1.
The resampling algorithm generalizes to other types of
unstructured grids, not just those composed of scalene
triangles. The reason is two-fold. First, the algorithm
operates on a per-unstructured-grid-cell basis making
any search for unstructured grid cells unnecessary. Second, given any location in space, such as the center
point of an unstructured grid cell, it is easy to compute

computeInfluence(triangle , index ):
compute resampler cell index,  
bool triangleInfluence = FALSE
FOR each resampler cell in loop
IF (testInfluenceOfTriangle( ,   ))
triangleInfluence = TRUE
return triangleInfluence
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starting cell

rotate
translate
orthogonal

traversal path
Cr t

Cs

translate
vertical
resolution
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horizontal

triangle center

Figure 7: FIRST is a 6 DoF tool: (1-3) three translations, (4)
a rotation, (5) a scale, and (6) resolution.

Figure 8: The resampling algorithm applied to a polar resampling grid. Polar resampling is a natural application for
many of the cylindrical components common in CFD simulation models.

a shell of regular grid cells around that location. The
position of regular grid cells can be computed by definition.

the visualization and analysis process considerably.

Some nice consequences of the algorithm are that (1)
no special boundary conditions are checked during the
computation and (2) no knowledge of the underlying
grid’s resolution is required. In other words, FIRST
does not have to make any distinction between the three
cases shown in Figure 5. This lays the groundwork for
the claim that the algorithm is characterized by ease of
implementation.

In addition to the ability to define slices parallel to the
X-Y, X-Z, and Y-Z coordinate planes, the user may also
define arbitrary cutting planes in 3D space. The user
may click on any three locations on the CFD grid and
the three points are used to define an interactive slice.
For this capability, the unstructured grid cells are sorted
into an octree so coordinate searching is fast. All resampling options are available for arbitrary slices.

4.2 Interactive Resampling Options

4.3 Discrete Polar Resampling

FIRST provides the user with 6 interactive degrees of
freedom (Figure 7): (1-3) translation along three dimensions, (4) rotation about the center, (5) scaling, and (6)
the resolution of resampling cells, i.e., cells/ .

The FIRST algorithm detailed in Section 4.1 easily generalizes to any structured grid. Figure 6 illustrates the
algorithm applied to a cartesian grid while Figure 8 illustrates the same algorithm applied to a polar grid. The
The resampler features are associated with a useronly difference is the use of polar coordinates instead of
defined, 2D slice through a 3D mesh from CFD. Engicartesian coordinates. The traversal path is a function of
neers take a slice of the data and slide the slice through
both radius and degrees. And, the resolution of the pothe geometry in order to find features of the simulalar grid is specified in terms of slices and rings.
tion data, e.g., areas of extreme pressure and vortices.
As the user moves the slice through the 3D mesh, the We have implemented both cartesian and polar versions
resampler automatically resizes itself around the slice of the algorithm, both with identical user options. The
boundary, handling changes to both the underlying ge- reason for offering polar resampling lies in the cylinometry and topology. This is important with respect to drical structure of many of the components from comaddressing the versatility aspect of our CFD simulation mon CFD simulation models. The combustion chamber
data sets. Furthermore, requiring the user to manually shown in Figure 1 is a common example of such a comadjust the size of the resampling grid would slow down ponent.
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pler. 1 We can compare Figure 9 with Figure 3 and
see that viewing the normal components of the vector field is easier using summary vectors rather than
the brute force hedgehog technique. Perceptual problems such as occlusion and visual complexity have been
greatly reduced. Furthermore, visualization algorithms
operating on regular grids are generally faster than on
unstructured grids because particle tracing algorithms
no longer require neighbor-finding techniques and the
more costly flow reconstruction methodology.

4.4 Interactive Visualization Options
Multiple visualization options are associated with
FIRST including: (1) the ability to toggle wire-frame or
semi-transparent context information, i.e., the 3D grid
from which slices are defined and (2) several interactive glyph options. This includes any combination of
glyph shapes, e.g., cones vs. arrows with rendering options, e.g., wire-frame vs. solid. The user also defines
the glyph scaling options that may be used to avoid the
“visualization lie” [17]. Several other FlowViz options
are provided directly on unstructured grids [6, 7].

