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Abstract In such cases, the interaction of the vector directions and lighting
conditions are again used to determine how the geometry is to be
This paper presents interactive flow visualization methods that rendered. This approach is much simpler and faster than the strat-
highlight directional information in the flow field. An added bene- egy proposed in [1] on rendering curves in 3-space.
fit of the proposed methods is that they reduce the amount of data There are several applications that motivate the need for meth-
being displayed and hence reduce clutter. The main idea behindods that highlight regions of similar flow directions. Two of those
these methods is the use of light sources to select and highlight re-that we worked with and will present in section 4 are: identifying
gions in the flow field with similar directions. Varying the lighting  the presence and locations of onshore or offshore flows in weather
conditions, by moving the light source and/or adding more lights, patterns (e.g. locations of northwesterly flows [2]); and identifying
emphasizes different vector directions, set of directions, and vec- presence and locations of flow reversals from free stream flow in
tors within a specified angle of a particular direction. The methods CFD simulations. Both of these can be easily highlighted with the
are straight forward, computationally inexpensive, and can be com- methods described here.
bined with other techniques that use glyph representation and other
flow geometry such as streamlines for feature visualization. We ap-
ply these methods to an analytic data set to help explain howthey?2 DIRECTIONAL FLOW METHODS
work, and then to a simulation data set to highlight flow reversals.
In this research, we extend the bump mapped vector techniques [6]

Key Words and Phrases: glyphs, streamlines, lighting, hue,  for identifying directional flow in 2D fields to three dimensions.
value, region selection, clutter reduction, flow reversal. Those techniques actually work with a 2-manifold surface — either

a 2D planar cross section of a 3D flow field, or a surface in 3D.

With surfaces, vector directions can be used to replace the surface
1 INTRODUCTION normal, or alternatively used to alter the surface normal. Vector

o . o magnitudes are used in pseudocoloring the surface. Interactions of

A vector field is rich in information. Each point in space represents  the perturbed surface normal and lighting conditions is then used to
a three-dimensional vector quantity having botagnitudeanddi- alter the pseudocoloring of the surface such that regions with simi-
rection Addltlona“y, the field exhibits many derivable features lar flow directions (eg away from ||ght Source) are either dimmed
such adorsion, curvature shear acceleration andconvergence or highlighted.
The difficulty is that there is no single natural way of visualizing A direct extension of this idea to 3D vector volumes is possible
entire 3D vector fields that highlights all these feature_s [4]_. As a pyt was not pursued due to the importance placed on interactivity.
result, numerous methods have been developed to visualize thesgyne direct extension would mean mapping cell densities to vector
different vector field properties. S ) magnitudes, and cell opacities to the interaction of lightingdi-

In this paper we presenta new vector visualization technique that tjons and altered cell normals, and then volume rendering the data.
emphasizes directional and magnitude information in the the vector |5 aqdition to the loss of interactivity, the rendered image does not
field. Inspired by bump mapping techniques, methods using this |50k as promising in presenting the regions of similar flow direc-
technique treat the vector directions as some form of surface nor-tjons. Hence, we decided to apply the vector direction controlled

mals in the flow field. Variations on these normals are then used to shading to intermediate flow geometries such as glyphs and stream-
shade feature glyphs inserted into the field. Vector information is |jnes.

visualized by adjusting glyph hue and intensity according to vector
magnitude, vector direction, and lighting conditions. In patrticular, ) )
at each sampled point in the 3D volume, a glyph is associated with Shading Cues from Vector Field
the vector at that point. Vector magnitude is mapped to glyph hue
and and vector direction interacts with lighting conditions to de-

termine the intensity of the glyph. Alternatively, vector magnitude

can be mappedto glyph intensity and vector direction interacts with

There are several ways of deriving shading cues from vector fields
(e.g. [6]). Since we will mostly be using simple 1-manifold geom-
etry (i.e. hedgehog lines and streamlines), and the lack of a natural
- e . surface normals for these shapes, we decided to use a straight re-
I'grgt‘?acspr}ggga?stgiorﬁltgrrrgnfot::nﬂzgg gﬁg.Moorhea d [5] where placement of the surface normal with the vector direction. That is,

