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ABSTRACT. An optimal control problem to find the fastest collision-free trajectory of a robot
surrounded by obstacles is presented. The collision avoidance is based on linear programming
arguments and expressed as state constraints. The optimal control problem is solved with a
sequential programming method. In order to decrease the number of unknowns and constraints
a backface culling active set strategy is added to the resolution technique.

1. INTRODUCTION

In this paper, we are interested in finding the time optimal trajectory of a robot. The manipu-
lator must move from an initial position to a given final state without colliding with surrounding
obstacles.

Industrial robots are an important part of the competitiveness of nowadays industries. They
are asked to accomplish their task in a workspace containing obstacles as fast as possible or
with a minimized energy consumption. The search of their optimal collision-free trajectory is
an old and still topical question. The first significant paper dates from the seventies. Kahn and
Roth had the idea to compute the optimal trajectory by means of control theory, see [21]. The
research really started at the beginning of the eighties. See [5] for a good review. However,
because of the high complexity of the problem the obstacles could not be taken into account
in the model. The detection of collision was a different topic. In 1985, Gilbert and Johnson [16]
have for the first time coupled these two problems. They worked on a simple 2 dimensional
example. The collision avoidance was introduced as a state constraint in the optimal control
problem and based on the distance between two objects. Since then, other authors developed
similar models. Dubowsky, Norris and Shiller [7], Bobrow [3], and LaValle [22] also worked with
the distance function. However, they were working along a specified path. In [15] Gilbert and
Hong developed a model for a 3 dimensional manipulator. In this article, we will also express
the collision avoidance as state constraints in the time optimal control problem. However, our
constraints are not based on the distance function, which is non-differentiable in general, but as
a consequence of the Farkas’s lemma. The use of Farkas lemma yields an algebraic formulation
of the collision avoidance whose derivative is simple to obtain in comparison to the distance
function.

Let us consider a robot composed by m links connected to each other with revolute joints. The
joint angles defined at the joints of the robot are stored in the vector g. The vector v contains the
joint angle velocities and u represents the torques at the center of gravity of the robot links. As
cited in [6] the use of optimal control problems is nowadays a natural technique when we want
to find the best path of such a robot. The formulation of the optimal control problem (without
collision avoidance) is given by:

min @(Q(to)a ’U(to), Q(tf>a U(tf)’ tf)
subject to

e Ordinary differential equations

(1) M(qv = G(q,v) + F(q,u),



e boundary conditions

q(0) = qo, v(0) = 0, ¢(ty) = grandv(ty) = 0,
e and box constraints

Umin S (% S Umaz-

In (1) M denotes the symmetric and positive definite mass matrix, the vector GG is the gen-
eralized Coriolis forces and F' denotes the vector of applied joint torques and gravity forces.
Equation (1) is the Lagrangian form of the dynamics of a robot. The vectors gy and ¢; are the
given initial and terminal states. Details on the dynamics are given in Appendix A.

Let us define the vector
T = ( Z ) € R" withn, := 2m.

This new vector contains the state variables of the optimal control problem. Let n,, denote the
dimension of u. In our case we have n,, = m. With the definition of x and the non-singularity
of the matrix M, we can define the function f : R"* x R™* — R"* as follows

v
1o = (- Gla) + Flay )
The above optimal control problem can be then transformed into
min p(x(to), z(ty), ty)
subject to
' (t) — fla(t),u(t)) = 0,  a.e.inlty,tyl,

)
U(x(to), x(ty)) = 0,
u(t) € U:={ueR™ |upnim < u < Uz},

where the function ¢ : R x R"* — R?"= contains the boundary conditions as follows

q(to) — qo
vlatto)attp) = | 00
v(ty)

Diehl et al. [6] show that the direct approach is the best approach to solve such a system.
We will follow this technique of “first discretize, then optimize” and use a sequential quadratic
programming method to solve the resulting nonlinear problem.

