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ABSTRACT 
 

 The animation of quadruped motion is not trivial.  Virtual worlds can enhance user 
experiences if they include recognizable and believable quadruped characters.  Previous 
work on believable and expressive biped animation has been applied to that of a real time 
interactive quadruped to produce smooth, rich animation of locomotion.  In order to 
animate the motion of a modeled quadruped, periodic functions were used on a per limb 
basis to interpolate between ranges of motion.  This solution does not require quadruped 
actors or trainers and is less complex than physics simulations.  For this project, a system 
was designed to allow a user to upload a skeletal hierarchy and animate quadruped 
behavior such as various gaits, motions with periods of flight, turning and transitions 
between behaviors.  To demonstrate the resulting product of the system, an interactive 
quadruped model, abstracted from horse anatomy, is able to be controlled by user input.  It 
can smoothly traverse flat terrain via 3 gaits: walk, trot and transverse gallop.  
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1 INTRODUCTION 

1.1 PROBLEM 

 One of the challenges of computer graphics (CG) and animation is the reproduction of 
believable images of the natural world.  In particular, the believable animation of 
quadruped life is an area of active research.  Regarding the animation of locomotion, the 
majority of previous works has focused on bipeds, especially humans.  Virtual worlds, 
whether they be for interactive games or film, are made much more believable and 
engaging by the inclusion of animals observable in daily life such as dogs, cats, farm 
animals, rodents or even fantasy animals resembling real world counterparts.  Quadruped 
animation is an interesting area in CG as it must address the laborious task of properly 
articulating four limbs during locomotion and movement while still allowing for control by 
animators who are more interested in narratives or emotive expression.  In fact, the 
primary challenge of animating a quadruped appears to be believable locomotion, e.g. 
coordinated foot movement adhering to well known gaits, minimal foot skate, and 
responsive traction.  Motion capture and dynamics simulations dominate the research 
space of quadruped animation [1] [2] [3] [4] [5] [6], though the expense of the former and 
the complexity of the latter suggest that there is room for improvement in approaches to 
real time interactive quadrupeds interacting with users in virtual worlds.   

 Thus, this report details the design and implementation of a system that animates the 
locomotion of a real time interactive quadruped without motion capture data and without 
simulating the dynamics of quadruped motion.  This approach is inspired by Ken Perlin's 
application of periodic and coherent noise functions for interpolating through joint angle 
data of articulated bodies to create believable, though not necessarily photorealistic, 
gestures and movement [7] [8].  This approach does not incur the financial cost of motion 
capture data.  As well, this approach avoids the constraints and complexity of real world 
mechanics.   

1.2 PREVIOUS APPROACHES 

 For a thorough review of the state of the art in quadruped animation, see Skrba et al. [5]  
Real world data driven approaches to quadruped animation have been implemented, such 
as performance or traditional motion capture [9] or motion capture from existing video [2].  
Performance motion capture yields the most realistic results for quadruped animation, 
however this method has several issues.  Traditional motion capture generally suffers from 
the potential need to retarget motions to different morphologies and the collection of data 
sets for specific actions.  Motion capture does not appear as realistic in dynamic 
environments that differ significantly from the environment in which the data was 
recorded.  Motion capture for quadrupeds suffers from the same drawbacks as motion 
capture from human performers and more.  If the quadruped is domesticated, then the 
costs of expert animal trainers, animal actors and suitable recording environments is 
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incurred.  If the animal is not domesticated, then traditional motion capture is not feasible.  
Thus, motion capture for quadrupeds, when available, is more suitable for film, where 
scenes and environments are planned in advance, or interactive computer game software 
developers with budgets large enough to absorb the cost [10].   

 Favreau et al. extracted motion data key frames from wild life documentary footage.  [2]  
Using automated image segmentation or manual user "sketches", a normalized binary 
image is generated which consists of the silhouette of the quadruped and the remaining 
scenery.  Principal component analysis is used on the data from the scenes to create a pose 
space.  Radial basis functions are then used to interpolate between the poses.  This 
approach is limited to periodic motion and, like motion capture, acquires data that is 
specific to the scene in which it was recorded.   

 Early work by Van de Panne included the use of  physics based motion controllers for 
animated characters with one, two, four and six legs.  [4]  Parameterized motions are 
synthesized via iterative optimization.  A motion is generated, evaluated by an optimization 
algorithm, and this data is used during the next motion generation cycle.  Target 
configurations are given by a pose control graph, i.e. a state machine where each state 
represents a set of joint angles of an ideal pose and each arc represents the duration of time 
in that pose.  A proportional derivative is used to solve for the torques required to achieve 
the pose while accounting for various external forces such as gravity.  The optimization 
occurs over parameters contextual to the motion being synthesized, such as stride length 
for a gait or angle turned for a turning motion.  These factors are chosen by the animator to 
parameterize the synthesized motions.   

 Torkos and van de Panne documented a trajectory optimization based method for 
animating a quadruped. [6]  The basis of the simulation is the optimization of motion 
trajectories for two points of mass representing the quadruped body, rather than all 
degrees of freedom for the skeleton.  This is based on the notion that a motion, such as 
jumping, can be separated into the gross motion of the overall body in space and the fine 
motion of the individual joints angles.  Thus the portion of the model that is considered 
during trajectory optimization is abstracted such that it consists of two points connected by 
a spring.  The points represent the shoulders and hips.  The spring represents the spine, 
along which the center of mass resides.  The inputs to the simulation are footprint locations 
at specified times.  Secondary to this are soft constraints that include parameters to 
prevent unnatural poses and the laws of physics.  The path and velocity of the quadruped 
are given by the user via an interface in which footprints are placed on a virtual terrain.  
Trajectory optimization is used to traverse the gross model of the quadruped body, i.e. the 
hips, shoulders and spine, over the designated path represented by the footprints.  The 
trajectory optimization must also take into account the stance legs, which are those legs 
that are in contact with the ground, and thus actively generating force on the body.  Once 
the trajectory of the body is sufficiently positioned, the limb joints are assigned values.  
These joint angles are determined using an example based inverse kinematics method, 
which is used to match leg joint angles to existing keyframes of gait patterns.  This method 
was used to demonstrate an animated cat that could robustly traverse dynamic terrain 
using various gaits and jumps.  Limitations of this method included the lack of proper 
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stylistic constraints that matched specific animals.  As well, poor timing of footprint data 
can yield unnatural movement.   

 Coros et al presented a remarkably robust 3D forward dynamic simulation of a dog, 
modeled via independent shoulder and hip leg frames connected by a flexible spine.  Gait 
graphs depict timing of four limbs in their respective gait phases.  Locomotion is primarily 
the result of the torques calculated by the legs which are in contact with a surface, which 
are acquired through Jacobian transpose.  The pose or shape of the model generally results 
from proportional derivative controllers minimizing error on target joint angles.  These 
target joint angles for the legs are determined by inverse kinematics, and for the spine by 
the pitch of hip and shoulder leg frames.  Leg frames are the local coordinate spaces that 
link the legs to the spine.  The leg frames serve as base links for the generation of torques 
that propel the spine. The presented method is able to model a German shepherd dog 
capable of six different gaits, reasonable transitions among gaits, adjusting foot placement 
as a result of forceful perturbations mid stride, adapting foot placement in reaction to 
variable terrain and performing leaps and jumps.   The adaptations to perturbations and 
terrain are not limitless and the simulation does not accurately map joint angles and body 
position to those from data acquired by video footage of a German shepherd.  Nor does the 
simulation achieve the same velocity or have the ability to turn and change direction with 
the agility of real life quadrupeds.   

 Marsland and Lapeer also used dynamics in animating a horse.  [3] The modeled 
skeleton of a horse was composed of bone segments that each had mass.  A proportional 
integral derivative controller is used to apply torques to each hinge joint necessary to 
approach those specified by key frames created by an animator to match live action video 
footage of a trotting horse.    An additional proportional controller was found to be 
necessary in order to correct the overall trot trajectory of the horse towards its goal.  
Otherwise, the simulation was found to veer laterally off course.  While this simulation 
showed that key framing or video based motion capture data could be combined with 
dynamics based methods, it still suffers from the drawbacks of requiring existing kinematic 
data and control is largely out of the user's hands.   

 Huang, Huang and Lin use asynchronous time warping for blending between horse gait 
animations.  [11]  Horses are known for several gaits.  In order to believably animate a 
horse, one must be able to transition between gait cycles in a visually acceptable manner.  
In this paper, the authors address the problem of directly transitioning from one gait to 
another.  At some given point within a gait cycle, the four limbs of a horse are in a known 
position, as the cycle is uniform from stride to stride.  In order to transition from one gait 
cycle to the next, e.g. from a trot to a gallop, one might simply interpolate over an interval 
from a normalized point in time T of the initial gait cycle to the same normalized point in 
time T of the new gait, since the gait cycle may not have the same playback duration.  The 
root of the problem is that the four limbs may have vastly different configurations given the 
same normalized interval.  Thus, the researchers use an asynchronous time warping 
method on each leg to ensure that each leg is in the appropriate position by the end of the 
transition duration. The primary strength of this works appears to be the smooth transition 
between gait cycles.  This prevents the need to either explicitly keyframe or use motion 
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capture to generate gait transitions.  Otherwise, it uses motion capture data from Eadweard 
Muybridge's famous photographs of horses in motion to create animations.   

