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Abstract

In this paper, we propose a novel predictive model for
object boundary, which can integrate information from any
sources. The model is a dynamic “object” model whose
manifestation includes a deformable surface representing
shape, a volumetric interior carrying appearance statis-
tics, and an embedded classifier that separates object from
background based on current feature information. Unlike
Snakes, Level Set, Graph Cut, MRF and CRF approaches,
the model is “self-contained” in that it does not model the
background, but rather focuses on an accurate representa-
tion of the foreground object’s attributes. As we will show,
however, the model is capable of reasoning about the back-
ground statistics thus can detect when is change sufficient
to invoke a boundary decision. The shape of the 3D model
is considered as an elastic solid, with a simplex-mesh (i.e.
finite element triangulation) surface made of thousands of
vertices. Deformations of the model are derived from a lin-
ear system that encodes external forces from the boundary
of a Region of Interest (ROI), which is a binary mask rep-
resenting the object region predicted by the current model.
Efficient optimization and fast convergence of the model are
achieved using the Finite Element Method (FEM). Other
advantages of the model include the ease of dealing with
topology changes and its ability to incorporate human inter-
actions. Segmentation and validation results are presented
for experiments on noisy 3D medical images.

1. Introduction

Boundary extraction is an important task in image anal-
ysis. The main challenge is to retrieve high-level infor-
mation from low-level image signals while minimizing the
effect of noise, intensity inhomogeneity, and other factors.
Model-based methods have been widely used with consid-
erable success. Most noticeable are two types of models:
deformable models [10, 14], and statistical shape and ap-
pearance model [4, 5].

Kass et al. proposed Snakes [10], which are energy-

minimizing splines with smoothness constraints and influ-
enced by image forces. Other parametric deformable mod-
els were proposed to incorporate overall shape and motion
constraints [20, 16] and to increase the attraction range of
the original Snakes by Gradient Vector Flow (GVF) [22].
Depending solely on image gradient information, however,
these methods may be trapped by noise and spurious edges.
Region analysis strategies [24, 9, 7] have been incorporated
in Snake-like models to improve their robustness to noise.

Another class of deformable models is level set based
geometric models [14, 7]. This approach represents
curves and surfaces implicitly as the level set of a higher-
dimensional scalar function and the evolution of these im-
plicit models is based on the theory of curve evolution, with
speed function specifically designed to incorporate image
gradient information. The integration of region information
in geometric models has been mostly based on solving the
frame partition problem as in Geodesic Active Region [17]
and Active contours without edges [2]. The level-set mod-
els are more computationally expensive and often require
knowing the number of regions and appearance statistics of
each region a priori, but they are free in topology and do not
need explicit parameterization. So the level-set approach
is commonly used in segmenting multiple objects [8] and
achieves good result in tubular structure segmentation [21].
Coupled surface constraints and dual-front implementation
of level set active contours [13] also provide the flexibility
of capturing variable degrees of localness in optimization.

In noisy images, statistical modeling approaches can add
constraints from prior off-line learning. Cootes et al. pro-
posed methods for building active shape models [5] and ac-
tive appearance models [4], by learning patterns of vari-
ability from a training set of annotated images. Integrat-
ing high-level knowledge, these models deform in ways
constrained by the training data and are often more ro-
bust in image interpretation. Image interpretation by shape-
appearance joint prior models can be based on image search
[5], or by maximizing posterior likelihood of the model
given image information, in a Bayesian framework [23].
In medical imaging, shape priors particularly have been
introduced to cardiac segmentation [11, 25], and to de-
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formable models for constrained segmentation of bladder
and prostate [6]. One limitation of the statistical models is
in the laborious training data collection and annotation pro-
cess.

In this paper, we propose a novel volumetric deformable
model which we term the Active Volume Models (AVM).
Compared with active contour and active shape/appearance
models, the AVM is a “self-contained” generative object
model that does not require off-line training but generates
useful priors about the object. It focuses on an accurate
modeling of the foreground object’s attributes and embodies
object feature statistics learned adaptively as the model de-
forms toward object boundary. With additional information
about the overall image feature statistics, the model also es-
timates the background statistics so that a Bayes classifier
can be applied to predicting dynamically the object region
(Section 2.3). In its object-region prediction framework, the
model is capable of probabilistically integrating constraints
from multiple visual cues.

