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Viewers effortlessly decouple action from style Naturalness Energy

for h u m an m Otl O n Naturalness remains an elusive concept in character animafenusemetricscommonly used in motion Evidencesuggests that economy of energy is a drivahgracteristic oanimalmovement|Alexander
" synthesido improve naturalnesssuchas jerk (e.g. derivative of acceleratioopntact 2006]

But what are the best features for quantifying neutral motion numerically? 223863 (GRF) smoothness, torque smoothness, head velantiangular momentum around the center of Energymetrics

. . . . - . | Sum of squaredorques: This Power:This metric estimates the  EnergyThechanges in kinetic
The goal of this analysis is to numerically quantifydifferences betweemeutral andstylistic motionsWe : 1S4 ques . 9yt et J

. . . . Smoothnessnetrics metric is very popular in work performed by each limb over and potential energy (also called
survey existing research faretrics thatquantify energy and naturalness and then use these metimics o . . .
. - . . . o computer animation as an time. Negative power corresponds internal work) reflects the
analyzeover 50 examples of stylized and neutral walkimgfions createdrom motion capture data. Using Jerk:Smooth motions tend to have TorquechangesSmooth ContactchangesAdding o . . . .
. . . . . . . objectivefor synthesized motions  to muscles absorbing mechanical amount of work performed by
these metrics, we tedivo fundamentalhypotheses regarding neutral motions, nam#igt smaller changem acceleration motions also tend to have small constraints for smooth contact . . _ »
. g [Popovic& Witkin, 1999; Fang & energywhereas positive power the musclesBurdett et al. 1988
[Flash andHogan 1985Hollarbach changes in torque. Minimum  force changes have been shown _ .

. . . . . . Pollard, 2003; Wang et al., 2009,  corresponds to muscles generating We compute
A Neutralmotions are natural looking motions 19771 For example, angrynotions torque changes have been showto aid synthesizing smooth .

. . . . . . . 2012] We compute energy|[\Winter, 2009. We compute
A Neutral motions are more energy efficient than stylized motions tend to have larger jerk than sad to predict gentlycurved arm motions|[Fang and Pollard 2003] . o

and happy motiongRoetheret al. trajectories|Unoet al., 1989, We compute YO a0
Wefind that the sum of squared torques tends to be lowtstneutral walking motions, buhat other 2009] We compute We compute t (t ¢ ) ,
metrics such as power and energy do not. Regardatgralness, waest a number of metrics relatetd where © E(d b 0 O )
smoothnessangular momentum, and head movement anl that neutral motions are not always lowest Y- A .t 0 (6) O ¢
across sucr? megtrics g () (5 16 (0 © o ) Sum squared torques Power Energy
Jerk Changes in torques Changes in contact forces

Method

Eachmotion wasrecorded at120 fps, preprocessed to contain a single looping walkywte, retargeted to the
samecharactersmoothed and annotated with ground contact information. @osure thatcomparisons
between motions are meaningful, eaatmtion example containthe same number of ground contact
changes.

\ \
Examples:Motions are trimmed to have the matching foot contaclsp, a dancingg walk. Bottom, the
average Of 10 neUtraI Walk|ng mOtionS Histograms of the sum of squared torques for each frafie

: ) : Histograms of thesum of squared power eadrame. The largest
largest bins correspond to white dotdeutral motions tend to g . P g

bins correspond to white dot®Neutral motions tend to have Histograms of thehanges in energy eadfame. The largest
havelower sumof squared torques. lower power, but the lowest power motions are the ones with bins correspond to white dotSlowest motions tends to have

Joint mass andhertia computed from empirical models | | - | {he shortest movements (old man), the smallest scores with this metrc.

Histograms of the acceleration changes for each frame (jerkHistograms of the torque force changes for each frame. The Histograms of the contact forces changes for each frame. The

