
Torques the forces generating motion at each joint 
[Popovic & Witkin, 1999; Fang & Pollard, 2003; 
Wang et al., 2009, 2012] 
 

Power Work performed over time. Negative power 
corresponds to muscles absorbing mechanical 
energy from the limbs whereas  positive power 
corresponds to muscles generating energy to 
the limbs.  [Winter, 2009] 
 

Energy 
 
 

Internal Work reflects the amount of energy 

expended during motion [Burdett et al. 1983] 

Conservation Exchanges of energy within a segment occur 
when potential energy is converted to kinetic 
energy and vice versa [Winter 2009]. Higher 
energy conservation corresponds to smoother 
motions because positive work is not 
immediately lost by subsequent negative work. 

How do stylistic motions differ numerically from neutral ones? 

Naturalness Viewers effortlessly decouple action from style 
for human motion. 
But what are the best features for quantifying neutral motion numerically? 
 
The goal of this analysis is to numerically quantify the differences between neutral and stylistic motions. We 
survey existing research for metrics that quantify energy and naturalness and then use these metrics to 
analyze over 50 examples of stylized and neutral walking motions created from motion capture data. Using 
these metrics, we test two fundamental hypotheses regarding neutral motions, namely that 
 
ÅNeutral motions are natural looking motions. 
ÅNeutral motions are more energy efficient than stylized motions. 
 
We find that the sum of squared torques tends to be lowest for neutral walking motions, but that other 
metrics such as power and energy do not. Regarding naturalness, we test a number of metrics related to 
smoothness, angular momentum, and head movement and find that neutral motions are not always lowest 
across such metrics. 

Energy 

  Aline Normoyle and Norman I. Badler, University of Pennsylvania 

Method 
Each motion was recorded at 120 fps, preprocessed to contain a single looping walking cycle, retargeted to the 
same character, smoothed, and annotated with ground contact information. To ensure that comparisons 
between motions are meaningful, each motion example contains the same number of ground contact 
changes.  

Evidence suggests that economy of energy is a driving characteristic of animal movement [Alexander 
2006].  

Naturalness remains an elusive concept in character animation. We use metrics commonly used in motion 
synthesis to improve naturalness, such as jerk (e.g. derivative of acceleration), contact  
force (GRF) smoothness, torque smoothness, head velocity, and angular momentum around the center of 
mass. 

Joint mass and inertia computed from empirical models 

Joint torques computed with Inverse dynamics 

Velocities and accelerations computed with finite differences 
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Jerk The derivative of acceleration. Smaller jerk 
corresponds to smoother motion. [Flash and 
Hogan, 1985; Hollarbach 1977; Fang and 
Pollard, 2003] 
 
 

Torques 
Smoothness 
 

Changes in torques each frame for each joint, 
Smaller jerk corresponds to smoother motion. 
[Uno et al., 1989] 
 
 
 

Contact force 
Smoothness 
 

Changes in ground reaction forces each 
frame. Smaller jerk corresponds to smoother 
motion. [Fang and Pollard, 2003] 
 
  

Stable 
Head 
 

Sum of head velocity each frame. Part of the 
objective functions used by [Wampler & 
Popovic, 2009; Wang et al., 2009] 
 

Vertical 
Angular  
Momentum 
 

Angular momentum around COM [Wang et 
al., 2009; Herr & Popovic, 2008] 
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Segment Mass  COM  

Hand 0.006 0.506 

Forearm 0.016 0.430 

Upper arm 0.028 0.436 

Foot 0.0145 0.5* 

Shank 0.0465 0.433 

Thigh 0.1 0.433 

Head 0.081 0.5* 

Trunk 0.497 0.5* 
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Velocities and accelerations can be estimated with finite differences. , e.g. the root velocity  

Source: National Institute of Health 

Infer height from skeleton Infer weight from height 

ὣ ὓὢ ὄ 

Body density from weight from 
height [Contini 1972] 

 

Infer limb density from body density 
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Distribute mass and COM between joints. 

* Estimates not based on empirical data 

Body size and limb properties are correlated [Winter, 2007; J. T. McConville & Kaleps, 1980; Young et al., 1983; Robbins & Wu, 2003].  

Final mass distribution 
and COM locations 

Initialize 
 at root 

Outward pass:   
computes velocities and 
accelerations at the endpoints 
and COMs of each joint 

Inward pass:   
computes forces  and 
moments at the endpoints 
and COMs of each joint 

Initialize with 
inertial force and 
moment at end 
effector COM 

Examples:  Motions are trimmed to have the matching foot contacts. Top, a dancing jig walk. Bottom, the 
average of 10 neutral walking motions 

Velocity and acceleration examples: Top, colored plots showing the joint speeds for each frame of several 
example motions. Bottom, colored plots showing joint acceleration magnitudes for each frame of several 
example motions. In the leftmost column is a neutral walk computed as the average walk over 10 neutral 
examples.  

