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Abstract

Vector fields may come from video data (via opti-
cal flow and tracking), from weather phenomena (e.g.,
wind speed and direction), and from medical imaging.
An important component in analyzing this data is to be
able to quantitatively compare different points within a
vector field or across different fields of the same type.
We present a novel local descriptor to compare indi-
vidual points in a vector field and rank them based on
which are most similar to a selected point. The descrip-
tor captures the statistics of the neighboring vector field
around a central point and is discriminating, robust to
noise, and efficient to generate and compare.

1 Introduction

Vector field data is becoming more prevalent in video
analysis (optical flow and tracking), weather monitoring
(e.g., wind and water speed and direction), and med-
ical imaging (e.g., phase-contrast magnetic-resonance
angiography captures 3D velocity fields of moving tis-
sue [12]). An essential component in analyzing this
data is to quantitatively compare different points within
a vector field or across different fields of the same type.
Such comparisons will enable us to evaluate how the
vector field has changed at a point, and to find point cor-
respondences that can be used to register vector fields
when the transformation to align them is unknown.

Our contribution is a rotationally invariant, robust lo-
cal descriptor that captures the distribution of vectors
around a central point. In Section 4, we show that our
local descriptor is precise through self-similarity tests
that compare selected points in planar vector fields to
all other points in the domain.

2 Related Work

Vector field analysis identifies singularities (critical
points where the magnitude of the vector vanishes), sep-
aratrices, and periodic orbits. Singularities are further
classified into sinks, sources, saddles, focus, and center
points using the Jacobian. There is much research in the

areas of vector field analysis and singularity classifica-
tion, including [5, 10, 13, 14, 3, 15]. Previous work in
comparing vector fields have focused on defining a met-
ric to compute the distance between singularities using
alternate phase plane coordinate systems [7, 11]. How-
ever, many naturally occuring vector fields do not con-
tain singularities, and non-singular points can exhibit
interesting features such as the ridge formed where op-
posing vectors meet in Figure 3. Such ridges often oc-
cur in water currents. Instead of relying on singulari-
ties, we compute a local descriptor for every point in
the field. Although we do not explicitly track singular-
ities, our approach is able to locate them by virtue of
finding points with distinctive local descriptors.

Geometric, or shape, distributions provide a way of
comparing shapes based on statistical properties [1, §].
These approaches record the distribution of a selected
feature in a histogram for efficient storage, indexing,
and comparison. A single global histogram may be
generated for the entire shape, or one local histogram
for each surface point. Local histograms store infor-
mation about the neighborhood surrounding a central
point and are used to find point correspondences. Points
are compared by computing a difference, or norm, be-
tween their local histograms. Standard norms include
the Minkowski L norms, the x2, Battacharyya, and
Earth Mover’s distance, and the correlation coefficient.
Geometric distributions are invariant to rotations and
translations of the underlying domain (e.g., surface) and
robust to noise due to their statistical nature.

Statistics on vector fields from optical flow have
been explored in [9] where the goal was to obtain a
global statistic for use as a prior in optical flow com-
putation, not to define a local descriptor. We focus on
local distributions that can be used to compare points
within and between vector fields. In shape matching,
successful approaches to generating local distributions
include spin-images [6] and shape contexts [2, 4] which
store the distribution of neighbors surrounding a central
point. We now describe how we adapt these concepts to
develop a local distribution for planar vector fields.
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Figure 1. Left: Spin-image for surface points in [6].
Right: Our new vector spin-image for planar domains
bins neighboring points based on distance a from the
central point and dot-product 3 between the neighbor’s
vector and the central point’s vector. All points on the
yellow circle have a common « but 3 may differ.

3 A Local Distribution for Vector Fields

In developing a local descriptor for vector fields, our
goals are similar to those for surface points. The de-
scriptor must be robust to noise, invariant to transfor-
mations, discriminating, and efficient to generate and
compare. We apply concepts from shape contexts and
spin-images to create a local descriptor for vector fields
which we call a vector spin-image. In Figure 1, we com-
pare the spin-image for surface data (left) to the vector
spin-image (right). Spin-images for an oriented surface
point are computed by spinning the plane containing the
normal vector about the normal axis while binning all
surface points as they intersect the plane (making it in-
variant to rotations) [6]. The spin-image is indexed by
the distance o from the central point and the depth 3
from the central point’s tangent plane.