The AVM model’s shape is represented by a simplex
mesh (or finite-element triangulation) and its volumetric in-
terior carries the various visual appearance feature statis-
tics. An advantage of the AVM formulation is that it al-
lows the predicted object-region information to naturally
become part of a linear system (Section 3.3), the solution
of which gives the deformation of the model to minimize
an energy function designed to deform the model toward
object boundary.

Being a parametric model fitting approach, the AVM
model convergence is fast, typically taking no more than
40 iterations. Several factors contribute to this efficiency:
(1) AVM focuses on modeling the foreground object and
then reason about the background, instead of modeling the
background explicitly, (2) the model’s deformations can be
solved in a linear system, and (3) multiple external con-
straints are combined in a probabilistic framework and to-
gether contribute to long-range forces coming directly from
the predicted object region boundary. In our experimen-
tal evaluation on various 3D noisy medical images, AVM
deforms much faster than level set methods such as Active
contours without edges(ACWE) [2]. Even though there are
thousands of vertices (or nodes) on the surface of 3D AVM,
the model’s deformation speed is still less than 20 seconds
per iteration. The converged 3D AVM model is directly
a smooth mesh representing the segmented object surface.
Therefore it does not need any post-processing step such as
surface reconstruction, as required by other methods includ-
ing region growing, level set, graph cut and MRF.

The remainder of the paper is organized as follows. In
Section 2, we introduce the representation and the bound-
ary prediction module of 3D AVM. In Section 3, we present
the deformation of AVM based on gradient and object re-
gion information. In Section 4, experimental results are pre-
sented. We conclude the paper and discuss future work in

Section 5.

2. The Active Volume Model

An AVM is a deforming solid that minimizes internal
and external energy [19]. The internal constraint ensures
the model has smooth boundary or surface. The external
constraints come from image data, prior, and user defined
features. In this section, we introduce the representations of
3D AVM, and introduce a novel object boundary prediction
module by AVM.

2.1. Explicit Shape Representation of 3D AVM

The shape of a 2D AVM is defined similarly to active
contours [10], as a spline curve that has associated elasticity
and rigidity. In 3D, the surface of a model can be defined
by a mapping

Λ = [0, 1] × [0, 1] → R3

(s, r) → v(s, r) = (x(s, r), y(s, r), z(s, r)), (1)

and the model’s internal energy in 3D is defined as a
Sobolev smoothing term

Eint =
∫
Λ
(α(s)|vs|2 + α(r)|vs|2 + β(s)|vss|2

+β(r)|vrr|2 + β(sr)|vsr|2)dsdr
(2)

In [3], Cohen et al. used tessellation to build a 3D finite
element method (FEM) surface. The tessellation can be ei-
ther a cylinder or an ellipsoid. The model works well in the
cylinder case, but fails using an ellipsoid. The problem is
that the distribution of vertices on the ellipsoid is in quite
an irregular manner. The vertices near the two poles exert
strong internal forces to drag other vertices, which causes
incorrect results. Figure 1 shows the disadvantage of using a
tessellation ellipsoid—strong internal forces generated near
the poles adversely affect the model’s deformation.

In order to solve the above problem in tessellation FEM
mesh and enable the model to match closely object bound-
ary, 3D AVM adopts a polyhedron mesh as the model rep-
resentation which places vertices regularly on the model.
More specifically, a 3D AVM is considered as an elastic
solid and defined as a finite element triangulation Λ, which
can be tetrahedron, octahedron or icosahedron. Using the
finite element method, the internal energy function can be
written compactly as:

Eint =
1
2

∫
Λ

(Bv)T D(Bv)dΛ (3)

where B is the differential operator for the model vertices v
and D is the stress matrix (or constitutive matrix).

2.2. Implicit Shape Representation of 3D AVM

The implicit shape representation using level set [14]
makes a model’s shape an “image”, which greatly facilitates
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(A)

(B)

(1) (2)
Figure 1. Comparing heart Left Ventricle segmentation by tessel-
lation and by triangulation models. (A) Tessellation model with
400×120 vertices. Notice that the two poles exert very strong
force to drag other vertices which causes the incorrect result. (B)
Finite Element Triangulation model with 40,962 vertices. (1)&(2)
Two different views.

