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Abstract

To simplify and accelerate the creation of blendshape rigs, using a template rig is a common procedure, especially during the
creation of digital doubles. Blendshape transfer methods facilitate copy and paste functionality of the blendshapes from the
template model to the digital double. However, for adequate personalization, such methods require a set of scanned training
expressions of the original actor. So far, the semantics of the facial expressions to scan have been defined manually. In contrast,
we formulate the semantics of the facial expressions as an integer optimization of the blendshape weights. By combining different
blendshapes of the template model, our method creates facial expressions that serve as semantic references during scanning.
Our method guarantees to compute as-few-as-possible training expressions with minimal overlap of activated blendshapes.
If the number of training expressions is limited, blendshapes are selected based on their power to personalize the resulting
blendshapes compared to generic blendshape transfer methods.

CCS Concepts
• Theory of computation → Packing and covering problems; • Computing methodologies → Animation;

1. Introduction

Creating high-quality, production-ready animation rigs for individ-
ual characters is a time-consuming task which is a major bottleneck
in current facial animation pipelines, where blendshape interpola-
tion is still the method of choice for real-time [Sey16] and offline
animation [Sey19]. Aiming for high quality, it became common to
acquire 3d scans for digital doubles, while high-resolution models
of fictional characters are sculpted in 3d. The resulting 3d models
and expressions define the shape down to the pore level, but vary
with regard to the vertex count and are therefore lacking the re-
quired one-to-one vertex correspondence between blendshapes. In
order to ensure equal numbers of vertices and consistent connectiv-
ity across expressions, the 3d meshes are retopologized, in general
at lower resolution. Academic work largely automated this process
by registering a template blendshape model non-rigidly towards
the 3d scan or sculpted model (e.g., [IBP15, FNH∗17, LBB∗17]).
Within these frameworks, the template model is consistently de-
formed until it accurately approximates the shape of the 3d scan
or sculpted model. To simplify the creation of blendshapes further,
several algorithms have been proposed that transfer existing generic
blendshapes from a template model to new characters [SP04] or
personalize the generic blendshapes based on training expressions
[LWP10, SML16]. So far, the semantics of these training expres-
sions, whether it should be a smile, frown or any other expression,
have been defined manually.

In general, blendshape transfer methods offer a trade-off be-
tween fast generation of plausible (but not necessarily artefact-free)
blendshapes and creation of accurately-personalized blendshapes,
at the cost of requiring many training expressions. While the two
extremes are well defined (either no training expressions or one
training expression for each blendshape) no obvious solution exists
for an optimal set of training expressions. By optimal, we mean that
we aim to satisfy the following four goals:

1. The number of training expressions should be as-few-as-possible
to reduce the number of expressions to scan or sculpt.

2. To ensure accurate extraction of personalized blendshapes, no
overlap of blendshapes should exist in training expressions. (e.g.,
instead of combining two mouth blendshapes, a combination of
an eye and a mouth blendshape should be preferred).

3. If the number of training expressions is limited, blendshapes that
would be problematic to transfer without examples, should be
prioritized.

4. Training expressions should be poseable, meaning that a human
face should be able to reproduce them.

After reviewing recent blendshape creation pipelines [FNH∗17],
we observe that the template blendshape model used in blendshape
transfer methods is actually available before individual expressions
are scanned or sculpted. Because the blendshapes of the template
and the final, personalized rig will be similar, we can combine
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Figure 1: Illustration of our expression packing algorithm as part of the digital double pipeline. We run our expression packing algorithm
to create as-few-as-possible reference expressions, which help to guide an actor during a scanning session. Using non-rigid registration,
e.g. [IBP15, FNH∗17, LBB∗17], the mesh topology of the template rig is transferred to the 3d scans. The resulting training expressions are
optimal for the blendshape transfer algorithm, since they lead to best results with as-few-as-possible expressions. Finally, the blendshapes
are computed for the personalized rig.

