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Figure 4: In the synthesized motion, discontinuities in orientation
are inevitable. We deal with these discontinuities using a form of
localized smoothing. At the top left, a discontinuous orientation
signal, with its discontinuity shown at the top right. We now con-
struct an interpolant to this discontinuity, shown on the bottom right
and add it back to the original signal to get the continuous version
shown on the bottom left. Typically, discontinuities in orientation
are sufficiently small that no more complex strategy is necessary.

1. Replace a sequence by selecting two edges ei and ei+ j where
0 ≤ j ≤ n− i, deleting all the edges between them in the
path and connecting the unconnected pieces of the path us-
ing one or two edges in the top level graph G′ (if possible).
Since in the summarized graph, there are relatively fewer
edges, we can quickly find edges that connect the two un-
connected nodes by checking all the edges that go out from
toMotion(ei), and enumerating all the edges that reach to
f romMotion(ei+ j) and generate a valid path. Note that we
enumerate only 0 or 1 hop edges (1 edge or 2 edge connec-
tions respectively).

2. Demoting two edges to their children and replacing them
with one of their children if they can generate a valid path.
Doing this mutation on two edges simultaneously allows us
to compensate for the errors that would happen if only one of
them was demoted.

We check every possible mutation, evaluate them and take the best
few. Since the summary has significantly fewer edges than the orig-
inal graph, this step is not very expensive. If a motion sequence can-
not generate a mutation whose score is lower that itself, we decide
that the current path is a local minimum in the valid path space and
record it as a potential motion. This way, we can obtain multiple
motions that satisfy the same set of constraints.

4.2.3 Creating and Smoothing the Final Path

We create the final motion by taking the frames between
toFrame(ei) and f romFrame(ei+1) from each motion
toMotion(ei) where 1 ≤ i < n (figure 1). This is done by ro-
tating and translating every motion sequence so that each piece
starts from where the previous one ended. In general, at the
frames corresponding to the edges in the path, we will have C0

discontinuities, because of the finite number of motions sampling
an infinite space. In practice these discontinuities are small and
we can distribute them within a smoothing window around the
discontinuity. We do this by multiplying the magnitude of the
discontinuity by a smoothing function and adding the result back to
the signal (figure 4). We choose the smoothing domain to be ±30
frames (or one second of animation) around the discontinuity and

Figure 5: Body constraints allow us to put “checkpoints” on the
motion: in the figure, the arrow on the right denotes the required
starting position and orientation and the arrow on the left is the re-
quired ending position and orientation. All constraints are also time
stamped forcing the body to be at the constraint at the time stamp.
For these two body constraints, we can generate many motions that
satisfy the constraints in real-time.

Figure 6: We can use multiple “checkpoints” in a motion. In this
figure, the motion is required to pass through the arrow (body con-
straint) in the middle on the way from the right arrow to the left.
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as the smoothing function that gives the amount of displacement
for every frame f , where d is the frame of the discontinuity and
s if the smoothing window size (in our case 30). To make sure
that we interpolate the body constraints (i.e. having a particular
position/orientation at a particular frame), we take the difference
between the desired constraint state, subtract the state at the time
of the constraint and distribute this difference uniformly over the
portion of the motion before the time of the constraint. Note that
these “smoothing” steps can cause artifacts like feet penetrating or
sliding on the ground. However, usually the errors made in terms
of constraints and the discontinuities are so small that they are un-
noticeable.

4.3 Authoring Human Motions

Using iterative improvements of random paths, we are able to syn-
thesize human looking motions interactively. This allows interac-
tive manipulation of the constraints. This is important, because mo-
tion synthesis is inherently ambiguous as there may be multiple mo-
tions that satisfy the same set of constraints. The algorithm can find
these “local minimum” motions that adhere to the same constraints.
The animator can choose between them or all the different motions
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