the integration of boundary and region information [9]. For
3D AVM, we compute the implicit representation of model
shape to be used in region-based external energy terms. The
Euclidean distance transform is applied to embed implicitly
an evolving model’s surface in a higher dimensional dis-
tance function. Let Φ : Ω → R+ be a Lipschitz function
that refers to the distance transform for the model shape M.
By definition Ω is bounded since it refers to the image do-
main. The shape defines a partition of domain: the region
that is enclosed by M, [RM], the background [Ω − RM],
and on the model, [∂RM]. Given these definition the fol-
lowing equation is considered:

ΦM(x) =

⎧⎨
⎩

0, x ∈ ∂RM
+ED(x,M) > 0, x ∈ RM
−ED(x,M) < 0, x ∈ [Ω −RM]

(4)

where ED(x,M) refers to the minimum Euclidean dis-
tance between the image pixel/voxel location x and the
model M.

2.3. AVM Model’s Boundary Prediction Module

Different from most of deformable models, one of the
novel features of AVM is its adaptive object boundary pre-
diction scheme. The model alternates between two opera-
tions: deform according to the current object boundary pre-
diction, and predict according to current appearance statis-
tics of the model. Using this on-line prediction mecha-
nism, the expected object information updates automati-
cally while the model deforms. And long-range external
forces are generated from the predicted object boundary to
effectively deform the model.

External constraints from any sources can be accounted
by probabilistic integration. Let us consider that each con-
straint corresponds to a probabilistic boundary prediction
module, and it generates a confidence-rated probability map
to indicate the likelihood of a pixel being: +1 (object class),
or -1 (non object class). Suppose we have n independent

external constraints derived from image information, the
feature used in the kth constraint is fk, L(x) denotes the
label of a pixel x. Our approach to combining the multiple
independent modules is applying the Bayes rule in order to
evaluate the final confidence rate:

Pr(L(x)|f1, f2, ..., fn)
= (Pr(f1, f2, ..., fn|L(x))Pr(L(x))/(Pr(f1, f2, ..., fn))
∝ Pr(f1|L(x))Pr(f2|L(x))...P r(fn|L(x))Pr(L(x))

(5)
For each independent module, the probability

Pr(fk|L(x)) is estimated based on the AVM model’s
current statistics about feature fk as well as the overall
feature statistics in the image. The derivation is as follows.

Pr(fk) = Pr(fk, L(x) = +1) + Pr(fk, L(x) = −1)
= Pr(fk|L(x) = +1)Pr(L(x) = +1)

+Pr(fk|L(x) = −1)Pr(L(x) = −1) (6)

Assuming the current AVM model embodies priors learned
dynamically about the foreground object, we approximate
the probabilistic distribution of feature fk in the object,
Pr(fk|L(x) = +1), by the feature’s distribution in the cur-
rent AVM model. The overall distribution of fk in the im-
age, Pr(fk), is also known. Both probability density func-
tions, Pr(fk|L(x) = +1) and Pr(fk), are estimated using
a nonparametric kernel-based density estimation method
[9]. The p.d.fs are differentiable and can represent complex
multi-modal distributions. Therefore, we can now reason
about the feature distribution in the background

Pr(fk|L(x) = −1) =
Pr(fk) − Pr(fk|L(x) = +1)Pr(L(x) = +1)

Pr(L(x) = −1)
. (7)

The prior independent of image features, Pr(L(x)), in
Equations 5 and 7 can be assumed uniform: Pr(L(x) =
+1) = 0.5 and Pr(L(x) = −1) = 0.5. Spatially-varying
prior is another choice. For instance, a Gaussian distance
model can be adopted so that pixels close to the AVM model
have higher prior probability being part of the object.

Once the posterior probabilities Pr(L(x)|f1, f2, ..., fn)
are estimated, we apply the Bayesian decision rule to ob-
tain a binary map PB whose foreground represents the
predicted object region. That is, PB(x) = 1 (object
pixel) if Pr(L(x) = +1|f1, f2, ..., fn) ≥ Pr(L(x) =
−1|f1, f2, ..., fn), and PB(x) = 0 otherwise. The proba-
bility of error for the decision at pixel x is min(Pr(L(x) =
+1|f1, f2, ..., fn), P r(L(x) = −1|f1, f2, ..., fn)).

