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AnHOTanua

Bagaua nquaamuveckoil reomerpuu paccrosuus (dynDGP) — sro memaBHo BBemeHHbIH 1O-
KJIACC F€OMETPHUH PACCTOAHMSA, Il IPOOIeMbl HMEIOT JIMHAMUYECKYIO COCTABJISIONLYTO.
I'padsr
G=(VxT,E{4r})

dynDGP umeror MHOXKECTBO BEPINWH, KOTOPOE SBJISIETCS TPOU3BEICHNEM MHOXKECTBA, IBYX MHO-
JKECTB: MHOXKECTBA V, COMEpKAIIEro OObEKTHI [IJIsi AHUMAIIAN, U MHOXKECTBA, 1, TPeICTaBIISIO-
II[ero Bpems.

B »r10it crarbe OCHOBHOE BHUMAHUE yJessgercs crenuaibHbiM dK3eMiuigspam dynDGP, ko-
TOPBIE UCIOJB3YIOTC JJis [PEJACTABICHUS JIBUKEHUsI YEJIOBEKA B IPODJIEME AJlAllTaluu, [J1e
MHOXKeCTBO V' JIOTyCKaeT CKeJeTHYI0 CTPYKTYPY (S, X)-

"Paccrosinne B3amMoIeiCTBHA" — 3TO MOHATHE BBEIEHO B KAUECTBE BO3MOXKHOM 3aMEHBI €B-
KJTUI0BA PACCTOSTHUS, KOTOPOE CITIOCOOHO YIaBIUBATE HH(MOPMAITUIO O TPEJICTABICHUN TUHAMUKA
33/1a49U ¥ HEKOTOPbIE HAYATbHBIE CBOHCTBA 3TONO HOBOTO PACCTOSHUS.

Karouesvie crosa: muHaMU9eCcKas TUCTAHIIMOHHAS T€OMETPUs, TUCTAHIIAS B3aAMMOEHCTBHA,
aJanTanysa 4e/IOBeYeCKOIr'o JIBUKEHUS, peTapreTUHI, aHUMUPOBAHHbIE CKeJeTHble CTPYKTYPBHI,
CUMMETPUYHOE KBa3U-PACCTOAHUE.
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Abstract

The dynamical Distance Geometry Problem (dynDGP) is a recently introduced subclass of
the distance geometry where problems have a dynamical component. The graphs

G=(VxT, B {51}

of dynDGPs have a vertex set that is the set product of two sets: the set V', containing the
objects to animate, and the set T, representing the time. In this article, the focus is given to
special instances of the dynDGP that are used to represent human motion adaptation problems,
where the set V' admits a skeletal structure (.5, x).

The “interaction distance” is introduced as a possible replacement of the Euclidean distance
which is able to capture the information about the dynamics of the problem, and some initial
properties of this new distance are presented.

Keywords: dynamical distance geometry, interaction distance, human motion adaptation,
retargeting, animated skeletal structures, symmetric quasi-distance.
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1. Introduction

Given a weighted undirected graph G = (V x T, E,{d,7}), the dynamical Distance Geometry
Problem (dynDGP) [16, 20| in dimension 3 consists in finding a realization

x:(v,t) €V xT — (af,yl, 2l) € R3 (1)
of G in the Euclidean space R? such that the following objective is minimized:

’d((x?qh yg? 23)7 (xfn yfﬂ ZZ)) - 6(“’(]7 Ut) ’

5(“«1? Ut)

o(x) = Z 7 (ug, vt)

(umvt)EE

, (2)

where d is a distance function, and | - | indicates the absolute value of a real number.

It is important to point out the two different roles of ¢ and d in equ. (2). The former is one
of the weights associated to the edges of the graph G, which corresponds to the available distance
value between a vertex pair. The latter is instead a distance function: d associates, to every pair
of positions, their corresponding distance. In the majority of the applications of distance geometry
[19], the distance function d is the Euclidean distance:

d((x, yi, ), (2, v 23)) = \2/(% —au)? + (yh — yi)® + (2 — z0)*.

The value of 7 associated to every distance represents the “importance” of such a distance, and it
is generally referred to as the priority of the distance § [9, 16].