several non-interfering blendshapes to create complex expressions
and use them during scanning as semantic references for the actual
training expressions (Figure 1). To our knowledge, we present the
first numerical optimization method that automatically combines
blendshapes to form optimal expressions. In addition, results of
our optimization largely satisfy the above mentioned criteria. We
pre-compute a minimal set of reference expressions, ordered by
their power to improve the overall results of the blendshape transfer
operation. Considering only the first reference expressions of our
minimal set will improve blendshape transfer methods as-much-
as-possible for an incomplete set of training expressions. This is
an often encountered practical case, for example if capturing-time
is short due to the availability of celebrities, or the budget limits
the number of training expressions that can be post-processed. An
entire run of our optimization returns the smallest set of reference
expressions for each blendshape and this set is significantly smaller
than the number of blendshapes of the template rig. Finally, our
method is generic as it is suitable for any blendshape basis. A ref-
erence implementation is published on GitHub to facilitate replica-
tion and comparison†.

2. Related Work

Facial animation based on linear interpolation of blendshapes
[LAR∗14] remains highly popular due to the numerical simplic-
ity and intuition both in practical applications as well as in re-

† https://github.com/Fiquem/Expression-Packing

search [PHL∗06, Osi07, DN08, OBP∗12]. In addition, personal-
ized 3d blendshape models form the basis for various marker-
less facial capturing methods [WBLP11,BWP13,LYYB13,CHZ14,
TZN∗15], where the objective is to fit a linear face model to an
image [BV∗99]. The main advantage of blendshapes over prin-
cipal component analysis (PCA), independent component analy-
sis and linear discriminant analysis etc. is the semantic encoding
of expressions. Despite many advantageous mathematical proper-
ties, PCA eigenvectors do not guarantee semantically meaningful
expressions, especially for eigenvectors associated with the later
eigenvalues (10th and later) [LAR∗14].

Because the manual creation of a blendshape model is a time-
consuming task [Osi07], several methods have been developed
to facilitate the transfer of blendshapes to new characters. In ex-
pression cloning [NN01], the direction and magnitude of vertex-
displacements is adjusted separately. Other authors proposed ra-
dial basis functions (RBF) [Pan03, FSF07, OZS08] or deep learn-
ing [GYQ∗18] to relax or completely remove the need for dense
correspondences between meshes. Sumner et al. [SP04] couple lo-
cal rotation and scaling of triangles by transferring deformation
gradients. The method was later improved by adding semantic
constraints [Sai13] or physical constraints like collision detection
[IKNDP16]. Deformation transfer [SP04] is also closely related to
various non-linear shape-interpolation methods, e.g. [BVGP09].

Li et al. [LWP10] proposed to personalize the generic blend-
shape transfer method by providing a small set of training ex-
pressions in combination with approximated blendshape weights.
Recently, an extended method has been applied in VFX produc-
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tions, where all blendshapes are covered by training expressions
[SML16]. After combining several blendshapes in one expression,
the number of training expressions is signi�cantly lower com-
pared to the number of blendshapes. In general, combining non-
overlapping blendshapes in training expressions is preferred for
easier separation [CFA� 16]. Methods for creating high-quality dig-
ital doubles either from photographs [PHL� 06, HSW� 17] or 3D
scans [ZSCS08, GZC� 16, FNH� 17] is a recurrent topic in com-
puter graphics. Personalized blendshapes can also be estimated us-
ing multi-linear interpolations based on a big database of differ-
ent people with ideally, but not necessarily, semantically equiva-
lent expressions. Suitable databases are Facewarehouse [CWZ� 14],
FLAME [LBB � 17] or internal datasets [SL14,HSW� 17]. Unfortu-
nately, the level of detail of public datasets is dramatically lower
compared to high-resolution rigs using photogrammetry [FNH� 17]
– a few thousand vertices vs. pore-deep reconstruction level.

