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Automatic Relational Scene Representation For Safe Robotic Manipulation
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Abstract—In this paper, we propose a new approach for cognitive process to enable robotic systems to construct
automatically building symbolic relational descriptions of static  symbolic relational representations of static con guration of
con gurations of objects to be manipulated by a robotic system. box-shaped objects. Since the relations between objects in

The main goal of our work is to provide advanced cognitive ind dent of th ioulat traints. th
abilities for such robotic systems to make them more aware of a scene are independent or the manipulators constraints, the

the outcome of their actions. We describe how such symbolic Method is independent of the type of manipulator in use. The
relations are automatically extracted for con gurations of proposed scene representation captw@gsport and action

box-shaped objects using notions from geometry and static (reactior) relations between objects (e.g. object A supports
equilibrium in classical mechanics. We also present extensive et B) and therefore is useful for high level Al symbolic
simulation results as well as some real-world experiments aimed . ) .
at verifying the output of the proposed approach. reasoning tools such as aCtlon.plan_nmg' )
The approach we propose in this paper comprises two
. INTRODUCTION major steps. The rst step is a geometric analysis aimed
In robotic manipulation tasks, it is desirable to pick upat extracting act-react relations between those objects that
and move objects safely to their target position. Essentiake in contact with each other. Since the con gurations are
for safe robotic manipulation is the ability to predict andassumed to be static, the act-react relations are identi ed
reason about the effects of possible manipulation actions. $olely based on analyzing how the weight of one object
industrial automation the need to predict the effects of actiomaight act (push) on another object. In the second step, a more
on the vy is avoided with known, and well engineered envi-elaborate analysis based on static equilibrium conditions is
ronments. However, in non-engineered environments, it isgerformed. The idea is to check if removing one object in
challenge to reliably predict the outcomes of robot actiongontact with another can result in a violation of the static
One example is dealing with shipping containers, which arequilibrium of the latter. To do this, we model the problem
lled with loose, unpredictably stacked and only partiallyas a non-linear optimization program that contains among
known goods. Fig. 1 shows two such dif cult con gurations.its constraints the static equilibrium conditions as well as
Planning for a safe sequence of unloading actions to empgpnstraints about possible unknown friction parameters.
the container requires analyzing the relations between theThis work is part of a larger research effort aiming at mak-
objects in contact with each other. ing the process of unloading cargo containers autonomous
and with more advanced cognitive abilittesVe emphasize
that we do not address the problem of object detection and
pose estimation, and therefore, we make the assumption
that information about the objects composing the scene is
available to our algorithm as a set of geometrical attributes
(size and pose). Such data, for example, can be obtained
by utilizing object detection and pose estimation algorithms.
Moreover, we only consider rigid box-shaped objects (i.e
carton boxes), which are among the most popular packagings
for shipment of goods in containers [1].

The rest of the paper is organized as follows. Related work
is discussed in Section II. Section Il outlines the different
steps used to extract relational representation between blocks.

@ (b) Section IV presents experimental results of applying the

) ) . proposed method on simulated and real scene data. Section V
Fig. 1: Two example snapshots of con gurations of objectsncjudes the paper.

inside shipping containers at unloading sites.
In arti cial intelligence (Al) planning community, it is Il. RELATED WORK

usually assumed that symbolic representations of the plan-gxisting related research falls mostly in the category of

ning problem are available (usually encoded by an experfhotic “bin-picking”, where the goal is to localize and pick
We propose a method to relax such an assumption for a spe-

ci ¢ class of objects. The key idea is to develop an automatic *http:/mww.roblog.eu



(a) Face-On-Face (b) Edge-On-Face (c) Vertex-On-Face (d) Edge-Cross-Edge

Fig. 2: lllustration of contact types and the corresponding separating plRgebdtween two blocks.

objects from a bin using 3D range and visual perceptiorA. Contact Point-Set Network

