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1. Related Work: Hierarchy of Disentanglement

The authors have found it helpful to classify prior work in digital
faces into a hierarchy of disentanglement, emphasizing that retar-
geting problems live at the highest level where semantic intention
is disentangled from geometry. The discussion is presented here for
reference.

There is a plethora of work aimed at representing faces in
digital worlds. Although the seminal efforts relied quite heav-
ily on the ability of artists to sculpt, paint, and animate both
virtual characters and digital doubles, the impact of data-driven
approaches has increased significantly over the years. A num-
ber of works mostly aim primarily to disentangle the camera
view from a virtual model of the subject of interest, rasteriz-
ing photorealistic images from novel views. The most notable,
e.g. [GTZN21, GPL*21, ZAB*22, DWS*23, ZYW™*23, XCL*24,
XGGZ24,CSK*22,1.SSS18, TCS*23,KQG*23,BSS*23, TRP* 24,
WYL*23, ZBT22a, SBL*23, YZM*24, BLW*24], utilize either
NeRFs [MST*21] or Gaussian Splats [KKLD23]. See also
[MSS*21].

Going one step further, much research has been aimed at ge-
ometry reconstruction, which additionally (i.e. in addition to dis-
entangling the camera viewpoint) disentangles three dimensional
geometry from texture and lighting. Many such works utilize a
PCA representation, usually either a 3DMM [BV99, EST*20]
or FLAME [LBB*17], for regularization. See e.g. [LAGP09,
LKA*17,ZCL*23,TRT*24, HSA*24,ZBT22b,RFD*24, WZZ" 24,
DBB22,WBH*22]. Other works use anatomical constraints [BB14,
WBGB16] or sculpted blend shapes [GVWT13] for regularization.
Similar in spirit to our approach, [BBC*24] points out that geo-
metric reconstruction results can be improved by personalizing the
FLAME expression coefficients.

Independent of geometry, various works aim to additionally
disentangle texture from lighting, see e.g. [BZH*23, TZK*17,
DYX*19,DTA*21,DBA*21,DAT*23, LRF*23,ZHXQ24, HLX24,
DGHG™24, SSS*24, ASY*24]. The high-end approaches utilize a
light stage [DHT*00, GFT*11, SWH*17].

When retargeting, it is important to disentangle semantic inten-
tion from geometry. Although there is a plethora of computer vision
work interested in semantic intention for the sake of scene interpre-
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tation, these works are rarely interested in the 3D reconstruction of
facial geometry. Those who are focused on both mainly work in the
field of computer graphics and make use of so-called facial anima-
tion rigs, see e.g. [OBP*12]. Notable work on facial animation rigs
includes [BCGF19, DHT*00,ZSCS04, LWP10,CBE* 15, YZF*23,
BODO020,YZC*23,KDP*24,MLL"*24,CEM*22]. Publically avail-
able options for facial animation software include MetaHumans in
the Unreal Engine [Epi25] as well as tools suites in Maya [Aut25]
and Blender [Ble25].

2. Differentiating the Tracker: Additional Details
2.1. Derivation of the reformulated Broyden’s method

Let u be some instance of ¥ for a given / and vy, so that u only
varies with 67 during optimization. Given distinct values 8¢ and
65 with AG = GB — 0, an estimate to g—g at O, can be updated using
Broyden’s method [Bro65]
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is satisfied. Equation 2 shows that the estimate for the derivative sat-
isfies a secant-type equation in the direction of A6, as is typical for
Broyden-style methods. In fact, letting s = ||A8]|, = /(A6)T A8
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where A@ is a unit vector in the direction of A®. Equations 3 and
4 illustrate that Equation 1 is updating % to be consistent with a

finite difference estimate of g—g in the direction A®.

The initial guess for % in the first iteration of Equation 3 can be

set to be the final value obtained for % when iterating Equation 3

in the prior optimization step. This warm start bears resemblance
to Broyden’s method, and it greatly accelerated convergence in all
of our tests. In the first optimization iteration where there is no
prior estimate for g—g, an initial guess of zero can be used. This
differs from Broyden’s method, which uses the identity because the
estimate is typically used in conjunction with matrix inversion.

2.2. Using Broyden’s Method to estimate %

Although one could assume that the tracker produces a v very close
to v making ¥ small enough to remove it from Equation 5, sub-
sequently removing its derivative from Equation 7, it is also pos-
sible to estimate % In order to estimate %, we utilize the fi-
nite difference update at the heart of Broyden’s method [Bro65],
which is also the motivation for many other optimization schemes
including SR1 [NWO06], DFP [Dav91, FP63], BFGS [Fle87], and

L-BFGS [LN89].