Torque examples: Colored plots showing the joint torque magnitudes for each frame of several example 
motions. In the leftmost column is a neutral walk computed as the average walk over 10 neutral examples.  

Smoothness metrics 

Angular momentum 

Torque changes: Smooth 
motions also tend to have small 
changes in torque. Minimum 
torque changes have been shown 
to predict gently curved arm 
trajectories [Uno et al., 1989]. 
We compute 
 

Jerk: Smooth motions tend to have 
smaller changes in acceleration 
[Flash and Hogan 1985; Hollarbach 
1977].  For example, angry  motions 
tend to have larger jerk than sad 
and happy motions [Roether et al. 
2009]. We compute 
 
 

Jerk Changes in torques Changes in contact forces 

Contact changes: Adding 
constraints for smooth contact 
force changes have been shown 
to aid synthesizing smooth 
motions [Fang and Pollard 2003]. 
We compute 
 

Stable head 
Constraints that enforce a stable head are often necessary when 
synthesizing gaits in both animals [Wampler and Popovic 2009] and 
humans [Wang et al. 2009]. Typically, the constraint enforces the head 
to look in the direction of movement. In this analysis, we look at the 
local speeds of the neck and head across all frames of each example 
motion.  

In human gait synthesis, more 
natural results have been 
obtained by minimizing the 
vertical component of the 
angular momentum about the 
COM [Wang et al. 2009]. 

Histograms of the vertical component of angular 
momentum (normalized) for each frame. The largest bins 
correspond to white dots. Most motions have little rotation 
around the vertical axis. Units are in N.m.s. 

Histograms of the speed of the head joint for each frame (in 
the local coordinate frame). The largest bins correspond to 
white dots. Most motions have little movement about the 
head. Units are in radians/s. 

Histograms of the speed of the neck joint for each frame (in 
the local coordinate frame). The largest bins correspond to 
white dots. Many motions have little movement about the 
neck. Units are in radians/s. 

Vertical angular momentum Neck speed Head speed 

Histograms of the contact forces changes for each frame. The 
largest bins correspond to white dots.  Faster motions tend to 
have higher values . 

Histograms of the torque force changes  for each frame. The 
largest bins correspond to white dots.  Faster motions tend to 
have higher values . 

Histograms of the acceleration changes  for each frame (jerk). 
The largest bins correspond to white dots.  Faster motions 
tend to have higher jerk.  

Power: This metric estimates the 
work performed by each limb over 
time. Negative power corresponds 
to muscles absorbing mechanical 
energy whereas  positive power 
corresponds to muscles generating 
energy [Winter, 2009]. We compute 

Power 

Histograms of the sum of squared power each frame. The largest 
bins correspond to white dots. Neutral motions tend to have 
lower power, but the lowest power motions are the ones with 
the shortest movements (old man). 

Sum of squared torques: This 
metric is very popular in 
computer animation as an 
objective for synthesized motions 
[Popovic & Witkin, 1999; Fang & 
Pollard, 2003; Wang et al., 2009, 
2012]. We compute 

Sum squared torques 

Histograms of the sum of squared torques for each frame. The 
largest bins correspond to white dots. Neutral motions tend to 
have lower sum of squared torques. 

Ranking motions 
Using foot contact annotations, we identify similar phases in each walk cycle and sum the samples into a 
single score for each motion. We use our averaged neutral motion as a baseline for comparing our other 
examples, showing all scores relative to the averaged ƳƻǘƛƻƴΩǎ ǎŎƻǊŜΦ 

Ranked lists: Ranked lists comparing our motion examples against the averaged walking motion. Metrics such as jerk, contact smoothness, and energy are lowest for slow, smooth motions. Metrics such as torques, 
power, and head speed are low for our non-stylistic motions. 

Energy metrics 
Energy The changes in kinetic 
and potential energy (also called 
internal work) reflects the 
amount of work performed by 
the muscles [Burdett et al. 1983]. 
We compute 

where 

Histograms of the changes in energy each frame. The largest 
bins correspond to white dots. Slowest motions tends to have 
the smallest scores with this metric. 