Figure 11 illustrates our technique on a mesh with discontinuities. The discontinuities are two gaps in the
shape of rings. Visualization of flow with normal com4.5 Speed vs. Accuracy
ponents is shown using both the hedgehog technique
versus the glyphs onto a resampled grid. A close-up
If we take a closer look at the resampling algorithm,
view of one of the discontinuities is provided.
we note that we make a trade-off between speed and
accuracy. A straightforward averaging scheme is used In order to achieve our goal of implementing a flexible
to summarize the vectors influencing a resampler cell.
When the resolution of the resampling grid approaches
number of
resolution of
frames
or exceeds that of the underlying, unstructured grid,
polygons resampler cells per second
our algorithm amounts to nearest neighbor interpola1,552
5 5
10.0-11.0
tion scheme, or a box filter when described in the fre10 10
5.0-6.0
quency domain [1, 2]. Reconstructing the flow field at
50 50
1.0-6.0
a higher resolution than the original simulation results
100 100
0.2-0.3
is orthogonal to the goal of this tool. Users make this
3,157
5 5
6.0-7.0
trade-off for interactivity because of their tasks related
10 10
5.0-6.0
to searching the flow field. Engineers spend time vi50 50
1.0-3.0
sually searching for areas of extreme pressure, symme100 100
0.2-1.0
tries in the vector field, and critical points. We spec14,085
5 5
1.0-2.0
ulate that users require searching tasks to be as fast as
10 10
0.7-1.3
possible. Only after the features of interest are found
50 50
0.17-0.30
is more detail required. We offer 3 options to users re100 100
0.07-0.10
quiring higher accuracy: (1) The user may interactively
increase the resolution of the resampling grid, thus inTable 1: Sample frame rates for the resampling algocreasing its accuracy. (2) Users may view the unstrucrithm. Performance was evaluated on a machine runtured grid directly, displaying only the original values
ning Red Hat Linux 7.2 with a 1 GHz Pentium III dual
resulting from the simulation. (3) We have also impleprocessor and 512 Mbytes of RAM. Note that the frame
mented a dynamically annotated user dialog not disrate also varies as a result of caching.
similar to that of Loughlin and Hughes [8]. This feature
allows the user to click anywhere on the slice of interest. Then a dialog will automatically display the origiand interactive resampler, interactive frame rates must
nal simulation result values of each variate (e.g. velocbe achievable. We have tested our algorithm on typiity, pressure, temperature, etc.).
cal slices of CFD simulation data. Some sample performance times (measured in frames per second) are
shown in Table 1. The performance times depend on
5 Results and Discussion
both the number of scalene triangles composing the
Figures 9, 10, and 11 illustrate an example of viewing a
vector field with normal component using the resam-

1 Supplementary animations of the resampler can be found at
http://www.VRVis.at/ar3/pr2/resampler/
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Figure 9: Visualizing the direction of the flow, including the normal component, using FIRST. (Compare with
Figure 3) The resampling grid is outlined in white.
slice and the number of resampler cells. We can see
from the table that this resampling algorithm does support interactive frame rates with several frames per second. We note that in our application a resampling grid
of 10,000 cells is not practical due to perceptual problems as well as pixel resolution limits. In this case vector glyphs typically cover only one or two pixels. Also,
a resampling grid with such a high resolution defeats
one purpose for which it was intended, to provide a
structured summary of the underlying data. This grid
size is evaluated here in order to show the upper limits
of the resampling algorithm. Grid sizes between 10
10 (like that of Figure 9) and 50 50 are much more
likely in our case. In practice we find that rendering the
geometry is often the performance bottleneck.

et. al. [15], theirs is a visualization solution for steadystate flow, i.e., instantaneous flow from one time step.
In our case, we visualize the flow, with normal component, over time, also at interactive frame rates.
We have implemented an animation control that allows
the user to load several time steps of CFD simulation
result data, and “play them back” at user-specified time
intervals. The user is allowed to pause, rewind, forward, and stop the animation using controls similar to
any home media player. We combine this animation
control with the resampling feature for an intuitive visualization of unsteady flow with normal components.

6 Conclusions and Future Work

Another result of the resampling algorithm is the ability
to visualize unsteady flow with the normal component
of the slice through which the flow is passing. In our
review of the flow visualization literature [9, 10], we
see several flow visualization solutions for 2D, steadystate, vector fields. However, we see no unsteady solutions that include all three vector field components
at interactive frame rates. In the case of Scheuermann

We believe FIRST to be a valuable asset in the engineer’s pursuit of understanding the underlying flow field
in their CFD simulation models. FIRST reduces perceptual problems such as occlusion and visual complexity when visualizing a vector field, steady or unsteady,
with all three vector field components. Searching for
flow features by sliding a slice through the 3D volume
9

Figure 10: (left) Visualizing the direction of the flow through a cylindrical slice from CFD using a brute force
hedgehog technique. (right) Visualizing the direction of the flow, including the normal component, using the polar
resampling option of FIRST.

is also hastened.

(Figure 12). The user can click-and-drag a handle and
change the location or size of the resampling grid. Two
Future work can take multiple directions including the
different strategies are possible: (1) where the other coraddition of more user-interaction controls, extending
ners of the resampling grid are held fixed while one hanthe algorithm to 3D, and porting the algorithm to Java
dle is dragged resulting in a change of size or (2) where
for inclusion into the VisAD open source, scientific vithe other corners move with the grid retaining a consualization library [4].
stant size but specifying a new location.
Future work includes the addition of more userOne of goals is to extend the algorithm to handle 3D
simulation data. We believe that the algorithm outlined
in Section 4 can be extended to 3D in a very straightforward manner. The only difference would be a modiresampler
grid
fication to the traversal part of the algorithm to include
handle
multiple layers. We realize, however, that performance
time will be biggest challenge in realizing this goal.

7 Acknowledgements

Figure 12: User interaction can include handles that are attached to the resampling grid. These handles, while attached
to the grid, may be placed arbitrarily via the common clickand-drag paradigm resulting in user-specified grid placement
or user-specified scaling.
interaction techniques. One such technique involves
the addition of handles attached to the resampling grid
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Figure 11: (top, left) A slice mesh with discontinuities -two gaps in the shape of rings, using hedgehog visualization (top, right) The same slice resampled onto a regular grid, (bottom, left) a close-up view of one of the
rings causing a discontinuity, with hedgehog visualization (bottom, right) the same close-up view with resampling
enabled
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