Unlike the typical approach which compiles a running estimate
of a—g as the optimization steps through parameter space, we use
Equation 3 in order to construct an estimate of g—g at O¢. This is
accomplished by using\ Equation 3 repeatedly with different A6 di-
rections. The various A8 can be chosen randomly, importance sam-

pled, etc., noting that the estimate of a—g is merely used to aid in

the choice of the search direction; thus, this approach is perhaps
best described as a predictor-corrector method similar in spirit to
Nesterov or second-order Runge-Kutta. Finally, note that each A8
direction can use a varying s in order to ascertain a reasonable finite
difference approximation that avoids round-off error while mini-
mizing truncation error.

2.3. ¥ versus ¥

Differentiating
V(L07,y) =v() + (107, ) = R(T(I;07,¥);87)  (5)
with respect to 0 leads directly to
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as an implicit equation for %—7(; In our derivations of the reformu-
lated Broyden’s method, note that that # cannot actually be an in-
stance of 7, since ¥ represents unknown error; however, letting u be
an instance of v, which is equivalent to the rig output (Equation 5),
still leads to an estimate of % since the exact solution v does not
vary with 0. Therefore,

OR(c;07) o7 (1;6,vy) _
de =T (I:07,V) 00 0=0
_ IR(T (1;07,¥):0) n 9v(1;0, ) 8)
00 6=0 0o 0=0
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is used as a replacement for Equation 7 in the method.

3. Linear Examples: Additional Details
3.1. Assuming linearity of the tracker

Assuming linearity of the tracker according to ¢ = B(y)v led to the
notion of a tracker that solves a linear system Ac = v. Letting A~ y
represent the result obtained by the tracker when solving this linear
system leads to

min Y (Il O7)ve — e+
k A
nlA®R)A™ (07 v — el 3+

R ; ©)
VIA®T)A™ O7 )i —vel3) +
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Note that errors in the tracker solve, regularization, etc. typically
cause A and A~ to not necessarily cancel. In the space spanned
by the v, the second term aims to make A" the right inverse of
A (driving 64 to O in a subspace), while the third term aims
to make A and A~! the left/right inverses of each other. When
A(BR)ck = i, the second term is merely a scaling of the first
term. When A (0 )¢y # vi, which arises when an inconsistent set of
(ck,vi) pairs makes CT AT (8) = VT overdetermined, the second
term provides information beyond that of the first term, penalizing
the solution to better match the geometry.

Solving Equation 10 requires the computation of aale— for each of
the k terms in the sum. In this linearized scenario, Equations 5 and
8 become

p(v;07) =A(07)T (v;07) (11)
A a7 (v;0
o) T -
T(vior)" 0123 013 o
- O T(v;07)" 013 + av(‘geT 12)
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where 7 (v;07) is found by solving Ac = v. This solve can be ac-
complished via the inverse (when it exists), least squares (when A
is full rank), or the pseudo-inverse (to obtain the minimum norm
solution, when A is not full rank); optionally, the equations can
be augmented with Levenberg-Marquardt regularization and solved
via the normal equations. In order to estimate %, Equation 3 is it-

erated for various A@ directions; afterwards, Equation 12 can be
solved independently for each column of aale—

3.2. Analytic solutions for loss terms

For completeness, the derivatives of the four terms in Equation 10
are

Ly oy T (vis07)
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where the term in parentheses in Equation 15 would be replaced by
BA aA(C; 97*) aT(vk; 97*) + aA(C; 97)

W®r 0 |7, 09T 907

L':T(vepm)

when A (T (v;07);07) is nonlinear.

3.3. Avoiding co times 0 singularities

Consider a single pair (c1,v;) = (1,—1) where A = [—1]. For now,
consider only the y; term. Starting with an initial guess of Ag=1,
the tracker solves AgCy = V to obtain Cp = [71}; then, the opti-
mization attempts to drive C from [— 1] to [1} by sending A — [oo}
to obtain C — [0]. See Figure 1. Unfortunately, the origin is a non-
removable singularity, and there is no mechanism to cross over the
origin changing the entry in C from negative to positive while flip-
ping the entry in A from oo to —oo.

Next, consider
; -1 0 1 1 -1 -1
e CRR R R R e
where AC = V. When starting with an initial guess of Ag = 1, the

optimization suffers from the same issue as was discussed in the
prior example. See Figure 2.