In this paper, we show that by considering two types
of features—pixel intensity i(x) and pixel gradient magni-
tude g(x), and assuming a uniform prior for Pr(L(x)), the
above framework generates reasonable estimates of back-
ground feature statistics (Equation 7) and consistently gives
good predictions of the object region on a variety of medical
images.
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(A)

(B)

(C)

(1) (2) (3) (4)
Figure 2. Left Ventricle endocardium segmentation using a 2D ac-
tive volume model. (A) The model drawn on the original heart
image. (B) The binary map PB estimated by the boundary pre-
diction module. (C) Distance transform of the ROI boundary. (1)
Initial model. (2) The model after 8 iterations. (3) The model after
18 iterations. (4) Final converged result after 26 iterations.

Given the binary map PB , we apply a connected com-
ponent analysis algorithm on PB to retrieve the connected
component that overlaps the current model. This con-
nected region is considered as the current Region Of In-
terest (ROI) and its boundary represents the predicted ob-
ject boundary. Due to noise, there might be small holes
that need to be filled before extracting the boundary of the
ROI, R. The progressive ROI updating can be clearly seen
from a 2D AVM example in Figure 2. In the figure, the
ROI evolves according to the changing object appearance
statistics (estimated by current volumetric model’s statis-
tics). And the image forces (Section 3) generated by the
ROI region energy term deform the model to converge to
the object boundary.

The initialization of a 3D AVM model is very flexible.
We can either initialize the model with a simple shape, for
instance an ellipsoid, or initialize it with a standard atlas
that has similar structure as the object to be segmented. One
example of the 3D AVM can be seen in Figure 3 by using
the chest CT data provided by [15]. The initialization is a
simple ellipsoid near the object. Notice that the model only
partially overlaps the predicted ROI. External forces from
the adaptively changing ROI deform the model to finally
converge on the object boundary.

3. Model Dynamic Deformation

In order to fit to the boundary of an object, the AVM
model is driven by both a gradient based data term and a
region data term which are derived from image information.
The overall external energy function consists of two terms:
the gradient term Eg and the region term ER. So the overall

(A)

(B)

(C)

(1) (2) (3)
Figure 3. Left Lung segmentation using 3D active volume model.
(A)(1) Initial model, (2) after 3 iterations, (3) after 6 iterations.
(B)(1) after 12 iterations, (2) after 18 iterations, (3) after 24 itera-
tions. (C) Final converged result after 30 iterations.

energy function is:

E = Eint + Eext = Eint + (Eg + kreg · ER) (8)

where kreg is a constant that balances the contributions of
the two external energy terms. The weight factor between
Eint and Eext is implicitly embedded in the FEM basis
function (γ in Eqn. 13).

3.1. The Image Gradient Data Term

The gradient data term can be defined using the gradient
map, edge distance map, or a combination of both. Denote
a gradient magnitude map or the distance transform of an
edge map as Fg , the gradient data term is defined as:

Eg =
∫

Λ

Fg(x)dΛ (9)

Fg =
{

D2
edge, edge distance map

− |∇I|2 , gradient magnitude map
(10)

where Dedge refers to the unsigned distance transform of
the edge map, and ∇I represents the image gradient.

3.2. The Object Region Data Term

Given the current model, a Region of Interest (ROI) R
representing the predicted object region can be computed
by the prediction module introduced in Section 2.3. Let us
denote the signed distance transform of the ROI shape as
ΦR. Combining ΦR and the current model’s implicit shape
representation ΦM (Section 2.2), the region-based external
energy term is defined as:

ER =
∫

Λ

ΦM (x)ΦR(x)dΛ (11)
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The multiplicative term provides two-way balloon forces
that deform the model toward the predicted ROI boundary.
This allows flexible model initializations either overlapping
the object or inside the object.

3.3. The Model’s Deformation

Minimization of the 3D AVM energy function can be
achieved by solving the following linear system

A3D · V = LV ; (12)

where A3D is the stiffness matrix derived from Equation 3
by using the basis function in Equation 13. A3D is symmet-
ric and positive definite. V is the vector of vertices on the
surface of AVM. LV is the external force vector correspond-
ing to the vertex vector and is obtained from the gradient
data term and region data term. To facilitate the computa-
tion, 3D AVM adopts a continuous piecewise linear basis
function,

φj(vi) = δij ≡
{

γ i = j
0 i �= j

(13)

where vi is the ith vertex on the finite element triangulation
and γ is a positive value to control the smoothness of the
model.