 The majority of the published works on animating quadrupeds focuses on motion 
synthesis via simulating dynamics.  The overwhelming trend in this direction is due to the 
pursuit of realism.  In the publication detailing the Improv system by Ken Perlin, "the 
suspension of disbelief, or believability, does not require realism." [8]  Humans are actually 
quite good at distinguishing well known quadrupeds, i.e. farm animals, by their gaits when 
shown animated joint markers acquired from motion capture. [12]  This inspires the 
subject of this report as the intention is to animate a quadruped while avoiding the 
simulation of actual dynamics and not directly pursuing realism by, borrowing another 
phrase from Perlin, portraying the "texture" [7] of motion.  In [7], Perlin describes the 
animation of articulated figures by interpolating through joint degrees of freedom with 
stochastic noise functions, or Perlin Noise, and periodic functions [13].  In this animation 
system, actions are collections of articulated movement within a range of motion such as 
dancing or running.  Even standing is considered an action as many living articulated 
bodies undergo some movement while appearing to "stand still".  Each action is given a 
normalized scalar weight during runtime which determines what action is being animated 
and for transitions from one action to the next.  At any given time, only a few actions have a 
weight greater than 0.  Those that do are actively being used to manipulate the joints of the 
articulated figure.  For smooth transitions between actions, the preceding action's weight 
will gradually diminish to 0 while the upcoming action rises in value.  Actions are described 
by data that specifies the range of motion in each degree of freedom and the periodic 
function used for interpolation.  For each joint, a beginning configuration angle and an 
ending configuration angle is given.  The method of interpolation may consist of a raised 
sine or cosine function, or a stochastic noise function.  It is possible for a single joint to have 
more than one interpolation method used on it, as may be the case for a ball and socket 
joint which may rotate along any axis and thus may have up to 3 different interpolation 
methods.  The periodic functions were chosen by Perlin simply based on the fact that by 
observation, natural motion appears periodic with some stochastic or noisy variation.  This 
produces smooth motion while not appearing to be "on rails" or robotic.  Bias and gain 
functions, as described in [14], are also used to modify motion which can help to portray 
expressive behavior by varying the rate of interpolation. Transitions between actions are 
constrained by weights, as described earlier, and explicit motion constraints.  Weight 
determines which action is being performed, while explicit constraints, such as a foot being 
planted on the ground before turning, prevent unnatural movements from being combined.  
There are also global  constraints that are never violated for any animation, such as a 
stance foot must propel the figure and that this foot must not penetrate through the floor.  
It should be noted that Perlin refers to the desire to combine this method with motion 
capture data, though it seems these efforts were never published.  A criticism leveled 
against this method could be that the resulting motions do not appear realistic when 
compared to motion capture, but they do appear expressive and natural, which may 
support believability. 
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1.3 PROBLEM STATEMENT 

 Current methods of real time interactive quadruped animation include motion capture 
based animation and physics based simulations.  Motion capture is prohibitive due to the 
cost of acquiring data and limited access to quadruped actors.  Physics based simulations 
are overly complex and more difficult to direct for the purposes of animation. The 
application of techniques in biped animation for quadruped motion is not a straight 
forward process,  thus far it seems only [1] [6] have achieved this.   

1.4 HYPOTHESIS 

 Believable animation of quadruped locomotion and actions can be achieved via the use 
of periodic functions and minimal constraints, as introduced by Ken Perlin for animating 
humanoid bipeds. [7]  This method is appealing as it allows for the animation of believable 
quadrupeds in the absence of costly or unobtainable motion capture data and providing 
greater control and simplicity than dynamics simulations.   

 The proposed solution includes a quadruped model designed using the proportions of a 
horse and animations, or Actions that allow the model to perform idle standing, walking, 
trotting and galloping.  The quadruped is able to believably traverse flat terrain, smoothly 
transition between and among gaits to change velocity, and allows for the limited ability to 
alter the quadruped's heading. 
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2 DESIGN 
 

 For this project, the modeled quadruped was chosen to be a horse.  While nearly all 
quadrupeds share the same gait cycles [15], the horse is a useful model in that it is and has 
been frequently depicted in art and entertainment.  Historically, science minded artists 
such as Leonardo Da Vinci and Edweard Muybridge have been fascinated by the gait and 
form of horses.  Recently, CG horses have been depicted in films and in real time interactive 
animation for computer games such as Shadow of the Colossus (2005), Red Dead 
Redemption(2010) and The Elder Scrolls V: Skyrim (2011).  The characteristics of the horse's 
anatomy make it a less complex test case relative to other animals.  Horses are less agile 
and have much more rigid spines when compared to dogs, cats or rodents [16], and thus 
can be modeled with fewer degrees of freedom.  Of course, for the sake of a real time 
interactive application, it is also the intention of this project to support the production of 
virtual experiences for the user, such as riding or controlling a believable horse, rather than 
a robotic simulation, in a virtual environment.   

 Thus, in order to properly animate a horse, a believably proportioned horse model is 
required.   As well, four Actions (Idle, Walk, Trot, Transverse Gallop) were created to 
represent the most anecdotally known actions of a horse.   Simple constraints are used to 
prevent the model from appearing to 'fall through the ground' and for handling gaits that 
have flight phases.  With limited ability, the horse is able to change its heading, giving the 
appearance of turning.    

2.1 APPLICATION DESIGN 

 The application is designed to render a scene in which an Actor, the horse, performs 
animated behavior, or Actions, while traversing a flat terrain.  It consists of a polling design 
with four major components as shown in Figure 2.1; initialization, updating, drawing and 
processing user input.   

 Initialization 
o Set window size and various GPU API parameters 
o Initialize camera position and orientation 
o Set viewing perspective 
o Parse scene file parameters describing actor .BVH and Action file names 
o Initialize Actor object including parsing of .BVH file to create Actor's Skeleton 

(geometric model) 
o Create Action objects from Action files and pass Action objects to Actor 

 Updating 
o Notifies Actor to update geometry based on time elapsed since last call to 

update, which results in joint angle configuration and change in Actor's 
position in the scene 

 Drawing 
o After frame time has elapsed or User Input has been detected, notifies Actor 

to draw geometric representation of its Skeleton in scene space 
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 Handling User Input 
o Similar to Updating, User can impose changes in Actions being performed by 

the Actor, the heading of the Actor, camera parameters or perspective 
o Results in immediate draw call after Actor has updated Skeleton geometry in 

reaction to User Input 

                                  
Figure 2.1: Program flow 

 During the Updating phase, the Actor has its Skeleton model geometrically transformed 
by the Euler angles, which are provided by the currently active Action or blended Actions.  
Given a frame rate, such as 1 frame every 60th of a second, the Actor is drawn in the scene 
on the screen.  This subsequently results in the model being animated in performing a 
certain Action which, if it is a gait, results in locomotion about the terrain.  The following 
pseudocode describes the general process of altering the model to produce animation. 

Update(time): 

Normalize time to active Action(s) playback duration 

Update active Action(s) 

Apply Euler angles to Actor.Skeleton, i.e. update model geometry 

Determine whether Actor is on ground or in flight 

IF Actor is on ground 

 Displace Actor such that it appears to be standing on  terrain 

and reacting to traction 

ELSE 

 Displace Actor based on projectile motion 

END IF-ELSE 

Alter heading as per User Input 

 



8 
 

2.2  THE HORSE MODEL 

Figure 2.2: The Horse Model 

 The "model" here refers to the geometric body that is animated via applying 
transformations to various Cartesian coordinate spaces over time.  These coordinate spaces 
are hierarchically related.  The 'highest' space in the system is the world space in which the 
model appears to exist and traverse.  In this regard, the model's location may be 
generalized to the location of its 'root' node, e.g. the red sphere in Figure 2.2, in world 
space.  The actual animation of the model is completed via the continuous transformation 
of each node by its parent node's transformation and a transformation local to itself.  Each 
node is a geometric origin of a Cartesian coordinate space, which exists in the coordinate 
space described by its parent node.  Thus, the position of each end effector, e.g. the green 
spheres in Figure 2.2, is positioned in world space as a result of being transformed by every 
transformation that was performed on the node that preceded it from the 'root' node.   

 The quadruped model used in this project is designed to be roughly similar in 
proportion to the real world Lusitano horse breed.  In the absence of artistic training in the 
generation of 3D models, a crude process was used to create a .BVH file via the open source 
Blender software.  Two dimensional anatomical images were acquired via World Wide Web 
search and imported as textures into the Blender rendering space context.  These images 
depicted the sagittal (side) cross section of the full body, and two coronal (front) cross 
sections, one each at the shoulder and hips.  Using an orthographic perspective, the images 
were oriented and scaled such that the coronal and sagittal cross sections appeared to 
represent the same model.  For example, the image of the coronal cross section of the 
sacrum, hips and hind limbs intersected at a right angle with the sagittal cross section of 
the body at the hip.  Then the images were scaled such that identifiable bony landmarks 
visible from both perspectives, e.g. the top of the sacrum and the bottom of the hooves, 
were in direct proportion.  Remaining in the orthographic perspective, point primitives 
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were then drawn into the space at the point of intersection of right angle vectors which, in 
turn, intersect with the joint on the 2D image.  These point primitives thus compose a 
perfectly symmetrical geometric data structure representing each point of articulation in 
the horse model.   

                                                             
Figure 2.3:  Hierarchical Structure of Joint Nodes 

 This data structure is a hierarchical tree, described by a .BVH file, in which the center of 
gravity is considered the root and every child node represents another musculoskeletal 
joint.  When a branch occurs in the tree, a limb is created.  At the end of this process, 49 
musculoskeletal joints, represented by point primitives, were created.  Only a subset of the 
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total number of these joints is articulated in this project.  A simplified listing of joint names 
and their hierarchical relationship is given in Figure 2.3.  As well, the full contents of the 
.BVH file are available in Appendix B. 

 The geometric point primitive data is then used to extrapolate the dimensions of the 
horse as being 1.524 meters tall at the shoulder, i.e. measured from the bottom of the fore 
hoof to the top of the shoulder joint standing in the aforementioned symmetric stance pose.  
This proportion is similar to the Lusitano breed [17], and is also used to determine distance 
on the virtual terrain, which is described in a later section.   

 The model is rendered using simple arbitrarily colored spheres centered at the point 
primitives with line primitives representing the bones that exist between musculoskeletal 
joints.  This simple model is justified because the motion of well known quadrupeds is 
recognizable by humans given point data alone.  [12]  As well, the characteristic hair and 
pliable musculature of a horse would have to be modeled such that they do not detract 
from the believability of the actions.  Given these considerations, modeling skin, hair and 
musculature is thus beyond the scope of this project 

 Since the model is represented by a hierarchical tree, it is composed of multiply linked 
nodes.  During the Updating process, each node, receives a set of Euler angles from the 
currently active Actions.  These Euler angles are converted to a transformation matrix for 
each joint.  The nodes distance from its parent, which is given by the .BVH file, is also 
included as a translation in this local transformation matrix.  All non-root nodes multiply 
their local transformation matrix by the node's parent transformation matrix.  The root 
node receives it's translation data at the end of this process, as root translation is 
determined by displacement of feet on the ground or by projectile motion.   