Changing the initial guess to
~ |11
A= {0 1} (19)
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Figure 1: As C — [0], A — [oo].
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Figure 2: Starting with Ay = I leads to Cy = V. The left/right sub-
figure shows the first/second column of C with each row entry on a
separate axis. As the iteration proceeds, the results are color-coded
from blue to yellow. All four entries are driven to zero; likewise, all
four entries of A blow up.

achieves the expected results, since the origin is avoided. See Fig-
ure 3. Note that perturbing the initial guess is a viable strategy be-
cause the optimization is done offline (and only once) in order to
determine a suitable tracking rig. Moreover, using 6% as an initial
guess for 07 is likely a good strategy, especially when the tracking
rig does not need to be perturbed too much from the animation rig.

3.4. Solver Efficacy

The data values we use for our example are

1 2 3 1 -1 -2 -3 -1
c=1|2 -1 1 1|l,v=|4 —2 2 2 (20)
3 -1 =2 1 -2 3 i -2

1o o5 oo 05 1o -100 —075 050 025 000 025 050 075 100
a:

Figure 3: Changing the initial guess allows both C and A to con-
verge correctly.
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Lp Ly + Ly, + Ly, HA_AHIZ"

Direct | 4.58E—12 4.85E—12 4.26E—13
Y1 only | 2.05E—8 2.58E—8 1.31E—8
Y2 only | 1.54E—9 4.15-9 9.82E—10

Table 1: Comparison against the direct method using all four
columns of C and (the un-perturbed) V.

| £o Ly Ly, JA-AdlE NIA-AllR
Direct | 6.60E—4 3.47E—4 2.556—3 0 5.57E—4
Yionly | 6.60E—4 347E—4 2.54E—3 9.25E—10 5.57E—4
Yronly | 321E—3 238E—3 5.656—9 5.58E—4  3.63E—9

Table 2: Comparison against the direct method starting with A = I
and using the perturbed V.

consistent with a rig
@2n

Our perturbed version of V was

—0.990 —2.00 —2.97 —1.00
V=] 397 —198 198 2.01 (22)
—-1.98 0.667 133 —0.667

The results in Table 1 were obtained using all four columns of C
and (the un-perturbed) V.

Using the perturbed version of V, the results obtained starting
with A = I are shown in Table 2. Since the pairs over-determine A,
the direct method cannot achieve a small residual and the y; term is
bounded from below; however, they both result in the correct least
squares solution (specified by A4 in the table). Using only the first
three columns of C and V' allows both the direct method and the ¥,
term to achieve significantly smaller errors (as expected) since A is
no longer over-determined. The Y, drives A — A as expected.

3.5. Improving the search direction via ag—i

Consider a tracker T (v;07) = Afv where AT depends on the
method being used to solve Ac = v. Next, perturb the output of
the tracker to

Ti(v:07)=Alv+é 23)

where ¢ captures the fact that trackers often (intentionally, for ro-
bustness) do not correctly/precisely invert the rig. Equation 5 be-
comes

#(v:07) = v+ 5(v:07) = A(67) (AT O7)v+ E(v)> 24)
where 7 # 0. When A happens to be invertible,

¥(v;07) = A(05)E(v) (25)

| [V —AC+AC|3 iters
3.86E—8 13868
3.82E—8 12960

¥; only
& 32—”7

Table 3: Results obtained with and without using ag—?_ to improve
the search direction.

)’ 0 On

99(v;07) _ 99(1i87) _ Os )T Oug (26)

20 00 .
7 7 01x3 01x3 C(V)T
leading to
~ T 2
0 0
39, (ve:0 & (vk) Ous 13
Ly=Y %Tﬂ* O3 &))" Oig
k 013 O a1,
e
5

as a way of evaluating the efficacy of approximations to %0,

Plugging Equation 23 into the y; term in Equation 10 and stack-
ing columns leads to A'V4+E—-C=00rV—AC+AC =0 when
A happens to be invertible; thus, minimizing the y; term leads to a

small value for V — AC + AC instead of a small value for V iAC .
Table 3 shows the results obtained with and without using a‘gv to

improve the search direction. In this simple example, auto-dift can

be used to compute ag—VT The average Ly error obtained when us-

ing auto-diff for a‘g—v;_ was 6.44E—10; for the sake of comparison,

V)
the average value of ), ‘ ’a%ﬁ ‘F was 7.05E—3. Only the first three

columns of C and V were used, ¢ = A~ (V — V) was chosen so
that the perturbations in C resemble those used for V, and the ini-
tial guess was A = . The Y, term gave similar results, as expected
since AC =V here.