For planar vector fields, we define the vector spin-
image indices as the distance o from the central point
and the dot-product 3 between the 2D vector at the cen-
tral point and that of the neighbor. We then bin (tally)
the number of neighbors (within a given radius around
the central point) based on their « and 3 values, result-
ing in a 2D histogram. Because areas far from the cen-
tral point are deemed less important in a local descrip-
tor, we use a log scale for radius « to achieve lower reso-
lution in these areas as prescribed in shape contexts [4]:

ro = eap{in(ra) + 125} (1)
Tmin

In the above equation, 7, is the radius of the bin
containing the central point; 7,4, is the maximum sup-
port of the spin-image; and ¢ goes from 0 to I where
I+1 is the total number of radial bins. Bins far from the
center will have high counts, but because each bin con-
tributes equally to the difference (Equation 2), a point in
one such bin actually has less effect on the difference.

Histograms are normalized prior to computing the
difference between them. Without normalization, the

computed difference between points near the bound-
ary of the field and all other points is incorrect due to
missing data (boundary histograms have far fewer data
points resulting in lower bin values). Normalization
greatly reduces these effects, but even with normaliza-
tion, there are residual errors at the boundaries as shown
in Figure 2 (top-left). Inversely weighting the bins by
the bin area (which increases at larger radii) also does
not eliminate the boundary errors. We have found two
approaches that solve the boundary problems. The first
(not shown) normalizes each bin by the total number of
sample points gathered within the bin’s concentric ring
which is effectively an approximation of bin size. In
the second approach, we borrow from image processing
and reflect the vector field around edges to fill in miss-
ing data. By doing so, we are essentially making the
assumption that the missing data is statistically similar
to areas of the vector field nearby. Figure 2 shows that
using reflections completely eliminates boundary errors
and does not adversely affect the computed difference
anywhere on the interior of the field.

In Section 4, we use reflection to generate spin-
images and focus on illustrating the effects of support
radius and bin resolution, as well as the precision of our
algorithm in determining the similarity of a vector field
with respect to a selected point in the field.

4 Results and Conclusions

We generate synthetic vector fields using Zhang et
al.’s design tool [15]. We tested our algorithm on sim-
ple fields with a few different singularities, on fields
without singularities but with distinctive features, and
on complex fields designed for painterly rendering [15].
Source singularities are green; sinks are red; saddles
are yellow; centers are pink (attracting) and cyan (re-
pelling); and regular vectors are cyan arrows. All vector
fields are 512x512 in size. For each field, we perform a
self-similarity test wherein a point in the field is selected
(indicated by X or a dot in the images) and compared to
all other points in the field using the x? distance. The
x? distance between N-bin normalized histograms, f
and g, is: N

X2:D(f,g):%§% ©)

4.1 Effects of Support Radius and Resolution

Figure 2 shows the effects of reducing the support
(maximum) radius of vector spin-images (top row) and
of reducing histogram resolution (bottom row). We use
three sets of radius parameters (7,5, = 5, T'maz = 60;
Tmin = 3: Tmaz = 40’ and Tmin = 27 T"maz = 20
pixels) and three histogram resolutions (10 x 10, 8 x 8,
and 5 x 5). We also tested rectangular spin-images with
higher radial resolution than dot-product and vice versa.
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Figure 2. Self-similarity of a test vector field (lower-left) to a selected point (X). Top: effects of bin normalization and
decreasing 7maqz. Bottom: effects of bin resolution on a constant support (e = 60). Red to blue = increasing similarity.

The time to generate spin-images which depends
on the max radius far surpasses the time to compare
them. Computing a spin-image for 7,4, = 60 is 4x
longer than for 7,,,, = 40 which is 4x longer than
for rpq: = 20. However, with a small support radius,
the descriptor becomes less discriminating. In the self-
similarity test in Figure 2, many more points are found
to be similar to the selected point when 7,4, = 20. In
general, the measured differences become coarser with
fine differences disappearing as the support radius is re-
duced. Depending on the application, the more efficient
small support radius may be sufficient. For example,
if the goal is to locate singular points, a small support
does just as well as shown in Figure 2 (top row).

Spin-images for all points in a vector field can be
pre-computed and stored in a database for comparison
to other fields later. The number of comparisons grows
significantly when the goal is to register multiple points
between different vector fields. Hence, it is important
to reduce the time for computing the difference between
vector spin-images. The time complexity for the x? dis-
tance (and most other distance metrics) is linear with re-
spect to the histogram size. We can reduce the computa-
tion time by using lower resolution vector spin-images.
The bottom row of Figure 2 shows the effects of doing
so. A significant difference in the self-similarity test is
seen with 5 x 5 spin-images when compared with the
results using 10 x 10 spin-images (8 x 8 gives nearly
identical results). By reducing the resolution only in

the radial dimension and maintaining high resolution
for dot-product, we obtain essentially the same results
as with our highest resolution vector spin-images. Note
that reducing dot-product resolution while maintaining
high radial resolution produces the opposite effect (self-
similarity results are similar to using the lowest resolu-
tion histograms). This implies that the distribution of
vector orientation is a key component in distinguishing
between different points in the vector field.