 If the skeletal hierarchy is flattened, then each node may be assigned an integer i.  Then 
let A represent an Action or blended Actions, which may be, for now, considered a 
collection of Euler angles.  Ai relates a set of Euler angles to joint node Si , which are used to 
create a column major transformation matrix along with the joint nodes offset from its 
parent node given by the .BVH file.  Then during each Update phase, the following 
algorithm is used, starting with the root, i = 0: 

UpdateGeometry(): 

Nodei.local_matrix = Identity Matrix 

Rotate Nodei.local_matrix about X-axis Ai.x degrees 

Rotate Nodei.local_matrix about Y-axis Ai.y degrees 

Rotate Nodei.local_matrix about Z-axis Ai.Z degrees 

IF Nodei is NOT the root node 

 Translate Nodei.local_matrix by Nodei.offset 

Nodei.world_matrix = Nodei.local_matrix *parent.world_matrix 
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For each child Nodej 

 Nodej.UpdateGeometry() 

END FOR LOOP 

The next section details how Actions are used to describe and generate a set of Euler angles 
that are assigned and applied to each joint in the model.   

2.3  ACTIONS 

 The term 'Action' refers to a set of mathematical expressions that yield a set of Euler 
angles which is used to describe a single animation.  In the context of this project,  gait 
cycles are represented as Actions, and thus the terms are used interchangeably.  The 
project is capable of supporting Actions that, when animated, do not represent any form of 
locomotion.  Directly inspired by the system detailed in [7] and [8], an Action has 
expressions used for interpolation between joint angle parameters of a playback duration.  
Thus allowing each joint to rotate over time between two extremes.  It is possible to have 3 
degrees of freedom for each joint, though in practice, of the subset of joints that are 
articulated, there is typically only one degree of freedom in motion.  The functions used to 
interpolate the rotations are periodic and coherent stochastic noise functions.  The 
functions do not necessarily have to be periodic, but odd animations would result.   

 The notation for interpolation parameters is given by: 

{xMin, yMin, zMin}    {xMax, yMax, zMax}    {InterpX(t), InterpY(t), InterpZ(t)}   Joint_ID 

Where xMin refers to the lower bound of rotation for the X-axis and xMax refers to the upper 
bound of rotation.  The function InterpX(t) is the animator defined function used to 
interpolate between xMin and xMax.  The variable time t is system time that is always 
normalized to the current playback duration of the Action.  Joint_ID is the identifier of the 
quadruped model's joint that will receive the resulting Euler angles.  

 During each iteration of the Update cycle, time is used to determine the new angles of 
rotation about each axis, or Euler angles, for a joint.  The pseudocode below describes this 
process: 

For each joint in the quadruped model 

 xRot = xMin + (Interpx(t) * (xMax - xMin)) 

 yRot = yMin + (Interpy(t) * (yMax - yMin)) 

 zRot = zMin + (Interpz(t) * (zMax - zMin)) 

 

As discussed in the previous section, these Euler angles are then used to create a 
transformation matrix to rotate each joint as needed.  If the interpolation function is not 
defined, then the output is always 0.  In this circumstance, the joint will be fixed at 
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whatever value is given by the minimum bound on rotation.  None of the Actions define 
translation.  The translation of each joint, with the exception of the 'root' node, is 
determined by the .BVH file that describes the model.  The .BVH model specifies the 
distance of each non-root joint from its parent, and this remains fixed.  The root is 
translated as a result of movement of the limbs, which is described in a later section. 

 The spine of this project's quadruped model has several points of articulation, but the 
actual spine of a horse is quite rigid, so rotations never occur along the entire length of the 
spine.  Since there is observable flexion and extension through the spine during locomotion 
and other movements [15], this is represented in animated Actions through the sacrum 
junction, the shoulder junction, the base of the neck and the base of the skull.  While not 
attempting to simulate the dynamics, this is speculated to give the appearance of the hips 
applying rotational forces to the spine attached to it.  Gross head and neck motion rely 
entirely on the design of the action and have no affect on locomotion.  This motion is 
included, however, to provide a visual sense of elasticity as the head movement appears to 
respond to movement along the spine.  It appears that the tail of a horse has little effect on 
locomotion, at least in so far as the animation of locomotion and gross movement is 
involved.  [1] [2] [3] [4] [6]  This is why the tail is not dramatically animated in any of the 
Actions.   

 The model is capable of performing the following specific actions: 

 stand in an idle pose 
 walk, i.e. the slowest gait 
 trot, i.e. an intermediate velocity gait notable for having two flight phases per stride 

cycle and for its oblique symmetry of footfalls  
 transverse gallop, i.e. the gallop specific to a horse as opposed to the rotary gallop 
 turning during each of the movements listed above 

These gaits were chosen because they are, anecdotally, the actions expected of a horse.  In 
this project, an Action explicitly describes a single stride cycle.  A gait can generally be 
considered to be a collection of similar stride cycles.  Horse gaits, or gaits in general, are 
often described by frequency or duration of stride, duty factor, stance phase, flight phase 
and the presence of suspension.  The duration of a stride is used as the duration of the 
Action's animation playback.  Duty factor refers to the interval of time over which a foot is 
in contact with the ground, since in most gaits, a foot is raised in the air at some point to 
perform a step.  Duty factor does not play a major role in this project and was not explicitly 
considered while designing Actions.  A gait's stance phase is the interval during which any 
one foot is in contact with the ground.  Some gaits or Actions have a stance phase that is as 
long as the total duration of the gait, e.g. the walk cycle.  Some gaits have a flight phase, or 
undergo suspension, during which all feet are off the ground and the quadruped is 
undergoing projectile motion, e.g. trot and transverse gallop.  In this case, it should be 
obvious that the duration of the stance phase and the flight phase each should be less than 
the total duration of the gait, as one cannot be in both the stance phase and the flight phase 
simultaneously.  And, since horses are incapable of suspended continuously propelled 
flight, at some point during the gait the model is in the stance phase.  Another characteristic 
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of gaits is the normalized timing of footfalls relative to a single foot.  This helps to describe 
the cadence and could be considered the most important characteristic for identifying a 
gait.  [18] When animated, if this cadence is significantly incorrect, i.e. the order of footfalls, 
then the gait is incorrect.   

 

Figure 2.4: Gait Diagrams 

 Figure 2.4, adapted from Muybridge's work [19] and [20], is a helpful illustration of the 
cadence timing for the three gaits animated in this project.  Each visual is a rough 
abstraction of a horse viewed from the top.  The arrow represents the heading and,  as a 
consequence of only using forward locomotion, the actual head of the horse model.  The 
rear left appendage is the reference appendage to which the timing of all other footfalls is 
compared, and is shown in the lower left quadrant of the diagram.  The values represent 
the timing of each foot striking the ground normalized to stride time of the labeled gait and 
relative to the reference foot.  Thus, the walk cycle has the left rear foot striking first, 
followed by the front left striking at a quarter interval after the first, the rear right striking 
a quarter interval after that, and the front right striking at the next quarter interval to 
conclude the cycle.  The trot cycle has a cross pattern of non-adjacent feet striking the 
ground simultaneously.  The gallop cycle is notable in that front and rear pairs of feet strike 
the ground in short intervals.   

 Also of importance when animating gaits is suspension, or periods of flight, where part 
of the gait cycle requires that the quadruped undergo projectile motion in the air, 
necessarily without terrain induced traction.  Both the trot and the transverse gallop 
include flight phases, as depicted in Figure 2.5. 



 

Figure 2.5: Suspension of transverse gallop (left) and trot (right)                           

 The model traverses the terrain, i.e. the root is translated through world space, via 
apparent traction with the ground and projectile motion, as discussed earlier.  In motion 
capture solutions, root translation is often included in the resulting data.  [9]    This project 
uses the common procedural technique of determining root translation by using the 
opposite displacement of feet that are in contact with the ground.  [7] [11]  This gives the 
effect of fixed foot movement, ideally the foot stays in place while the root is translated 
forward.  This is an ideal situation because of so called "foot skate", in which the root is 
translated at a rate inconsistent with the opposite motion of the feet which are in contact 
with the ground.  What results is the appearance of the model's feet skating or sliding on 
the ground.  This project is not immune to foot skate because there are gaits, specifically 
the walk, in which multiple feet are supposed to be in contact with the ground.  This is 
partly solved by averaging the displacement of those feet that are in contact with the 
ground, and translating the root in the equal and opposite direction of this average foot 
displacement.  It is up to the animator or Action designer to create movements such that 
foot skate is minimized in this current build of the project.  Foot skate is mostly evident in 
gaits in which feet are travelling in opposite directions and the animator neglects to 
generate enough lift in the swing leg, i.e. the leg that is not supposed to be in contact with 
the ground.   

 Turning is achieved via simple rotation of the root node about the vertical axis, or the 
yaw angle.  Believable turning is not achieved by this project and is discussed in the 'Future 
Work' section of this report.   

2.3.1 PERIODIC INTERPOLATION 

 The majority of actions that are expected to be performed by a horse, at a minimum, 
happen to be periodic, e.g. locomotion via various gaits.  This ought to be somewhat 
obvious, as the four limbs of a horse are generally concerned with locomotion, and none of 
limbs use tools or grasp of objects.  Thus periodic interpolation is a convenient tool for 
describing the motion of a limb rotating through space.  This is the primary motivation for 
the attempt to adapt Perlin's work [7] to quadruped motion.  Periodic interpolation simply 
consists of using the result of periodic function f(x) with a range that is calculated to be 
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between 0 and 1 and has a domain of a size such that the function completes one cycle.  
This domain, when normalized, yields a point in time within the Action's animation 
playback duration.  When the lower bound and upper bound of the range of motion for the 
limb are transposed in place of the range of 0 to 1, the result of f(x) yields an angle value 
which is used to rotate the associated point of articulation on the skeleton.   

 For this purpose, Perlin used a "raised sine" (rsin) function: 

 

      
            

 
 (2.1) 

 

Time is normalized, 0 ≤ t ≤ 1.  As well, the function 0 ≤ rsin(t) ≤ 1.  Thus, when rsin(t) is 
multiplied by the distance, in angles, between two extremes, the resulting value may be 
used to smoothly interpolate from one extreme to the other.   

