CMSC 425 Dave Mount

CMSC 425: Lecture 15

Animation for Games: Animation and Skinning
Tuesday, Apr 2, 2013

Reading: Chapt 11 of GregoryGame Engine Architecture.

Recap: In the last couple of lectures we introduced the principal elements of skeletiels and how to
represent animations. Recall that a skeletal model consists of a colletjmnts, which have been
joined into a rooted tree structure. Recall thaioge is defined by rotating each of the joints in a
specific way. Rotations are defined relative to a default pose, callduirti@ose or reference pose.
The mesh defining the character’s skin is defined relative to this posgicéilly this is the character
standing upright with arms outstretched to the sides.) Each npodéhis tree is (either implicitly or
explicitly) associated with a the following relevant transformations:

L ocal-pose transformation: 77, ;).; converts a point iry’s coordinate system to its representation
in its parent’s coordinate system. lIts invergg,_,,;);, converts from the parent’s frame to the
joint’s frame.

Bind-pose transformation: (also called thelobal pose transformation) 7j,,.;) converts a point in
j's coordinate system to its representation in the model’s global referencdicate system/.
It can be computed as the product of the local-pose transformationsjfugnto the root. Its
inverse, T}, s, converts from the model’s frame to the joint's frame.

Animation by forward kinematics: We assume that an animation is represented by a function that
maps time to joint angles, or more generally, the transformations that relate inhéoj@an-
other. This function is represented by means of a collectiocharfinels, each of which stores
a sequence of sampled transformations, one per joint. Through the uagafs interpolation
methods (linear or spherical, piecewise or smooth) we can determine thiej@x&dto-joint
transformation at any desired time instant.

Skinning: Now that we know how to specify the movement of the skeleton over time, lemnssder how to
animate the skin that will constitute the drawing of the character. The firstignas how to represent
this skin. The most convenient representation from a designer’squigg and the one that we will
use, is to position the skeleton in the reference pose and draw the skimdahmuresulting structure
(see Fig. 1).

In order that the skin move smoothly along with the skeleton, we need to agsawibind, vertices
of the mesh to joints of the system, so that when the joints move, the skin move§.ggis is the
reason that the reference pose is called the bind pose.)

As we mentioned earlier, if we were to bind each vertex to a single joint, then avédvobserve
cracks appearing in our skin whenever neighboring vertices are bound to téevatit joints that are
rotated apart from one another. To overcome this, we allow each velfrtiwe anesh to be bound
to multiple joints. When this is done, each joint to which a vertex is bound is askaweighting
factor, that specifies the degree to which this joint influences the movement ofrties.v&€hus, each
vertex of the mesh is associated with:

Joints: A list of joint indices to which this mesh vertex is bound

Lecture 15 1 Spring 2013



CMSC 425 Dave Mount

Fig. 1: Binding skin to a skeletal model in the reference pose.

Weights: A corresponding list ofveights, which determine the influence of each joint on this vertex.
These weights are assumed to be nonnegative and sum to

For example, if you were to imagine the vertices of a forearm mesh, thosketbhise to the elbow
might be bound to the shoulder, elbow, and wrist joints, but with the elbomgakre highest weight.
As we move down the forearm towards the wrist, the vertex weights for talddr would vanish,

the weights for the elbow would decrease, but the weights for the wridthviloerease, and we would
also see weight factors for the fingers to become positive as well. Theeruwhpints to which a

typical vertex is bound is typically small, e.g., from two to four. Good solid madgieovide tools to

automatically assign weights to vertices, and designers can query antithdgesweights until they
produce the desired look.

The above binding information can be incorporated into the mesh informateedgiassociated with

a vertex: the(x, y, z)-coordinates of its location (with respect to the model coordinate system), the
(z,y, z)-coordinates of its normal vector (for lighting and shading computatiow)jtaiis, t) texture
coordinates.

Moving the Joints: In order to derive the computations needed to move a vertex from its initigiqgros
to its final position, let’s start by introducing some notation. First, recall tbaaaimation system
informs us at any time the current angle for any joint. Abstractly, we can think of this joint angle

as providing docal rotation, RB&O], that specifies how joint has rotated. For example, if the joint

has undergone a rotation through an arggédout some axis, theRE“_O] would be represented by a

rotation matrix by anglé about this same axis. (The analysis that we perform below works urgler th
assumption thaRgtH)] is any affine transformation, not necessarily a rotation.)

