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Abstract
The ability to manipulate facial animations interactively is vital for enhancing the productivity and quality of character anima-
tion. In this paper, we present a novel interactive facial animation editing system that can express the naturalness of non-linear
facial movements in real-time. The proposed system is based on a fully automatic algorithm that maintains all positional con-
straints while deforming the facial mesh as realistic as possible. Our method is based on direct manipulation with non-linear
blendshape interpolation. We formulate the facial animation editing as a two-step quadratic minimization and solve it effi-
ciently. From our results, the proposed method produces the desired and realistic facial animation better compared to existing
mesh deformation methods, which are mainly based on linear combination and optimization.

CCS Concepts
• Computing methodologies → Facial Animation;Performance Capture;Blendshape;Mesh Deformation;

1. Introduction

An interactive interface tool for facial animation editing is crucial
for the creation of realistic and natural characters. Several different
types of existing commercial editing tools and related applications
have been introduced and widely used in film and game produc-
tion due to the growing popularity and attraction of utilizing virtual
reality technologies. Most facial animation editing tools are based
on linearly interpolating a set of blendshapes. A skilled animator
can achieve an acceptable facial animation result by manually ad-
justing each blendshape weight one at a time. However, repetitive
user interventions related to correcting problematic frames when
editing the facial model are necessary until satisfactory results are
obtained. Therefore, the demand for an intuitive facial animation
editing system that minimizes the time and effort required by an
animator to accomplish an editing task has increased significantly.

Direct manipulation approaches allow the user to edit a facial
model by pinning and dragging positional constraints that can be
arbitrarily defined. Specifically, the direct manipulation framework
by Lewis and Anjyo [LA10] determines the blendshape weights by
solving a set of linear systems, however, is difficult to successfully
explain highly non-linear facial expression spaces. Unintended and
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unexpected results can be produced when performing non-linear fa-
cial movements in the regions of the lips, chin, and eyelids. Mean-
while, the formulation when editing a facial model via non-linear
optimization may produce a plausible result. Unfortunately, an iter-
ative solving process during the non-linear optimization performs
slowly such that this strategy is generally unsuitable for real-time
applications.

In this paper, we present a novel interactive facial animation
editing system that can express the naturalness of non-linear facial
movements in real-time. Our method is based on direct manipula-
tion with non-linear blendshape interpolation. We formulate the fa-
cial animation editing problem as a two-step optimization problem.
First, the blendshape weights are quickly computed from the lin-
early constrained quadratic optimization [LA10], after which these
weights are utilized to solve all facial mesh vertices in the non-
linear feature space. MeshIK [SZGP05] simultaneously and iter-
atively updates the blendshape weights and facial mesh vertices
for non-linearly interpolating the deformation gradients of blend-
shapes. Non-linear optimization will notably incur a computational
burden as the number of examples and corresponding vertices in-
creases. Instead of handling such a non-linear system, the proposed
method efficiently computes the final mesh vertices only by solving
the linear equations once since we reuse the estimated blendshape
weights in the first optimization process.

To demonstrate our method quantitatively and qualitatively, we
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manipulate the facial mesh using different deformation methods
with identical scenarios and positional constraints obtained from an
optical mocap system. For the positional constraints, a new align-
ment algorithm between the optical marker positions and the corre-
sponding vertices on the facial mesh is also our technical contribu-
tion for accurate performance-driven facial animation. The results
show that our method produces the desired and realistic facial an-
imation compared to existing mesh deformation methods that are
mainly based on linear combination and optimization.

2. Related Work

For many decades, the blendshape facial rig has been very popular
and widely used in many industries to produce realistic facial ani-
mations. Blendshape rigs, which consist of semantically separated
and meaningful expressions are frequently based on the Facial Ac-
tion Coding System (FACS) [EF78]. The FACS involves modelling
expressions and separating them into different shapes inspired by
muscle movements.

Several researchers have explored facial animation editing sys-
tems that automatically compute the optimal blendshape weights
while meeting certain user constraints. Direct manipulation meth-
ods [LA10] allow the user to deform the facial mesh seamlessly
by directly pinning and dragging vertices on the facial mesh. Li et
al. [LWP10] proposed an automated method that relied on the flip-
flop optimization of the blendshape weights and their targets. Yu
and Liu [YL14] introduced an approach that modified facial mesh
vertices with iterative optimization from captured facial move-
ments. We would like to refer readers to Lewis et al. [LAR∗14]
for a comprehensive understanding of facial animation systems us-
ing blendshapes. These linear model-based approaches are simple
and suitable for real-time applications. However, most of them are
limited to expressing non-linear facial movements during interac-
tive manipulation. Our method extends direct manipulation in such
a way as to integrate the non-linearity into our system nicely by
blending the deformation gradients of examples in the non-linear
feature space [SZGP05]. In this way, the proposed method can suc-
cessfully express various non-linear facial movements.