vector direction is mapped to hues in a color wheel, but extends N = V, whereN s the new surface normal, aid is the unit

the work to 3D vector fields and also add the ability to ability to VEctor with the same direction as the vector flow at that point. Note
refine directional search. Unlike Dovey's [3] work in vector plots thatif a natural surface normal exists (e.g. spherical glyphs, etc.),
of irregular grids, clutter reduction is achieved by displaying only then alternate mappings exist (el§. = N + V). The impact of

the relevant vector glyphs instead of resampling and iiépoig these mappings becomes apparent when the vector field is viewed
vector glyphs for the entire field. Our approach is also applicable together with a moving light source. That is, the illumination of
to other means of displaying flow information such as streamlines. the vector field will be attenuated depending on the flow direction
relative to the light source. Flow regions in the direction of the light
*http://www.cse.ucsc.edu/research/slvg/3dbump.html source will be illuminated, while those in tiipposite direction will
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be dark. A complementary effect can also be achieved if the vectors V= is the vector magnitude, scaled and clamped between 0 and 1
were negated (i.eN = —V). over the rang&/.in t0 Vinas. Vinin @andVima. are chosento scale
the visualization to a vector magnitude range of interest. Vectors
o with magnitudes outside the range are clamped or maybe filtered
lllumination Model if desired. Hmin andHmas are the HSV hue ranges used in the

Aillumination modelis required in order to iluminateyghs based ~ MaPPing. The smallest scaled and clamped vector magnitude maps

on the derived surface normals and the lighting conditions. For this [© 7m:n and the largestmaps ®ma.

purpose, we use the Lambertian (diffuse) reflection model. In this ~ AS @ typical example, we want to visualize the vectors over the
model, the intensity of light reflected from a surface is a function entire vector magnitude range 0¥Q,., wherev,,,,. is the maxi-

of the angular distancé, between the surface normal and the di- Mum magnitude vector in the entire field. A hue mapping is chosen
rection to the light source. Figure 1 illustrates the situation where So that 0 magnitude vectors map#6,i, = 300 (magenta) and

a derived surface normal is illuminated from a light source in the Maximum magnitude vectors map .. = 0 (red). Equation 2
directionL. Using Lambertian reflection, the intensity of the light thenreduces to:

reflected from the glyph surface is given by:

H =300 — 300@

I'=1kiLe N') = Izkqcos(§) 1) A direction to value mapping based on the illuminaticondi-
tions and the derived surface normals is required. A modification to
wherel! is the computed intensity, is the diffuse reflection coef- the Lambertian illumination (equation 1) provides the direction-to-
ficient, I, is the intensity of light sourc#, L is a unit vector in the value mapping equation:
direction of the light, andN is the unit surface normal.

Mapping Vector Direction and Magnitude V = Viin + c08(0:)(Vinaz — Vimin) 3)
There are several ways of mapping vector information to different 0 iff.<0

color space. Two that look promising ardirection-to-value illu- f.. = { 90 if 4. > 90
minationanddirection-to-hue illumination The first maps vector §. otherwise

direction to HSV value, and vector magnitude to HSV hue. The i

goal is to achieve a similar effect as the bump mapped vector fields 6. =90 0 — Omin

— vectors pointing away from the light source will appear dimmer. ) Omaz — Omin

The second maps vector direction to HSV hue, and vector magni-
tude to HSV value. It is different from standard direction-to-hue
mapping in that the entire hue range is mapped to a smaller range 9.,
of degrees allowing for better ability to disuish among small -
angular differences.