Automatic transfer of blendshapes, either using radial basis func-
tions or deformation transfer is also relevant within the context
of facial animation retargeting [Pan03, FSF07, OZS08, SILN11,
SLS� 12]. Within this domain, creating two semantically equivalent
blendshape models allows simple copying of blendshape weights
for animation. Improving accuracy of the sparse blendshapes rigs
for retargeting with examples [LMX� 08], or based on automati-
cally detected fuzzy correspondences [RZL� 17] signi�cantly im-
proved animation retargeting. It should be noted that some earlier
work on facial animation retargeting was named as example-based
facial animation [PKC� 03,PCNS05,SCSN11,BP14]. However, in-
stead of computing blendshapes, the aim of this work is to trans-
fer the actual animation, once the blendshapes are known. Starting
from semantically equivalent expression pairs of two characters, a
direct mapping is learned between the parameter spaces of the rigs.

While many methods rely on training expressions to improve the
accuracy of blendshape transfer methods, the question of which
blendshapes should be corrected by a training expression has
barely been addressed. So far, training expressions are de�ned
manually and re�ned over time using a trial and error process.
One notable exception is the perceptual evaluation by Carrigan et
al. [CHMA18], however their analysis is limited to action units as
de�ned by FACS. In practice, the number of blendshapes vary be-
tween 30 and over 200, and while most are inspired by the FACS
system [EF78], it is less common to encounter exact reproduction
of all action units. In contrast, we present a method that automati-
cally identi�es blendshapes that are dif�cult to transfer, is suitable
for any blendshape basis, and by design preserves all bene�ts of
example based methods [LWP10,SML16].

We formulate our optimization problem for computing the se-
mantics of the training expressions as a linear integer programming
problem. Within the computer graphics �eld, mixed integer pro-
gramming was previously applied to shape segmentation [HKG11],
correspondence search between unregistered shapes [VLR� 17] and
to optimize layouts [FDH� 15, WFLW18]. More details on the ap-
plication of mixed integer programming in computer graphics can
be found in a recent course [Won18].

3. Blendshape Transfer

An example-based blendshape transfer method requires a template
blendshape rigA , consisting of triangle meshes posing a neutral
expression andK blendshapes. All meshes are of identical connec-
tivity and N vertices (after non-rigid mesh registration [FNH� 17]).
We denote the neutral expression and all blendshapes as the set
A = f vA

0 ;vA
1 ; : : : ;vA

Kg, where the vertex positionsvn
k are stacked in

a single vectorvk = ( vn
k; : : : ;vN

k )T of size 3N due to the coupling of
xyz-coordinates. Delta-blendshapes are de�ned as:dvk = vk � v0.
In addition to the template blendshape model, a target model exists
of different identityvB

0 . For the target modelB, J training expres-
sionsxB

j are provided (B = f xB
1 ; : : : ;xB

J g) with the same number of
vertices and connectivity asA . For each training expression, the
(approximate) blendshape weightsw j

k are known and the goal of
the blendshape transfer function is to compute the missing person-
alized blendshapesf vB

1 ; : : : ;vB
Kg of B, satisfying the equation

xB
j (vB

1 ; : : : ;vB
K) = vB

0 +
K

å
k= 1

w j
k

�
vB

k � vB
0

�
(1)

We assume that the two blendshapesvA
k andvB

k are semantically
equivalent expressions ofA and B and of identical connectivity.
In our work, we focus on �nding the semantically equivalent ex-
pressionsxA

j that serve as a reference for creating the training ex-
pressionsxB

j , either by modelling the expressions manually or by
posing the expression for a 3d-scan. Our main intention is to obtain
the semantics for as-few-as-possible training expressionsJ, and ob-
tain the most accurate unknown blendshapesf vB

1 ; : : : ;vB
Kg as a re-

sult of the example-based blendshape transfer method. A high-level
overview of this method can be seen in Figure 1. For greater clarity
and convenience we summarize our notation in Table 1.