 Perlin was only concerned with a humanoid biped character, and thus only needed to 
use the sine and cosine functions, which are identical when translated by a quarter of a 
period over the domain of 0 to 2 .  Most rhythmic biped movements have an equal and 
opposite movement across the sagittal plane.  Quadupreds have four limbs which do not 
always react symmetrically across the sagittal plane, e.g. the walk cycle described in the 
previous section, so this project allows for translation of sine and cosine functions along 
the x-axis.   

 Perfectly smooth and uniform interpolation is not interesting, and especially not very 
believable.  Perlin also used two functions, bias(t, b) and gain(t, b), to modify a function.  
The bias function is used to make the output of a function trend towards a higher or lower y 
value over time t, depending on higher value or lower value for b, respectively.   

 

                       (2.2) 

 

 The gain(t,g) function causes the output to favor extremes or median values, depending 
on a higher or lower value for g, respectively.   

 

            

             

 
                                

  
               

 
               

  (2.3) 

  

 Most interesting, is what occurs when the rsin function is used as the input to the bias 
and gain functions.  The results have been graphed in Figures 2.6 and 2.7.   
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Figure 2.6: Graph of bias function 

 

Figure 2.7: Graph of gain function 

Time 

bias(rsin1(t), b) 

 b = 0.1 

 b = 0.3 

 b = 0.5 

 b = 0.7 

 b = 0.9 

Time 

gain(rsin1(t),g) 

 g = 0.1 

 g = 0.3 

 g = 0.5 

 g = 0.7 

 g = 0.9 



17 
 

 When these functions are used to interpolate between angle values, believable motion 
is created.  In particular, the bias function is excellent at creating rapid changes in direction 
when used as an interpolant.  This is put to great use in giving the impression of the horse 
model striking the ground with each step.  The gain function, thus far, has not provided any 
significant value in this project.   

2.3.2 BLENDING AND TRANSITIONS 

 Blending animations and poses is a separate and active area of research for real time 
animation.  In regard to animating quadrupeds in interactive virtual worlds, transitioning 
between gaits has the potential to be a major pitfall, as the virtual characters must be able 
to believably accelerate or decelerate their movement or perform completely different 
movements in sequence.  Biomechanics research shows that quadrupeds favor various 
gaits depending upon the speed of travel and motivated by energy conservation. [15]  At 
the slowest non-zero velocities, walking is favored.  On the other end of the spectrum, 
galloping is the fastest gait, and is thus favored when the quadruped needs to move at top 
speed.  In between these gaits exist intermediate gaits, such as the trot.  The spectrum of 
gaits relating to speed is not discrete, as quadruped speed when walking at a fast pace may 
be equivalent to the same quadruped trotting at a slow pace.  This provides a very 
convenient means of knowing when to transition to the next gait when animating the 
horse.  It is also a detail that the animator should keep in mind while using this tool, as it is 
up to his or her discretion as to what animations may be blended into or out of.   

 An active Action is any Action that has a weight value of greater than 0.  Of all the 
possible Actions able to be performed by the quadruped model, only two have a weight 
parameter value greater than 0.  Any Action with a weight greater than 0 is actively being 
animated, but the weight value determines the contribution, i.e. visibility, of the Action to 
the rendered model geometry.  A higher weight causes a greater contribution and a lower 
weight causes a lower contribution.  Thus to transition from one Action to another, the 
action that is currently being performed, the blend_out Action, will have its weight reduced 
from 1 to 0 over the duration of the blend process.  Simultaneously, over the same interval, 
the Action that is to be performed next, the blend_in Action, has a weight value that is 
increased from 0 to 1.  After the designated blending interval is completed, the blend_in 
Action is the only Action currently being animated until a change in animated behavior is 
desired.  It is possible to blend more than two actions simultaneously, but this was never 
necessary within the scope of this project.   

 The manner in which the weights of the blended Actions are transitioned should not be 
linear, as this produces an unbelievable transition.  This project follows Perlin's suggestion 
of using an s-curve to smoothly adjust weight.  This project uses the function gain(bias(t, 
.7), .3) to determine the rate and appearance at which weights are adjusted.   
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Figure 2.8: Action weights transitioning 

 The blending process is initiated by the User providing the system input to increase or 
decrease velocity.  An increase in velocity is equivalent to a decrease in Action playback 
duration, and vice versa for a decrease in velocity.  Each Action has animator defined 
duration limits.  Thus if the upper duration limit, i.e. the slower velocity, is breached, then 
the system will begin to blend in a slower gait.  Generally, if either Action has a flight phase, 
blending will occur within the interval that the model is suspended in the air.  This is so 
that when the model is no longer in flight, it is in the grounded phase of the blend_in Action.  
If both Actions have a flight phase, the blend_out and blend_in Actions must have their 
flight phases synchronized if both possess them, such that their flight phases are blended.  
If blending from a non-flight phase to a flight phase, e.g. from walk to trot, then the model 
immediately launches into a flight phase and the model is trotting by the time the flight 
phase has completed.  The best results occur when a slower gait at its fastest velocity is 
equivalent to the next fastest gait's slowest speed.  The animator controls this by setting 
the Action playback durations accordingly.  The initialization of blend parameters, which 
occurs when given input by the User to do so, is given in pseudocode below: 

InitBlendParameters(): 

Synchronize Action durations so they are equivalent 

IF blend_in has flight phase 

 blend_duration = blend_in.flight_duration 

 blend_in.normalized_time = blend_in.flight_start_time 

ELSE blend_in has no flight phase 

 blend_duration = blend_out.flight_duration 

0 

1 

time 

blend_in Action 

blend_out Action 
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END IF-ELSE 

There is a constraint, detailed in the next section, that states that if the blend_out Action has 
a flight phase, then blending will only begin once the model has begun flight phase, and not 
while it is grounded.  After the blend parameters have been initialized, blending occurs 
over the interval blend_duration, during which the weight of the blend_out Action is 
reduced to 0 and the blend_in Action is increased to 1, as depicted in Figure 2.8.  The 
pseudocode is given below, where the function is called at every update cycle until 
blend_time ≥ blend_duration and A is the collection of Euler angles resulting from the blend 
of the two Actions: 

UpdateBlend(blend_time): 

LOOP FOR each joint node i 

 Ai = blend_outi * blend_out.weight  

  + blend_ini * blend_in.weight 

END FOR LOOP 

blend_time += time_since_last_Update 

interpolated_weight = InterpBlend(blend_time / blend_duration) 

blend_in.weight = interpolated_weight 

blend_outweight = 1 - interpolated_weight   

The function InterpBlend(t) = gain(bias(t, .7), .3) in this project.  The InterpBlend(t) can be 
adjusted to alter transitions.  The Euler angles of Ai are used to update the geometry of the 
model's joint nodes. 

 Transitioning and blending haphazardly introduces a few problems, especially when 
the blended actions include opposing motions for the same limb.  This results in an 
awkward movement that hinders believability.  These such issues are addressed in the next 
section.   

2.4  CONSTRAINTS ON ANIMATION OF ACTIONS 

 There are some necessary constraints that are enforced through the entire framework 
of the project, such that any additional functionality must still adhere to these rules.  These 
constraints include 

 The stance legs (those in contact with the ground) will propel the body [7] or the 
body is undergoing simple projectile motion  

 Stance feet must not penetrate through the ground  [7] 
 For those gaits that have a flight phase, any transition into or out of that gait must be 

completed within the flight phase 
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 The model cannot change its heading while in flight phase, or undergoing projectile 
motion 

 These constraints exist to prevent unnatural motion.  The first constraint deals with 
how the quadruped undergoes locomotion through its environment.  It is expected that the 
feet on the ground will propel the body, which is simply how traction works.  During a 
flight phase of a gait, the root trajectory of the horse is determined by projectile motion. 

 The second constraint ensures that the model appears to be standing on the terrain as if 
rooted by gravity.  The root must never be translated such that any of the feet are 
penetrating through the ground, as this would ruin the suspension of disbelief.  This 
constraint does allow some room for error, as there may be multiple feet on the ground and 
confusion as to whether a foot is in contact with the ground or skimming the ground must 
be avoided.  Thus, in this project, any foot that is within 2 mm of each other, than they are 
considered level.  Then the root must be adjusted in the positive Y direction such that the 
height of the lowest foot or feet is at terrain level.   

 These first two constraints are vital to this project.  The model is always in one of two 
states regarding locomotion: grounded or in flight.  For the Idle pose Action and the Walk 
Action, it is known that the model is grounded.  The system must only detect the lowest feet 
after updating all of the joint angles, then adjust the Y value of the root accordingly.  The 
model has launched into the air if the normalized Action time has surpassed a designated 
flight start time.  The angle of launch   is determined with the duration of time 
                 during which the currently active Action A is in flight.  Gravity g is given 

relative to the horse model's proportions as 9.8 m/s. 

 

                   
 

 
 (2.4) 

 

Since the Actions are cyclical, average velocity v over the grounded phase of the gait and 
amount of time since launching tin_flight is used to determine the position of the root in the 
air. 

                 

 
(2.5) 

                
             

  

 
 

 

(2.6) 

                 (2.7) 

 

 Once the root has been positioned, the system then checks for the position of the feet in 
world space.  If any feet are penetrating the ground, then the flight phase has ended and the 
model resumes grounded locomotion, or locomotion using traction with the terrain.  The 
system is setup such that flight durations do not have to be strictly adhered to.  In this 
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manner, if the point of launch is of a higher terrain elevation than the point of landing, then 
the model will continue to undergo projectile motion beyond the given flight interval.  This 
project does not handle uneven terrain, however, and this is addressed in the Future Work 
section. 

 Determining whether the model is in flight or grounded is performed with every 
Update.   

UpdatePosition(): 

IF tflight_start < tnormalized< tflight_start + duration * 2 

  in_Flight = TRUE 

END IF 

IF in_Flight 

 Use projectile motion 

ELSE 

 Use ground traction 

END IF-ELSE 

 The third constraint deals with one of the most difficult aspects of animating 
quadrupeds: transitioning between gaits.  While Huang, Huang and Lin published an 
interesting solution involving asynchronous blending of individual limbs [11] it was found 
that a simpler solution existed for this project.  Since the timing of the four legs can vary 
drastically from gait to gait, it is necessary to blend or transition among flight phase gaits 
when none of the feet are on the ground.  The flight phase provides ample time to 
transition to a new gait.  Otherwise, due to the first constraint of stance feet propelling the 
body, there may be significant foot skate or net negative forward motion.   