The largest bins correspond to white dofsaster motions largest bins correspond to white dots. Faster motions tend to largest bins correspond to white dots. Faster motions tend to
Body density from weight from COM tend to have higher jerk. have higher values . have higher values . . .
Ranking motions
y Q
z Forearm 0.016 0.430
E Ao o 7 Upper arm 0.028 0.436 Sable head AnQUIar momentum . . . . . . . .
D || o —T » Constraints that enforce a stable head are oftecessarwhen In human aait svnthesis. more Using foot contact annotations, we identify similar phases in each walk cycle and sum the samples into a
| Shank 00465  0.433 synthesizing gaits in both animalsamplerand Popoy CZ%VOq and atural resgults r?/ave bee,n single score for each motion. Wiseour averaged neutral motion as a baseline for comparing our other
Thigh 01 0433 Y J9 . P P . L examples, showing all scores relative to weragedy 2 U A 2y Qa a O2 NbB ®
| Head 0081 05 humans/\Wanget al.2009]. Typically, the constraint enforces the head obtained by minimizing the
=N\ W Vw o TS T Tr“”kb 0'49;CO b°'5 to look in the direction omovement. Irthis analysis, we look at the vertical component of the Name — INeck |
Infer height from skeleton Infer weight from height Infer limb density from body densit Distribute mass an M between joints. Final mass distribution 142_07 (old man) 0.10 142_07 (old man) 0.40 neutral_8 (neutral) 0.74 142_07 (old man) 0.21 142_07 (old man) 0.08
’ ) ! YRR + Estimates not based on empirical data and COM locations local speeds of the neck and head across all frames of each example angular momentum about the 137 31 (old man) 014 137 31 (old man) 0.5¢ neutral_L (neutral) 0.84 PRI 0.41 137_33 (old man) 0.14
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Veloclities and acceleranonsomputed with finite differences L (i) 0.3¢ 13702 (ca 0.71 P P e 12019 (neurral) 0.46 14216 (scared) 0.2¢
Head speed Neck speed Vertical angular momentum 137_02 (cat) 0.40 Average (neutral) 1.00 neutral_7 (neutral) 1.0¢ 142 13 (relaxed) 0.55 142_19 (shy) 0.26
142_05 (depressed) 0.45 neutral_8 (neutral) 1.08 142_13 (relaxed) 1.1€ 142_12 (limp) 0.57 142_01 (child) 0.28
142 12 (limp) 0.49 neutral_6 (neutral) 1.15 neutral_4 (neutral) 1.1 142_01 (child) 0.62 142_05 (depressed) 0.37
142_15 (sad) 0.5C 142_11 (march) 1.23 neutral_12 (neutral) 1.2C 137_33 (old man) 0.66 142_15 (sad) 0.4C
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120 21 (robot) 0.61 neutral_5 (neutral) 1.68 120_19 (neutral) 1.2¢ Average (neutral) 1.00 142_10 (lavish) 0.47
142_01 (child) 0.69 neutral_4 (neutral) 2.08 neutral_6 (neutral) 1.4 neutral_7 (neutral) 1.1C 137_06 (chicken) 0.51
120_09 (sneaky) 0.7C 120_19 (neutral) 2.24 137_27 (neutral) 1.45 neutral_6 (neutral) 1.11 neutral_11 (neutral) 0.55
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137_14 (drunk) 0.8C neutral_12 (neutral) 2.34 142_08 (happy) 2.1¢ 137_27 (neutral) 1.25 neutral_12 (neutral) 0.6C
142_18 (sexy) 0.81 137_40 (strong man) 2.5C 142_15 (sad) 2.4€ 142_10 (lavish) 1.27 137_14 (drunk) 0.62
o - o = 120_22 (zombie) 0.85 120_16 (surprised) 2.59 120_16 (surprised) 2.5C 137_40 (strong man) 1.32 137_40 (strong man) 0.62
- [ - K 120_07 (dance) 0.86 neutral_1 (neutral) 2.69 142_01 (child) 2.53 142_18 (sexy) 1.57 120_19 (neutral) 0.63
= "~ 137_27 (neutral) 0.97 120_21 (robot) 2.86 142_04 (cool) 2.6C neutral_1 (neutral) 1.64 137_38 (sexy) 0.68
- 137_40 (strong man) 0.97 142_15 (sad) 3.00 137_40 (strong man) 3.05 142_04 (cool) 1.67 120_16 (surprised) 0.73
Average (neutral) 1.00 120_22 (zombie) 3.15 137_38 (sexy) 3.2¢8 neutral_4 (neutral) 1.91 142_04 (cool) 0.7¢
137_18 (gangly teen) 1.01 137_27 (neutral) 3.2C 142_10 (lavish) 3.37 137_31 (old man) 2.24 neutral_3 (neutral) 0.81
137_12 (dinosaur) 1.01 142_05 (depressed) 3.55 142_12 (limp) 3.583 neutral_8 (neutral) 2.26 137_08 (chicken) 0.83
137_36 (sexy) 1.01 142 16 (scared) 3.55 142_09 (joy) 3.88 neutral_5 (neutral) 2.31 120_22 (zombie) 0.84