A common technique to detect the collision between the robot and an obstacle is to describe
these objects as a union of convex polyhedra. However, Chang and Kavraki pointed out in [20]
that such a technique is not applicable in real-world problem. Indeed, real robots can contain
complex geometries and the number of convex polyhedra to approach such geometries can
explode. Pérez-Francisco et al. suggest in [23] to avoid to work with convex polyhedra and
propose a method which can work directly with nonconvex and curved objects. We still use the
convex division, but add a back-face culling strategy to avoid the explosion of the costs. This
strategy consists of applying the collision avoidance only between polyhedra which are visible
to each other. So, only a small number of convex polyhedra are needed to ensure the collision
avoidance. Our technique is then still relevant for practical cases.
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This article is divided as follows. Our collision avoidance criterion is introduced in Section 2.
Section 3 contains the final form of the time optimal control problem where the collision avoid-
ance is expressed as state constraints. The direct discretization of the optimal control problem
is presented in Section 4. Section 5 points out the large size of the discretized optimal control
problem and proposes the backface culling to decrease the number of unknowns and state con-
straints. At the end of this section the SQP algorithm coupled with the backface culling strategy
is sketched. Finally, numerical results for a 3-link robot are given in Section 6.

2. COLLISION AVOIDANCE

For simplicity, we suppose that only one obstacle is in the workspace. In the introduction, the
robot is described by the variables ¢ and v. To establish the collision avoidance criterion, a
different description is used. As in [15, 16] the robot is approximated by a union of convex
polyhedra. This union is called PP and is given by

p
2) P=JPY, with P¥ = {z € R?|AWzx < 1)}

i=1
where n,, is the number of polyhedrain P andfori = 1,...,n,, A® € RP*3 p() ¢ RP: and
p; is the number of faces in P, Every inequality in (2) describes a face of the polyhedron. The
exponent “(¢)” refers to the data defined for the it" polyhedron in P.

Similarly, the obstacle is approximated by the following union of convex polyhedra, called ()
Tq
Q= U QY. with QY = {z e R*|CVz < dV)}
j=1

where n, is the number of polyhedra in @ and for j = 1,...,n,, CY € R%>3, 40 ¢ R%
and ¢; is the number of faces in Q(j). The exponent “(j)” refers to the data defined for the gt
polyhedron in ().

In the following, the letters n,,, A, b and ¢ are associated to the robot, and the letters n,, C, d,
and j are related to the obstacle. Furthermore, the robot will be identified with its approxima-
tion P and the obstacle with (). A scheme is given in Figure 1 where P is composed by five
polyhedra, and () by three polyhedra.

Py Py Py Q2

P,

B Qi

Robot Obstacle

FIGURE 1. Approximation of the robot and the obstacle by a union of convex polyhedra.

Using the approximations P and (7, the robot and the obstacle do not collide if and only if
PONQY =0, Vi=1,...,nyandVj=1,...,n,



4

The definition of the polyhedra P and Q") implies that the above relation is equivalent to the
in-solvability of the following linear system

A p(@) ' _
(3) C(]) r < d(J) s V'L:l,...,npandVJ:1,...,nq.

According to Farkas’s lemma [1], the system (3) has no solution if and only if there exists a
vector w(™) € RPi*+% sych that

. @ \NT @ \T
w7 >0, ( é(ﬁ > w®™) = (0 and ( Z(j) ) w7 < 0.

In conclusion, the pair of polyhedra (P, Q")) do not collide if and only if such a vector w7
exists. This forms the collision avoidance criterion between a pair of polyhedra. Between the
robot and the obstacle, the criterion reads

Proposition 1. Two unions of convex polyhedra P = | J;*, P%) and Q = Ui, QY do not

collide if and only if for each pair of polyhedra (P, QW) i = 1,...,n,,j = 1,...,n,, there
exists a vector w'™)) € RPi*9 sych that

- @\ @ \NT
w9 > 0, ( é(j) ) wE) — 0 and ( 3(]’) ) w®) < 0.

Proposition 1 is established for motionless bodies. In practice the robot P moves in the workspace.
The approximation (2) then becomes

P(t) = GP@(t), with PO (t) = {z € R} AD(t)x < b (1)},

The time dependency occurs in the matrix A® and the vector ). For notational simplicity, the
definition of P() at ¢ = 0 is just written as P (0) = {z € R} AWz < v},

A motion of P is the composition of a rotation with a translation. Mathematically, the motion
takes the following form

POty = SO@)PD0) + rO(t),

where S()(t) is the orthogonal matrix which describes the rotational motion and 7(?)(¢) is the
translational motion vector. Hence, a point Z belongs to P¥)(¢) if and only if z € P(®(0) exists
such that

&= SOtz + rO).