4. Optimal Reference Expressions

In the following, we will derive step-by-step our optimization
method for pre-computing the reference expressionsxA

j for any
blendshape basis. To simplify notation, we largely omit the indices
A and B within this section. Variables without an index refer to
the blendshape modelA , e.g.vk � vA

k . We �rst introduce the con-
cept of binary blendshapes (Section 4.1), which is a fundamental
conceptual basis for our optimization framework (Section 4.2). Af-
terwards, we discuss important modi�cations to obtain numerically
optimal as well as plausible expressions (Sections 4.3, 4.4). We
close this section with a discussion on how to solve the optimiza-
tion function and the bene�ts of different solutions (Section 4.5).

4.1. Binary Blendshapes

Example-based methods estimate personalized individual blend-
shapes from a training expression. This problem is ill-posed when
an expression consists of overlapping blendshapes (e.g., if an ex-
pression is composed of a smile and a mouth-open blendshape). In
contrast, computing individual blendshapes is easy from a training
expression consisting of, for example, an eye-closing and a mouth
opening blendshape as there is no overlap. To reduce ambiguity
within training expressions, we search for a metric that allows a
balance between combining as many blendshapes as possible in one

c
 2020 The Author(s)
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Variable Description

j, J index / absolute number of examples

n, N index / absolute number of vertices

t, T index / absolute number of triangles

k, K / m, M index / absolute number of blendshapes

A , B blendshape rigs

vn
k position of vertexn of blendshapek

v0, vk neutral expressions and blendshapek

dvk delta-blendshapek, with: dvk = vk-v0

dvn
k displacement of vertexn and blendshapek

wn weight of blendshapen

x j example expression

bk binary blendshapen

bn
k value for vertexn in bk, bn

k 2 f 0;1g

l blendshape importance weight

s distortion metric between two triangles

d euclidean distance between two vertices

u, v, w vertex positions of a triangleuvw

(wx ;wp) blendshape weights of a symmetric pair

Table 1: Notation overview of the most relevant variables.

Figure 2: Illustration of the different types of vertices for one
blendshape: static (blue), smoothing (green) and active (red). The
blendshape on the left is self-symmetric, the two blendshapes on
the right are symmetric, but have overlapping active vertices.

training expression and preventing too strong an overlap between
blendshapes within the training expressions (Goal 2, Section 1).

For this purpose, we introduce a new concept of binary blend-
shapes (eq. 2). Delta-blendshapesdvk de�ne vertex displacement
with respect to the neutral expressionv0, and binary blendshapes
bk will contain the information of the location of relevant deforma-
tion within the blendshape. In the following, vertices of blendshape
k with zero displacement (dvn

k = 0) will be calledstatic. In addition,
vertices with a displacement bigger than zero will be divided into
two stages:activeandsmoothingvertices, depending whether their
displacement is strong and important for recognizing the semantic
meaning or whether the deformation mainly exists to maintain a
smooth deformation. See Figure 2 for an illustration. It is worth
mentioning that the differentiation between static and non-static
vertices is a common part of example-based blendshape transfer

methods, either in the form of soft constraints [LWP10] - remain
similar to the original blendshape, or hard constraints [SML16] -
static vertices remain static.

bn
k =

8
<

:

0 if kdvn
kk < µ max

n2 N
kdvn

kk , 0:25 � µ � 0:4

1 otherwise
(2)

The information of whether a vertex is active or non-active (static
or smoothing) is saved as a binary valuebn

k 2 f 0;1g within a vector
that we de�ne as the binary blendshapebk = f b1

k; : : : ;bN
k g. Based

on our experiments in Section 5.2, we recommend a relative thresh-
old of 25� 40% of the maximum displacement within the blend-
shape to decide if a vertex is active or non-active. We preferred
a relative metric over an absolute one, as this scales better across
subtle and strong expressions.