Consider a vertex of the mesh. Let() denotev’s position in the initial reference pose, and let
v(® denote its position at the current time. We assume that this information is pradidesifrom

the solid modeler. We can expressn one of two coordinate systems. Let denote its initial
position with respect tg’s coordinate frame and lety; denote its initial position with respect to the
model’s frame. (Throughout this section, we will assume thigtassociated with the single joit
rather than blended between multiple joints.) Given the above local rotatisfdraration, we have

vj(t) = Rgu—o] vj(o). (Because we assume thatotates with frame, its representation with respect to
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j does not really change over time. Instead, think;j%)f as its representation relative to the joint's
unrotated reference frame.)

Recall thatl},,.; denotes the bind-pose transformation, which we introduced earliernergelet

T[[]t\j;_o]j] denote the transformation that maps the veuj@( (which is inj's coordinate frame at time

0)to vg\t} (which is in the model’s frame at any ting

Let’'s consider how to compu [WO] . As we did earlier, we’'ll build this up in a series of stages, by

converting a point from its frame to its parent, then its grandparent, and soti we reach the root
of the tree. To map a vertex at timddrom its frame to its parent’s frame at timave need to do two
things. First, we apply the local joint rotation that takes us from tinte timet with respect tgj’'s
local frame, and then we transform thiste parent’'s frame. That is, we need to first appi 0]

and therl, ;. Letus deflnéT[[tE;)O] j to be the produdﬂ[p(j)ﬁj]Rg.teol. We now have

MO
Upj) T

) _

_ 0, O _ (0
Tip() 1V Ry =T

= Tip(j)4] Yj ()Y

An Example: These matrix relations can be rather confusing, so let us consider a sixaphple to make
this a bit more concrete. Consider the pair of joints shown in Fig. 2(a),e\bent j lies 5 units to the
right of its pareni ().

(b) (d)

Fig. 2: Mapping a joint to its parent’s frame. (a) and (b): before rotatimgjdimt and (c) and (d): after
rotating the joint.

It follows that T, (z,y) = (z+5,y). We can express this in the form of homogeneous matrices
as follows. Recall that the homogeneous representation, @f) is [z, y, 1]. Thus, we have

] |

Let's consider the point lying at the tip of theaxis in j's coordinate frame in the reference model.
That s, v( ) = = (1,0). This point’s representation relative #0j)’s coordinate system is

o " 1 0 5 1 6
0 0 1 1 1
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which is the pointvlg(();) = (6,0), relative top(j)’s coordinate system at tim@ as expected (see
Fig. 2(b)).

Suppose that between timeandt we rotate the joing by 90° counterclockwise (see Fig. 2(c)). The
associated rotation matrix maps a pdinty) to (—y, «). This is represented by the following rotation

matrix.
0 -1 0
RIF% = |1 0 o].

0O 0 1

Sincevj(.o) = (1,0), after rotation it is mapped (relative §its unrotated coordinate system) to

2] - 3]

which is the poin{0, 1) at the tip of they-axis as expected (see Fig. 2(c)).

0 -1 0
o = RO = 11 0 0
0 0 1

Finally, let's consider the combination of these two steps. We want to knowewthe vertexv is
mapped to at timeby in p(j)’s coordinate frame. To obtain this we compose the two transformations
by multiplying the corresponding matrices

[t4-0) e ) 1 05][0 -1 0 0 -1 5

te t—

T = TR = o 1 0f|1 0 0| =]1 0 0f.
00 1 1

0O 0 1 0 O

Therefore, we can obtairis representation at timerelative top(j)’s coordinate frame, that i$;t()j),

by applying this transformation KDJ(O). That is,

" o o 0O -1 5 1 5

t t

v o= T Yy = 1 0 O 0 = 1],
p(5) [p(5)+3]"3 0 o0 1 1 1

which is the point(5, 1), just as we would expect (see Fig. 2(d)).

