
1 Introduction 

Constructive solid geometry (CSG) is a geometric representation 
where a complex 3D object is represented by combining simple 
solid objects (called primitives) using Boolean operators. The 
primitives can be convex or non-convex solids. The basic Boo-
lean operations are union, intersection and subtraction. 

Most real-time CSG rendering methods are based on the parity 
test and ray casting approaches. Since every Boolean expression 
can be transformed to a union-of-products form, and the union 
operation in image space can be easily realized using standard z-
buffer depth test, existing methods only focus on the rendering of 
a single product term, which contains only intersections and 
subtractions. The parity test method of Goldfeather et al. [1986] 
tests every primitive against all others to find the portion that 
satisfies the Boolean operation. This requires quadratic number of 
rendering passes for a general product. They also need special 
handling of non-convex primitives. On the other hand, ray casting 
methods keep track of the intersections of each viewing ray with 
the primitives’ surfaces [Kelley et al. 1994]. However, the method 
of Kelley et al. requires a lookup table of size exponential to the 
number of primitives. 

We present a simple ray casting method to render a CSG product 
term. The primitives are input as polygon meshes. Our method 
uses the programmability on modern graphics hardware to capture 
at each pixel the depth values of all the primitives’ surfaces. By 
sorting these surface fragments in front-to-back order, we are able 
to find the CSG result at each pixel. Our method does not main-
tain additional fragment information, and deferred shading is used 
for the final rendering of the CSG result. Our method is general in 

that there is no special handling needed for intersection and sub-
traction operations, and non-convex primitives are treated equally 
as convex primitives. 

All previous CSG rendering algorithms may not produce correct 
CSG result if any of the primitives is not entirely between the 
near and far planes of the view frustum. This can be very incon-
venient as large invisible primitives may prevent a close-up view 
of the CSG result. Our method can deal with this problem with a 
small extension. In case if the CSG result is intersected by the 
near plane, our method even produces solid cutaway views. 

2 Our Method 

We treat the subtraction of a primitive as an intersection with the 
complement of that primitive, i.e. A  B = A  B. For a given 
product term, our method’s objective is to find the intersection 
among all the intersecting primitives and the complements of all 
the subtracted primitives. Our method has three main stages: 
fragment capture and sorting, result search, and deferred shading.  

2.1 Fragment Capture and Sorting 

We use the multi-layer depth peeling method of Liu et al. [2006] 
to capture and sort the primitives’ fragments. During which, in 
each rendering pass, we render all intersecting primitives using 
counter-clockwise polygon winding, and subtracted primitives 
using clockwise winding. This essentially flips each subtracted 
primitive “inside-out'” and can be thought as rendering its com-
plement. The fragments’ depths are sorted on-the-fly while being 
captured. 

Each round of depth peeling can peel at most k depth layers. We 
use multiple-rendering-target (MRT) buffers to store the k sorted 
depths per pixel (we use k = 16). If a pixel has depth complexity 
greater than k, then it may be necessary to have more rounds of 
depth peeling, in front-to-back order. Each round, all the primi-
tives are rendered again as above. We use occlusion query to 
determine when to stop. Note that because our method searches 
the CSG result sequentially in front-to-back order too, we inter-
leave each round of depth peeling with the result search. 
Therefore, at any time, we need storage for at most k depth layers. 
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Figure 1: Sample CSG objects rendered by our algorithm. 
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In the MRT buffers, we store back-facing fragment’s depth as 
negative, and front-facing as positive. This information is used 
later to do inside-outside test. Note that the subtracted primitives 
have been flipped “inside-out” during rendering, and so their front 
faces have become back-facing and vice versa. 

2.2 Result Search 

Next, we search the fragments in the MRT buffers to find the 
CSG result and record its depth value. Finally, all the primitives 
are rendered normally (with lighting shading), and the standard 
depth test is used to pass only the depths equal to the CSG result. 