4.2. Optimization Problem

Creating a minimal set of reference expressionsx j for a blendshape
transfer method can be de�ned as variation of a weighted set pack-
ing algorithm [Kar72]. Given a �nite set that de�nes all unique el-
ements (dictionary) together with a collection of subsets, each con-
sisting only of a fraction of the unique elements, the set packing
algorithm identi�es a group of subsets that are pairwise disjoint (no
unique element appears twice) and that have the maximum number
of unique elements.

Applied to our problem, the list of vertex indicesf 1; : : : ;Ng is
the �nite set (dictionary), with every vertex indexn de�ned as a
unique element. Each binary blendshapebk de�nes a subset of ac-
tive vertices (vertices with strong displacements). The optimization
problem (eq. 3) is to pack as many blendshapes as possible in one
expression (Goal 1, Section 1), which is equivalent to maximizing
the number of blendshapes withwk = 1 (eq. 3a). At the same time,
combinations of blendshapes should be prevented if their individual
active vertices overlap (Goal 2). This can be expressed as a linear
constraint (eq. 3b) for every vertexn. In the end only two states are
relevant for a blendshape, either it is part of the expression or not.
We observe in practice that it is easier to model and pose extreme
expressions, rather than accurately extrapolating from in-betweens.
While a closed-eye expression is well de�ned, small inaccuracies
in a half-closed eye might negatively affect the closed-eye expres-
sion. For this reasonwk is always 0 or 1 (eq. 3c), making the prob-
lem an integer optimization problem. If only a limited set of exam-
ple expressions can be provided, we would like to control which
blendshapes should be chosen �rst (Goal 3). For this reason, we in-
troduce the importance weightl k in eq. 3a. Details on computing
l k are described in Section 4.3 and evaluated in Section 5.

max
wk

K

å
k= 1

l kwk; (3a)

s.t.
K

å
k= 1

bn
kwk � 1; for all n 2 N (3b)

wk 2 f 0;1g; for all k 2 K (3c)

wx � wp = 0; for all symmetry pairs(wx ;wp) (3d)

c
 2020 The Author(s)
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Algorithm 1 Expression Packing
In: Jmax . max number of reference expressions
K = f 1; : : : ;Kg . set of available blendshapes
R = fg . blendshapes in reference expressions
b = get_binary_blendshapes(µ) . Section 4.1
l Dis = get_disp_strength() . Section 4.3.1
l TD = get_tri_distortion() . Section 4.3.2
�nd_symmetry_pairs() . Section 4.4
while K 6= ; or J < Jmax do

l U = get_uniqueness() . Section 4.3.3 (optional)
l k = l Disk + l TDk + l Uk

R = R[ get_optimal_expression() . Section 4.2
K = K \ R

To increase the plausibility of the automatically computed ref-
erence expressions (Goal 4), we include symmetry constraints
(eq. 3d). We observe from facial performance acting that it is easier
to pose symmetric facial expressions (e.g., both eyes closed, both
eyebrows frowning) than asymmetric facial expressions (e.g., left
mouth smiling, right mouth sad). We enforce simultaneous activa-
tion of symmetric blendshapes, where (wx ;wp) are the blendshape
weights of two symmetric blendshapes (vx ;vp). Section 4.4 pro-
vides more details on de�ning symmetric blendshape pairs.

Symmetry pairs and most importance weights are pre-computed
once at the beginning. In contrast, eq. 3 is solved for every sin-
gle reference expression (Algorithm 1) and returns the blendshape
weightsw j

k for computing the reference expressionx j . All blend-
shapes withwk = 1 are removed from the set of available blend-
shapesK and the total number of blendshapesK is updated. The
process is repeated until either a user-de�ned maximum number of
expressions is reached or no blendshapes remain. The order of the
computed reference expressions re�ects their power to improve the
overall result (Goal 3).