Next, consider perturbing the output of the tracker to
To(v:07) = ATv+A(7)c(v) (28)
instead of Equation 23. Equation 5 becomes
0(v:07) =v+9(v:07) =A07) (AT (07)v +A(07)E(v)) (29)
and

7(v:07) = A(87)A(07)2(r) (30)

)’ 0 On

d9(v; 0 o
% =AO7) | 013 ev)" O |+
T 01x3 01x3 E(V)T (31)
cw)TAT(87) 01,3 0143
013 ew)TAT (07) 013
0113 (% ew)TAT (07)

replaces Equations 25 and 26 when A happens to be invertible.
Equation 31 can be used to define a new L that replaces Equa-
tion 27. Plugging Equation 28 into the y; term in Equation 10 and
stacking columns leads to the notion that minimizing the y; term
should lead to a small value of V — AC+A>C, assuming that A hap-
pens to be invertible. Table 6 shows the results obtained with and
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[ 1lV—AC+AC||E iters
3.82E—8 29083
3.79e—-8 5329

Y1 only
& az%

Table 4: Results obtained with and without using ae
the search direction, using the perturbed tracker.

£, for all sub-iterations £, for all sub-iterations

0 5000 10000 15000 20000 25000 30000 35000 40000 0 2000 4000 6000 8000 10000 12000 14000 16000

Figure 4: Color-coded from lower error (blue) to higher error
(red). Left: Ty. Right: T,.

without using a to improve the search direction. Once again, this
example is simple enough to use auto-diff. The average L error
obtained when using auto-diff for asz was 2.54E—10; for the sake

A 112
of comparison, the average value of } ’ ‘ aaei;_ ‘F was 1.91E—1.

3.6. Estimating az‘;

A general black-box tracker is not necessarily amenable to auto-
diff; in such a scenario, agT would need to be estimated via Equa-
tion 3. In order to demonstrate the efficacy of Equation 3, consider
minimizing the y; term using either 7; from Equation 23 or 7;
from Equation 24 along with the analytic values for ag given in
Equations 26 and 31. After about 13000 optimization steps the an-
alytic solution for 307 9% s used about 39000 times since C and V
have three columns.

In order to ascertain the sensitivity of the parameter s in the finite

difference approach, an approximation to a%ﬁ’; was computed via

one iteration of Equation 3 using a randomly chosen A8 direction
and the following values of s: 1E—7, 1E—6, 1E—5, 1E—4, 1E—3,
1E—2, 1E—1, 1EO, 1E1, 1E2. The finite difference approximations
for any two values of s can be compared via a Frobenius norm.
Let La(s; GT,Z\G) be the sum of the Frobenius norms obtained by
comparing s to both its next higher and next lower values; then, £
indicates the relative sensitivity of the finite difference approxima-
tions to perturbations in s. Figure 4 shows the results obtained on all
39000 sub-iterations. The red regions at the bottom of the figures
represent round-off errors, and the red region at the top of the right
figure represents truncation error (as expected, see e.g. [Gea71]).
There is no red region at the top of the left figure, since % is con-
stant (see Equation 26). The large blue region illustrates the ease at
which s can be chosen.

Next, consider the same tests with the analytic solution replaced

© 2026 Eurographics - The European Association
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: a0 |2
Ti iters (Zk ‘ ‘ P F) u(Lor)
1 random | 12781 7.04E-3 4.57E—6
10 random | 12921 7.05-3 2.86E—7
100 random | 12964 7.05e-3 4.63—8
auto-diff | 12960 7.05-3 1.74E—11
steepest descent | 9089 2.09-3 6.41E—3

Table 5: Results obtained for Ty using either a number of
randomly-chosen A® directions, auto-diff, or a single A® chosen
in the direction of steepest descent.

. e |2
n e o(5@]]) wen
1 random | 4763 1.71E—1 3.50e—4
10 random | 5307 1.936—1 6.32E—6
100 random | 5329 1.94e—1 1.24E—6
auto-diff | 5329 1.94e—1 2.57eE—10
steepest descent | 4825 7.28E-2 1.93e—1

Table 6: Results obtained for T, using either a number of
randomly-chosen A® directions, auto-diff, or a single A® chosen
in the direction of steepest descent.

ka
by various approximations to the 307 . For the finite difference ap-

proximations, s was chosen to minimize L. Tables 5 and 6 show
the results obtained for 77 and 7, respectively using either a num-
ber of randomly-chosen A® directions, auto-diff, or a single A8 cho-
sen in the direction of steepest descent. The third column of the ta-
bles averages the error (see Equations 27 and 31) over all iterations;
for the sake of comparison, the second column averages the solu-
tion. As expected, increasing the number of randomly chosen )
improves the estimate of 8 ; however, improved estimates of 5 av"
did not tend to improve convergence On the other hand, choosmg
A in the steepest descent direction did improve convergence. This
makes sense from the viewpoint of a predictor-corrector approach,
even though 53 I g poorly estimated as compared to the other ap-
proaches. Unfortunately, iterating on steepest descent choices for
A did not further improve convergence.