Energy 

Name Neck 

142_07 (old man) 0.40 

137_31 (old man) 0.58 

137_33 (old man) 0.63 

neutral_7 (neutral) 0.68 

137_02 (cat) 0.71 

Average (neutral) 1.00 

neutral_8 (neutral) 1.08 

neutral_6 (neutral) 1.15 

142_11 (march) 1.23 

neutral_3 (neutral) 1.48 

neutral_11 (neutral) 1.53 

neutral_5 (neutral) 1.68 

neutral_4 (neutral) 2.09 

120_19 (neutral) 2.24 

120_08 (sneaky) 2.31 

neutral_2 (neutral) 2.32 

neutral_12 (neutral) 2.34 

137_40 (strong man) 2.50 

120_16 (surprised) 2.59 

neutral_1 (neutral) 2.69 

120_21 (robot) 2.86 

142_15 (sad) 3.00 

120_22 (zombie) 3.15 

137_27 (neutral) 3.20 

142_05 (depressed) 3.55 

142_16 (scared) 3.55 

142_12 (limp) 4.13 

142_08 (happy) 4.24 

142_13 (relaxed) 4.30 

137_12 (dinosaur) 4.31 

137_14 (drunk) 4.97 

142_19 (shy) 5.18 

142_01 (child) 5.27 

142_04 (cool) 5.59 

120_07 (dance) 5.62 

137_08 (chicken) 6.30 

137_06 (chicken) 6.49 

137_16 (drunk) 6.81 

142_06 (elated) 7.24 

137_38 (sexy) 8.83 

137_10 (dinosaur) 8.99 

120_18 (jaunty) 9.19 

137_18 (gangly teen) 9.35 

137_36 (sexy) 9.80 

120_17 (jaunty) 10.44 

142_09 (joy) 10.45 

137_20 (gangly teen) 10.49 

142_10 (lavish) 10.76 

142_18 (sexy) 10.98 

120_10 (sneaky) 14.79 

137_07 (chicken) 19.45 

120_09 (sneaky) 27.59 

120_05 (dance) 33.60 

Name Torques 

neutral_8 (neutral) 0.74 

neutral_1 (neutral) 0.84 

Average (neutral) 1.00 

142_11 (march) 1.09 

neutral_2 (neutral) 1.09 

neutral_7 (neutral) 1.09 

142_13 (relaxed) 1.16 

neutral_4 (neutral) 1.19 

neutral_12 (neutral) 1.20 

137_36 (sexy) 1.27 

neutral_11 (neutral) 1.28 

120_19 (neutral) 1.29 

neutral_6 (neutral) 1.45 

137_27 (neutral) 1.45 

neutral_3 (neutral) 1.46 

neutral_5 (neutral) 1.66 

142_08 (happy) 2.19 

142_15 (sad) 2.46 

120_16 (surprised) 2.50 

142_01 (child) 2.53 

142_04 (cool) 2.60 

137_40 (strong man) 3.05 

137_38 (sexy) 3.25 

142_10 (lavish) 3.37 

142_12 (limp) 3.53 

142_09 (joy) 3.88 

142_18 (sexy) 3.92 

120_18 (jaunty) 4.02 

142_19 (shy) 4.49 

120_21 (robot) 6.44 

120_17 (jaunty) 7.17 

142_07 (old man) 7.99 

142_06 (elated) 8.22 

142_05 (depressed) 8.68 

137_18 (gangly teen) 9.00 

137_14 (drunk) 9.84 

137_20 (gangly teen) 10.81 

120_22 (zombie) 14.13 

120_07 (dance) 15.47 

137_08 (chicken) 23.06 

137_02 (cat) 26.26 

137_33 (old man) 26.40 

137_12 (dinosaur) 29.73 

142_16 (scared) 33.06 

137_31 (old man) 33.46 

137_16 (drunk) 35.60 

137_06 (chicken) 36.93 

137_10 (dinosaur) 36.93 

120_09 (sneaky) 50.66 

120_08 (sneaky) 51.46 

120_05 (dance) 71.33 

137_07 (chicken) 79.33 

120_10 (sneaky) 81.06 

Name Power 

142_07 (old man) 0.21 

neutral_12 (neutral) 0.41 

neutral_11 (neutral) 0.42 

142_15 (sad) 0.45 

120_19 (neutral) 0.46 

142_13 (relaxed) 0.55 

142_12 (limp) 0.57 

142_01 (child) 0.62 

137_33 (old man) 0.66 

142_19 (shy) 0.88 

142_05 (depressed) 0.91 

Average (neutral) 1.00 

neutral_7 (neutral) 1.10 

neutral_6 (neutral) 1.11 

neutral_3 (neutral) 1.15 

137_36 (sexy) 1.24 

137_27 (neutral) 1.25 

142_10 (lavish) 1.27 

137_40 (strong man) 1.32 

142_18 (sexy) 1.57 

neutral_1 (neutral) 1.64 

142_04 (cool) 1.67 

neutral_4 (neutral) 1.91 

137_31 (old man) 2.24 

neutral_8 (neutral) 2.26 