To find the CSG result at each pixel, conceptually, we cast a ray 
from front to back. When the ray encounters a front-facing frag-
ment, it means it is entering some primitive, and a back-facing 
fragment means exiting from some primitive. For a CSG product 
term with M intersecting primitives, if the ray encounters M more 
front-facing fragments than back-facing fragments at certain 
point, it is inside all the M primitives. The first fragment that 
satisfies the condition is on the visible surface of the result vo-
lume. 

Given the set of sorted fragment depths for each pixel, we tra-
verse them from front to back, and update an accumulator A, 
where A = (number of front-facing fragments – number of back-
facing fragments). Once we encounter a fragment that satisfies 
A = M, it is the result for the pixel and the search terminates. To 
account for the subtracted primitives, we need to adjust the initial 
value of A accordingly. When a ray starts from the near plane, it 
is already inside all the complements. If the product term has N 
subtracted primitives, the initial value of A should be N. When A 
becomes equal to M + N, the result is found. 

2.3 Near-Plane Intersection 

All previous CSG rendering algorithms may not produce correct 
CSG result if any of the primitives is not entirely between the 
near and far planes of the view frustum. In this case, the parity 
test or inside-outside test may start off with an incorrect state. Our 
method can handle such cases with a small extension and can 
provide a solid cutaway view if the near plane is intersecting the 
CSG result. Figure 2 shows such an example. 

Near-plane intersections (including the case when some primitive 
is located entirely in front of the near plane) result in an incom-
plete fragment set captured in the capture stage, and the initial 
value of the accumulator A can no longer correctly reflects the 
number of primitives the ray is inside upon the near plane. 

For any primitive, if pairing front- and back-facing fragments are 
culled by the near plane, there is no effect on the result. If non-
pairing fragments are culled, for an intersecting primitive, it is 
only possible that one extra front-facing fragment is culled and 
there will be one more back-facing fragment than front-facing 
fragments in the captured set. By finding the total extra number of 
back-facing fragments for the whole intersection term, we get the 
number of intersecting primitives that the ray is inside before the 
near plane. More specifically, let the number be I, and 
I = (number of back-facing fragments – number of front-facing 
fragments). Similarly, for all subtracted primitives, we have 
S = (number of front-facing fragments – number of back-facing 
fragments). Since we initially assume that the ray is inside all N 

complements upon the near plane and now it actually has exited S 
complements already, it is actually inside N – S complements. 

Therefore, the number of primitives the ray is inside upon the 
near plane is I + (N – S). Before the result search at each pixel, A 
is first initialized to I + (N – S), and when A reaches M + N, the 
result is found. If I + (N – S) = M + N, the pixel will have depth 0 
(the near plane) as the result. A pre-defined color is used to shade 
the pixel during the deferred shading stage, and this gives the 
cutaway appearance. 

3 Evaluations and Comparisons 

We implemented our method in C++, OpenGL and GLSL. Per-
formance data shown below were obtained on a 2.4 GHz/4GB 
RAM PC with NVIDIA GeForce 8800 GTS 512. We compare our 
method with OpenCSG (http://www.opencsg.org). Because 
OpenCSG implements many CSG rendering algorithms, we 
always picked the fastest one for each CSG model. The table 
below shows the performance (rendering speed in frames per 
second) of OpenCSG and our method on a sample set of CSG 
objects. Each object is a large cube subtracting 33 to 113 smaller 
spheres. One such object is shown in Figure 1(c). Our method is 
comparable in speed when the CSG model is not too complex. 
But as the object gets more complex, our method significantly 
outperforms the other. 

# of subtracted 
primitives 

OpenCSG 
(FPS) 

Our Method 
(FPS) 

33 165 114 
53 36 51 
73 10 26 
93 4 14 

113 1.7 8.2 
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Figure 2: Different cutaway views of the CSG result of  
(Blue Sphere  Red Sphere  Magenta Sphere). 



<<
  /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
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /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 false
  /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 false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