4. Simon Says Animation Rig Creation: Additional Details

The nineteen expressions in our MetaHuman/FLAME expression
set are “neutral”, “brows down”, “brows up”, S

LI

eyes wide”, “eyes
close”, “nose wrinkle”, “cheek puff”’, “teeth grimace”, “corner
pull”, “mouth stretch”, “corner depress”, “lip press”, “pursed lips”,
“mouth funnel”, “lip bite”, “jaw open”, “jaw open extreme”, “jaw
left”, and “jaw right”. The nineteen expressions along with their

associated animation controls are shown in Figure 5.

For our experiments, we used three additional combination reg-
ularization expressions directed by technical artists to help with lip
sealing. Thsese are “jaw open lips together” (activating jaw and lips

together), “jaw open lips purse” (activating jaw and lip purse), and
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Figure 5: For each expression, the associated column shows the
active MetaHuman PSD rig controls.

“B pop phoneme” (activating jaw, lip bite, lips together, purse, and
stretch).

Each expression includes a handcrafted mask so that parts of
the face that are not relevant to the expression do not adversely
affect the result. For example, the mouth is commonly inadvertently
moved during the “nose wrinkle” expression, but any movement of
the map should not be calibrated into that expression.

4.1. Incorrect expressions

When the user struggles to make the correct expression (such as
accidentally flexing eyebrows while smiling), the reconstructed ge-
ometry v will not correctly correspond to the expression specified
by c. It is possible to roughly identify the additional controls that
need to be activated in order to explain these spurious geometric
deformations. Using the current best guess for the animation rig
parameters 6, a tracker can be used to compute

ct=c+ (Lixn—H()T(1,0R) (32)

where (c) is a diagonal matrix of Heaviside functions H(|c;|).
Equation 32 leaves the nonzero entries of ¢ umodified while aug-
menting the other entries to agree with 7 (1,07 ). The newly added
(¢*,v) pairs help to prevent the inappropriate modifications to 87
that would have resulted from the (c,v) pairs that they replace when
solving

min Y [|R(ck:N,0R) — i[5 (33)
o =

Alternatively, the geometry can be constrained to mask out regions
of the face that should not deform for the given expression, replac-
ing (c,v) pairs with (¢,v™) pairs.

The augmentation of ¢ to ¢* can be problematic when the added

controls interfere with the primary expression under consideration;
thus, it is desirable to leave interfering controls unmodified. An al-
ternative strategy consists of constraining 6% so that the degrees of
freedom irrelevant to ¢ do not change. This is plausible when solv-
ing Equation 33 since R is typically a straightforward deterministic
function; however, it can be daunting when solving Equation 34,
since 7 contains both an ill-posed geometric reconstruction and an
inverse problem (rig inversion).

When modifying ¢ to ¢* via Equation 32, the tracker fine-tuning
equation

min} (MU o7, w) = el B +
k
BIR(TU07,):6) —wll3) + (9

2
Yel 67 — 0% |2

can be written as
min . (lI7(sor) — i1 +
DIR(T (1:07):07) —vi ) + (35)
Yell07 —0R 13

where v = R(c";0%), and omitting ¢ for brevity. Equations 5
and 8 can be written as

O(I,07) =R(T (1:67);67) (36a)
OR(c;07) a7 (1;0)
de =T (I;87) 9 oo,
98 0=01 =01

in order to differentiate Equation 35. The pseudo-inverse of the nor-
mal equations can be used to solve for aa% in Equation 36b.

4.2. Experimental setup

For running the Simon-Says rig calibration process, we use the L-
BFGS optimizer [LN89] PyTorch implementation for 4 iterations
with tolerance_grad = 1E—7. We use a L2 squared penalty
on the vertex distance to the target geometry with weight 1 for the
MetaHuman and game character rig frameworks and weight 100
for the semantic FLAME framework (because of its small absolute
size). We used a mean L2 squared penalty on the rig parameters
with weight 1E1 for the MetaHuman rig framework, 1E—1 for the
game character rig framework, and 5EO for the semantic FLAME
rig framework.