 In addition to whether the model is on the ground or in flight, there is also a third sub-
state, launching, that must be considered for blending purposes.  The launching state 
causes alterations to the projectile motion parameters if the model is also blending.  This is 
because there may be two active Actions, each with a flight phase.  In this project, the 
decision was made to use the flight parameters of the blend_in Action, so if a flight phase is 
about to begin, the launch angle is determined using the blend_in flight duration.  Since 
blending will occur within the flight phase of the blend_in Action, this is only appropriate. 

 The fourth constraint prevents the model from altering its heading while in flight phase 
. Since the model is a projectile, it would not make any sense for it to be able to change 
course midflight.   
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2.5 TERRAIN 

 The terrain in this project serves only to give the appearance that the horse model is 
traversing some distance over time.  It is tessellated to better show a rough visual estimate 
of velocity, with those sides of each triangle that are not a hypotenuse representing a 
distance of 5 meters.   

2.6 USER INPUT  

 There are two types of users for the system: animators and end users.  The animator is 
most interested in creating Actions by choosing interpolation functions and ranges of 
motion to create animations.  The end user is most interested in a visually believable and 
interactive virtual horse.   

 The animator exerts control over the model in pre-processing by providing text file 
descriptions of Actions.  These include the range of motion in degrees for the limb and the 
interpolation function to control the motion for the duration of the playback.  The animator 
does not have direct control of the velocity of the model, which results from the net 
negative displacement of grounded feet during a gait cycle divided by the animation 
playback duration.  Thus to achieve a certain velocity, the animator must either adjust the 
movement the model geometry or adjust playback duration. 

 Consequently, the end user is able to increase or decrease velocity of the horse model at 
a rate determined by the animator.  This results in either an increase in playback rate of an 
Action, or a transition to a faster gait.  The end user is also able to change the heading of the 
horse model, so that the model appears to turn left or right.   
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3  IMPLEMENTATION 
 

 This project was written in Visual C++  using Visual Studio 2010 on Windows 7.  The 
graphics API was OpenGL 2.0.  The Fast Light Toolkit (FLTK) 1.3.2 was used for creating 
and handling GUIs.  The decision to avoid using the latest version of OpenGL was made to 
prevent further delays in the project, as the learning curve was indeterminable.  The 
drawback to this approach, however, is that more work is done on the CPU side rather than 
the GPU, thus neglecting significant potential for better performance.  Poor early design 
decisions, or lack thereof, were made apparent during implementation.  Fortunately, all of 
these were overcome.  There were various errors due to lack of experience with C++, such 
as proper use of keywords const and virtual, but, again, these provided learning lessons. 

 The overall system requires an OpenGL wrapper object, a Terrain object, and an Actor, 
which in this case is the quadruped model.  The OpenGL wrapper object encapsulated the 
OpenGL state machine calls and maintains parameters for projection mode, camera 
position and orientation and the update/draw loop.  The Update() function gives the 
current time to the Update() function of the Actor.  This causes the Actor to update its joint 
angle values.  Given a predetermined framerate, the Draw() function is called, which allows 
OpenGL to render the geometry of the Terrain and the Actor.  The Terrain object is 
extremely simple. 

 The decision to implement each mathematical expression as an object was initially an 
attempt to become better familiar with the Factory design pattern.  It became clear that this 
design pattern was unnecessarily more complex than was needed, so the implementation 
remained, while the overall design pattern was omitted.  A future implementation would 
likely include a pre-processing step that codes expression names to enumerations, which 
then are used to determine which expression to execute via a Switch statement.   

 The first major problem occurred with trying to determine how best to implement the 
flight phase of a gait.  Initially, an approximation of projectile motion was attempted via 
having the root travel along a sine wave on the y axis.  This did not work because, as a 
result of the animation, the landing feet were not at the same height that the launching feet 
were when the flight phase began.  This resulted in a jarring translation from some point in 
the air to the model making contact with the ground.  Thus, simple projectile motion was 
implemented.  This was not without its own challenges however.   The transverse gallop 
was the first Action implemented that had a flight phase.  The nature of this gait, being that 
it had four different feet striking the ground at four different points in time, actually made 
it rather easy to implement.  The trot gait, on the other hand, provided many unforeseen 
problems, since it has two feet striking the ground simultaneously.  The system is set up 
such that the root will translate in the opposite direction of the feet that are lowest to the 
ground.  If there are multiple feet, then the average displacement is used, suggesting that 
both feet should work together to move the root.  If these two feet happen to be opposing, 
however, odd behavior is animated.  This is also why the constraint of forcing all 
transitions that involve gaits with flight phases occur while the model is in flight.  During 
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these transitions, it is not necessarily known what each limb will do while traveling to its 
designated position in the blend in Action, or the Action that is being introduced.    

 The most difficult aspect of the project was in determine how to implement blending of 
Actions that have flight phases.  The implementation is effective, but difficult to read.  Thus 
it is also the greatest disappointment in the implementation process. 

3.1 ACTION FILES 

 The Action file format describes the parameters that determine the appearance and 
behavior of the animation cycle.  The title of the Action is listed at the end of the file, e.g. 
Transverse Gallop in the Figure 3.1.  The duration parameters are listed on the line 
containing the title DURATION_DATA as minimum duration, maximum duration and 
default duration in seconds.  The minimum duration is the fastest rate at which the Action 
is animated, with the maximum being the slowest.  The default rate is the duration at which 
the Action will be animated without any initial user input.  The FLIGHT_DATA parameters 
describe flight duration as a normalized interval, and flight start as a normalized point in 
time.  In Figure 3.1, the flight duration for this Action is .33 of the current duration, and 
starts at the point in time described by .24 of the total animation duration.  It is possible to 
have more than one flight phase per gait, as is the case with the Trot, which has two. 

DURATION_DATA .5 .8 .8 

FLIGHT_DATA .33 .24 

{ 

 {-15,0,0} {0,0,0} {.05 rcos1 .35 bias,0,0} RootSacrum 

 {-90,0,0} {10,0,0} {.3 rsin1 .3 bias,0,0} ForePhalangesLeft 

... 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofLeft 

} Horse_Action_TRANSVERSE-GALLOP 

Figure 3.1: Action file sample for transverse gallop 

When the application is initialized, the Action data is parsed and used to create a catalog of 
actions available to the Actor, e.g. the Horse Model.  The user is able to change interpolation 
data while the application is executing via a simple GUI, as shown in Figure 3.2. 
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Figure 3.2: Action Editor GUI 
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4 ANALYSIS 
 

 Coros et al evaluated their simulated quadruped via dimensions such as number of gaits 
and gait transitions, speed, turning ability, adjustments to forceful perturbations, ability to 
traverse terrain, similarity to real life quadrupeds and performable skills: leaping, sitting, 
laying and getting up after a fall.  [1]  The quadruped animated in this project is capable of: 

 Three common gaits: walk, trot, transverse gallop 
 Transition from stop, or idle pose, to top speed at gallop and return to idle pose 
 Automatic transitions between gaits when maximum or minimum speed is reached 

within a gait cycle 
 Simple turning, or changing of heading 
 Minimal foot skate 

 The system was tested on computer with an 2.3 GHz Intel Core i7 with 8 GB RAM and 
Radeon HD 6770M GPU.  When not blending, the system runs at ~55 frames per second.  
During transitions the framerate drops to a noticeable ~33 frames per second.   Frame 
samples of the walk, trot and transverse gallops, along with their transitions, are shown in 
the following figures. 

 

Figure 4.1: Transition from idle pose to walk 
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Figure 4.2: Walk cycle 

Figure 4.3: The transition from walk to trot 

Figure 4.4: Trot cycle 
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Figure 4.5: Transition from trot to transverse gallop 

Figure 4.6: Gallop cycle 

 Robilliard, Pfau and Wilson collected extensive data on the characteristics of Icelandic 
horses performing various gaits.  [18]  The purpose of their work was to determine 
adequate criteria for classifying horse gaits by foot fall patterns.  In the process, they 
captured data on speed and stride time, among many other parameters.   

 The animated quadruped in this project is not a physics simulation, nor does it use 
motion captured data.  As well, the model is not accurately based on real world horse 
proportions, but derived from anatomical images.  The Lusitano height was chosen 
somewhat arbitrarily.  These aspects make a proper comparison with the data gathered 
from Robilliard, Pfau and Wilson on Icelandic horses unreliable.  A comparison is given, 
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however, as it may be useful in illustrating discrepancies between this documented project 
and real world data.   

Icelandic Horse 
 

Animated Horse Model 
Gait Speed (m/s) Stride Time (s) 

 
Gait Speed (m/s) Action Duration (s) 

Walk 1.5 0.904 
 

Walk 1.6 1.4 
  3 0.654 

 
  3.4 0.6 

Trot 3.5 0.6 
 

Trot 3.52 0.9 
  5.5 0.516 

 
  5.74 0.6 

Gallop 5.5 0.487 
 

Gallop 5.76 0.8 
  8 0.393 

 
  9.4 0.6 

Table 4.1: Comparison of similar speeds and stride times between real world Icelandic horse and 
project animated quadruped 

 Regarding the differences in data, the possible explanations are numerous.  As stated 
earlier, a proper comparison is inappropriate given the many variables.  This project set 
out to produce believable animation of a quadruped horse without the resource expense of 
motion capture and with less complexity than physics simulations.  This then produces the 
deficiency of producing animations that are less realistic than motion capture data and less 
robust than a physically simulated quadruped.  Possible solutions to this may be to use 
physically accurate proportions for the model, or physically accurate range of motion for 
the limbs.  This approach, however, suggests moving away from the intended design of this 
project and moving towards motion capture or simulations. 