6 = arccos(L o NI)

is the angle between the light and the normal, scaled and
clamped on the rang®,:» t0 §.,q-. The angular distance be-
tween the normal and light direction is first scaled and clamped
between 0 and 1 oveé,,;, t0 6.4 Itis then scaled by 90 degrees
2.1 Direction-to-value lllumination to allow for full cosine attenuation in this range. Figure 2 illus-
trates these angular rangés.;, andd,.., are chosen to provide
This method assigns an HSV hue based on vector magnitude andllumination focus That is, glyphs with vector directions lying in a
an HSV value based on vector direction. The HSV hue maps vector specified angular range of the light direction dhgminated, thus
magnitude according to the following equation: focusing the visualization on regions with flows with the specified
directional range.
Vmin andVy,q. specify the HSV value range used in the map-
ping. The smallest, scaled, and clamped aijgle = 0) maps to
H = Hmzn + ‘/sc(Hma.r - Hmzn) (2) Vma.r and the |arges(t955 = 90) to szn
As a typical illumination example, we want to visualize/pths
with bumped mapped normals whose angular distance from the

0 ifVi<0 light lie betweerd ., = 0 andf,... = 90 degrees. HSV value
Vee = Lif Ve > 1 range is chosen so that the angular distance-6f0 degrees maps
Ve otherwise to a value ofV,,.. = 1 and the angular distance &f= 90 degrees
maps to a value o', = 0. Equation 3 reduces to:
VIl = Vinin

L v v V=cos(d) =LeN



2.2 Direction-to-hue Illlumination directions) were constructed to verify the methods. Finally, hedge-
hog lines are automatically removed when the direction falls out-

side of the illumination focus or magnitude falls below some thresh-

old value. This additional culling helps improve the overall presen-

tation by removing what would otherwise be dark, uninteresting,

and possibly occluding geometry. This threshold parameter is user
definable. For the images, geometry is not drawtvif(f..) = 0

Direction-to-hue illumination exchanges the role of HSV hue and
HSV value used in direction-to-value illumination. Here, HSV
value is assigned using the magnitude-to-value mapping equation:

orif Vic =0.
V= szn + ‘/sc Vma.r - szn 4 ¢ . .
( ) @) Color plates 1 to 6 show some examples of applying the direc-
whereV.. is given in equation 2. tional flow visualization techniques to 3D vector fields. In each

For example, we want to visualize the vectors over the entire Visualization, the volume is populated with fixed length hedgehog
vector magnitude range 0 M,; whereV s the maximum lines aligned with the local vector direction. The direction of an
. : o Ve o infinite light source is indicated by an arrow visible in each color
magnitude vector in the entire field. HSV value mapping is cho- SO .
sengso that O magnitude vectors mapigi» = 0 and r%%xgnum plate. For direction-to-hue mappings, red maps to an angle of 0 de-

; _ : ) grees between light and vector direction (i.e. vector direction is op-
magnitude vectors map ¥q.q. = 1. Equation 4 thenreduces to: posite of light direction), while magenta maps to the maximum an-

gle defined by the illumination focus. For direction-to-value map-
I\l ping, red maps to maximum vector magnitude, while magenta maps

V= v to minimum vector magnitude.
e Color plates 1 and 2 are visualizations of an analytical helical
HSV hue is assigned using the direction-to-hue mapping equa- flow described by:v(z,y, z) = —byi + bxj + ck, whereb and
tion: ¢ are constants and affect the pitch of the helix. The flow is in a
counter-clockwise direction as viewed from color plates 1 and 2,
with a single light source coming from the left. The bottom halves
of the data sets are not visible as they are culled from the presenta-
H = Humin + cos(8:0)(Hmaz — Hmin) (5) tion because the velocity field there does not have any components
towards the light source. Only the top half of the helical flows are
whered.. is the same given in equation 3. visible since this is the only region where the flow has any compo-
As anillumination example, assume we want to visualizpls nent towards the light source. More generally, only those flow re-

with normals whose angular distances from the light lie between gions whose vector direction lie within the illumination focus will
# = 0 and 90 degrees. HSV hue range is chosen so that an angulabe visible.

distance ot = 0 degrees maps to a HSV hue#f,... = 0 (red) Visualizations of this analytical data set serve two purposes: to
and an angular distance éf= 90 degrees maps to a HSV hue of  help us validate our technique, and to help demonstrate how it
Hmin = 300 (Magenta). Equation 3 reduces to: works on a simple and well understood data set. In color plate

1, hue is mapped to vector direction. Here, one can observe the
symmetric distribution of hue as the angle between the light source

H = 300 — 300 cos(d) and vector directions range from -90 to 0 to 90. This also illustrates
why the bottom half of the data set is not visible. Dot products
of the light vector and vector direction are being taken, and since

3 IMPLEMENTATION 9 g

the bottom half have flow components that are all away from the
light source, they are all culled out. One can also observe that the
hedgehog lines appear dimmer (indicating a lower magnitude) at
the center of the flow, and brighter near the edge of the data set.