5. Fine-tuning the Tracking Rig: Additional Details
5.1. MetaHuman framework

The MetaHuman Animator (MHA) tools suite was chosen because
its size and complexity is representative of similar industry frame-
works. For the animation controls, ¢ € R!7* can be divided into
97 primary controls and 77 so-called “tweaker” controls. They are
combined in various ways to create 814 pose-space deformation
(PSD) controls. The MetaHuman animation rig controls 24,049
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vertices via 870 joints, each with 9 degrees of freedom (3 trans-
lation, 3 rotation, 3 scaling). For the sake of implementation, we
implement the rig to output the 7,830 degrees of freedom associated
with the joints instead of the 72,147 degrees of freedom associated
with the vertices. This optimization ignores the fact that the PSD
controls can also affect blendshape correctives; instead, it assumes
that the final mesh can be obtained merely by skinning the joints.
The discussions throughout this paper are valid in either case, but
this simplification makes the optimization more tractable. The ani-
mation rig determines the joint degrees of freedom by multiplying
the joint matrix by the PSD controls. The size 7,830 x 814 joint ma-
trix has only 745,284 nonzero entries, meaning that 0 € R745284,

In order to differentiate the tracker via Equation 36b, 38—73 S

R(7830:174) 4nd aa% € R(7830.745284) 6uld need to be computed.

In order to make %—E tractible, each term in the sum in Equation 35
is minimized over only the nonzero 0 in the columns of the joint
matrix corresponding to the PSD controls that are not identically
zero according to ¢ . This greatly reduces the dimension of 0 for
any reasonable (c7L , v+) pair. For example, the nineteen expressions
(ignoring the neutral) used for the Simon-Says capture have their
dimensionality reduced to a far more tractible 1589, 6456, 1470,
1470, 9470, 15252, 11465, 7890, 7939, 2868, 4050, 3198, 12936,
4051, 7262, 3758, 7506, 2594, 2594, respectively. Of course, re-
ducing each expression to a few thousand parameters means that
hundreds of expressions (depending on expression overlap) would
be needed to cover the full rig. We circumvent this by limiting our
expression set to cover only the most important controls, noting
that this leaves 87 fixed to its 6 values for the parameters that
do not appear in the expression set (in the spirit of the last term of
Equation 35).

5.2. Tracker variants

The following is a detailed description of the variations of Equa-
tion 35 we use for our fine-tuning strategy. For each expression, i.e.
each term in the sum in Equation 35, let  be a diagonal matrix of
Heaviside functions H(|c;"|). Let T = H T represent the filtering
of the tracker to zero out entries that are zero in ¢ . Let Hp be the
decimation of 7 into a wide matrix via the elimination of rows that
are entirely full of zeros; then, cp = Hpc is the subset of ¢ contain-
ing all relevant controls, and Hp7 is a similarly decimated tracker.
Although T3 and HpT are essentially equivalent, HpT facilitates
code optimizations. Let Op be the subset of the rig parameters that
depends on c¢p, let Rp(cp;0p) be the subset of the rig that can be
modified by ¢p, and let 7Tp(I;6p) represent a reduced tracker that
only considers the reduced degrees of freedom from cp. In contrast
to T3, Tp is not allowed to use filtered out degrees of freedom in
order to explain the geometry.

The v; term in Equation 35 can use any of the three trackers, dec-
imating ¢ for Tp. The vy, term in Equation 35 can use any of the
three trackers modifying R to Rp for 7p; in addition, v should
be decimated if the output of Rp is a decimated version of the out-
put of R. Superscripts on ¥ (i.e. Y, 'yH, yD ) will be used to indicate
which tracker was used in a specific term in Equation 35. Equation
36 can be used for any of the three trackers, modifying R to Rp
for Tp; in addition, v" should be decimated if the output of Rp

© 2026 Eurographics - The European Association
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is. Inserting 74 into Equation 36b and using the normal equations
on %—7}7{ leads to a coefficient matrix with nonzero entries corre-

sponding to the normal equations for Rp, i.e. a—ggi agrees with aa%
when it is nonzero. This highlights the aforementioned code opti-
mizations for aaigf, which consist of replacing R with Rp and Ty
with HpT.

5.3. Threshold Conditions

Perhaps one of the most important things to keep in mind when
perturbing 64 — 04 or 85 — 65 without the ability to re-optimize
VY via

min Y |7l w) - a2 37)
k

or even to understand how y was optimized is that sensitive thresh-
old conditions may have been used. For example, a lip sealing con-
straint may activate when the lips are close enough together but
otherwise do nothing. This means that a small perturbation of the
rig could cause lips that were previously sealed via this constraint
to instead be noticeably open even though their actual position prior
to the constraint activation only changes by a small amount.