 It can be observed that the animated quadruped model requires longer stride cycles to 
achieve similar speeds compared to the Icelandic horse.  What is evident when reviewing 
the data in [18], not shown in this report, is that the animated horse model is using 
appropriate limits to speed and transitions are occurring at appropriate speeds.   
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5.  CONCLUSIONS 

5.1  CURRENT STATUS 

 The current state of the project yields aesthetically pleasing locomotion synthesis.  It 
animates an idle pose as well as three commonly known gaits: walk, trot and transverse 
gallop.  The system is able to change velocity within a gait, or detect when it is time to 
smoothly transition into a faster or slower gait.  Limited turning is available, but this 
capability is addressed next in the Future Work section.   

5.2  FUTURE WORK 

 There remains a great deal of work to be explored in regards to the expression of 
character, such as excitement, fear or agitation.  To create expressive characters, it would 
seem that the majority of the expression would occur through the head and neck.  It would 
also be vital to have a means for controlling the posture of the quadruped, which would 
lend itself to expressive characters.  These features would benefit from a process called 
layering.  Layering is the process of combining animations without necessarily 
transitioning or blending between the two of them.  For instance, the current animation on 
the model could be a gallop, which includes the horses head and neck pointing forward.  
Layering can be used to have the horse look left or right without altering the rest of the 
model, even allowing for the believable bobbing of the head which results from the motion 
of the gallop cycle.   

 There are also additional aspects to movement that have yet to be attempted with this 
technique, such as leaning into a turn or lateral movement.  Horses are known to lean into a 
turn at angles as steep as 45 degrees while travelling at high speeds.  They are also able to 
perform elegant gaits moving laterally or at oblique angles relative to a forward heading.  
There are various gaits and motions that should be included, e.g. canter, rack, jumping and 
walking backwards.  One need only look at equestrian performance in dressage, American 
horse cutting or La Fundacion Real Esuela Andaluza del Arte Ecuestre to realize the 
athleticism and catalog of movements available to an expertly trained horse.   

 The model cannot traverse dynamic terrain.  Believable terrain is not represented by 
perfectly flat terrain, and thus this is an obvious issue that needs to be addressed in the 
future.  Horses are capable of traversing startlingly steep terrain as well.  The currently 
available solutions to this problem are the use of inverse kinematics solvers.  In biped 
characters, IK solution space is reduced by using simple triangles, representing the hip 
joint, knee joint and ankle as vertices.  This option may prove to be more complex for at 
least some quadrupeds, e.g. horses, which have fairly complex limb structures likely 
requiring the placement of four joints on each of the four legs.   

 No other quadrupeds, such as cats, dogs, bison or elephants, were animated using this 
technique.  The author of this project sees no reason why this technique could not be 
generalized to other quadrupeds.  It would be a very interesting challenge to attempt to 
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portray the weight and heft of large animals or the litheness of small ones without using 
physics simulations or keyframed control.   

 Another interesting point to explore would be combining this technique with physics 
controllers.  Coros et al produced a very impressive simulated quadruped that is able to 
believably react to force vectors applied to either the shoulder or hip leg frames.  This 
resulted in their simulated model being pulled or pushed along the force vector while the 
legs of the model believably adjusted in an attempt to maintain the currently active gait 
cycle.  It is unlikely that this project would be able to achieve anything near the same affect, 
thus it may be useful to attempt to include a physics based animation system that would 
replace this project's technique under certain circumstances.   

 From an application standpoint, a robust dynamic Graphical User Interface (GUI) would 
be very helpful in designing  motion via interpolation functions.  Being able to gradually 
adjust bias, gain or offset in real time would be valuable.  As it stands now, the system is not 
helpful to those unable to visualize the results of interpolation functions. 

5.3  LESSONS LEARNED 

 The initial motivation for this project was a simple statement made at by a Dreamworks 
Entertainment recruiter in regards to the difficulty of quadruped animation.  One of the 
most difficult aspects of this project was in trying to determine whether the fault was in the 
design of my project or in the limitations of my artistic abilities as an untrained animator 
using the tool.  For example, deciding how to implement blending transitions among gaits 
with flight phases was extremely challenging.  The result is mostly satisfactory, though 
there is some issue with portraying the preservation of inertia during certain transitions.  
The solution here was initially an intuitive one, e.g. the gait cycle animations should have 
playback rates that are approximately equal to any other gait that can transition into or out 
of it.  But this was later justified with real world data.  [18]  An animation programmer 
must be aware of the fundamentals of animation such that the tools they develop provide 
artists and animators the control they need and desire to create interesting products.  As 
well, there is likely great value in the use of physics simulations if the main goal is to 
produce believable motion in dynamic spaces.  I see this as the next great research space, 
i.e. how to create physically realistic motion while also providing adequate control to an 
artist trying to direct a virtual scene, or a game player who, at least indirectly, is attempting 
the same feat.   
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APPENDIX A: CODE LISTING AND SAMPLE ANIMATIONS 
 

A complete code listing is available on the attached CD.  Sample animations are available on 
the attached CD as well as online at AdamRomney.com/graduate-project. 

  



APPENDIX B: HORSE MODEL .BVH FILE AND ACTION FILE LISTINGS 
 

B.1 HORSE.BVH 
 

HIERARCHY 

ROOT RootSacrum 

{ 

 OFFSET 0.000000 0.000000 0.000000 

 CHANNELS 6 Xposition Yposition Zposition Xrotation Yrotation Zrotation 

 JOINT SacrumLower 

 { 

  OFFSET 0.000000 0.000000 0.184000 

  CHANNELS 3 Xrotation Yrotation Zrotation 

  JOINT HipRight 

  { 

   OFFSET 0.000952 -0.113277 0.200902976 

   CHANNELS 3 Xrotation Yrotation Zrotation 

   JOINT FemurRight 

   { 

    OFFSET 0.175700 0.012603 0.000000184 

    CHANNELS 3 Xrotation Yrotation Zrotation 

    JOINT TibiaRight 

    { 

     OFFSET -0.019345 -0.349369 -0.125967136 

     CHANNELS 3 Xrotation Yrotation Zrotation 

     JOINT MTarsusRight 

     { 

      OFFSET -0.036145 -0.348423 0.091590232 

      CHANNELS 3 Xrotation Yrotation Zrotation 

      JOINT PhalangesRight 

      { 

       OFFSET -0.008641 -0.318894 -0.033277688 

       CHANNELS 3 Xrotation Yrotation Zrotation 

       JOINT EFRearHoofRight 

       { 

        OFFSET 0.000657 -0.077325 -0.055175344 

        CHANNELS 3 Xrotation Yrotation Zrotation 

        End Site 

        { 

         OFFSET 0.001422 -0.020316 -0.031331152 

        } 

       } 

      } 

     } 

    } 

   } 

  } 

  JOINT HipLeft 

  { 

   OFFSET 0.000952 -0.113277 0.200902976 

   CHANNELS 3 Xrotation Yrotation Zrotation 

   JOINT FemurLeft 

   { 

    OFFSET -0.177604 0.012603 0.000000184 

    CHANNELS 3 Xrotation Yrotation Zrotation 

    JOINT TibiaLeft 

    { 

     OFFSET 0.019345 -0.349369 -0.125967136 

     CHANNELS 3 Xrotation Yrotation Zrotation 

     JOINT MTarsusLeft 

     { 

      OFFSET 0.036145 -0.348423 0.091590232 

      CHANNELS 3 Xrotation Yrotation Zrotation 

      JOINT PhalangesLeft 

      { 
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       OFFSET 0.008641 -0.318894 -0.033277688 