4.2 Identifying Distinct Features

The results in Figure 2 reveal that our local descrip-
tor cannot distinguish between different types of sin-
gularities (the test vector field contains a sink, source
and saddle) but can precisely locate singularity position.
The magnitude of the vector at the singularity vanishes,
resulting in zero-valued dot-products and a local distri-
bution that is the same for all types of singularities but
differs from all non-singular points.

In Figure 3, we show that our local descriptor is ef-
fective in extracting distinct features from fields that
contain no singularities. The first example has a ridge
formed by two opposing vector fields. By selecting a
point on the ridge (1), all other ridge points are high-
lighted as similar. The second selected point (2) is just
off the ridge, and shows the sensitivity of our algorithm
because the ridge is now no longer marked as similar. In
the second example, we have selected two points — (1)
a ridge-like feature and (2) in an area where the vectors
are uniformly straight. In both cases, our algorithm is



Figure 3. Vector fields with no singularities but with distinctive features. Red to blue = increasing similarity to green dots.

able to segment the field into two distinct regions.

In Figure 4, we apply our algorithm to complex vec-
tor fields from painterly rendering [15]. On the left, we
choose a distinct point (the tip of a cat’s ear in the im-
age data). On the right, we chose a point in a swirl.
The self-similarity tests highlight similar areas such as
the lower-middle area in the field on the right where the
vectors turn. In future work, we will cluster vector spin-
images to more efficiently compare whole vector fields.

Figure 4. Vector fields from painterly rendering [15].
Bottom: self-similarity to selected points (X).

5 Acknowledgements

We thank Eugene Zhang for the vector field design
tool and painterly rendering data. This work was funded
in part by NSF Creativel T Award# 11S-0742440.

References

[1] M. Ankerst, G. Kastenmuller, H. Kriegel, and T. Seidl.
3d shape histograms for similarity search and classifi-

(5]

(6]

cation in spatial databases. Proc. of 6th International

Symposium on Spatial Databases, 1999.
S. Belongie, J. Malik, and J. Puzicha. Shape

matching and object recognition using shape contexts.
IEEE Trans. Pattern Analysis and Machine Intelligence
(TPAMI), 24(24):509-522, 2002.

J. Ebling and G. Scheuermann. Clifford convolution and
pattern matching on vector fields. Proc. of IEEE Visu-
alization, pages 193-200, 2003.

A. Frome, D. Huber, R. Kolluri, T. Biilow, and J. Malik.
Recognizing objects in range data using regional point
descriptors. Proc. of European Conf. on Computer Vi-
sion (ECCV), 3:224-237, 2004.

J. Helman and L. Hesselink. Surface representations of

two- and three- dimensional fluid flow topology. Proc.

of IEEE Visualization, pages 6—13, 1990.
A. Johnson and M. Hebert. Using spin images for effi-

cient object recognition in cluttered 3d scenes. [EEE
Trans. on Pattern Analysis and Machine Intelligence

(TPAMI), 21(5):433-449, 1999.
Y. Lavin, R. Batra, and L. Hesselink. Feature compar-

isons of vector fields using earth mover’s distance. Proc.

of IEEE Visualization, pages 103—109, 1998.

R. Osada, T. Funkhouser, B. Chazelle, and D. Dobkin.
Shape distributions. ACM Trans. on Graphics,
21(4):807-832, 2002.

S. Roth and M. Black. On the spatial statistics of optical
flow. Int’l J. of Computer Vision, 74:33-50, 2007.

G. Scheuermann, H. Kriiger, M.Menzel, and A. Rock-
wood. Visualizing nonlinear vector field topology. IEEE
Transactions on Visualization and Computer Graphics
(TVCG), 4(2):109-116, 1998.

H. Theisel and T. Weinkauf. Vector field metrics based
on distance measures of first order critical points. Jour-
nal of WSCG, 10:121-128, 2002.

M. Tovar. Vector-field classification in magnetic-reso-
nance angiography. AMIA Sym., pages 926-930, 1998.
X. Tricoche, G. Scheuermann, and H. Hagen. Con-
tinuous topology simplification of planar vector fields.
Proc. of IEEE Visualization, pages 159—-166, 2001.

X. Tricoche, G. Scheuermann, and H. Hagen.
Topology-based visualization of time-dependent 2d
vector fields. Data Visualization, Proc. of IEEE TVCG

Symposium on Visualization, pages 117-126, 2001.
E. Zhang, K. Mischaikow, and G. Turk. Vector field

design on surfaces. ACM Transactions on Graphics
(TOG), 25(4):1294-1326, 2006.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