neutral_5 (neutral) 2.31 

137_38 (sexy) 2.41 

142_08 (happy) 2.42 

137_14 (drunk) 2.52 

137_02 (cat) 2.85 

neutral_2 (neutral) 2.86 

120_21 (robot) 3.11 

142_16 (scared) 3.52 

120_16 (surprised) 3.60 

120_18 (jaunty) 6.97 

137_18 (gangly teen) 7.03 

120_17 (jaunty) 7.38 

142_06 (elated) 7.71 

137_08 (chicken) 9.36 

142_09 (joy) 9.88 

142_11 (march) 11.06 

137_06 (chicken) 12.46 

137_20 (gangly teen) 12.62 

120_08 (sneaky) 15.69 

137_07 (chicken) 18.03 

120_22 (zombie) 18.50 

137_12 (dinosaur) 21.15 

137_10 (dinosaur) 26.42 

120_07 (dance) 30.78 

137_16 (drunk) 50.57 

120_10 (sneaky) 153.14 

120_09 (sneaky) 157.41 

120_05 (dance) 285.62 

Name Jerk 

142_07 (old man) 0.10 

137_31 (old man) 0.14 

137_33 (old man) 0.14 

142_16 (scared) 0.27 

neutral_11 (neutral) 0.36 

137_02 (cat) 0.40 

142_05 (depressed) 0.45 

142_12 (limp) 0.49 

142_15 (sad) 0.50 

neutral_12 (neutral) 0.52 

142_19 (shy) 0.54 

120_21 (robot) 0.61 

142_01 (child) 0.69 

120_09 (sneaky) 0.70 

142_10 (lavish) 0.76 

120_19 (neutral) 0.78 

137_14 (drunk) 0.80 

142_18 (sexy) 0.81 

120_22 (zombie) 0.85 

120_07 (dance) 0.86 

137_27 (neutral) 0.97 

137_40 (strong man) 0.97 

Average (neutral) 1.00 

137_18 (gangly teen) 1.01 

137_12 (dinosaur) 1.01 

137_36 (sexy) 1.01 

neutral_7 (neutral) 1.12 

142_13 (relaxed) 1.20 

neutral_3 (neutral) 1.32 

120_18 (jaunty) 1.58 

137_10 (dinosaur) 1.61 

120_10 (sneaky) 1.62 

137_07 (chicken) 1.77 

neutral_8 (neutral) 1.85 

120_16 (surprised) 1.87 

137_06 (chicken) 2.02 

137_16 (drunk) 2.04 

137_20 (gangly teen) 2.06 

neutral_6 (neutral) 2.07 

120_17 (jaunty) 2.07 

137_38 (sexy) 2.20 

142_04 (cool) 2.41 

neutral_1 (neutral) 2.45 

neutral_5 (neutral) 2.64 

neutral_2 (neutral) 2.74 

neutral_4 (neutral) 2.76 

137_08 (chicken) 3.16 

142_11 (march) 3.31 

120_08 (sneaky) 3.31 

120_05 (dance) 3.50 

142_09 (joy) 3.79 

142_06 (elated) 3.84 

142_08 (happy) 4.72 

Name Energy 

142_07 (old man) 0.09 

137_33 (old man) 0.14 

137_31 (old man) 0.22 

137_02 (cat) 0.23 

142_16 (scared) 0.25 

142_19 (shy) 0.26 

142_01 (child) 0.28 

142_05 (depressed) 0.37 

142_15 (sad) 0.40 

142_13 (relaxed) 0.43 

137_36 (sexy) 0.46 

142_10 (lavish) 0.47 

137_06 (chicken) 0.51 

neutral_11 (neutral) 0.55 

142_12 (limp) 0.56 

142_18 (sexy) 0.58 

neutral_12 (neutral) 0.60 

137_14 (drunk) 0.62 

137_40 (strong man) 0.62 

120_19 (neutral) 0.63 

137_38 (sexy) 0.68 

120_16 (surprised) 0.73 

142_04 (cool) 0.79 

neutral_3 (neutral) 0.81 

137_08 (chicken) 0.83 

120_22 (zombie) 0.84 

137_27 (neutral) 0.85 

137_18 (gangly teen) 0.86 

neutral_6 (neutral) 0.90 

neutral_7 (neutral) 0.93 

neutral_1 (neutral) 0.98 

Average (neutral) 1.00 

137_12 (dinosaur) 1.04 

137_20 (gangly teen) 1.06 

142_11 (march) 1.10 

120_08 (sneaky) 1.11 

120_21 (robot) 1.13 

137_07 (chicken) 1.14 

137_10 (dinosaur) 1.31 

neutral_8 (neutral) 1.32 

neutral_2 (neutral) 1.54 

137_16 (drunk) 1.54 

neutral_5 (neutral) 1.56 

neutral_4 (neutral) 1.66 

142_08 (happy) 1.91 

120_07 (dance) 1.96 

120_17 (jaunty) 2.05 

120_09 (sneaky) 2.45 

120_18 (jaunty) 2.63 

120_10 (sneaky) 2.80 

142_06 (elated) 3.34 

142_09 (joy) 3.47 

120_05 (dance) 6.54 