T S20 o o0 neutral_7 (neutral) 1.12 142_12 (limp) 4.13 142_18 (sexy) 3.92 137_38 (sexy) 2.41 137_27 (neutral) 0.8t
142 13 (relaxed) 1.20 142_08 (happy) 4.24 120_18 (jaunty) 4.02 142_08 (happy) 2.42 137_18 (gangly teen) 0.86
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Velocity and acceleratlon example?.fop colored plots showmg the joint speeds for each frame of several o 1 e — e i — 12021 (oton vy oo — it i —
. . . . . . i ) ) 120 _17 (jaunt 7.17 . .
example motions. Bottom, colored plots showing joint acceleration magnitudes for each frame of several g e Lol ey 497 oy e T 26¢ heutal L (newra) 0t
example motions. In the leftmost column is a neutral walk computed as the average walk over 10 neutral 137_07 (chicken) L77 142_01 (child) 5.27 142.06 (elated) . 142_16 (scared) 352 137_12 (dinosaun) L04
neutral_8 (neutral) 1.85 142_04 (cool) 5.5¢ 142_05 (depressed) 8.68 120_16 (surprised) 3.60 137_20 (gangly teen) 1.06
exam ples . 120_16 (surprised) 1.87 120_07 (dance) 5.62 137_18 (gangly teen) 9.0C 120_18 (jaunty) 6.97 142_11 (march) 1.1C
137_06 (chicken) 2.02 137_08 (chicken) 6.3C 137_14 (drunk) 9.84 137_18 (gangly teen) 7.03 120_08 (sneaky) 1.11
137_16 (drunk) 2.04 137_06 (chicken) 6.49 137_20 (gangly teen) 10.81 120_17 (jaunty) 7.38 120_21 (robot) 1.13
JOInt '[OI’ uescom Uted Wlth Inverse d n aml CS 137_20 (gangly teen) 2.06 137_16 (drunk) 6.81 120_22 (zombie) 14.17 142_06 (elated) 7.71 137_07 (chicken) 1.14
q p y neutral_6 (neutral) 2.07 142_06 (elated) 7.24 120_07 (dance) 15.47 137_08 (chicken) 9.36 137_10 (dinosaur) 1.31
12014 sneaky (torques) o 120 _17 (jaunty) 2.07 137_38 (sexy) 8.83 137_08 (chicken) 23.0€ 142_09 (joy) 9.88 neutral_8 (neutral) 1.32
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s neutral_1 (neutral) 2.45 137_18 (gangly teen) 9.35 137_12 (dinosaur) 29.7¢ 137_20 (gangly teen) 12.62 neutral_5 (neutral) 1.56
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neutral_2 (neutral) 2.74 120_17 (jaunty) 10.44 137_31 (old man) 33.4¢ 137_07 (chicken) 18.02 142_08 (happy) 1.91
b : neutral_4 (neutral) 2.76 142_09 (joy) 10.4& 137_16 (drunk) 35.6( 120_22 (zombie) 18.5C 120_07 (dance) 1.96
= 137_08 (chicken) 3.16 137_20 (gangly teen) 10.4¢ 137_06 (chicken) 36.9¢ 137_12 (dinosaur) 21.1F 120_17 (jaunty) 2.05
L5 142 11 (march) 3.31 142_10 (lavish) 10.7€ 137_10 (dinosaur) 36.9¢ 137_10 (dinosaur) 26.4z 120_09 (sneaky) 2.45
““““ 0 Y R 0.0 120_08 (sneaky) 3.31 142 _18 (sexy) 10.9¢ 120_09 (sneaky) 50.6€ 120_07 (dance) 30.7¢ 120_18 (jaunty) 2.63
120_05 (dance) 3.50 120_10 (sneaky) 14.7¢ 120_08 (sneaky) 51.4¢€ 137_16 (drunk) 50.57 120_10 (sneaky) 2.80
_ o _ 142_09 (joy) 3.79 137_07 (chicken) 19.4¢ 120_05 (dance) 71.3¢ 120_10 (sneaky) 153.1¢ 142_06 (elated) 3.34
TOrque examp|eSCO|Ol‘edp|OtS ShOW'ﬂg the jOIntOl‘que magnrtUdeS fOI‘ eaCh frame Of Several examp|e Histograms of the speeaf the head joint for each frame (in  Histograms of the speeaf the neckjoint for each frame (in Histograms of the vertical component of angular L2 LE (i), 2 L2 U (ErEey) 20 LRI G hIEEE) R Loy (B [Emeslyy], L3l L2 L e Sl
i i the local coordinate frame). The largest bins correspond to the local coordinate frame). The largest bins correspond to  momentum (normalized) for each frame. The largest bins 142_08 (happy) e 120_05 (dance) 83.6( L2IR Sliery Sk 120_05 (dance) Zoo 120_05 (dance) o
mOtIOHS. In the IeftmOSt COIUmn IS a neutral Walk Computed as the ave rage Walk over 10 neutl’a| examp|eS white dots. Most motions have little movement about the  white dots.Many motionshave little movement about the correspond to white dots. Most motions have little rotation Ranked listsRankedists comparing our motion examples against the averaged walking mdfletrics such as jerk, contact smoothness, and energy are lowest for slow, smooth motions. Metrics such as torques,

head. Units are in radians/s. neck. Units are in radians/s. around the vertical axis. Units arefhm.s power, and head speed are low for our nstylistic motions.



