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Fig. 1. We present a method that estimates the pose and shape of two interacting hands in real time from a single depth camera. On the left we show an AR
setup with a shoulder-mounted depth camera. On the right we show the depth data and the estimated 3D hand pose and shape from four different views.
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Table 1. Our method is the first to combine several desirable properties.
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Fig. 2. Overview of our two-hand pose and shape estimation pipeline. Given only a depth image as input, our dense correspondence regression network
(CoRN) computes a left/right segmentation and a vertex-to-pixel map. To obtain the hand shape estimation and pose tracking we use this data in an energy
minimization framework, where a parametric hand pose and shape model is fit so that it best explains the input data.
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Fig. 3. Illustration of MANO hand model (left) that is augmented with our
collision proxies (top right), as well as the correspondence color-encoding
(bottom right). Notice that front and back color assignments differ in satu-
ration, especially in the palm area.
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Fig. 4. We generate our synthetic dataset by tracking two hands, separated
by a safety distance, which are used to control in real-time a physically-
based simulation of two interacting hands in the virtual scenario (left). We
output the depth map (top right) and dense surface annotations (bottom
right) of the resulting simulation.
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Fig. 5. Our correspondence regression network (CoRN) consists of two
stacked encoder-decoder networks. The output sizes of the layer blocks are
specified as height X width X number of feature channels. In addition, the
colors of the layer blocks indicate which operations are performed (best
viewed in color).

mppng N s p g  mspr rowm o x wr s
us xprm  pr ws [ 1 o rg r
1] wrm X wprs s s » x xpr
ss N s T firs s oW ™ S g® m »
S wppHSP K SS pr I T rgm m
pu XS W W ¥ X mss sss{ ,rg ,mm =}
T s sS px s r » » npu P
meg I w» » s ®m w by X X gr ss
OO ) CI by xspwm o moxm owm T
fim mppeg N Q—-[,1]*s = » nowm wg
Sp R W wpw S ss
x » s ss S s m
rng [L1] s wg = rg = e owm =1
wromw x rsu W rss x sw® x wur
RS wap TS W MuSWg W W WS sx LY )
s wap swwm r pr w ®oow WS sx
W™ oW mw now WS
mrw oz wmowmr £ » ruw ( ) xs W »
us s P ww nS  PrsSr sp Z W W
»OWm W gr » pe ®mSw S W™ suw
r ™ s m r r s " nawa X wr s
» xs T s gwmam B SS S rWw s s ™
rss mrXp S W ¥ ss fi ®oss Tr TSP R W
ss us sqw x Ul m S WM S wWaw W WS W
X grss ™ SS xom mp W room »
» S ™ mwng s m B X S wmp SwW
nor mwmg r W Sr rom S g m ™ SSS

5 POSE AND SHAPE ESTIMATION

T »s ms p msprsw mwmg J r s

i wng O 'ty w S 1) P Wmg T

s m firs x rgrum p ow w {djeR }jN:ﬂ

» » wmg I ng X sp »w % WIS

{n; eR }jl\i’l » S i rwg s w ssuwp W
® S W xS X s s X

rgr wm S x wus ng S wp » s xs ne

sr @ r Nt m s nawa x rerww p s
ms g 1) Susaun sp w " sas  w
naw W ™ x » rESpR N mpcC
m W pWZ WIm X FWMRLZNRE SU R
¥ S saqu xS MW rxg fin w » W
P rom xS s PR pPRw ” x T m
T nrg WM  wm X » Xe oS
finm s
& (BO)=8& (B.0)+& g(B.0), )
x B or s pprm xs w0 x npS Pprm
XS s S«x »S 1

5.1 Data Term

T ma&E wm osars r g wmprwm o xowp (B,0)
®ow » ws » wmg I =» ma &y g s
reM Tz T WeS T WUpr SW WM SSp WS »
S S ™ pss s $ Mg W PN T WS n oW
» »n s fim ™S W ICANE I
PR PR B PR PR TRS
& (B.O)=wp vEy v (B.0)+wy v Ey 5 (5.0), (4
x us we » x & S WS
Point-to-point: Yi s » rox i x
s fim 1T ci) =0 w» rs T m»w
P % ®rxg m sur s s ™ s » s m
r svi(B,0) = corresponding  » w» p c(i) m s
fim s
Ny
Ey 5 (B.0)= ) villvi(B,0) - de(y)|| - 0
i=1

Point-to-plane: T = PR Wmrg Sus PN Z
BT oW i) r svi(f,0) wm »w o sur
g m m s fim s