The vertex (v,t) of the graph G is an ordered pair that represents a given object v at a certain
instant ¢, and a realization x corresponds to an animation of the objects in V over the time steps
in T =1{1,2,...,n}. As in the equations already introduced above, the compact notations v; and
{ugq,v:} are employed for indicating a vertex and an edge of G, respectively. The coordinates of
the object v at the time ¢ obtained through the realization function x are indicated with compact
notations z¢, y! and z!. Notice that, from a formal point of view, the only particularity of the
dynDGP (w.r.t a standard distance geometry problem) is the fact that the vertex set of G is the
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set product of two sets: V' (the objects) and T' (the time). In other words, a dynDGP with 7" = {1}
is a “standard” distance geometry problem [12].

This article focuses on a particular application of the dynDGP, where the main interest is in
analyzing human motions through the study of animated skeletal structures which resemble the
human body [20]. Some initial works have shown that tools for distance geometry can be employed
in this context [2, 17], but they consider, as in the majority of the applications in distance geometry,
the Euclidean distance as a metric.

In fact, only a few examples of use of non-Fuclidean distances in the context of distance geometry
can currently be found in the scientific literature: in [4], for example, the L., distance is used to
reformulate the distance geometry problem as an optimization problem whose constraints only
include linear terms; in [13], distance geometry on the sphere is studied, where the distances can be
either Euclidean, or geodesic distances. In the present work, the possibility to replace the Fuclidean
distance with another distance function, which is able to “better” capture the features of the motion
adaptation problem, is discussed. To this aim, the interaction distance will be introduced, and some
of its basic properties will be studied.

The rest of the article is organized as follows. Section 2 will introduce more in details the
mathematical objects that are involved in motion adaptation. Section 3 will propose a definition of
the human motion adaptation problem which is based on the formulation of a dynDGP. Then, the
interaction distance will be introduced in Section 4, and some initial properties will be presented.
Finally, Section 5 will conclude the paper.

2. The objects that come to play

Human-like characters are sets of bars that represent “bones” (i.e. the rigid components) of
a human body, while the intersection points between two bars are named “joints”. This kind
of structure is widely used in applied mathematics and can be represented by a simple graph
S = (V, Eg), where vertices in V are the joints and the existence of an edge {u,v} € Eg between
two joints u and v indicates that they are connected by a bar [11].

The graph S provides information about the structure (a hand is connected through a bar to
an elbow, which is then connected through another bar to the shoulder, and so on), but it gives no
information about the morphology of the character. For a predefined accuracy level of the skeletal
representation of the character (not all human bones are generally represented, but only a few of
them, often a little more than 20 bones), in fact, it is actually possible to consider the graph S as
a constant for an entire group of characters. Then, the difference between pairs of characters can
be evaluated by simply comparing their morphology. Notice that, for the majority of the skeletal
representations, the graph S is a tree.

The simplest way to add morphology information to a character is to include in the graph S a
weight function that associates a real positive value (the bone length) to all its edges in Eg. This
way, a “tall guy” has larger values associated to the weights of its “leg” edges, in comparison with
a normal-sized guy. Naturally, lengths can be provided in absolute values for all edges:

w: {u,v} € E— w(u,v) € Ry,

or rather the propositions among them can be provided in order to obtain a more efficient character
description which is independent from the metric scale.

Even though the simple, and weighted, graph S = (V, E,w) provides enough information to
represent a character bone structure and morphology, it is typical (in the works signed by the
computer graphics community) to represent characters by skeletal structures [1, 11]. A skeletal
structure is a pair consisting of a graph (S in our case, without weights), and a function y that is
able to assign a position in R? to every joint v € V. This initial set of positions corresponds to the
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Puc. 1: The initial pose for the skeletal structure (S,x). S is a tree and, in its realization shown
in this figure, the joint positions are computed by setting the position of its root to (0,0,0) and by
using the displacement function x to compute the coordinates of all other joints.

“Initial pose” of the character (Fig. 1 shows an example of initial pose for a human-like character).
The function y takes into consideration the hierarchical information in the graph S, and actually
provides the displacement (£2,&Y,£2) of every vertex v € V w.r.t. its parent (when S is a tree, every
vertex has only one parent):

X:v eV — (&,80,6) e R,

from which all vertex positions in the initial pose can be obtained.
The most common way to represent the animation of the character (S, x) is through the function:

p:(v,t)EVXTH(QZ, 2)7775)6}:&37 (3)

where 0!, ¢! and n! are three Euler angles (pitch: 6, roll: ¢ and yaw: ) used to control the relative
rotations of every character edge in the local coordinate system of the hierarchically lowest (closest
to the root) joint of the edge [14]. This representation has the great advantage of keeping the skeletal
structure, as well as its morphology, constant during the animation.