The matrix A (t) and the vector b(”)(¢) depend on S (t), r(?)(t) and the definition of P(*) at
t = 0 in the following manner

Theorem 2.1. Forallt > 0, we have
AD ) = ADSONT and b (t) = b + ADSD(H)TrO (1),

Proof. Let us recall that P()(t) is defined by
PO(1) = {yeR|AY )y < 09(1)}
= {y e R*|3z € PY(0) suchthaty = S (t)x 4 r@(t)}.



Let 7 denote the set
T = {y e R¥|ADSO )Ty < v + AOSO ()T (1)},
The proof of the theorem consists of establishing that P()(t) = 7. We start with the first
inclusion P®)(¢) C 7 and consider a point 7 in P (t). By definition of P{¥)(t), there exists a
point - in P (0) such that
i = SOtz + rO().
Let us multiply this equation by A® .S ()T, The orthogonality of S yields
ADSOTg = ADg + ADSOH)T O (1),
Because x € P¥(0), we have
A(i)s(i)(t)Tj < b 4+ A(i)S(i)(t)TT’(i)(t),

which means that € 7.
For the inclusion 7 C P (t), let us consider the point - given by

v = SONT(F - rO (1))
and multiply this relation by A®
AV = ADSOHTz — AO SO )T (1),
Yet, & € T implies
Az = AOSONTE - ADSOHTrO (1) < pO).
It follows that the point = belongs to P((0). Consequently, 7 € P"(t). O

Applying Proposition 1 at a fixed time ¢ with Theorem 2.1 gives the collision avoidance criterion
for a moving robot

Proposition 2. The robot P(t) and the obstacle () do not collide if and only if for each pair
of polyhedra (P™(t),QY)),i = 1,...,n,, j = 1,...,n,, there exists a vector w()(t) €
RPi+45 such that w9 (t) > 0,

O g T \T (i) (1) g(3) (4)T',-(9) r

Hence, if a vector w(™7) exists for each pair of polyhedra and for all ¢, then the robot does
not collide with the obstacle. To obtain an optimal collision-free trajectory for the robot, all we
have to do is to find such a vector. So, we naturally include w7 as a control variable and
the relations in Proposition (2) as state constraints in the time optimal control. However, the
inequality constraint in Proposition (2) has to be relaxed. No strict inequality can be written in
the formulation of the optimal control problem. Moreover, the rotational matrices, S@ | and the
translational vectors (), i = 1,...,n, are explicit functions of x = (g, v) as explained in
Appendix A. Consequently, the state constraints related to the collision avoidance are given for
ali=1,...,np,andallj =1,...,n,by

A (N \T .
(4) ( C((j‘ff( ) > w () =0,

() (1) Q(4) T,.(2) T .
- (b + A S C(l?;gt)) r (I(t))) wi () <
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The constraints are called anti-collision constraints and € > 0 is a given distance parameter.
The complete formulation of the optimal control problem is given in the next section.

3. OPTIMAL CONTROL PROBLEM

We combine the optimal control problem given in the introduction with the anti-collision con-
straints (4)-(5). This combination yields the model to find the optimal collision-free trajectory of
a robot surrounded by an obstacle. First, we simplify the expression of the anti-collision con-
straints by using a new numbering of the constraints. We carry out the following transformation

I:A1 . o nph x{1,...,n,} — {1,...,n,n,}
(t,7) — I =(i—1)ng+J.
To each pair (i, j) there corresponds an index I in {1,...,n,n,}. Reciprocally, for each I €
{1,...,n,n,} only one pair (7,75) € {1,...,n,} x {1,...,n,} exists.

In the sequel, the index I is used instead of the pair (7, j). The control variable w®) is then
numbered as wy. Let us also define the functions G; : R*% — R®i+%)%3 and g; : R™ —
RPitd for [ =1,...,n,n, as follows

ADSE (T
Gi(z) = ( O(j)() >7

b 1 AD SO ()T (4
oy = (VAU )

Let us finally set:

e the number of indices I: M = nyn;
e the size of wr:n; = p; + q;;

M np nQ
e the size of w := (wWy, ..., W) Ny = Zn; = ng Zpi —I—anqj.
I=1 i=1 j=1

Then, after transformation onto the fixed time interval 7" := [0, 1] and with these new notations
the optimal control problem reads as follows:
(OCP): Minimize

p(x(0), z(1), tf)
with respect tox € W% (T), u € L (T),w € L2 (T), andt; > 0,
subject to the constraints

