Computer Graphics Instructor: Brian Curless
CSE 457 Autumn 2008

Homework #2

Hidden Surfaces, Shading, Ray Tracing,
Texture Mapping, and Parametric Curves

Assigned: Wednesday, November 5™

Due: Wednesday, November 19"
at the beginning of class

Directions: Please provide short written answers to the following questions, using this page as a
cover sheet. Be sure to justify your answers when requested. Feel free to discuss the problems with
classmates, but please answer the questions on your own.

Be sure to write your name on your homework solution.
You may (optionally) use this page as a cover sheet.

Name:




Problem 1. Ray intersection with implicit surfaces (25 points)

There are many ways to represent a surface. One way is to define a function of the form f(x,y,z) =0. Sucha

function is called an implicit surface representation. For example, the equation f(x,y,z) = x®+ y2 +z2—r*=0

defines a sphere of radius ». Suppose we wanted to ray trace a “quartic chair,” described by the equation:

(+y’+2° —ak’) =b[ (z—k)* =22 |[ (z+ k)’ =2)7 |=0

On the left is a picture of a quartic chair, and on the right is a slice through the y-z plane.

y

For this problem, we will assume a =0.95, b= 0.8, and k =5.

In the next problem steps, you will be asked to solve for and/or discuss ray intersections with this primitive.
Performing the ray intersections will amount to solving for the roots of a polynomial, much as it did for sphere
intersection. For your answers, you need to keep a few things in mind:

You will find as many roots as the order (largest exponent) of the polynomial.

You may find a mixture of real and complex roots. When we say complex here, we mean a number that has a
non-zero imaginary component.

All complex roots occur in complex conjugate pairs. If 4 + 1B is a root, then so is 4 — iB.

Sometimes a real root will appear more than once, i.e., has multiplicity > 1. Consider the case of sphere
intersection, which we solve by computing the roots of a quadratic equation. A ray that intersects the sphere
will usually have two distinct roots (each has multiplicity = 1) where the ray enters and leaves the sphere. If
we were to take such a ray and translate it away from the center of the sphere, those roots get closer and closer
together, until they merge into one root. They merge when the ray is tangent to the sphere. The result is one
distinct real root with multiplicity = 2.

(10 points) Consider the ray P +td, where P = (0 0 0) and d = (0 0 l) . Solve for all values of ¢

where the ray intersects the quartic chair (including negative values of 7). Which value of ¢ represents the
intersection we care about for ray tracing? In the process of solving for t, you will be computing the roots of a
polynomial. How many distinct real roots do you find? How many of them have multiplicity > 1? How many
complex roots do you find?



Problem 1 (cont’d)

b) (15 points) What are all the possible combinations of roots, not counting the one in part (a)? For each
combination, describe the 4 roots as in part (a), draw a ray in the x-y plane that gives rise to that combination,
and place a dot at each intersection point. There are five diagrams below that have not been filled in. You may
not need all five; on the other hand, if you can actually think of more distinct cases than spaces provided, then
we might just give extra credit. The first one has already been filled in. (Note: not all conceivable
combinations can be achieved on this particular implicit surface. For example, there is no ray that will give a
root with multiplicity 4.) Please write on this page and include it with your homework solution. You do not
need to justify your answers.

# of distinct real roots: 4 # of distinct real roots: # of distinct real roots:

# of real roots w/ multiplicity > 1: 0 # of real roots w/ multiplicity > 1: # of real roots w/ multiplicity > 1:
# of complex roots: 0 # of complex roots: # of complex roots:

y y y
z z z

# of distinct real roots: # of distinct real roots: # of distinct real roots:

# of real roots w/ multiplicity > 1: # of real roots w/ multiplicity > 1: # of real roots w/ multiplicity > 1:
# of complex roots: # of complex roots: # of complex roots:

3



Problem 2. Counting rays (25 points)

In this problem, we study the number of rays traced for using different ray tracing algorithms. Consider the
following setup:

m X m pixels

k x k supersampling

n geometric primitives

{ light sources

d bounces (reflections and/or refractions)

For each of the algorithms and scenarios discussed in parts (a)-(e) below, assume the following:

e You are counting rays cast, including primary rays, shadow (light) rays, reflected rays, and (when asked
for in the problem) refracted rays.

e No acceleration techniques are used.

e FEvery recursively traced (reflected or refracted) ray hits an object, including the primary rays.

e You will always cast a ray to the light source after intersecting an object, and this does not count as a

recursive “bounce” (but certainly counts as a cast ray).

e Each ray cast to a light source counts as a single ray-cast, even when accounting for transparent shadows.
(The transparent shadow case can be handled by keeping track of all intersections encountered — not just
the closest — when casting a ray to a light, so this is a reasonable assumption.)

You do not need to justify your answers, though doing so may help you to earn partial credit. For each sub-
problem, write out a summation (with the ¥ symbol for the summation) and then, if possible, convert it to
closed form.

a) (5 points) For Whitted ray tracing, assuming reflection (but no refraction) at every surface, how many rays
are cast?

b) (5 points) For Whitted ray tracing, assuming reflection and refraction at every surface, how many rays are
cast?

c) (5 points) Suppose now, in order to get glossy reflections, you recursively cast £ x & rays around the
reflection direction at each bounce. Assuming glossy reflection (but no refraction) at every surface, how
many rays are cast?

d) (5 points) In addition, in order to get translucent (blurry) refraction effects, you recursively cast &k x k rays
around the refraction direction at each bounce. Assuming glossy reflection and translucent refraction at
every surface, how many rays are cast?

e) (5 points) Suppose now you switch to using distribution ray tracing. Assuming glossy reflection and
translucent refraction at every surface, how many rays are cast?