In color plate 2, hue is mapped to vector magnitude. Here, one
can observe the hue changing from magenta to red as one goes out
of the center. That is, the vector magnitude increases as one moves
away from the center and go towards the edge. This illustrates an

We implemented our flow visualization techniques using the Visu-
alization ToolKit (VTK) [8]. VTK is an object-oriented 3-D graph-
ics library that implements many common visualization methods.
VTK provided our main visualization pipeline and many of the
methods we used for verifying our techniques including file read-
ing, grid handling, isosurface, streamline, and hedgehog visualiza-

tion tools. To this core library we added methods for producing X . . P
scalar fields from the illumination equations, and routines for HSV alternative mapping which seem to work better at dlstl_ngwshlng
color space mapping, grid filtering, and isosurface generation based"€ctor magnitudes comp_ared to the hue-to-value mapping used in
on these fields. The VTK streamlines used in our visualizations are ¢! Plate 1. Another thing that one can observe in color plate 2

: _ - is a higher intensity (value) for the hedgehog lines near the vertical
gg?as tsrgtcstz?: ?)Irri]g(‘];ir?aelcveir:kﬁi ggd:aersF;umnpglj;;utta method. All grids and (y) axis. This is accounted for by the fact that the directions of the

vectors around the vertical axis are more closely lined up with the
light source than those further away.

4 RESULTS Color plates 3 and 4 illustrate the same method applied to mete-
orological data. Color plate 3 applies direction-to-hue illumination

We tested the 3D directional flow visualization methods on while color plate 4 uses the direction-to-value mapping. An illu-

3 different types of data: (a) analytical data set with sim- mination focus of O to 30 degrees is applied in both cases. These

ple helical flow to help understand and demonstrate how the images indicate the regions of the flow volume whose flow direc-

method works, (b) meteorological wind data of the Mon- tions have components towards the light source. Semi-transparent

terey Bay area provided through the REINAS project [7], and isosurfaces are constructed on the threshkoldé..) = 0. Thus,

(c) the Delta wing at 40 degree angle of attack CFD data the isosurfaces bound all the volumes where the vectors within the

set (http://chuck.nas.nasa.gov/DataSets/Ekaterinaris.l/index.htmlyolume lie within the maximum angular extents of themination

to illustrate flow reversals. Both hedgehog lines and streamlines focus. In this case the isosurfaces bound volumes where the vector

were used in these data sets. In addition, isosurfaces..) = directions all lie within 30 degrees of the light vector. In color plate

0 (indicating angular relationship between light source and vector 3 (direction-to-hue mapping) it can be observed that the flow direc-



tion in each region are most closely aligned with the light source conditions evolve. The ability to either add multiple lights or adjust
near the region centers. That is, there are more red hedgehog linesnapping parameters to narrow the focus of the flow directions help
near the region centers and more magenta lines on the periphery ofisers understand the flow pattern of the 3D flow field. After some
these regions. In color plate 4 (direction-to-value mapping), with initial training to get used to the interpretation of the direction-to-
hue indicating magnitude of the flow, one can observe that flow hue and the direction-to-value mappings, one can easily reveal and
magnitudes are generally not very strong around the isosurfacesunderstand flow details. Application of these methods can also par-
When isosurfaces are removed, one can also observe that lines nedially reduce the cluttering problem by rendering only those vectors
the region centers are more intense than those on the periphery. Thén the field that are unddétumination from the current lighting di-
isosurfaces, while not necessary for théksstrations and may at rection and illumination focus.
times occlude some regions of interest, also helped in the valida-
tion of our methods. Hence, they were provided with thiitglof
turning them on or off. y P * ACKNOWLEDGEMENTS

Color plates 5 and 6 show the technique applied to a CFD solu- ) ) ) o
tion for a delta wing at a 40 degree angle of attack. Both figures We would like to thank Naim Alperfor his contribution to the work
use direction-to-value mapping with an illumination focus of 0 to 0N 2D bump mapped vector fields, Wendell Nuss for his NORAPS
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Of the more than 200,000 grid points in the data set, only 2 distinct
regions showed signs of flow reversals: one region is on the edge of
the wing, very near the surface; the second region is within a vortex
core above the wing.