Ny
Ey 5 (,0)= ) yi (vi(B, 0) = do(iy nei)) - 0
i=1
5.2 Regularizer
wrr gu rzx8E g Wprsss s S ®m s prgur
z ™ rms ®Up X SWL WSS rwa S s s m
W fim s
Er (B, 0) =ws p Es () +wp s Ep s (6) @)
® wpE wp(B.O+0w E (B,0). @)
Statistical Regularizers: s ®» » ®»S 1 w
SPrm rz W IWS MRS W N X SH S
» P » ® X r wpsS P wS »s W
s pur W us T ® X gW XZ XS
Es » B =1IBll  » Eps @) =10l . )
Temporal Regularizer: » x x P X SW » Sss
ws  zx prxm s pprm rsfowm »s
®rwm rsf fim
E wy(B.0) = [ U011 +1100 6"V ()



Real-time Pose and Shape Reconstruction of Two Interacting Hands With a Single Depth Camera « 49:7

Collision Regularizer: m x «r npPR KX N »
» " ms s S® KPR K WS » »
Xe » s
1 »  spox S mpr s ws » WS
» np R oz x s ® s s m
" prs s s wm rp (s xrp )0 ws
ws [Sr x 1] T SM S WS s mpr s
fim  ssw wpm  wwm wsT  mrxg r s

S

7]

Nc Nc
E (0= > / Gp(x. ,0) - Gg(x. f,0)dx. (1)
p=1g=p+17E&
r Gp,Gg w G uss » s mpr s s W
s mox nopRow s pprm rxsf
s m ms prmm rsf

nm
S

5.3 Optimization
®rs nrg &
squ rs rme WS s MW P Wz s 0w
G wss " ogr m X s rXs s m
wUpy » s n fi oW R mx S

n g »yp
S} B
» e rwug w g

6 EVALUATION
» Ss » Xoug o !
X wg ppr »S 1 »r s ® ®
» s Sus aqum »S Pr oI ow
P rs m
S »ou » S 4
W mS x
s ®s

6.1 Implementation

R IUNS m [ » GT 1
XX Sp M W X grss mm X S
XX Sp W R W we rrow t+1
x QP rums I8 Wz ™ rorom f by
PSUS WG W WP WA W s oW »
T s xfl X us » mrow S ws
S rouxrx
MRS T X SH S

ur oW W m
T w» GP ruws
S »r ox

i

G w » wmS s
B WS Rg  pu S

s mpour ffrmswmsr

M SSS r s rr mwg

mrx mwmgs( S 4)rm r wmx
frontal »ow P Sz sr s m us
sp i rmspm owm o ox
nsu nOR KW »w m s

=1
=1

0.8 0.8
= 0.6 = 0.6
g g — Proposed
a9 -
—w/o Collision
2 04 8 04 w/o Smoothness
—Proposed —w/o Pose Reg
02 —Mixed Viewpoint Data 02 —w/o Shape Reg
: Without Real Data : Closest (with Seg)
——Naive Coloring ——Closest (w/o Seg)
0 0L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Error Threshold (mm) Error Threshold (mm)
(@ (b)

Fig. 6. Results of our ablation study. (a) shows different configurations
regarding the correspondence regressor (CoRN). (b) shows configurations
regarding the optimizer.
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Fig. 7. Qualitative examples from our ablation study.
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Fig. 8. Qualitative comparison with [Tzionas et al. 2016]. Our method
achieves results with comparable visual quality while running multiple
orders of magnitude faster.

Taylor et al.
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Fig. 9. Qualitative comparison with [Taylor et al. 2017]. Our method is able
to track two hands in similar poses while at the same time reconstructing
shape automatically and avoiding collisions.
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Table 2. We compare our method to the method by Tzionas et al. [2016]
on their provided dataset. We show the average and standard deviation
of the 2D pixel error (relative to the diagonal image dimension), as well
as the per-frame runtime. Note that the pixel errors of both methods are
very small, and that our method is 1 X faster. Moreover, our approach
automatically adjusts to the user-specific hand shape, whereas Tzionas et
al. require a 3D scanned hand model.
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Fig. 11. We show qualitative results for the proposed method. Note that the different colors of the depth image are due to different absolute depth values.

g

»

Fig. 12. Given a depth image (top) as input, our CoRN produces accurate segmentation (middle) and dense correspondences (bottom).
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Final Result

O

Depth Prediction

Y

Fig. 13. Erroneous CoRN predictions, e.g. wrongly classified fingers, nega-
tively impact the final tracking result (see Fig. 3 for the reference coloring).
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A NEURAL NETWORK TRAINING DETAILS
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