Z'(t) —tpf(z(t),u(t) =0 ae inT,
P(x(0), (1)) = 0,
Gr(z(t)Tw(t) =0, I=1,....M, ae.inT,
gr(z(t)) "wr(t) < —e, I=1,...,M, ae.inT,
wy(t) >0, I1=1,...,M, ae. inT,

and
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As usual L7 (T) denotes the Banach space of essentially bounded functions mapping from
T into R™ and W7’z (T') denotes the Banach space of absolutely continuous functions with
essentially bounded derivative that map from 7" into R"=.

4. DIRECT DISCRETIZATION

We outline a direct approach towards the numerical solution of the collision avoidance problem
(OCP) by means of discretization methods.

Depending on the number M of anti-collision constraints, the problem is inherently sparse since
the artificial control variables wy, I = 1,..., M, do not enter the dynamics, the boundary
conditions, and the objective function of the problem, but only appear linearly in the anti-collision
constraints with one-sided coupling through the state.

We attempt to solve the problem (OCP) numerically with a reduced discretization approach. The
approach is based on the grid

GN = {tk:t0+kh‘kﬁ:0,1,,N},
which, for simplicity, is chosen equidistantly with the fixed step-size h = (t; — to)/N.
4.1. Reduced Discretization. A reduced discretization is obtained by solving the discretized

differential equations and eliminating them from the problem formulation. To this end we prefer
to use explicit integration schemes.

A control parameterization is given by the B-spline representation

N+r—2
up(t; ug, - . UNpr—2) = Z u; B (1),
1=0
where B;., i = 0,...,N + r — 2, denote elementary B-splines of order r on Gy and
(g, . .., untr—2)" € R™WH+7=1) is the vector of de Boor points. The order r defines the

smoothness of the control approximation, that is, u, is r — 2 times continuously differentiable
for r > 2. Typically we use 7 = 1 (uy is piecewise constant) or » = 2 (uy, is continuous and
piecewise linear).

As the elementary B-splines of order r sum up to one for all t € T', the box constraints u,(t) €
U are satisfied, if

uiEL{, i:O,...,N+T—2.
The choice of B-splines is convenient as it is easy to create approximations with prescribed
smoothness properties and, even more important, the elementary B-splines B;, have a local
support only. The latter leads to certain sparsity patterns in the constraint Jacobian, which can
be exploited numerically, see [11, 12].

Solving the differential equations for the initial value z¢ and a given t; by a one-step method
with increment function ®, which typically defines an explicit Runge-Kutta method, leads to the
state approximations

Tt1(2) = 2(2) + h®(tr, 2k (2), up(te; wo, - - ., UNsr—2), tr, h), k=0,...,N—1,
at the grid points ¢, £ = 0, ..., N. The state approximations depend on the vector

.—— T nz
Z = (x07u07"'7uN+1“—27tf) eR )
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with n, = n, + (N + r — 1)n, + 1. In the simplest case we may choose the explicit Euler
method with

O(t,z,u,ty, h) =tpf(x,u),
but typically we prefer higher order methods like the classic Runge-Kutta method of order four.
Similarly, the variables wy, I = 1, ..., M, are approximated by B-splines as follows

N+r—2
wrp(t) = win(twro, ..., Wi Nyr—2) 1= Z wr; Bir(t), I=1,...,M.
i=0

Introducing both, the control and state approximations, into the optimal control problem (OCP)
leads to the following finite dimensional nonlinear optimization problem:

Minimize
o(wo, vn(2),15)

with respect to z € R™ and wy(ty) € R™, forl =1,...,M andk =0,..., N,
subject to the constraints

(@0, TN (2)) =0,
wy p(te) > 0, I=1,....M,;k=0,...,N,
Gr(zp(2) "wrp(te) =0, I=1,...,M,k=0,...,N,
g1(xk(2)) Twy () < —e, I=1,....,M,k=0,...,N,
ur €U, k=0,...,N

Extensions towards a multiple shooting method by adding additional shooting nodes are possi-
ble as well. Note however that the reduced problem is still a sparse and potentially large-scale
problem depending on the number M of anti-collision constraints.