The Current-Pose Transformation: Hopefully, you now believe thal“[zaﬁ]_j] maps a vertex frony’s
frame at timed to p(j)’s frame at timet, accounting for the rotation of joint To obtain the position
of a vertex associated withs coordinate frame, we need only compose these matrices working back
to the root of the tree. Suppose that the path froto the rootisj = j1 — jo — ... = jm = M,
then transformation we desire is

jre-0) te-0) o0 ol _ T o)

t<0] t<0 t<0 t<0 o t<0

T[M%j] o T[J'm%jmfﬂ ) "T[jska}T[jz%jll - 1_[1 T[jm—i_lejm—z‘]'
1=

We refer to this as theurrent-pose transformation, since it tells where joinj is at timet relative to
the model’s global coordinate system. For the sake of making our notationaoiocese, we'll refer
to it henceforth a€’,,. ;. Observe that with each animation time step, all the matrﬂé@schange,
and therefore we need to perform a full traversal of the skeletal treenputeC’,,._; for all joints
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j. Fortunately, a typical skeleton has perhaps tens of joints, and so tisdbeepresent a significant
computational burden (in contrast to operations that need to be perfameach of the individual
vertices of a skeletal mesh).

Blended Skinning: Next, we consider how to compute the positions of blended vertices. Wmagbat
for the current-pose transformation,,._;; has been computed for all the joints and we assume that
each vertex is associated with a list of joints and associated weightsJiet = {j1,. .., ji} be the
joints associated with vertexand letW (v) = {ws, ..., w;} be the associated weights. TypicaRy,
is a small number, ranging say frarto 4. For: running from1 to k, our approach will be compute
the coordinates of relative to jointj;, then apply the current-pose transformation for this joint in
order to obtain the coordinates ofrelative to the (global) model frame. This gives kuglistinct
points, each behaving as if it were attached to a different joint. We thend bihese points together,
to obtain the desired result.

Recall the inverse bind-pose transformatibn_,;, which maps a vertex from its coordinates in
the model frame to its coordinates relativejte coordinate frame. Recall that this transformation is
defined on the reference model, and so is applied to vertices of the origaa!, prior to animation.
Once we have the vertex in its representation at tinrelative to jointj, we can then apply the
current-pose transformatia®i,,._;; to map it to its current position relative to the model frameu If
was bound to a single joint we would have
t 0

ot = Oy Tl nvi -
Let us definek; = Ciar )T} This is called theskinning transformation for joint j. (Note that
this needs to be recomputed each time the rotation angles change.)

Now, we can generalize this to the general case of blending among a caollettiertices. Recall that
v has been bound to the joints &fv). Its blended position at timeis given by the weighted sum

t 0
o = > wikuy.
Ji€J(v)

A simple example of this is shown in Fig. 3. In Fig. 3(a) we show the referpaose. In Fig. 3(b), we
show what might happen if every vertex is bound to a single joint. When thefjekes, the vertices

at the boundary between to bones crack apart from each other..18(E)gve have made a very small
change. The vertices lying on the seam between the two pieces havedugehtb both jointg; and

Jj2, each with a weight of /2. Each of these vertices is effectively now placed at the midpoint of the
two “cracked” copies. The result is not very smooth, but it could be nmaaleh smoother by adding
weights to the neighboring vertices as well.

It is worth making a few observations at this point about the storage/cotigmathrequirements of
this approach.

Matrix palette: In order to blendvery vertex of the model, we need only one vertex for each joint of
the skeleton, namely the skinning matrid€s. Recall that a skeleton will have perhaps tens of
joints, while it may have hundreds of vertices. Assuming that the joint arexduadey integers,
the palette can be passed to the GPU as an array of matrices.

Vertex information: Each vertex is associated with a small list of joint indices and weights. In
particular, we do not need to associate entire matrices with individual v&rtice
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Fig. 3: A simple example of blended skinning.

From the perspective of GPU implementation, this representation is verigeffién particular, we
need only associate a small number of scalar values with each vertexi@f thiere are many), and
we store a single vertex with each joint (or which there are relatively féwgpite of the apparent
tree structure of the skeleton, everything here can be representgdjusiirsimple arrays. Modern
GPUs provide support for storing matrix palettes and performing this typéeotiing.

Shortcomings of Blended Skinning: While the aforementioned technique is particularly well suited to ef-
ficient GPU implementation, it is not without its shortcomings. In particular, if jolméssubjected to
high rotations, either in flexing or in twisting, the effect can be to cause thesdeform in particular

unnatural looking ways (see Fig. 4).

Fig. 4. Shortcomings of vertex blending in skinning: (a) Collapsing due taling and (b) collapsing due
to twisting.
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