Although facial animation systems based on the deep learning
framework [BODO18,BSBS19,RdGM20] have demonstrated im-
pressive results, those are built upon non-public training dataset,
which is typically based upon linear-based facial editing and perfor-
mance capturing. Therefore, unappealing facial animations without
non-linear facial movements could be created. Moreover, it would
be a notorious task to compile a large amount of facial data to train
a neural network faithfully. On the other hand, the proposed method
is easy-to-implement and robust. A much smaller set of examples
are required when compared to deep learning frameworks.

3. Method

The blendshape model can be defined as a linear combination of
predefined facial models via the following equation:

x = x0 +Bw, (1)

where x ∈ R3N is the generated facial pose represented in a vector
form that consists of all vertex positions of the facial mesh in a

consistent order xyzxyz . . . and B ∈ R3N×M is a blendshape matrix
whose column is a subtraction between the neutral pose and each
blendshape. Here, w∈RM is the blendshape weight vector. Manual
adjustment of each blendshape weight until the desired results are
obtained is a laborious and tedious task.

With regard to the direct manipulation scheme, the user can ma-
nipulate the facial mesh by pinning constraints on the surface of the
mesh and directly dragging them to new positions. We can com-
pute the pseudo-inverse matrix of B̄ that denotes the submatrix de-
fined by selecting the rows of B, then the blendshape weights w are
obtained as (B̄⊤B̄)−1B̄⊤m where m is the vector containing the
pinning constraints. Unfortunately, the singularity issue may arise
when the matrix B̄⊤B̄ is not a full rank matrix.

Lewis and Anjyo [LA10] employed ridge regression to address
the singularity issue and compute the blendshape weights seam-
lessly. The weight value of the regularization term controls the
trade-off between the accuracy of satisfying the constraints and sta-
bility of the blendshape weight. The direct manipulation method is
defined as the following quadratic minimization:

w∗ = argmin
0≤w≤1

||B̄w−m||2 +α||w−w0||2 +µ||w||2, (2)

where w and w0 are the current and previous blendshape weights,
respectively. The constant value α could help to compute the blend-
shape weights as closely as possible to the corresponding positional
constraints, and µ as a blendshape weight regularization term pre-
vents the weights from abruptly being changed during the editing
process. In our experiment, we set α to 0.1 and µ to 0.001. The
direct manipulation approach is simple and fast enough as the size
of quadratic minimization does not depend on the number of fa-
cial mesh vertices, instead depending on the pinning constraints.
However, one inherent limitation is that it does not successfully
represent non-linear facial movements due to their associated lin-
ear formalization.

We formulate the facial animation editing as a two-step opti-
mization problem. The first optimization uses Eq. (2) and com-
pute the blendshape weights. At the second optimization phase, we
undertake facial animation editing in the non-linear feature space.
Given n facial examples, we can define the n feature vector set
F = {fl |l = 1, . . . ,n} as follows:

f = {logRl,i;Sl,i− I|∀ ti ∈ T }, (3)

where logRl,i is the matrix logarithm representation of rotation ma-
trix for the i-th triangle of the l-th example Rl,i, and Sl,i− I is the
subtraction between the scaling/shear part and identity matrix for
the i-th triangle of the l-th example. Here, T denotes the set of
triangles on the facial mesh.

Our deformation energy is based on the deformation gradi-
ents [SP04,SZGP05]. The deformation gradient of the j-th triangle
in the i-th example pose can be defined using the following equa-
tion:

T j(w) =exp

(
l

∑
i=1

wi log(Ri j)

)
·

(
w̄I+

l

∑
i=1

wiSi j

)
, (4)

where wi represents the i-th blendshape weight obtained by solving
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Figure 1: Collision handling. The result from direct manipulation
(A). The triangles collide at the corner of the lips without collision
handling (B). The collisions are resolved after performing our con-
strained optimization (C).

Eq. (2), w̄ = 1−∑
l
i=1 wi, and exp(·) denotes the matrix exponential

operation.

In contrast to the standard non-linear least-squares problem that
simultaneously optimizes the weights w for the examples and face
pose x [SZGP05], we set w as the blendshape weights in the first
optimization (Eq.(2)), and the deformation gradient (Eq.(4)) are
concatenated for all triangles. The facial mesh vertices x are com-
puted by minimizing the equation below:

x∗ = argmin
x
||Gx−T(w)||2 subject to Cx = b, (5)

where G is sparse and defined from the deformation gradient
scheme [SP04, SZGP05]; C is a diagonal matrix with non-zero
entries, and b is a vector composed of the pinning constraints.
By solving Eq. (5), we obtain the final facial mesh vertices x =
(G⊤G+ βC⊤C)−1(G⊤T(w)+ βC⊤b) where β is a controllable
parameter for retaining the pinning constraints on the facial mesh.
In our experiment, we set β to 100.