4.3. Importance Weighting of Blendshapes

The binary blendshape provides information about the activated
vertices, but all blendshapes are considered as equally important
if l k = 1. However, personalizing certain blendshapes is more im-
portant than others, which we model by computing an importance
weight l k for every blendshapek in Equation 3. Let us analyze
the origin of errors using example-based blendshape transfer tech-
niques. First, semantically equivalent expressions can have individ-
ual variations, e.g., strong dynamic wrinkles in faces of old people
versus barely visible wrinkles in young faces. While it is dif�cult
to forecast exactly the individual differences of expressions, we can
assume that subtle expressions remain subtle and expressions with
strong movements have a higher chance to introduce noticeable in-
dividual differences due to strong deformations. We model this ob-
servation numerically by the displacement strengthl Dis.

Second, for blendshapes that are missing training examples,
deformation transfer [SP04] might introduce errors. Deformation
transfer is based on the assumption that the shape of the template
rig A is similar to the personalized rigB (vA

0 � vB
0). As soon this

assumption is violated, artifacts start to appear. Closer examination

reveals that if triangles are non-uniformly scaled, results become
inaccurate. Unfortunately, deformation gradients are only scale in-
variant in the tangential plane of a triangle [KG08] but not in the
normal direction. Consequently, transferring the deformation be-
tween two shapes that are non-uniformly scaled, or where facial
parts differ in their size relative to the head (e.g., big eyes vs. small
eyes), will lead to visible artifacts as visualized in Figure 3. Notice
as well that the non-similarity of meshes from the algorithm's per-
spective is different to the perceptual difference of characters. Sim-
ple non-uniform scaling creates highly distinctive characters for the
deformation transfer algorithm, but not for a human. At the same
time modifying the amount of fat in a human face leads to visually
distinct faces, but not numerically, because facial parts most af-
fected by blendshapes (e.g., eyes, mouth) remain the same. We aim
to prioritize blendshapes which would be problematic to transfer
by calculating the triangle distortionl TD between two characters.

Finally, we suggest an optional weighting term for blendshape
uniqueness to to enforce distinctiveness of consecutive reference
expressions. Although a large variation of expressions may appear
advantageous in the �rst place, we observe that example based
facial rigging [LWP10] tends to remove subtle blendshape differ-
ences, which we deemed important.

We observe that high-end character models with high numbers
of blendshapes intentionally have subtle differences in their ex-
pressions (e.g., several versions of smiles), which is important to
achieve high levels of realism. Blendshape transfer should main-
tain these subtle differences for high quality results. If, for ex-
ample, we had 2 similar blendshapes in the model (e.g., evil and
happy smile) with only one training example (e.g., happy smile)
we lose nuances between the two smiles after blendshape transfer
using the original alternating optimization (expression �tting and
weight estimation) [LWP10]. Due to regularization, the weight es-
timation changes correct blendshape weights 0.0,1.0 to an incorrect
e.g. 0.3,0.7. Enforcing correct blendshape weights 0.0,1.0 creates a
generic evil smile, but more importantly an accurate �t of the happy

Figure 3: Blendshape transfer using deformation transfer [SP04]
for two character pairs. Left: Despite strong visual differences, re-
sults are accurate because of the non-changing shape of the eyes.
Right: A simple non-uniform scale is a dif�cult case for expression
transfer creating inaccurate results.

c
 2020 The Author(s)
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Figure 4: First �ve expressions computed with (b = 0:5) and with-
out (b = 0:0) the optional blendshape uniqueness metric.

smile. Since neither situation is suf�cient for the transfer of a high-
end model, we consider the uniqueness term as optional (Figure 4).
Each of these factors will be normalized and combined into a single
factor, subject to user-de�ned variables(a;b). For our purposes we
de�ne the weights asa = 0:5;b = 0:0 unless otherwise de�ned.

l k(a;b) = al Disk + ( 1� a)l TDk + bl Distk (4)

4.3.1. Displacement Strength

We consider the displacement weight of each blendshape, de�ned
as the mean displacement of all verticesn between the blendshape
vk and the neutral expressionv0. We consider only active vertices,
as de�ned for binary blendshapebk in Section 4.1. Notice that the
dot product ofbk � bk returns the number of active vertices. All
mean displacements̄dk are normalized to guarantee thatl Disk is
of range[0;1].