From the initial pose for the character, and by using the Euler angles (67, ¢! n!) for all following
time steps t, it is possible to calculate the vertex coordinates of all subsequent character poses, so
that the entire animation can be represented through a function x (see equ. (1)). This procedure is
detailed, for example, in [14]. A solutions (realization) x to a dynDGP has exactly the same form.

3. Human motion adaptation

Character animation is nowadays largely used in movie and video game industries. Typically,
a 3D model and its associated skeletal structure (S, x) are designed by an artist, then animated
either manually or using recorded motion capture data. However, it is often the case that animations
created for a specific character, or captured from a given actor, need to be reused on characters with
a different morphology: this problem is known in the specialized literature as the motion adaptation
problem.

Since the early works of Gleicher [8], and Choi and Ko [3], the problem of adapting a given
animation to the special features of a given character is taking particular attention from the
research community. The main problem consists eztracting the information about the animation
played by character A (the actor), and to ¢ransfer this piece of information to another character B
(the character to be animated), which is generally morphologically different from character A (see
Section 2 for the representation of the characters and the animations).
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Let (S, x4) be the skeletal structure that describes the morphology of character A, and suppose
that the initial animation is captured from character A; let (S, xp) be the skeletal structure of the
target character B. The two characters have a common graph S, but the two functions x4 and xp
are different. When the two initial poses described by the two displacement functions x4 and x p are
the same (different numerical values for the displacements over the three components may represent
the same pose, such as the typical T pose), one possible (and easy) approach to motion adaptation
is to simply transfer the function py (see equ. (3), representing the animation of character A, to
character B (in other words, it is imposed that pg = p4). However, the Euler angles in p4 are not
able to take into consideration the spatial relationship between pairs of character joints [2, 10], and
as a consequence undesired effects may be introduced in the animation. Typical undesired effects
include creating body contacts that were not present in the original animation, or to miss body
contacts that actually occur in the original animation.

As already remarked in Section 2, the coordinates (zf, 3%, 2!) for every joint and for every time ¢
can be computed by combining the displacement function of the skeletal structure (S, x4) with the
function p4. With the obtained representation x4 of the animation, Euclidean distances between
pairs of joints, at every time frame ¢, can be computed. As it is well-known, the Euclidean distance
is widely used in several scientific disciplines, and provides information that is easily understandable
by humans, which is, the simple measure of proximity between object pairs. A character that flaps
its hands, for example, needs to bring, at particular time frames, the Euclidean distance between
the two hands to zero in order to perform this movement; the distance provides this simple and
fundamental feature of the movement.

When the animations are represented by functions having the form of equ. (1), the motion
adaptation problem can be formulated as follows [2, 17]. Let x4 be the initial animation of
(S,x4), given in terms of absolute vertex positions. In order to capture the spatial relationships
between joint pairs in the animation, all relative distances 6, for every time frame, can be
computed. If some distances are considered to be more important than others, then a higher priority
value m can be associated to them. This procedure allows to define the simple undirected graph
G = (V xT,E,{6,7}), which represents the animation in terms of distances.

DEFINITION 11. (dynDGP-based human motion adaptation).
Given a skeletal structure (S, xp) and a simple weighted undirected graph G = (V x T, E,{6,7})
obtained from an animation of (S, xa), find an animation xp for the skeletal structure (S, xp) that
is solution to dynDGP(G).

It is important to remark that “an animation for (S, xp)” is meant to be an animation where
the morphology described by the skeletal structure is preserved. Naturally, finding an animation
for (S,x4), when G was obtained from an animation of the same skeletal structure, is an easy
problem, because all distance constraints are precise and compatible to each other [15]. When the
morphology changes from the original character to the target character, instead, it is unlikely that
the all distance constraints can be satisfied, so that the best trade-off needs to be identified by
minimizing the function o(z) (see equ. (2)).

Some initial studies where the motion adaptation problem is formulated as a dynDGP can
be found in |2, 15, 17]. However, these studies pointed out some limitations in the use of the
Euclidean distance for this particular application. The Euclidean distance, in fact, can fail in
providing information about the dynamics of the considered animation, because it focuses only on
one snapshot of the animation per time. This observation motivated the main aim of this paper: the
next section will introduce the concept of interaction distance, and will study some basic properties.
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4. The interaction distance

Immanuel Kant, whose works preceding the criticism were influenced by his readings of Newton
and Leibniz, compared time (in his early writings on the topic) to a point moving on an infinite
line |22]. Moreover, such a line was oriented, because “time instants do not depend reciprocally on
each other, it is rather the instant that precedes which determines the one that follows; this is the
reason why time admits only one dimension” [7].