During the editing process, self-collisions between triangles can
occur and should be resolved (see Fig. 1). As triangles are nor-
mally densely packed around the lip region, the corners of the lips
are mainly collided while others are resilient to the deformation of
the facial mesh. To address this issue, we additionally and auto-
matically impose linear constraints on the vertices of the collided
triangle and solve Eq. (5). First, we build the BVH (Bounding Vol-
ume Hierarchy) [LG98] that is a tree structure on a set of triangles
of the mesh and promptly searches for triangles associated with the
collisions. If the distance of a pair of triangles is less than a certain
distance threshold ε, the vertices of the triangles should be moved
to resolve the collisions. As the direct manipulation method barely
produces any visible self-collision around the lip region during our
performance-driven facial animation (see Fig. 1 (A)), we create the
constraints on the vertices penetrating the triangles {xi} for effi-
ciency and those are represented as a set of equality constraints
{xi = (x0 +Bw)i} where w is given from Eq. (2) and i indexes the
collided vertex. We plug all the equality constraints into Eq. (5) and
run the optimization (see Fig. 1 (C)).

For marker-based performance capturing, it is necessary to align
the markers obtained from the optical mocap system accurately on

Figure 2: The proposed facial marker alignment. Failure case
when a naive ICP computes an incorrect transformation (A). The
affine transformed markers (q̂) are well distributed on the coarse
facial mesh (p̄) after running the ICP for the extracted points on
the 3D convex hull shape (B). The markers (q̃) used for the con-
straints are aligned on the facial mesh (p) after a two-step ICP
with 3D convex hull (C).

Algorithm 1: Facial Marker Alignment
q : Optical marker points on the neutral face
p : Mesh vertices on the neutral face
q̄: Optical marker points in 3D convex hull
p̄: Mesh vertices in 3D convex hull
R,S, t: Affine Transformations for ICP

1 q̄← ConvexHull(q)
2 p̄← ConvexHull(p)
3 {R,S, t}← ICP(q̄, p̄) // 1st ICP
4 q̂← AffineTransform(q,{R,S, t})
5 {R,S, t}← ICP(q̂,p) // 2nd ICP
6 q̃← AffineTransform(q̂,{R,S, t})
7 x← (G⊤G+βC⊤C)−1(G⊤T(w)+βC⊤q̃)

the facial mesh to find the correspondence between them. There-
fore, we utilize the ICP (Iterative Closest Point) scheme that is
widely used for the point cloud alignment [BM92] and modify
this method to deal with the correspondence issue. The ICP is per-
formed to find the optimal transformation between the source {qi}
and target {pi}. However, we may not be able to obtain the desired
transformation if the algorithm is directly applied during the pro-
cess of selecting proper k vertex pair candidates for (q,p), as shown
in Fig. 2 (A). To resolve this problem, we propose a two-step ICP
method using the 3D convex hull algorithm to extract boundary ver-
tices of the facial mesh (Algorithm 1). First, this method runs the
ICP for the marker points and the mesh vertices extracted from the
3D convex hull shape. After applying the affine transformation to
the marker points, ICP is then performed again for the transformed
markers and facial mesh vertices as shown in Fig. 2 (B). Finally, the
affine transformed marker points are used as the pinning constraints
to manipulate the facial mesh (see Fig. 2 (C)).

4. Results

We conducted all of the experiments on a publicly available ICT
face model [LBZ∗20] for editing facial expression. The number
of blendshapes in our experiments is 57 and each blendshape con-
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Figure 3: (A): Deformation transfer [SP04], (B): Direct manipu-
lation [LA10], (C): Ours. Our method is stable and shows reliable
results with realistic shape of the lips and others on specific config-
urations (i.e., puckering and protruding lips).

sists of 6,706 vertices and 13,120 triangles. We specified the optical
mocap markers on the facial model and compared our method with
previous works (deformation transfer [SP04], MeshIK [SZGP05],
and direct manipulation [LA10]). The performance results were
measured on a standard desktop PC with an i7-8700 processor and
32GB of memory. The proposed method animated the examples
and ran them completely in real-time at 30 fps. The deformation
transfer and direct manipulation methods produced results at 25
fps and 150 fps, respectively. The MeshIK method was too slow
for a performance-driven facial animation system due to its per-
formance at 0.03 fps. The computational cost of our system de-
pends on the number of constraints in the first optimization and the
number of vertices in the second optimization. We precomputed
Eq. (5) by means of Cholesky decomposition and back-substitution
to achieve fast performance. Fig. 3 qualitatively compares the pro-
posed method with the others. Deformation transfer [SP04] ap-
peared to work plausible in general, but unexpected shape arti-
facts could be observed. Direct manipulation [LA10] worked well

in most cases, but the volume and shape of the lower and upper lips
were unrealistic during puckering and protruding lips.

5. Conclusion

We have presented a novel interactive facial expression editing sys-
tem with non-linear blendshape interpolation. One of the key tech-
niques of our approach is sequentially optimizing the blendshape
weights and facial mesh vertices. The combination of direct ma-
nipulation and non-linear interpolation of the examples effectively
produces facial expressions with various and natural facial appear-
ances compared to previous methods. One limitation of our system
is that the excessive manipulation could result in crumpling arti-
facts. For future work, we have a plan to create 3D facial animation
from 2D video image sequences in real-time.
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