Equation 12 can be solved by using finite differences [3].
After initializing the 3D AVM, the final converged result
can be obtained iteratively based on equation:

(V t − V t−1)/τ + A3D · V t = LV t−1 (14)

where V 0 is the initial AVM vertex vector and τ is the time
step size. Equation 14 can be written in a finite differences
formulation, which yields

M · V t = V t−1 + τLV t−1

M = (I + τA3D) (15)

Using Equation 15, we adopt the following steps to
deform the 3D AVM toward matching the desired object
boundary.

1. Initialize the AVM, stiffness matrix A3D, step size τ ,
and calculate the gradient magnitude or edge map.

2. Compute ΦM based on the current model; predict R by
applying the Bayesian Decision rule to binarizing the
estimated object probability map, and compute ΦR.

3. Deform the model according to Equation 15.

4. Adaptively increase the external force factor in Equa-
tion 8, decrease the step size τ in Equation 15 and re-
duce γ in Equation 13.

5. Repeat steps 2-4 until convergence.

In Step 4, adaptively changing the weight factors guaran-
tees the model can not only reach the desired object bound-
ary, but also capture a lot of details on the boundary.

(A)

(B)

(C)

(1) (2) (3)
Figure 4. Right Lung segmentation using 3D AVM with a FE trian-
gulation mesh consisting of 32,770 control vertices. (A)(1) Initial
model, (2) after 3 iterations, (3) after 9 iterations. (B)(1) after 15
iterations, (2) after 21 iterations, (3) after 27 iterations. (C) Final
converged result after 33 iterations.

4. Experimental Results

In this section, 3D AVM is used to segment human or-
gans from volumetric medical images.

First, we put the model into a thorax CT stack to segment
the right lung. The model was initialized as an ellipsoid
whose long axis is perpendicular to the axial image plane.
Figure 4 shows the initial model, segmentation results in
several steps and the final converged result.

Then we tested the model by segmenting the left ven-
tricle (LV) in a CT stack. The model is again initialized
as an ellipsoid and is placed in the stack after a set of ro-
tation operations so that the ellipsoid’s major axis roughly
aligns with the LV’s long axis. Some boundary condition is
also specified so that the model does not deform beyond the
z-range defined by the top and bottom slices of the stack.
Since the shape of the human heart is more complex than
that of the lung, we use a 3D AVM with more vertices than
the one used for lung segmentation. We also adopt stricter
smoothness constraints. Figure 5 shows the initial model,
segmentation results in several steps and the final converged
result.

On a PC workstation with an Intel Duo Core 3GHz
E6850 processor, we compared 3D AVM with Geodesic Ac-
tive Contours (GAC) [1] and Level Set Evolution Without
Reinitialization (LSEWR) [12] by measuring the running
times and validating the segmentation results using expert
ground truth markings. Figure 6 shows the final triangula-
tion surface of 3D AVM, compared with the final converged
results of GAC and LSEWR after surface reconstruction.
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(A)

(B)

(C)

(1) (2) (3)
Figure 5. Left Ventricle segmentation using 3D AVM with 65,538
control vertices. (A)(1) Initial model, (2) after 3 iterations, (3) af-
ter 9 iterations. (B)(1) after 15 iterations, (2) after 21 iterations (3)
after 30 iterations. (C) Final converged result after 39 iterations.

Table 1 presents the sensitivity (P), specificity (Q) and Dice
Similarity Coefficient (DSC) [18] values and running times
for various experiments.

Since 3D AVM model is represented by FE triangulation,
comparing with GAC and LSEWR, smooth surfaces can
be obtained directly by AVM without any post-processing,
such as morphological operations and surface reconstruc-
tion. 3D AVM also preserves topology during deformation.
As shown for a 2D slice projection example in Figure 8,
level set segmentation results (Fig. 8B and C) have com-
plex topology, while 3D AVM result is one smooth surface
delineating lung boundary despite tumor presence. Thus 3D
AVM is very suitable for extracting organ boundaries from
volumetric medical images.

Furthermore, in our experiments, 3D AVM demonstrates
several other advantages.

1. The model is very robust to noise. All the image data
used in the testing are the original data without any
preprocessing, e.g., smoothing and morphological op-
erations.

2. The 3D AVM is less dependent on the setting of pa-
rameters and on the initialization of model shape and
position. We can thus use the same one parameter set-
ting for all the lung segmentation examples, another
parameter setting for all the heart segmentation exam-
ples, and so on. Figure 7 shows in a left and right lungs
segmentation example that the 3D AVM was initialized
as ellipsoids with different radii and initial positions.
The model always converged to the same result.