       CHANNELS 3 Xrotation Yrotation Zrotation 

       JOINT EFRearHoofLeft 

       { 

        OFFSET -0.000657 -0.077325 -0.055175344 

        CHANNELS 3 Xrotation Yrotation Zrotation 

        End Site 

        { 

         OFFSET -0.001422 -0.020316 -0.031331152 

        } 

       } 

      } 

     } 

    } 

   } 

  } 

        JOINT SacrumToTail 

        { 

            OFFSET 0.000000 0.000000 0.184000 

            CHANNELS 3 Xrotation Yrotation Zrotation 

            JOINT Tail08 

            { 

                OFFSET -0.000000 0.000000 0.192813232 

                CHANNELS 3 Xrotation Yrotation Zrotation 

                JOINT Tail07 

                { 

                    OFFSET -0.000000 -0.023074 0.109526 

                    CHANNELS 3 Xrotation Yrotation Zrotation 

                    JOINT Tail06 

                    { 

                        OFFSET -0.000000 -0.025840 0.060500488 

                        CHANNELS 3 Xrotation Yrotation Zrotation 

                        JOINT Tail05 

                        { 

                            OFFSET 0.000000 -0.040132 0.049400504 

                            CHANNELS 3 Xrotation Yrotation Zrotation 

                            JOINT Tail04 

                            { 

                                OFFSET 0.000000 -0.062434 0.055105976 

                                CHANNELS 3 Xrotation Yrotation Zrotation 

                                JOINT Tail03 

                                { 

                                    OFFSET 0.000000 -0.065874 0.027683352 

                                    CHANNELS 3 Xrotation Yrotation Zrotation 

                                    JOINT Tail02 

                                    { 

                                        OFFSET 0.000000 -0.058553 0.003455704 

                                        CHANNELS 3 Xrotation Yrotation Zrotation 

                                        JOINT Tail01 

                                        { 

                                            OFFSET 0.000000 -0.037877 0.000000 

                                            CHANNELS 3 Xrotation Yrotation Zrotation 

                                            End Site 

                                            { 

                                                OFFSET 0.000000 -0.068930 0.000000 

                                            } 

                                        } 

                                    } 

                                } 

                            } 

                        } 

                    } 

                } 

            } 

        } 

 }  

 JOINT Lumbar01 

 { 

  OFFSET 0.000000 0.000000 0.000000 

  CHANNELS 3 Xrotation Yrotation Zrotation 

  JOINT Thoracic05 
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  { 

   OFFSET 0.000000 0.000000 -0.097987544 

   CHANNELS 3 Xrotation Yrotation Zrotation 

   JOINT Thoracic04 

   { 

    OFFSET 0.000000 0.000000 -0.112397504 

    CHANNELS 3 Xrotation Yrotation Zrotation 

    JOINT Thoracic03 

    { 

     OFFSET 0.000000 0.000000 -0.089341568 

     CHANNELS 3 Xrotation Yrotation Zrotation 

     JOINT Thoracic02 

     { 

      OFFSET -0.000000 0.042643 -0.094694496 

      CHANNELS 3 Xrotation Yrotation Zrotation 

      JOINT Thoracic01 

      { 

       OFFSET 0.000000 0.037575 -0.094694496 

       CHANNELS 3 Xrotation Yrotation Zrotation 

       JOINT Cervical07 

       { 

        OFFSET 0.000000 -0.115487 -0.218555568 

        CHANNELS 3 Xrotation Yrotation Zrotation 

        JOINT Cervical06 

        { 

         OFFSET 0.000000 0.050187 -0.078114256 

         CHANNELS 3 Xrotation Yrotation Zrotation 

         JOINT Cervical05 

         { 

          OFFSET 0.000000 0.089589 -0.037487976 

          CHANNELS 3 Xrotation Yrotation Zrotation 

          JOINT Cervical04 

          { 

           OFFSET 0.000000 0.088931 -0.025918608 

           CHANNELS 3 Xrotation Yrotation Zrotation 

           JOINT Cervical03 

           { 

            OFFSET 0.000000 0.100475 -0.037387144 

            CHANNELS 3 Xrotation Yrotation Zrotation 

            JOINT Cervical02 

            { 

             OFFSET 0.000000 0.094721 -0.051766744 

             CHANNELS 3 Xrotation Yrotation Zrotation 

             JOINT Cervical01 

             { 

              OFFSET 0.000000 0.054701 -0.066151496 

              CHANNELS 3 Xrotation Yrotation Zrotation 

              JOINT Head 

              { 

               OFFSET 0.000000 0.023030 -0.060399472 

               CHANNELS 3 Xrotation Yrotation Zrotation 

               End Site 

               { 

                OFFSET 0.000000 -0.273384 -0.290565808 

               } 

              } 

             } 

            } 

           } 

          } 

         } 

        } 

       } 

      } 

      JOINT ScapulaRight 

      { 

       OFFSET 0.000000 0.037575 -0.094694496 

       CHANNELS 3 Xrotation Yrotation Zrotation 

       JOINT HumerusRight 

       { 

        OFFSET 0.172042 -0.339453 -0.255108824 
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        CHANNELS 3 Xrotation Yrotation Zrotation 

        JOINT RadiusRight 

        { 

         OFFSET -0.007265 -0.195932 0.144524272 

         CHANNELS 3 Xrotation Yrotation Zrotation 

         JOINT CannonRight 

         { 

          OFFSET -0.045308 -0.381306 -0.03950572 

          CHANNELS 3 Xrotation Yrotation Zrotation 

          JOINT ForePhalangesRight 

          { 

           OFFSET -0.014215 -0.240937 0.005749632 

           CHANNELS 3 Xrotation Yrotation Zrotation 

           JOINT EFForeHoofRight 

           { 

            OFFSET -0.000882 -0.074622 -0.054639168 

            CHANNELS 3 Xrotation Yrotation Zrotation 

            End Site 

            { 

             OFFSET -0.009513 -0.062485 -0.031514232 

            } 

           } 

          } 

         } 

        } 

       } 

      } 

      JOINT ScapulaLeft 

      { 

       OFFSET -0.000000 0.037575 -0.094694496 

       CHANNELS 3 Xrotation Yrotation Zrotation 

       JOINT HumerusLeft 

       { 

        OFFSET -0.172042 -0.339453 -0.255108824 

        CHANNELS 3 Xrotation Yrotation Zrotation 

        JOINT RadiusLeft 

        { 

         OFFSET 0.007265 -0.195932 0.144524272 

         CHANNELS 3 Xrotation Yrotation Zrotation 

         JOINT CannonLeft 

         { 

          OFFSET 0.045308 -0.381306 -0.03950572 

          CHANNELS 3 Xrotation Yrotation Zrotation 

          JOINT ForePhalangesLeft 

          { 

           OFFSET 0.014215 -0.240937 0.005749632 

           CHANNELS 3 Xrotation Yrotation Zrotation 

           JOINT EFForeHoofLeft 

           { 

            OFFSET 0.000882 -0.074622 -0.054639168 

            CHANNELS 3 Xrotation Yrotation Zrotation 

            End Site 

            { 

             OFFSET 0.009513 -0.062485 -0.031514232 

            } 

           } 

          } 

         } 

        } 

       } 

      } 

     } 

    } 

   } 

  } 

 } 

} 

MOTION 

Frames: 1 

Frame Time: 0.041667 

0.000000 ... 0.000000 



39 
 

B.2 IDLE ACTION 
 

DURATION_DATA 3 3 3 

FLIGHT_DATA 0 0 

{ 

 {0,0,0} {0,0,0} {0,0,0} RootSacrum 

 {0,0,0} {0,0,0} {0,0,0} SacrumLower 

 {0,0,0} {0,0,0} {0,0,0} HipRight 

 {-15,0,0} {0,0,0} {0,0,0} FemurRight 

 {0,0,0} {0,0,0} {0,0,0} TibiaRight 

 {0,0,0} {0,0,0} {0,0,0} MTarsusRight 

 {0,0,0} {0,0,0} {0,0,0} PhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFHoofRight 

 {0,0,0} {0,0,0} {0,0,0} HipLeft 

 {5,0,0} {0,0,0} {0,0,0} FemurLeft 

 {0,0,0} {0,0,0} {0,0,0} TibiaLeft 

 {0,0,0} {0,0,0} {0,0,0} MTarsusLeft 

 {0,0,0} {0,0,0} {0,0,0} PhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFHoofLeft 

 {0,0,0} {0,0,0} {0,0,0} SacrumToTail 

 {0,0,0} {0,0,0} {0,0,0} Tail08 

 {0,0,0} {0,0,0} {0,0,0} Tail07 

 {0,0,0} {0,0,0} {0,0,0} Tail06 

 {0,0,0} {0,0,0} {0,0,0} Tail05 

 {0,0,0} {0,0,0} {0,0,0} Tail04 

 {0,0,0} {0,0,0} {0,0,0} Tail03 

 {0,0,0} {0,0,0} {0,0,0} Tail02 

 {0,0,0} {0,0,0} {0,0,0} Tail01 

 {0,0,0} {0,0,0} {0,0,0} Lumbar01 

 {0,0,0} {0,0,0} {0,0,0} Thoracic05 

 {0,0,0} {0,0,0} {0,0,0} Thoracic04 

 {0,0,0} {0,0,0} {0,0,0} Thoracic03 

 {0,0,0} {0,0,0} {0,0,0} Thoracic02 

 {0,0,0} {0,0,0} {0,0,0} Thoracic01 

 {0,0,0} {0,0,0} {0,0,0} Cervical07 

 {0,0,0} {0,0,0} {0,0,0} Cervical06 

 {0,0,0} {0,0,0} {0,0,0} Cervical05 

 {0,0,0} {0,0,0} {0,0,0} Cervical04 

 {0,0,0} {0,0,0} {0,0,0} Cervical03 

 {0,0,0} {0,0,0} {0,0,0} Cervical02 

 {0,0,0} {0,0,0} {0,0,0} Cervical01 

 {0,0,0} {0,0,0} {0,0,0} Head 

 {0,0,0} {0,0,0} {0,0,0} ScapulaRight 

 {10,0,0} {0,0,0} {0,0,0} HumerusRight 

 {0,0,0} {0,0,0} {0,0,0} RadiusRight 

 {0,0,0} {0,0,0} {0,0,0} CannonRight 

 {0,0,0} {0,0,0} {0,0,0} ForePhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofRight 

 {0,0,0} {0,0,0} {0,0,0} ScapulaLeft 

 {-10,0,0} {0,0,0} {0,0,0} HumerusLeft 

 {0,0,0} {0,0,0} {0,0,0} RadiusLeft 

 {0,0,0} {0,0,0} {0,0,0} CannonLeft 

 {0,0,0} {0,0,0} {0,0,0} ForePhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofLeft 

} Horse_Action_IDLE 
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B.3 WALK ACTION 
 

DURATION_DATA 0.6 1.5 1.4 

FLIGHT_DATA 0 0 

{ 

 {0,0,0} {0,0,0} {0,0,0} RootSacrum 

 {5,0,0} {0,0,0} {.25 rcos2 .5 bias,0,0} SacrumLower 

 {0,0,0} {0,0,0} {0,0,0} HipRight 

 {10,0,0} {-30,0,0} {.5 rcos1 .5 bias,0,0} FemurRight 

 {-5,0,0} {-45,0,0} {.5 rsin1 .5 bias,0,0} TibiaRight 

 {0,0,0} {45,0,0} {.5 rsin1 .5 bias,0,0} MTarsusRight 

 {-45,0,0} {10,0,0} {1 rsin1 .5 bias,0,0} PhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFRearHoofRight 

 {0,0,0} {0,0,0} {0,0,0} HipLeft 

 {10,0,0} {-30,0,0} {1 rcos1 .5 bias,0,0} FemurLeft 

 {-5,0,0} {-45,0,0} {1 rsin1 .5 bias,0,0} TibiaLeft 

 {0,0,0} {45,0,0} {1 rsin1 .5 bias,0,0} MTarsusLeft 

 {-45,0,0} {10,0,0} {.5 rsin1 .5 bias,0,0} PhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFRearHoofLeft 