4.2. Sequential Quadratic Programming (SQP). From now on we choose to use B-splines of
second order (i.e. 7 = 2). Hence, we have

w[’h(tk;wLo,...,w[,N) :w[’k, I: 1,...,M, ]{IIO,,N

For simplicity, the notation w; j, is prefered to wl,h(tk; Wiy wI,N) in the discretized formu-
lation of the optimal control problem.

The reduced discretization method can be cast as an optimization problem with the following
structure:

(NLP): Minimize J(z) with respect to z € R™* and
w = (@Ul,o, ey WL Ny - WALOy - - ,’LUMJV)T c R<N+1)n“’



subject to the constraints
h(z)
Wy k
Gl,k (Z)Tka

gI,k(Z)TwI,k

z

AV
o o

I=1,... M, k=0,... N,
0, I=1,.... M k=0, . N,
e I=1,... M k=0,...
Z={zeR™ |z <z<2z,}.

m IN

Herein, z, < z, define box constraints for z, where the settings +-00 are permitted, if a compo-
nent of z is not restricted from above or below.

Remark 1. The correspondence between the reduced discretization of (OCP) and the nonlinear
optimization problem (NLP) can be seen as follows:

Let J(z) := @(xo, vn(2),tf) and h(2) := (20, 2n(2)). For [ = 1,... M, k=0,...,N
define G'1 and gy, by

Gra(z) = Grlwa(2)) and gr(2) == gi(we(2).

The Lagrange function with multipliers A, ;1 = (p11,0, - -, parnv) '
n= o, nun) ,0=(010,-..,0mn)" and( read as

L(z,w, A i, 0,C) = J(2) + ATh(z) + (T2
M N )
+ Z Z 1 w(—wrg) + nIkGLk(Z)TwI,k: + ok Gra(z) "wig) -

The Hessian of L with respect to (z, w) is given by

Ly, | ()" 0 uw)’

,, . ’Yio,z

(zw),(zw) : 0 )
%\/[N,z

where
Yie(z, ks 018) = Gra(2)nrx + Grx(2)ork, I=1,...,M,k=0,...,N.

A typical requirement in a convergence analysis or for checking second order sufficient con-
ditions is that the Hessian matrix is positive definite on the null-space of the linearized active
constraints. It is not at all clear that the above Hessian matrix satisfies this requirement owing
to the zero block, which corresponds to L . A remedy could be to regularize the problem by
adding the term a||w||? with a suitable value of « to the objective function. Then the zero block
is filled with a.f. Such a regularization makes sense as the variable w apart from being feasible
is arbitrary. In particular, if w is feasible, so is Jw for every 3 > 1 owing to the linearity of the
anti-collision constraints. Hence, norming w makes sense.

The following prototype SQP algorithm can be applied to the optimization problem. We restrict
the discussion to the local SQP method only, but we point out that the algorithm needs to be
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augmented by a globalization strategy in order to achieve numerical robustness and conver-
gence from remote starting points. As in [27] we used an Armijo type line-search procedure for
the augmented Lagrangian function in our implementation.

Prototype local SQP method:

(0) Choose 20 € Z, w® >0, v := (O (O O O ¢O),
By :=L" (2@ w® 1) and set £ := 0.

(z,w),(z,w)
(1) 1 (29, w® 1) is a KKT point of the optimization problem, STOP.
(2) Compute a KKT point (d("), V(‘}H)) of the following linear-quadratic optimization problem:

Minimize )
§dTde + J'(z9)d,
with respect to d = (d, dy, o, - .., dw, ) subject to the constraints
(=) + 1 (z9)d. =0,
Wi+ dy, >0, I=1,..., M, k=0,...,N,
le,k(Z(é))Tw%,)~C + G[,k(z(z))waI,k
+ G (W), d) =0, I=1,...,M#k=0,.. N,
g2 iy + grs(2) T du,
+ g ()T (Wi, d) < —e, T=1,...,M, k=0,...,N,

20 4 d, € Z.
(3) Set
A =0 1 a0 W =) +dY)  T=1,.. M, k=0,...,N,

and compute
B€+1 = L/(,z,w),(z,w) (Z(£+1), w(“l), l/(e_‘—l)).

Set/ :=/¢+ 1, and go to (1).

Remark 2.