5.4. Closed-Source Tracker Geometry Reconstruction

Information about the geometry reconstruction performance of per-
turbed closed-source trackers can be found in Figures 6 and 7.

5.5. Experimental setup

For running the tracker refinement process, we use the SGD
optimizer PyTorch implementation for with 1r = 1E1 for the
MetaHuman rig framework and 1r = 1E—2 for the game char-
acter rig framework. For the MetaHuman rig framework, we use
Y? = 1E4,9 = 1B0,yc = 1E0,iters = 50 for Stage 1, y]* =
1E3,13* = 1E—1,Yc = 1E—1,iters = 50 for Stages 2 and 3,
and we iterate over 30 different spurious controls with 'y?" =
1E3,y§{ =1E—1,Ye = 1E—1,iters = 10 for stage 4. To choose
spurious controls for Stage 4, we take the most inaccurate con-
trol over all calibration expressions compared against the refer-
ence controls c;. For the game character rig framework, we use
Y = 1E4,9) = 1B0, e = 1E—2,iters = 50 for Stage 1, y}* =
1E3,y3t = 1E—1,ye = 1E—3, iters = 50 for Stages 2 and 3, and
we iterate over 30 different spurious controls with ﬁl = 1E3,ﬂ{%{ =
1E—1,Ye = 1E—3,iters = 20 for stage 4.

Our open-source tracker we use in our experiments
runs the L-BFGS optimizer with tolerance_grad =
IE—8,max_iter = 50 to optimize rig controls to match
some geometry. We assume all geometry is in the canonical rigid
frame of the rig. We use a mean squared L2 loss on the per-vertex
error, and L1 regularization on the controls with a penalty weight
of 1E—4 to encourage sparsity in solved controls. Occasionally,
the tracker will fail to converge to an acceptable solution for some
frame of a performance. If this occurs, we average the results from
the surrounding frames if a restart did not help.
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Figure 6: A 573 frame pangram was used to test the tracker’s abil-
ity to invert the rig and match the reconstructed geometry. The
tracker was mostly able to adequately minimize geometry errors
using any of 04, 04, s, O, even though the output controls (and
thus the semantic interpretation) can vary significantly. See also
Figure 7.

Figure 7: Ground-truth reconstructed geometry (left) as compared
to the geometry output by the tracker using 0y, 04, Os, @5, respec-
tively. This corresponds to frame 100, which was chosen because
it has relatively large errors, of Figure 6. Colored regions indicate
reconstruction error according to the colorbar.

6. Experiments: Additional Details
6.1. Open-source Tracker

Figures 8, 9, 10, and 11 show the step-by-step improvement in se-
mantic accuracy from stages 1, 2, 3, and 4 (respectively) of our
proposed optimization strategy. These plots demonstrate that each
stage of our method successfully improves upon the best result
from the previous stage.

6.2. Closed-source Tracker

Figures 12, 13, and 14 show the step-by-step improvement in se-
mantic accuracy from stages 2, 3, and 4 (respectively) of our pro-
posed optimization strategy. Stage 1 is not shown because it is
not applied to closed-source trackers. These plots demonstrate that
each stage of our method successfully improves upon the best re-
sult from the previous stage. Additionally, a summary of how the
full tracker T improves over all stages is shown in Figure 15.