Problem 3. Shading, displacement mapping, and normal mapping (34 points)

In this problem, an opaque surface will be illuminated by one directional light source and will reflect light
according to the following Phong shading equation:

I=4

shadow

L{k,(N-L), +kB(V-R)")

Note the inclusion of a shadowing term, which takes on a value of 0 or 1. For simplicity, we will assume a
monochrome world where /, L, k;, and k; are scalar values.

Suppose a viewer is looking down at an infinite plane (the x-y plane) as illustrated below. The scene is
illuminated by a directional light source, also pointing straight down on the scene.

Vi -
fewer A //(/) Light

AZ

Answer the following questions below, giving brief justifications of each answer. Note that lighting and
viewing directions are from the point of view of the light and viewer, respectively, and need to be negated
when considering the surface-centric shading equation above. [In general, you don't need to solve equations
and precisely plot functions. It is enough to describe the variables involved, how they relate to each other, and
how this relationship will determine, e.g., the appearance of the surface. If you're more comfortable making
the answers analytical with equations and plots, however, you are welcome to do so.]

a) (2 points) Assume: Perspective viewer at (0,0,1) looking in the (0,0,-1) direction, angular field of view of

90 degrees, lighting direction of (0,0,-1), k; =1, k; = 0. Describe the brightness variation over the image
seen by the viewer. Justify your answer.

b) (2 points) Assume: Perspective viewer at (0,0,1) looking in the (0,0,-1) direction, , angular field of view of

c)

d)

90 degrees, lighting direction of (0,0,-1), k; =1, ks = 1, ng = 10. Describe the brightness variation over the
image seen by the viewer. Justify your answer.

(2 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, lighting direction of (0,0,-1), k=

1, kg =1, ngy=10. Describe the brightness variation over the image seen by the viewer. Justify your
answer.

(3 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, ky =1, ky = 0. The lighting
direction starts at (-sqrt(2)/2 ,0, -sqrt(2)/2) and then rotates around the z-axis. Describe the brightness
variation over time, as seen by the viewer. Justify your answer.



Problem 3. (cont’d)
e) (3 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, kz=1, ks =1, ng=10. The

lighting direction starts at (-sqrt(2)/2 ,0, -sqrt(2)/2) and then rotates around the z-axis. Describe the
brightness variation over time, as seen by the viewer. Justify your answer.

Suppose now the infinite plane is replaced with a surface z = cos(x):

Vi ;
iewer ,A\ //C/) Light

We can think of this as simply adding a displacement d=cos(x) in the normal direction to the x-y plane.

f) (6 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, lighting direction of (0,0,-1), k; =
1, ks = 0. At what values of x is the surface brightest? At what values is it dimmest? Describe the
appearance of the surface. Justify your answers.

g) (6 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, lighting direction of (0,0,-1), k4
=0, ks =1, ng =10. At what values of x is the surface brightest? Describe the appearance of the surface.

How does the appearance change as ng increases to 100? Justify your answers.

Suppose now that we simply keep the normals used in (f)-(g) and map them over the plane from the first part
of the problem. The geometry will be flat, but the shading will be based on the varying normals.

h) (6 points) Assume: Orthographic viewer looking in the (0,0,-1) direction, kg =1, ks =0. If we define the
lighting to have direction (-siné, 0, -cos8), will the normal mapped rendering look the same as the
displacement mapped rendering for each of & =0, 10, and 80 degrees? Justify your answer.

i) (4 points) Assume: Orthographic viewer, lighting direction of (0,0,-1), k; =1, ks =0. As we move the
viewer around, will the normal mapped rendering look the same as the displacement mapped rendering?
Justify your answer.



Problem 4. Parametric curves (16 points)

In this problem, we will explore the construction of parametric. Please write on the pages for this problem and
include them with your homework solution.

a) (4 points) Given the following Bezier control points, construct all of the de Casteljau lines and points needed to
evaluate the curve at u= 1/ 3. Mark this point on your diagram and then sketch the path the Bezier curve will take.

The curve does not need to be exact, but it should conform to some of the geometric properties of Bezier curves
(convex hull condition, tangency at endpoints).

Vi

\%Z!

Vo

b) (6 points) Given the following de Boor points, construct all of the lines and points needed to generate the Bezier
control points for the B-spline. Assume that the first and last points are each repeated three times, so that the
spline is endpoint interpolating. You must mark each Bezier point (including any that coincide with a control
point) with an X, but you do not need to label it (i.e., no need to give each Bezier point a name). Sketch the
resulting spline curve, respecting the properties of Bezier curves noted above.

0B3

B

B,

Bo



Problem 4 (cont’d)

c) (6 points) Given the following Catmull-Rom control points, construct all of the lines and points needed to generate
the Bezier control points for the Catmull-Rom curve. Use a tension value of 7=1. Assume that the first and last
points are each repeated two times. You must mark each Bezier point (including any that coincide with a control
point) with an X, but you do not need to label it (i.e., no need to give each Bezier point a name). Sketch the
resulting spline curve, respecting the properties of Bezier curves noted above.

G

C() C2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