 {0,0,0} {0,0,0} {0,0,0} SacrumToTail 

 {0,-5,10} {0,5,-10} {0,1 rsin1 .65 bias,1 rsin1 .65 bias} Tail08 

 {0,0,0} {0,0,0} {0,0,0} Tail07 

 {0,0,0} {0,0,0} {0,0,0} Tail06 

 {0,0,0} {0,0,0} {0,0,0} Tail05 

 {0,0,0} {0,0,0} {0,0,0} Tail04 

 {0,0,0} {0,0,0} {0,0,0} Tail03 

 {0,0,0} {0,0,0} {0,0,0} Tail02 

 {0,0,0} {0,0,0} {0,0,0} Tail01 

 {0,0,0} {0,0,0} {0,0,0} Lumbar01 

 {0,0,0} {0,0,0} {0,0,0} Thoracic05 

 {0,0,0} {0,0,0} {0,0,0} Thoracic04 

 {0,0,0} {0,0,0} {0,0,0} Thoracic03 

 {0,0,0} {0,0,0} {-.5 rcos2 .5 bias,0,0} Thoracic02 

 {0,0,0} {0,0,0} {0,0,0} Thoracic01 

 {-10,0,0} {0,0,0} {-.5 rcos2 .5 bias,0,0} Cervical07 

 {0,0,0} {0,0,0} {0,0,0} Cervical06 

 {0,0,0} {0,0,0} {0,0,0} Cervical05 

 {0,0,0} {0,0,0} {0,0,0} Cervical04 

 {0,0,0} {0,0,0} {0,0,0} Cervical03 

 {0,0,0} {0,0,0} {0,0,0} Cervical02 

 {0,0,0} {0,0,0} {0,0,0} Cervical01 

 {0,0,0} {0,0,0} {0,0,0} Head 

 {10,0,0} {5,0,0} {.5 rcos1 .55 bias,0,0} ScapulaRight 

 {10,0,0} {-30,0,0} {-.75 rcos1 .45 bias,0,0} HumerusRight 

 {25,0,0} {-15,0,0} {.5 rcos1 .55 bias,0,0} RadiusRight 

 {-50,0,0} {20,0,0} {.5 rcos1 .55 bias,0,0} CannonRight 

 {0,0,0} {-65,0,0} {.5 rsin1 .55 bias,0,0} ForePhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofRight 

 {10,0,0} {5,0,0} {1 rcos1 .55 bias,0,0} ScapulaLeft 

 {10,0,0} {-30,0,0} {-.25 rcos1 .45 bias,0,0} HumerusLeft 

 {25,0,0} {-15,0,0} {1 rcos1 .55 bias,0,0} RadiusLeft 

 {-50,0,0} {20,0,0} {1 rcos1 .55 bias,0,0} CannonLeft 

 {0,0,0} {-65,0,0} {1 rsin1 .55 bias,0,0} ForePhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofLeft 

} Horse_Action_WALK 
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B.4 TROT ACTION 
 

DURATION_DATA 0.6 .9 .9 

FLIGHT_DATA .21 .36 .21 .86 

{ 

 {0,0,0} {0,0,0} {0,0,0} RootSacrum 

 {0,0,0} {0,0,0} {0,0,0} SacrumLower 

 {0,0,0} {0,0,0} {0,0,0} HipRight 

 {30,0,0} {-30,0,0} {-.5 rcos1 .45 bias,0,0} FemurRight 

 {0,0,0} {-45,0,0} {.5 rsin1 .6 bias,0,0} TibiaRight 

 {0,0,0} {60,0,0} {.5 rsin1 .3 bias,0,0} MTarsusRight 

 {0,0,0} {-60,0,0} {.5 rsin1 .3 bias,0,0} PhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFHoofRight 

 {0,0,0} {0,0,0} {0,0,0} HipLeft 

 {30,0,0} {-30,0,0} {1 rcos1 .45 bias,0,0} FemurLeft 

 {0,0,0} {-45,0,0} {1 rsin1 .6 bias,0,0} TibiaLeft 

 {0,0,0} {60,0,0} {1 rsin1 .3 bias,0,0} MTarsusLeft 

 {0,0,0} {-60,0,0} {1 rsin1 .3 bias,0,0} PhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFHoofLeft 

 {0,0,0} {0,0,0} {0,0,0} SacrumToTail 

 {0,0,0} {0,0,0} {0,0,0} Tail08 

 {0,0,0} {0,0,0} {0,0,0} Tail07 

 {0,0,0} {0,0,0} {0,0,0} Tail06 

 {0,0,0} {0,0,0} {0,0,0} Tail05 

 {0,0,0} {0,0,0} {0,0,0} Tail04 

 {0,0,0} {0,0,0} {0,0,0} Tail03 

 {0,0,0} {0,0,0} {0,0,0} Tail02 

 {0,0,0} {0,0,0} {0,0,0} Tail01 

 {0,0,0} {0,0,0} {0,0,0} Lumbar01 

 {0,0,0} {0,0,0} {0,0,0} Thoracic05 

 {0,0,0} {0,0,0} {0,0,0} Thoracic04 

 {0,0,0} {0,0,0} {0,0,0} Thoracic03 

 {0,0,0} {0,0,0} {0,0,0} Thoracic02 

 {0,0,0} {0,0,0} {0,0,0} Thoracic01 

 {-5,0,0} {0,0,0} {.5 rcos2 .5 bias,0,0} Cervical07 

 {0,0,0} {0,0,0} {0,0,0} Cervical06 

 {0,0,0} {0,0,0} {0,0,0} Cervical05 

 {0,0,0} {0,0,0} {0,0,0} Cervical04 

 {0,0,0} {0,0,0} {0,0,0} Cervical03 

 {0,0,0} {0,0,0} {0,0,0} Cervical02 

 {0,0,0} {0,0,0} {0,0,0} Cervical01 

 {0,0,0} {0,0,0} {0,0,0} Head 

 {0,0,0} {5,0,0} {.75 rcos1 .45 bias,0,0} ScapulaRight 

 {0,0,0} {-25,0,0} {.75 rcos1 .25 bias,0,0} HumerusRight 

 {-25,0,0} {25,0,0} {.75 rsin1 .75 bias,0,0} RadiusRight 

 {5,0,0} {-75,0,0} {.75 rcos1 .2 bias,0,0} CannonRight 

 {-5,0,0} {-70,0,0} {.75 rcos1 .3 bias,0,0} ForePhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofRight 

 {0,0,0} {5,0,0} {.25 rcos1 .45 bias,0,0} ScapulaLeft 

 {0,0,0} {-25,0,0} {.25 rcos1 .25 bias,0,0} HumerusLeft 

 {-25,0,0} {25,0,0} {.25 rsin1 .75 bias,0,0} RadiusLeft 

 {5,0,0} {-75,0,0} {.25 rcos1 .2 bias,0,0} CannonLeft 

 {-5,0,0} {-70,0,0} {.25 rcos1 .3 bias,0,0} ForePhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofLeft 

} Horse_Action_TROT 

 

  



42 
 

B.5 TRANSVERSE GALLOP ACTION 
 

DURATION_DATA .5 .8 .5 

FLIGHT_DATA .33 .24 

{ 

 {-15,0,0} {0,0,0} {.05 rcos1 .35 bias,0,0} RootSacrum 

 {25,0,0} {0,0,0} {.05 rcos1 .35 bias,0,0} SacrumLower 

 {0,0,0} {0,0,0} {0,0,0} HipRight 

 {-45,0,0} {15,0,0} {1 .75 rcos1 .3 bias -,0,0} FemurRight 

 {0,0,0} {-65,0,0} {-.25 rsin1 .3 bias,0,0} TibiaRight 

 {0,0,0} {90,0,0} {-.25 rsin1 .3 bias,0,0} MTarsusRight 

 {0,0,0} {-90,0,0} {-.25 rsin1 .3 bias,0,0} PhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFRearHoofRight 

 {0,0,0} {0,0,0} {0,0,0} HipLeft 

 {15,0,0} {-45,0,0} {1 rcos1 .3 bias,0,0} FemurLeft 

 {0,0,0} {-65,0,0} {1 rsin1 .3 bias,0,0} TibiaLeft 

 {0,0,0} {90,0,0} {1 rsin1 .3 bias,0,0} MTarsusLeft 

 {0,0,0} {-90,0,0} {1 rsin1 .3 bias,0,0} PhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFRearHoofLeft 

 {0,0,0} {0,0,0} {0,0,0} SacrumToTail 

 {0,0,0} {0,0,0} {0,0,0} Tail08 

 {0,0,0} {0,0,0} {0,0,0} Tail07 

 {0,0,0} {0,0,0} {0,0,0} Tail06 

 {0,0,0} {0,0,0} {0,0,0} Tail05 

 {0,0,0} {0,0,0} {0,0,0} Tail04 

 {0,0,0} {0,0,0} {0,0,0} Tail03 

 {0,0,0} {0,0,0} {0,0,0} Tail02 

 {0,0,0} {0,0,0} {0,0,0} Tail01 

 {0,0,0} {0,0,0} {0,0,0} Lumbar01 

 {0,0,0} {0,0,0} {0,0,0} Thoracic05 

 {0,0,0} {0,0,0} {0,0,0} Thoracic04 

 {0,0,0} {0,0,0} {0,0,0} Thoracic03 

 {5,0,0} {0,0,0} {-.05 rcos1 .4 bias,0,0} Thoracic02 

 {0,0,0} {0,0,0} {0,0,0} Thoracic01 

 {20,0,0} {-20,0,0} {-.05 rcos1 .4 bias,0,0} Cervical07 

 {0,0,0} {0,0,0} {0,0,0} Cervical06 

 {0,0,0} {0,0,0} {0,0,0} Cervical05 

 {0,0,0} {0,0,0} {0,0,0} Cervical04 

 {0,0,0} {0,0,0} {0,0,0} Cervical03 

 {0,0,0} {0,0,0} {0,0,0} Cervical02 

 {-10,0,0} {20,0,0} {-.05 rcos1 .4 bias,0,0} Cervical01 

 {0,0,0} {0,0,0} {0,0,0} Head 

 {0,0,0} {0,0,0} {0,0,0} ScapulaRight 

 {-30,0,0} {10,0,0} {.15 rsin1 .4 bias,0,0} HumerusRight 

 {-20,0,0} {100,0,0} {.15 rcos1 .3 bias,0,0} RadiusRight 

 {-90,0,0} {20,0,0} {.15 rsin1 .3 bias,0,0} CannonRight 

 {-90,0,0} {10,0,0} {.15 rsin1 .3 bias,0,0} ForePhalangesRight 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofRight 

 {0,0,0} {0,0,0} {0,0,0} ScapulaLeft 

 {-30,0,0} {10,0,0} {.3 rsin1 .4 bias,0,0} HumerusLeft 

 {-20,0,0} {100,0,0} {.3 rcos1 .3 bias,0,0} RadiusLeft 

 {-90,0,0} {20,0,0} {.3 rsin1 .3 bias,0,0} CannonLeft 

 {-90,0,0} {10,0,0} {.3 rsin1 .3 bias,0,0} ForePhalangesLeft 

 {0,0,0} {0,0,0} {0,0,0} EFForeHoofLeft 

} Horse_Action_TRANSVERSE-GALLOP 