While some researchers have focused on developing objecioyr approach to relational representation of a static con g-
recognition and pose estimation algorithms for bin-pickingration of blocks relies on extracting contact points between
systems [2]-[4], some research has been carried out fige plocks. This is motivated by the fact that in a static
address and improve grasping in robotic systems [5]-{7¢on guration (where the earth gravity is the only force acting
In comparison with the types of objects inside shippingn objects, and the gravitational forces between objects are
containers, which are usually small to large size cartoRegligible) the points of action of the weight forces between
boxes, the bin objects are normally small to medium sizgpjects, and consequently the corresponding torques are
rigid mechanical parts to be assembled. A small amount fetermined by the contact points and the mass distribution
displacement of such parts due to picking up one from the big the objects.

is usually tolerable and non-harmful to the parts. In contrast, The contact points are used to build a graph structure,
a displacement due to unloading an object from a containgjhere vertices are the blocks and edges represent the set of
may result in some adjacent objects falling down. A robotiggints at contact between the blocks. We call such graph
unloading system should have a cognitive level to analyzgyntact point-set networkCPSN). We consider four major
the con guration of objects and reasonably plan for a safgpes of geometrically possible contacts between two blocks
sequence of objects to be unloaded. and compute them in the following order:

Other works address building spatial relational descrip- 1) Face-On-Face. This type of contact happens when “a
tions of scenes, where the focus is more on where objects are ~ 5ce of one block and a face of another block partly

located with respect to each other (e.g., obfeas north of or completely coincide”. The result is a polygonal area
objectB) [8]-[10]. Such primitive symbolic descriptors are with minimum 3 and maximum 8 vertices (see Fig. 2a).
originally developed to describe relations between entities Edge-On-Face. This happens when “an edge of one
(e.g. buildings) in GIS (Geographic Information System) block partly or completely touches a face of another
maps, and therefore cannot be used to predict the interaction  piock”. The result is a line segment (see Fig. 2b).
between objects due to laws of Physics. 3) Vertex-On-Face. This happens when “a vertex of one

block touches a face of another block”. The result is a

I11. RELATIONAL SCENE REPRESENTATION single point (see Fig. 2c).

To explain the relational scene representation, we rst 4) Edge-Cross-Edge. This happens when “an edge of one

present a set of de nitions and assumptions that are used Plock intersects with, but is not parallel to an edge of
throughout the paper. another block”. The result is a single point (see Fig. 2d)

. NPT Since we consider static con gurations, we do not consider
Block is a set of 3D points irR° inside a rectangular "

. nstable contacts such as “a vertex of one block touches a
cuboid. We assume that the center of mass of the bloc R

. . : o vertex of another block”.

and the geometric centroid of the cuboid coincide. We

also assume that blocks are rigid and non-deformablB, Geometrical Analysis

i.e., they cannot penetrate into each other. The objective at this stage is to identify and label blocks
Flat ground is a large block that cannot be moved andn contact asacting (or reacting according to the geometric
on which other blocks can sit. Here, we assume thalon guration between two blocks. From Newton's third law
the gravity force is perpendicular to the at ground.of motion, we know for two objects andB in contact, that
In practice this can be, for example, the oor of thejf gpject A exerts a force ofB, thenB exerts a force, which

container._ . is equal in magnitude but opposite in direction Anwe call
Con guration is a set of blocks and the at ground. In A “acting object and B “reacting object
a static con guation all the blocks are motionless. Our geometrical analysis is based on extracting the sepa-

Reference frame,without loss of generality, is a xed rating plane between two blocks in contact. Since a block is
frame with xz-plane representing the side of the ata convex set, for each pair of blocks in contact, according
ground facing up, i.e. the gravity force direction isto hyperplane separatiomnd supporting hyperplangheo-

opposite to that of/-axis. rems [11], there exists a separating plane, which divides 3D