d̄k =
1

bk � bk

N

å
n= 1

bn
k




 vn

k � vn
0





l Disk =
d̄k

max
�

d̄1; :::; d̄K
	

(5)

4.3.2. Triangle Distortion

We consider the triangle distortion between the neutral expressions
of the template rigA and target characterB, since the relation-
ship between the triangles of these two meshes is key for accuracy
of deformation transfer. Given the equal connectivity between two
blendshape models, we �rst compute the vectorsvu andvw, for
each pair of trianglesuvw of the meshesA andB. The �nal dis-
tortion metrics between trianglest of the meshesA andB is then:

st = max
�

vuA

vuB
;
vuB

vuA

�
+ max

�
vwA

vwB
;
vwB

vwA

�
(6)

The variables for trianglest is of range[1;1 ] and is normalized
in eq. 7 to ensure thatl TD andl Dis are both of range[0;1]. Trian-
gle distortion is only relevant for triangles affected by deformation
within a blendshape. We multiplyst , which is only based on the

two neutral shapes, with the blendshape dependentbt
k, which is 1 if

at least one vertex of the trianglet is active and 0 otherwise.

sk =
T

å
t= 1

bt
kst ; bt

k = bu
k [ bv

k [ bw
k

l TDk =
sk

maxf s1; :::;sKg

(7)

4.3.3. Blendshape Uniqueness

The Pearson coef�cient quanti�es similarity between two blend-
shapes [LAR� 14, RZL� 17]. The codomain of the Pearson coef�-
cient is in the range[� 1;1], with 1 indicating two blendshapes are
the same, 0 indicating they are different, and� 1 indicating they are
the same but in opposing directions (e.g. opening and closing of the
mouth). As we wish to consider opposite movements as different,
we change all negative coef�cients to 0. The �rst reference expres-
sion is unique by de�nition such thatl Uk = 0. All blendshapes that
are part of a reference expression are saved in the setR , with r be-
ing the index number andR the total number of blendshapes inR .
All other blendshapes remain in the setK (see Algorithm 1), withK
being now the available blendshapes for packing and not the over-
all number of blendshapes anymore. To compute the uniqueness
weight, we �rst sum the Pearson coef�cient between a blendshape
k and all blendshapes inR . The result is normalized and inverted.
The intuition behind this metric is, if no similar blendshape is part
of the set of reference expressions the uniqueness weight is high
and low otherwise.

Uk =
1
R

R

å
r= 1

max
�

dvk � dvr

kdvkkkdvr k
;0

�
; if R> 0

l Uk = 1�
Uk

maxf U1; :::;UKg

(8)

4.4. Symmetry Constraints

Our overall goal is to propose reference expressions that are mean-
ingful and have good numerical properties. To our knowledge, no
method exists that can determine whether an expression can be
posed by a human. Interestingly, even well trained actors can have
dif�culty in posing all de�ned Action Units individually [CKH11].
We discarded the idea of learning plausible expressions from ani-
mation data, because this would require the creation of an expres-
sive animation sequence for every template rig, a time-consuming
and dif�cult task. Furthermore, plausible expressions that are not
part of the animation would be considered as infeasible, unnec-
essarily limiting the combination space of blendshapes. We pre-
ferred a data-free solution that largely ensures plausible expressions
in combination with an optional artist friendly re�nement feature
(Section 4.5.3). This enables the user to more quickly accomplish
the task of creating poseable expressions. Even with manual re�ne-
ment, the work�ow remains largely automated.

We observe that symmetric facial expressions are easier to per-
form and appear more frequently, e.g., closing eyes or lifting eye-
brows simultaneously, a smile on both sides. We want to prefer
such combinations because they strongly improve the likelihood to

c
 2020 The Author(s)
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