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Problem statement

Å Goal
ïWe want to accurately segment large, noisy MR and CT volumes in real time

Å Ideally accurate volume segmentation should be as fast as the flood-fill paint bucket tool 
in Photoshop

Å Challenges
ï Seeded region growing and thresholding are fast but can be leaky and 

inaccurate
ï Level sets are more accurate but converge slowly, even on the GPU
ï[ŜǾŜƭ ǎŜǘǎ ŎŀƴΩǘ ǘŜƭƭ ǿƘŜƴ ǘƘŜȅΩǊŜ άŘƻƴŜέ

Å Solution
ï Leverage temporal coherence in the level set surface deformation

Å The level set computational domain is mostly the same from one iteration to the next
ÅPerform fewer computations
Å5ŜǘŜǊƳƛƴŜ ǿƘŜƴ ǘƘŜ ǎŜƎƳŜƴǘŀǘƛƻƴ ƛǎ άŘƻƴŜέ

ï Use CUDA to more efficiently track the dynamic, irregular computational 
domain with less overhead



Level Set Method

ÅEmbed a seed surface in an image

Å Initialize an implicit field with the 
signed distance to the seed surface

ÅRepresent the level set surface as the 
zero isosurface of the implicit field

ÅDeform the surface along its local 
normal according to an application-
specific speed function



Level Set Method
Å Deformation occurs by updating fixed elements in the implicit 

field, not moving elements on the surface
ïEulearianinstead of Lagrangian
ïSports metaphor: zone defense instead of man-to-man defense

Å Fixed elements are updated according to the speed function and the 
field gradient
ï This changes the location of the zero isosurface, which deforms the level set 

surface

Å Requires many small iterations for surface to converge on a region of 
interest



Related Work

ÅNarrow Band Algorithm (Adalsteinson and Sethian 1995)
ïCompute updates on a narrow band of elements around the 

surface
ïTraverse the entire computational domain to reinitialize the 

narrow band when the deforming surface reaches an edge



Related Work

ÅGPU Narrow Band Algorithm (Lefohn et al. 2003, 2004)
ïVirtual memory paging scheme to map narrow band to 

physically contiguous memory for GPU computation

ïState of surface edge crossing encoded into a texture by GPU
ÅCourse granularity
ÅSerially decoded by CPU each frame
ÅCPU allocates new memory pages when surface grows beyond current 

narrow band



Related Work

Å Sparse Field Algorithm (Whitaker 1998, Peng et al. 1999)
ï Incrementally update a linked list of active elements at each time step

Å Fine granularity

ï Avoid traversing entire computational domain except during initialization
ï Since the active set is updated every frame anyway, the narrow band can be 

even narrower!
ÅNo additional performance penalty for edge crossing



Related Work

ÅHistorically...
ïthe sparse field algorithm has been poorly suited to GPU 

implementation due to dependence on linked list data 
structures
ïGPU narrow band implementations have outperformed 

CPU sparse field implementations

ÅBut GPU narrow band can still take 6 minutes to segment 
large regions of interest
ïlimited by per frame GPU-to-CPU communication 

overhead

ÅThese limitations motivate our optimized algorithm and 
novel CUDA implementation...



Demo Movie Deluxe Time



Speed Function

ÅOur speed function is an affine combination of two terms
ï Image intensity term
ïCurvature term

Å Lefohnet al. 2003
Å Better speed functions exist
ïNot trying to argue for a particular speed function
ï Instead trying to provide a general optimized algorithm that will work 

with any speed function



Speed Function - Image Intensity Term

ÅAttracts the level set to a user-specified 
range of voxel intensities

T ςtarget intensity
e ςvariance
I  ςimage intensity

D(I) ςimage intensity term



Speed Function - Curvature Term

Å Enforces surface smoothness
ïSimilar to surface tension
ïPrevents segmentation leaking

without curvature with curvature



Temporally Coherent Sparse Field Membership

ÅWe only want to spend time updating the voxels 
that are actually changing

ÅTwo conditions to add and remove voxels from 
our active set
1. Is the field gradient zero?

ï Lefohn et al. 2003

ï If so, the level set update equations guarentee that the new field value 
ǿƛƭƭ ōŜ Ŝǉǳŀƭ ǘƻ ǘƘŜ ƻƭŘ ŦƛŜƭŘ ǾŀƭǳŜΣ ǎƻ ǿŜ ŘƻƴΩǘ ƴŜŜŘ ǘƻ ǳǇŘŀǘŜΦ

2. Is the local field neighborhood in temporal equilibrium?

ï Roberts et al. 2009 hopefully!