In the same spirit, the main idea behind the interaction distance is to consider the dynamics of
the problem through the semi-straight lines (only the future information is taken into consideration)
defined by given joint positions at two consecutive time frames. Let v and v € V' be two distinct
joints. The orientation of the joint u at the current frame ¢ > 1 can be obtained by using two
positions: the position of u at the previous frame plt = (2f-1 y/~1 21=1) and its current position
p!,. The semi-straight line ¢, defined by p!~! and pf, having as a boundary p! and not including
p'=1 provides an approximation of the trajectory of u at further frames in the hypothesis there will
be no changes in the joint orientation. Moreover, in the hypothesis the joint speed is also constant,
it is possible to select a discrete subset of equidistant points on ¢, representing potential positions
for w at future time steps. The discrete set of potential future positions for u is therefore given by
the equation:

Pl o) = Pt + - (o — 7). aw € (1,2, oo},

Once a similar discrete set of potential positions for the joint v is computed, the interaction distance
between u and v can be measured by studying how these potential position points on the two semi-
straight lines ¢,, and ¢, approach one another.

DEFINITION 12. (The interaction distance).
Given a skeletal structure (S,x) and an animation x, the “interaction distance” D(pl,pl) at frame
t > 1 between two joints u, v € V is:

min _d(p(v, a),p(u,)), if it # pl and pit # pl,
aeN\{0}

min d(p(v,a),pﬁ), if pfjl = pf, and pffl % pfj,
aeN\{0}

d(pl, pl), if plt =pl and plt = pl,

where d 15 the Euclidean distance.

From a geometric point of view, the interaction distance gives a measure of the relative approach
between two joints by using only the information about their current position and orientation. It
follows immediately from the definition that interaction distances between joints can be computed
at every frame of the animation, except the frame 1, and that two consecutive frames are involved in
the computation of this distance. Fig. 2 shows a graphical representation of the interaction distance
for a simple animation.

It is important to remark that the idea to use semi-straight lines to define a distance function
is not completely new. A distance with exactly the same name (“interaction distance”) was already
introduced in the context of ballistics [6] (see Ch.24, Distances in Physics), but it differs from the
definition given above for the domain of a (which is discrete in the definition above). Moreover, in
the context of robotics, semi-straight lines were also used in [21] with the aim of verifying an entire
set of intermediary configurations for robot arms, instead of only a few positions. This use of the
semi-straight lines is evidently different from the one in the definition of interaction distance.

Since the interaction distance is, by definition, the smallest Euclidean distance between selected
points on two straight lines, which also include the two points pf, and p!, it follows that the
interaction distance between two joints v and v at frame ¢ > 1 is always smaller than, or at most
equal to, the Euclidean distance between the current positions of the two joints at frame t¢.
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Puc. 2: A graphical representation of the interaction distance between two joints (wrist of
approaching arm in red, and steady opposite shoulder in blue) in a simple animation. Since one
joint is steady, it is necessary to compute the semi-straight line (light red) only for one of the two
joints. It is possible to notice that the interaction distance (blue segment) is able to “anticipate”
the detection of potential joint contacts. The potential interaction is finally not completely attained,
because the value of the interaction distance at the third shown frame is smaller than the Fuclidean
distance in the last frame, where the Euclidean and interaction distances coincide.

ProrosiTioNn 2. The interaction distance is not a metric, but rather a symmetric quasi-
distance.

Proof The three properties that a symmetric quasi-distance and a metric have in common can be
easily verified:

e nonnegativity: Vt e T, Vu,v €V, D(pl,p}) > 0;
o reflexivity: Vt € T,Vv eV, D(p!,pl)=0;
e symmetry: Vi€ T, Vu,v €V : u#v, D(p,,p,)=D(.,p.).

The other two additional properties of a metric are instead not satisfied. The interaction distance
does not satisfy the “identity of indiscernibles” property, because a distance equal to 0 does not
necessarily imply that pf, and p!, are actually the same. As the reflexivity property shows, in fact,
the distance between one joint and itself is 0 (because the two straight lines ¢, and ¢, coincide), but
the converse implication is not true in general: D(p!,, p!) can be equal to 0 when two distinct joints
will collide when continuing to travel along their current trajectories in future frames (in other
words, when the two straight lines ¢, and ¢, intersect in the common point where the collision
occurs).