3. The model has good performance in avoiding leak-
age and overcoming local minima. Figure 8 shows
a slice from the thorax CT DICOM stack. Note that
the patient has lung disease which causes part of the

(A)

(B)

(C)

(1) (2) (3) (4)
Figure 6. Comparing 3D AVM with Geodesic Active Con-
tours (GAC) and Level Set Evolution Without Reinitialization
(LSEWR). (A) 3D AVM, (B) GAC, (C) LSEWR. (1) heart LV
segmentation, (2) lung segmentation, (3) brain GM segmentation,
(4) brain WM segmentation.

(1) (2) (3) (4)
Figure 8. 3D AVM preserves topology and is good at avoiding
leakage and overcoming local minima. (1) 2D projection of 3D
AVM model, (2) 2D projection of Geodesic Active Contours’ re-
sult, (3) 2D projection of Level Set Evolution Without Reinitial-
ization’s result, (4) 2D AVM result.

lung interior region to have similar texture as the lung
exterior. Due to the abnormality, 2D AVM failed to
reach the object boundary but stopped at a local min-
ima. And the abnormal interior region had negative ef-
fect on GAC and LSEWR results, which have complex
topology and contain small holes and islands inside the
desired object boundary. In contrast, 3D AVM model
can avoid these problems and reach the true boundary
of the lung despite the abnormality.

4. Since there are thousands of vertices on the FE triangu-
lation surface, the model is able to extract very detailed
information on object surfaces. This advantage can
be seen from the human brain gray matter (GM) and
white matter (WM) segmentation example in Figure 9.
The 3D simulated MRI brain images are provided by
BrainWeb (http://www.bic.mni.mcgill.ca/brainweb/).
The MRI stack is of T1 modality, has 1mm slice
thickness, 3% noise level and 20% INU. Both models
(one for GM and one for WM) are initialized as ellip-
soids with strong initial smoothness constraint. As the
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Table 1. Quality evaluation and performance comparison
3D AVM GAC LSEWR

Organ size (voxels) P Q DSC Time P Q DSC Time P Q DSC Time
Lungs (307 × 307 × 187) 93.6 99.8 95.2 1000s 75.7 99.9 85.8 2149s 91.4 99.7 94.6 1840s
Heart (256 × 256 × 153) 91.8 99.6 94.3 1044s 78.0 99.8 87.6 1752s 80.1 99.9 88.5 1452s
GM (181 × 217 × 180 87.6 98.3 91.5 1620s 75.7 99.0 85.0 2332s 86.4 99.9 89.4 621s
WM (181 × 217 × 180) 76.8 96.2 78.3 1833s 66.9 95.5 72.5 2453s 81.1 99.8 89.0 643s

(A)

(B)

(1) (2) (3) (4) (5) (6)
Figure 7. 3D AVM has less dependence on model initialization and parameter settings. (A)(1) Initial 3D AVM model, (2) after 3 iterations,
(3) after 12 iterations, (4) after 21 iterations, (5) final converged result after 33 iterations, (6) final result viewed from a different viewpoint.
(B)(A)(1) A different 3D AVM model initialization on the same image stack, (2) after 3 iterations, (3) after 12 iterations, (4) after 24
iterations, (5) final converged result after 36 iterations, (6) final result viewed from a different viewpoint.

models are getting closer to the approximated object
boundary, the models decrease the smoothness con-
straint automatically based on the deformation strategy
described in Section 3.3. Then a lot of details on the
object surfaces appear on the models.

5. Conclusion and Future Work

In this paper, we proposed a novel active volume model,
which is a natural extension of parametric deformable mod-
els to integrate object appearance and region information.
The main contributions include: (1) a clean formulation
to integrate online learning and region statistics into ac-
tive contours and surfaces, which provides flexible initial-
ization and rapid convergence, (2) the finite differences
optimization framework that enables very fast gradient-
and appearance-statistics based model deformations, (3) the
combination of multiple sources of information in a unified
framework for predicting object region and boundary. Us-
ing various experiments on 3D medical images, we demon-
strate that the AVM model can perform segmentation effi-
ciently and reliably on CT and MRI images. However, due
to the local smoothness of simplex-mesh, it is still hard for
the model to reach details on branch structures (e.g. WM in
Figure 9B). In the future, we plan to address this problem
by reparameterizing the model near branches since vertices
in such areas are sparser than those on the main body.
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