6.3. Semantic FLAME rig

We explain details of the creation of our semantic FLAME rig.
[LBB*17] notes that a more semantic controls space for this rig
framework might be preferred for animation. We choose a refer-
ence animation rig which has the semantic controls space we want
to emulate. We first fit the FLAME rigid and identity parameters to
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Figure 8: L, errors (according to YID ) on the various e}pressions
before (red) and after (green) optimizing 64 — éA (top) and 65 —
] s (bottom) using only the primary controls on each expression via
VW and 5.
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Figure 9: L, errors (according to ﬁ{ ) on the various expressions
before (red) and after (green) optimizing 64 — éA (top) and g —
g (bottom) using the full rig while filtering the primary controls
on each expression via y|* and 5"
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Figure 10: L, errors (according to all 'YTL terms) on the various ex-
pressions before (red) and after (green) optimizing 04 — éA (top)
and 85 — B (bottom) using the full rig while filtering the primary
controls on each expression via YTL and y%" and additionally filter-
ing various spurious controls via an additional YT{ term. Note that
the minimization is still only considering the columns correspond-
ing to the primary controls.
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Figure 11: L; errors (according to all Y| terms) on the various ex-
pressions before (red) and after (green) optimizing 04 — éA (top)
and 85 — B (bottom) using the full rig while filtering the primary
controls on each expression via y|* and ’Y;L and additionally fil-
tering various spurious controls via an additional Yz{ term. The
difference between this figure and Figure 10 is that the minimiza-
tion is now considering the columns of the spurious controls while
freezing the columns of the primary controls.
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Figure 12: L; errors (according to y?[ ) on the various expressions
before (red) and after (green) optimizing 64 — 04 ( top) and 65 —
és (bottom) using the full rig while filtering the primary controls
on each expression via Y{" and Y;".
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Figure 13: L, errors (according to all y?{ terms) on the various ex-
pressions before (red) and after (green) optimizing 04 — éA (top)
and 85 — B (bottom) using the full rig while filtering the primary
controls on each expression via yf{ and y%" and additionally filter-
ing various spurious controls via an additional 'YT[ term. Note that
the minimization is still only considering the columns correspond-
ing to the primary controls.
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Figure 14: L, errors (according to all Y| terms) on the various ex-
pressions before (red) and after (green) optimizing 64 — éA (top)
and 65 — Og (bottom) using the full rig while filtering the primary
controls on each expression via Y| and Y;[ and additionally fil-
tering various spurious controls via an additional 'y?'[ term. The
difference between this figure and Figure 13 is that the minimiza-
tion is now considering the columns of the spurious controls while
freezing the columns of the primary controls.
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Figure 15: Summary of the improvement in the Ly errors (accord-
ing to Y1) throughout all three stages (there is no first stage on a
closed-source tracker) of the process (see Figures 12 to 14). The
improvement in the primary controls is shown to the left, and the
improvement in the spurious controls is shown to the right. Opti-
mizing 04 — 0, is shown on the top, and optimizing 05 — és is
shown on the bottom.
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the neutral of our chosen animation rig. Then, for a subset of rele-
vant controls we want to utilize, we register FLAME PCA coeffi-
cients to the deformed animation rig for that basis expression. This
constitutes a linearized mapping from the semantic control space
of the reference rig to the FLAME PCA space. To capture rela-
tionships between the controls or nonlinearities in the rig, a neutral
network perturbation to this mapping can be learned given (con-
trols, geometry) pairs from the reference animation rig, by fitting
the FLAME coefficients to each of those expressions. Thus, the
Semantic FLAME rig takes as input semantic control parameters,
maps them to FLAME PCA parameters, and evaluates the FLAME
model to get geometry in a fully differentiable manner.

6.4. Puppeteering a game character

For our puppeteering examples, we designed a set of basis expres-
sions that better-covered the rig controls of the virtual character. In
total, fifteen expressions were used. Eleven were expressions sim-
ilar to those designed for the MetaHuman framework (“neutral”,

LI 2 <

“eyes close”, “eyes wide”, “brows raise”, “brows down”, “teeth gri-
mace”, “pursed smile”, “corner depress”, “jaw open”, ‘“jaw left”,
“jaw right”), and four were phoneme-level expressions unique to
the game rig “O0 phoneme”, “CH phoneme”, “M/B/P phoneme”,

“F/V phoneme”).

To create a game character representation for the performer, we
first creating a correspondence between the game/VR character’s
triangle mesh and the performer’s triangle mesh in order to assign a
game/VR character triangle mesh to the performer’s neutral geom-
etry. Note that the teeth were ignored, since they were not used in
the tracking of the performer. Then, the game/VR character rig was
volumetrically morphed to the performer’s new game/VR character
consistent neutral geometry.

6.5. Animation-focused Quantitative Metrics

What is classified as a “tweaker” control is up to some interpre-
tation. For our definitions, we consulted with technical artists and
determined a classification of primary versus tweaker controls for
each of our rig frameworks, which are released along with the code.
The sparsity threshold was set at 0.1 for our experiments.

6.6. User Study

We conduct a user study to whether our modified tracked anima-
tions look more semantically accurate to viewers. 17 participants
were presented with a source video of a pangram or ROM, a vir-
tual avatar in our semantic FLAME system driven by an uncali-
brated tracker, and the same virtual avatar driven by a calibrated
tracker, and asked which video more closely semantically matches
the expressions in the source video. 82% of calibrated videos were
selected as preferred over the baseline, affirming that our claim of
improved animation quality is meaningful in the eye of those view-
ing the animation.
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