space into two half-spaces such that the separating placenditions for another blocIB in contact with A, then A
contains (and is identi ed by) the contact points and eacls said tosupportB. This relation is symbolically denoted
half-space contains only one of the blocks. Fig. 2 showsy SUPP(A,B) . It is important to note that two blocks in
separating planes for the discussed contact types. contact can both support each other, i.e., it is possible to
In our analysis, we label the two half-spacespasitive extract two relations such &JPP(A,B) andSUPP(B,A)
and negative sidesf the separating plane. A half-space is(see object® andB in example con guration in Fig. 3).
labeled as positive, resp. negative, side, if faeomponent In order to determine the static equilibrium of blocks,
of the separating plane's normal vector at that side igalues of the necessary physical quantities such as masses
strictly positive, resp. negative. In the case of a perpendiculaf objects and their distribution, as well as the friction
separating plane to the-plane (i.e., the/-component of the factors are required to be known. However, in our case
normal vector is zero), the half-spaces are not labeled. such physical quantities are not available. Moreover, in 3D
To identify which block acts on another, we rst ignore all space, where the objects are not mathematically idealized
the other blocks in contact with the two blocks in questionpoints, con gurations of objects often represent a statically
The acting block and the reacting block is determineéhdeterminate mechanical system, i.e., a system in which the
according to the following proposition. number of unknown forces is greater than the number of
Proposition 1: For two blocksA and B in contact, if independent equations. Static equilibrium equations are often
their separating plane is not perpendicular to the at grounghsuf cient to determine unknown forces acting on a block,
(i.e.,xz-plane), then the positive side of the separating planeven if the physical quantities are known.
contains the acting block, and the negative side contains theSince we are interested in symbolic relations between
reacting block. We represent such a symbolic relation asbjects and not the exact numeric computation of unknown
ACT(A,B) which is read asA acts onB”. For a sketch forces, we model static equilibrium analysis of a target block
of the proof of the proposition, see the appendix. as an optimization problem, where the goal is to nd a
There are many situations where the extracd&il rela- feasible solution that satis es a set of prede ned constraints.
tions are not enough to decide which object can be removéirst, we de ne the problem formally as follows,
and not cause the other objects to fall. An illustration of Problem. Given a target blockK, a set of blocksy =
such a case is shown in Fig. 3, where blo&kis the fYy;:::;Y,;Zgin contact withX , the corresponding CPSN
only one not reacting to any other block. Such informatiof X , the separating planes betwe¥nandY;, and the set
can naively used to suggest removiAgrst. However, the of ACT relations identi ed from geometrical reasoning on
weight of B produces a torque about the contact aB®] X with respect toY;, determine ifX is in static equilibrium
which is canceled by the action force thatexerts onB  after removingZ from Y .
at contact poin#,B). This means that removing causes We assume a unit mass for the target block, and de ne
B to fall down. Besides the case where the geometrical force-groupto be a set of forces that a block exerts
reasoning cannot be applied (i.e., the separating plane ga another block at their contact points. Each force-group
perpendicular to the at earth), this example suggests thagbntains either one, two, or between 3 to 8 forces depending
interaction between more than two objects requires a mous the contact type (see section I11-A). Each force in a force-
complex analysis, which we introduce in the next section. group is attached to one point that is called a force-point. A
force-point can be the point of a single-point contact, or the
end point of a line-segment contact, or one of the vertices of
a polygon contact (see Fig. 4). The forces in a force-group
are assumed to have the same direction, but their magnitudes
may differ.
For each blockY; in Y, depending on itACT relation
with X, three possibilities are considered:

Fig. 3: An example con guration where geometric analysis & X actsonY;: Here, for each force-point the corre-

is not enough to predict the effect of removing blokk sponding forceFij 2 G;j, is resolved into two components

. A . < Fij ,Flfl >: a perpendicular force to, and a tangential

C. Static Equilibrium Analysis (friction) force in the separating plane respectively. We limit
We use static equilibrium conditions to anticipate thghe amount of friction by introducing a friction factor;; ,

effect of removing a block from a static con guration. Fromg,ch thatkF; k j kR kand vax . The value
classical mechanics [12], an object is in static equilibrium igs |, is speci ed as ;3 constraint. The direction of all
and only if: the tangential forces is determined by an angle parameter,
The vector sum of all external forces is zero. i. To summarize, one optimization parameter for the angle
The vector sum of all torques (due to the external forcesjf friction forces ofG; and three parameters (magnitude of
about any pivot point is zero. normal force, magnitude of friction force, and the friction
The linear momentum of the object is zero. factor) for each poinj in G; are de ned.
In the context of this paper, if removing blook from b) Y; acts onX: In this case, for each force-point

a static con guration leads to unsatis ed static equilibriumj in the force-group,G;, we assign a weightW;; =