The second property of a metric that is not satisfied is the triangular inequality. Suppose that
the joints v and v are fixed in two distinct positions during the animation, while the joint w “travels”
on the straight line defined by p!, and p! in their direction, so that D(p!,pl,) and D(p!,pl,) are
both equal to 0. Let ¢ be the Euclidean distance between p!, and p!, which is strictly larger than 0
by hypothesis. The triangular inequality would imply:

D@, ph) < D, pl) + D(phy, p) = ¢ <0,

which brings to a contradiction. O

Notice that, for any given distance function d(pl,, p!,), if the distance value d is known and one
of the two points is fixed, say p!,, then the set

Il = {p eR’ : d(pl,p) = af}
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contains all points p such that the distance between pf, and p is equal to d. When d is the Euclidean
distance, it is well-known that IT is a sphere centered in pf, and having radius d. When the interaction
distance is concerned, fixing pf, implies the definition of the semi-straight line £, from which all
potential interaction points p(u, ), for every «, can be extracted (because the step pf, — pi ! is
known).

Let D be the known value for the interaction distance between the two joints u and v at the time
step t. Every interaction point p(u, ) on ¢, corresponds to a sphere S,(p!~!) centered in p(u, )
and having radius D. The points in II are therefore those lying on the semi-straight lines passing
through p/~! and any other point of S,(pt1), for any a. Once one semi-straight line ¢, is selected,
the corresponding value of a can be deduced from the sphere S, (p!,!) that £, intersects. This value
is necessary to set the intersection point « time steps after pf,!: the position p! corresponds to the
point of ¢, placed only one time step further (o = 1).

In the hypothesis that more than one distance constraint concerns the same point p (the
unknown), so that the system of equations

D(pfppf;) = [)mm

D(pt,, 1) = Du,

can be defined, the feasible points for p! lie on the intersection of the several sets II. Intuitively,
this intersection is related to a set of semi-straight lines which do not only pass through the point
p!, but also through the points of S, (pl 1) N---NSu(pl, 1), for every a. Since the value of a needs
to be the same for every semi-straight line, each intersection concerns only the spheres related to
the same a: the number of spheres to intersect, for every «, depends on the number of distance
constraints (see Fig. 3 for a graphical representation in 2D). These sphere intersections may be for
example empty (indicating that the target distance cannot be attained for the fixed value of «),
or they could enjoy special properties, such as the ones studied in [18] in the context of distance
geometry with the Euclidean distance. This is the current research direction.

5. Conclusions

Some initial empirical studies on the interaction distance computed for the joints of human-
like character animations have shown that this new distance can, differently from the Euclidean
distance, anticipate joint contacts and collisions of several frames before they actually occur (see
Fig. 2). This is of fundamental importance in real-time applications, where the future is actually not
known yet (differently from other applications where an animation may be preprocessed in order
to find out its critical parts).

Even if the interaction distance is introduced in this article in the context of human motion
adaptation, it is important to point out that the problem of “collision detection” arises in many
other contexts, such as aircraft and robot trajectory planning, and crowd simulations, to name a
few important examples. In some early studies of pedestrians collision avoidance [5], a short survey
on previous works proposed a classification on the two main approaches to the problem: those which
focus on the idea to predict when a collision is going to occur; the others where the main question is
whether the collision is going to take place or not. The interaction distance introduced in this work
makes a bridge between these two main approaches: small values of the distance indicates in fact
that joints are going to approach each other; moreover, the value of « (see Def. 12) corresponding
to the distance value indicates how many time steps are necessary for the contact to actually take
place.

However, while the interaction distance already finds its interest from a mathematical point
of view, the real practical benefits in using it in real-life applications still need to be verified.
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Puc. 3: An example in 2D where the set of feasible semi-straight lines for v reduces to two lines
when o = 2 (only one of the two is reported in gray in the figure). The spheres So(pl,) on £y, as
well as the spheres So(pl,) on Ly, intersect in fact only when o is set to 2 (the values of o are
reported inside the spheres). Once one semi-straight line £, is selected, the point p (the unknouwn)
15 the point on the line corresponding to o = 1.

In particular, the definition and solution of dynDGP instances related to human-like character
animations, where the interaction distance replaces the classical Fuclidean distance, will be the
subject of future publications.

Dedication

This article is dedicated to the memory of Michel Deza (1939-2016). The reason to dedicating
this work to him is not only because it is going to appear in a journal special issue where
contributions from a recent conference, dedicated to his 80" birthday, are collected. The main
reason is actually that most of this work was inspired by the reading of the wonderful Encyclopedia
of Distances, that Michel authored with his wife.
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