Color plate 5 zooms in on the field reversal phenomena. Two dis-
tinct regions of hedgehog lines can be seen: one set near the wing's
edge, the other approximately above it. Streamlines were seeded

near the nose of the delta wing. Those rising above the wing il- [2] A F.C. Bridger, A.J. Becker, F.L. Ludwig, and R.M. Endlich.
lustrate the flow reversal within the core, which also wraps around Evaluation of the WOCSS wind analysis scheme for the

the second set of hedgehog lines. However, with the streamlines  san Francisco Bay AreaJournal of Applied Meteorology
alone, it was very difficult to find the seed points that would show 33(10):1210 — 1218, October 1994.

the first flow reversal region. This first region is made up of hedge-

hog lines near the edge of the wing which look like fans, with each [3] Don Dovey. Vector plots for irregular grids. Rroceedings:
fan orginating from a single point. In fact, each vector in the fan Visualization '95 pages 248 — 253. IEEE Computer Society,
orginates from a different grid cell. They are just tightly stacked in 1995.

the z direction.

Color plate 6 uses isosurfaces@f(f..) = 0 to identify the [4] L. Hesselink, F. Post, and J.J. van Wijk. Research issues in
envelope of these two flow reversal regions. Hedgehog lines are  vector and tensor field visualizatiole EE Computer Graphics
removed at this point to reduce display clutter. Note that hedge-  and Applications14(2):76-79, March 1994.
hog lines are simply visual manifestations of the directional flow
algorithm — the isosurfaces can be viewed as an alternate form of[®] A- Johannsen and R. Moorhead Il. AGP: ocean model flow
presenting the region of interest. In this color plate, there are again ~ Visualization. IEEE Computer Graphics and Applications
two areas of field reversals visible. The first, well above the wing 15(4):28-33, July 1995.
and stretching behind the wing, is a field reversal associated with a
vortex core. The extent of this core region is enclosed by the larger
isosurface. This observation is confirmed by streamlines generated
at the nose of the wing. Note that two of the streamlines spiral
around the vortex core region while one of the streamlines enters

the core and reverses direction. The second field reversal is 10-[7] Alex Pang and Dan Fernandez. REINAS visualization and in-
cated just above the surface near the edge and rear portion of the * gyrymentation. IProceedings of Oceans' 95 Confereymages
wing. This particular reversal is difficult to find using streamline 1892-1899, October 1995.

techniques alone. Our attempt to find appropriate seed points to

visualize this particular reversal using interactive positioning of a [8] Will Schroeder, Ken Martin, and Bill LorenseriThe Visual-
seed rake was time consuming but identification using the direc- ization Toolkit: An Object-Oriented Approach to 3D Graphics
tional flow technique was immediate and straightforward. Prentice Hall, New Jersey, 1996.
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5 CONCLUSIONS

3D vector fields in combination with either a direction-to-value or
direction-to-hue illumination model form a natural paradigm for di-
rectional flow field visualization. It is an inexpensive technique.
The real power comes from the realtime interaction with the light-
ing conditions to highlight regions of different flow directions. Re-
gions containing vectors aligned in the light direction appear as
clusters or clouds which change shape and location as the lighting



:
i
1

Color Plate 1: Direction-hue, helix data. Color Plate 2: Direction-value, helix data.

Color Plate 3: Direction-hue, weather data. Color Plate 4: Direction-value, weather data.

Color Plate 5: Direction-value, delta wing. Color Plate 6: Direction-value, delta wing.