(0; wi; ;0) wherew;j > 0. Thus, for eachW;; one wherei=1;:::;p;j=1;:::;qG, and

optimization parameter is de ned. foni(2) The objective function
c) TheACT relation betweerX andY; is not given: Fx;Fy;Fz X, y, andz components 0Fotal
We neglect friction and consider solely normal forces that ~ x; y; z X, Y, andz components Ofotal
may exert onX . Thus, for each force-pointin the contact ~ F{j The normal component d¥;;
force-group,G;, one optimization parameter is de ned. Fi?j The friction component oF;;
i The friction factor at point of actioi |
max The maximum acceptable friction factor

The minimum off oi(:) is zero, which is satis ed if there
exists a consistent solution.
The existence of at least one solution that satis es all the
constraints of the optimization problem implies that there
exists one possible set of forces and acceptable friction
factors that can satisfy the static equilibrium conditions of
the target block. The implication, however, is valid as long
as the assumptions on friction factors and mass distributions
are close to real values. Thus, nding a solution just tells us
Fig. 4: A force-groupG; with 4 contact force-pointg;  that it is possible thaX remains at rest. On the other hand,
(polygon contact type), friction forces'i;j , normal forces if there is no solution for the problem, then it is impossible
Fi and angle ;. for X to preserve its static equilibrium which means that

block Z supports blockX. In other words we can state that

For the sake of modeling, the weight of block is SUPP(Z,X) is true. _
represented as the force-groW, with a single force, Please note that if the approach fails to extrac®@PP
Wo.1 = (0; g;0), at the centroid o)X whereg > 0 is the relation between two connected blocksand B, then we

magnitude of the earth's gravity. Mathematically, the stati€@nnot deduce that there is no support relation between

equilibrium conditions for block can be written as below, &ndB. In such case, the support relation is simply not known
to hold betweerA andB.

0 1
Frowl = X @Xh FyA=0 D. Relational Representation Of Con gurations of Blocks
i:OO j=1 1 The nal output of the proposed method is a graph
NI representindACT and SUPPrelations that exist between the
~otal = fij  Fij A=0 blocks of the static con guration. The vertices of the graph
=0 j=1 ' ’ represent the blocks, while edges between vertices represent

the ACT and SUPPrelations. Examples of such graphs are
wherep is the number of force-groups (including the weightshown in Fig. 7. Such symbolic relational representation can
of X), g is the number of force-points in thieth force- then be used by high-level Al symbolic reasoners to decide
group, Fj; is thej-th force in thei-th force-group,r; is on the safest sequence of unloading a container.
the moment arm from the centroid %f to the point of action
of Fi;j , and consequently;;  Fj; is the torque about the IV. RESULTS
centroid ofX due to the external forcEj; . In this section, we present experimental results that we
We de ne the objective function of the optimization prob-carried both in simulation and in real world. The aim of the
lem to be the sum of the absolute values of the total forc&imulation experiments was to analyze the execution time
and total torque components along the reference frame axe$:the different stages of the approach on a large number
of random con gurations. The real world scenarios aimed at
fonj(:) = JFxj + jFyi+ jFzi+ i xi+tjyit]zi validating the constructed representation of the scene.

and formally de ne the optimization problem as A. Random Con gurations

We developed a scene con guration generator based on

minimize  f obj physics simulation. The simulator generates random con-

subjectto 0< j; max gurations of blocks inside a container (see Fig. 5). The
kFL k. kF" Kk data of physical quantities such as mass, friction factors and
B} I}) [N} . . .. ..
0 R so forth, in addition to the collision shape description of
I

the objects (i.e. block dimensions), are set as minimum-
Fx=0;Fy=0;F, =0 maximum intervals. The attributes of the generated objects
x=0;y=0;,=0 are uniformly sampled from the given intervals.



acceptable. In addition, the static equilibrium analysis stage
can be parallelized.

Fig. 6¢c depicts the average number of contact types
with respect to the number of blocks. As expected, the
number of single-point contacts which are the result of less
stable con gurations (vertex-on-face and edge-cross-edge) is

(@) (b) noticeably lower than the number of face-on-face and edge-
on-face contact types.