ï If so, the level set update equations guarentee that the field will 
remain in temporal equilibrium until one of the local neighbors 
ŎƘŀƴƎŜǎΣ ǎƻ ǿŜ ŘƻƴΩǘ ƴŜŜŘ ǘƻ ǳǇŘŀǘŜΦ



Temporally Coherent Sparse Field Membership

ÅThe active set is shown in blue
ÅThe level set surface is shown in green

updating active set based only on 
non-zero gradient condition ςlots of 

active voxels

updating active set based on non-
zero gradient and temporal 

equilibrium conditions ςmuch fewer  
active voxels



Quantitative Convergence Criterion

ÅWhen using both conditions, the size of the 
active set approaches zero as the 
segmentation converges

ï²Ŝ ƪƴƻǿ ǿŜΩǊŜ ŘƻƴŜ ǿƘŜƴ ǘƘŜ ŀŎǘƛǾŜ ǎŜǘ ƛǎ ŜƳǇǘȅ

ÅIn previous algorithms, the segmentation 
might have completely converged but the 
effective active set remains heavily populated



Temporally Coherent Sparse Field Algorithm

Å Use the non-zero gradient condition to initialize the active set
ï ²Ŝ ŘƻƴΩǘ really have a time derivative at t = 0 ŀƴȅǿŀȅ ǎƻ ǿŜ ŎŀƴΩǘ ǳǎŜ 

the temporal equilibrium condition

seed surface 

region of interest



Temporally Coherent Sparse Field Algorithm

Å Update level set field at each active voxel

before level set field 
update 

changing voxelsafter level set field 
update



Temporally Coherent Sparse Field Algorithm
Å For each active voxel, look at its neighborhood

ï For each voxel in this neighborhood, find all voxels that are also neighbors 
with a changing voxel

Å In other words dilate the current active set by 1 voxel, dilate the changing set by 
1 voxel and take the intersection of the two dilated sets

currently active 
voxels 

neighbors of currently  
active voxels

neighbors of 
changing voxels 



Temporally Coherent Sparse Field Algorithm

Å For each voxel x in the intersection
ï Add all voxels that cause x to have a non-zero gradient to the active set for the next time step

Å We now have the correctly and minimally populated active set for the next time step
ï all voxels in the new active set have non-zero gradients and are at most one voxel away from a 

changing voxel

this voxel neighbors both a 
currently active voxel and a 

changing voxel

add to the active set all voxels 
that cause this voxel to have a 

non-zero gradient

repeat for all voxels that 
neighbor both a currently active 

voxel and a changing voxel to 
get the active set for the next 

time step



Temporally Coherent Sparse Field Algorithm

ÅWe repeat this algorithm straightforwardly 
ǳƴǘƛƭ ǿŜ ǊŜŀŎƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎŀǎŜΧ



Temporally Coherent Sparse Field Algorithm

neighbors of 
currently active 

voxels

neighbors of 
changing voxels

new active 
voxels

before level set 
field update

after level set field 
update

changing voxels



Temporally Coherent Sparse Field Algorithm

neighbors of 
currently active 

voxels

neighbors of 
changing voxels

new active 
voxels

before level set 
field update

after level set field 
update

changing voxels



Temporally Coherent Sparse Field Algorithm

neighbors of 
currently active 

voxels

neighbors of 
changing voxels

there are no 
active voxels so 
we are finished

before level set 
field update

after level set field 
update

changing voxels



CUDA introduction

ÅWrite computational kernels in a language similar 
to C
ÅComputational kernels launched by host 

application running on the CPU
ÅKernels executed in parallel on the GPU
ïEach instance of a kernel is assigned a unique ID, 

which can be used to uniquely index into memory
ïTruly random read-write access to GPU memory
ïVarious different kinds of GPU memory optimized for 

different access patterns

ÅGPU-CPU communication by copying memory 
back and forth



Temporally Coherent Sparse Field Initialization in 
CUDA

ÅKeep a 3D buffer for the level set field

ÅInitialize each voxel in the level set 
buffer to the signed distance to a 
user-specified sphere

ïClamp the distance function so that 
voxels far away from the level set 
surface have zero gradients

ÅThis can be done in parallel



Temporally Coherent Sparse Field Initialization in 
CUDA

ÅTest every voxel in the level set buffer against the non-
zero gradient condition to see if it is active

ÅThis can be done in parallel