The average number of extracted relations between blocks
is shown in Fig. 6d. The number of support relations
, . increases linearly. FON < 20, the number ofACT and
We considered a varying number of blocké (N = gpp relations are close to each other, that is, for each
5iji =1;:::;20), Whe_re for e_a_ch value df, we generated ACT(X,Y) relation, it is more probable to have a corre-
20 random con gurations, giving a total of 400 con gura- sponding SUPP(Y,X) relation. However, as the number

tions. For each con guration, we recorded the time for theyt piocks increases, the number of corresponding support
geometrical and static equilibrium analysis. As a gure ofg|ations diverges from that of act relations.
complexity of the generated con gurations, we recorded the

number of contacts between blocks, the number of extract®&l Real World Con gurations

ACT and SUPPrelations, and the number of contact types \we examined the proposed approach on three real-world
(i.e., single-point, line-segment and polygon contacts).  ¢on gurations of carton boxes placed in a mock-up container.
The goal was to verify that the generated relations were
consistent with the true con guration of the objects in the

real world. We collected and registered 3D point clouds
using two Kinect sensors placed at two different angles
of views (looking at the scene from left and right sides).

Since the focus of the paper is not on object detection, we
performed the detection of the boxes and their attributes by
a simple procedure consisting of registering models of boxes
to the generated point clouds and manually re ning the pose
estimation process. Fig. 7 shows the real-world con gura-
tions with their models and the corresponding constructed
relational scene representation.

In the real world con gurations, the at ground is modeled
by a static block (the gray bottom block in Figures 7g to 7i).
The rst con guration is simple and contains three boxes
stacked on top of each other (see Fig.7a). Its relational scene
representation is shown in Fig. 7j where ea®B8T(X,Y)
relation has a correspondi®JPP(Y,X) relation. The sec-
ond con guration (see Fig.7b) has more interactions between
blocks, where more than one block (1 and 2) are acting on
another (block 3), and reacting against other block (block
Fig. 6: Results of randomly generated con guration by the)) Fig.7k depicts the corresponding representation. In the
simulator. In (a) and (b) the vertical axes are time in secondgird con guration (see Fig.7c) there is a bidirectiorsll PP
In (c) and (d) the vertical axes are the average of the numbgijation between two blocks (0 and 1). This implies that no
of contact types and relations respectively. box can be removed without causing another box to fall as

a side effect (see Fig.7I).

Fig. 6a, resp. Fig. 6b, shows the average time taken
by the geometrical, resp. static equilibrium, analysis. We
can notice that the geometrical analysis takes very shortWe propose a new approach to analyze and represent
time and increases linearly with the number of objects. Theon gurations of cuboid-shaped objects in terms of abstract
static equilibrium analysis requires much more time andymbolic relations. The representation uses a minimal set of
increases polynomially. The time consumption of the statirelations to capture possible physical interactions between
equilibrium analysis is due to the nonlinear optimizatiorobjects in contact with each other. The proposed symbolic
solver, that is called for each target object. Nevertheless, foglational representation can be readily used by high-level
realistic scenarios, we expect the number of objects extractédl reasoning paradigms to predict the effects of moving
by any object-detection algorithm to be small, and thugbjects in contact with each other. To the best of the authors'
the performance of the static equilibrium analysis remainknowledge, this issue has not been addressed before. The

Fig. 5: Two con gurations generated by the simulator.

(a) Geometrical Analysis Time (b) Statics Analysis Time

(c) Contact Types (d) Relations

V. SUMMARY AND FUTURE WORK



(@) Cong. 1 (b) Cong. 2 (c) Cong. 3

(d) Point cloud 1 (e) Point cloud 2 (f) Point cloud 3

(g) Model of Con g. 1(h) Model of Cong. 2 (i) Model of Con g. 3

() Graph of Cong. 1 (k) Graph of Con g. 2 () Graph of Cong. 3

Fig. 7: Results of real world con gurations. The rst row 4

Wpro = (W n)n = (wny)n

Sincew > 0 andny, > 0, w has no contribution
towards the positive side, and hence no force exertion on
A. Similarly, we can show that for all weights of points
in A, there exists a non-zero force contribution towards the
negative side, i.eACT(A,B) .

Fig. 8: Extracting the possibl&CT relation between two
blocks A andB in contact (Proposition 1).
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