(a) If the constraints of the quadratic subproblem turn out to be infeasible, the quadratic sub-
problem is replaced by one with relaxed constraints, see [4, 24]. A convergence analysis
for an SQP method using the augmented Lagrange function can be found in [26, 27].

(b) In order to achieve convergence from remote starting points, the algorithm has to be
augmented by a globalization strategy, see [24, 27] for line-search based methods and
[8, 9] for filter methods.

(c) Instead of the exact Hessian matrix one can use BFGS update formulas for B, which
guarantee that B, is symmetric and positive definite and thus the quadratic sub-problems
are strictly convex. Special measures for handling sparse matrices and sparse Hessian
updates have to be taken for large problems, see [2].

(d) There are powerful algorithms for the numerical solution of quadratic optimization prob-
lems using primal or dual active set methods, see [17, 18, 19, 28], or interior-point meth-
ods, see [14, 29]. The method in [14] is designed for large-scale and sparse problems.



11

5. BACKFACE CULLING ACTIVE SET STRATEGY

The discretized optimal control problem described in the previous section contains a large num-
ber of state constraints. At each time step ¢, £k = 0, ..., N, and for every pair of polyhedra
(P® QU)), four collision avoidance constraints are defined. This yields 4M (N + 1) state
constraints in (NLP). This large number could be problematic to find the solution of (NLP) as
outlined in [23]. Are all these constraints necessary? Let us assume that at the time step ;. the
obstacle is located far from the robot. In that case, the robot can move without colliding with the
obstacle. The collision avoidance constraints defined at ¢;, are then unnecessary. In the same
way, if the obstacle is located behind the robot at ¢, the robot can go forward without colli-
sion. The related state constraints are again superfluous. Furthermore, only few of the faces of
the convex polyhedra do actually collide while most faces are remotely located on the opposite
side of the object. This selection of visible obstacles and faces is called backface culling, see
[10, 25, 30].

Backface culling is mostly used in computer graphics. Vanécek Jr. in [30] first suggested to use
this technique for collision detection. However, his criterion to select the visible faces works only
between polyhedra which face each other. Here, we develop other criteria. They all concern the
position of the robot relative to the obstacles. The first criterion looks at the distance between
the robot and the obstacles. If this distance is large, then no collision will occur and there is no
need to consider the collision avoidance criterion for this case.

5.1. Criteria. In this section (P, ()) denotes a pair of polyhedra. The polyhedron P belongs to
the approximation of the robot and () refers to the obstacle. In comparison to the previous sec-
tions, we drop the exponent (i, j) for more readability. Moreover, the figures in this section are
given for a two dimensional case, even if the criteria are established for two or three dimensional
domain. Finally, the criteria must be fast and easy to compute because they will be employed at
each intermediate SQP iteration, between each pair of polyhedra (i.e. for I = 1,..., M) and
ateachtimestept;, K =0,..., N.

The first criterion check if () is far from P. The distance between P and () is roughly computed.
A rectangle surrounded box is defined for each polyhedron. The intersection between the boxes
is then easily tested. If the intersection is empty, it means that () is distant from P and the
anti-collision constraint is not taken in consideration for the pair (P, Q).

In order to compute these boxes, let us denote

o (zP yl 2P, i=1,..., s%, the vertices of P with s”" the number of vertices,
o (2% 942 29),i=1,..., 59 the vertices of Q with s© the number of vertices,

and define for P and ()

P . P P . P . P
r, = min x;, Yy, = min y; , z = min z;,
™o, P " ™o, sP T ™o e, 8P
a:ﬁ = max .CElP, yﬁ, = max yip, zﬁ = max ziP,

i=1,...,sF i=1,...,sF i=1,...,sF
wn% = min z7, 3/72 = min yZQ , zg = min ziQ,

i=1,...,sQ i=1,...,sQ i=1,...,sQ
a:]\% = max z;°, y]% = max yZQ , ZJ%[ = max ziQ.

i=1,...,s9 i=1,...,s9 i=1,...,5Q
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The tuple (22,42 2P a2 yP 2P resp. (29,49, 29, 2%, 4%, 2%), defines the smallest

rectangle box around P, resp. ()). For the criterion a Iarger box |s considered. Let & > 0. Let
BY, resp B2, denotes the box generated by the tuple (z ( — 9, ym 6,28 —§ b, + 6, yb +
5,2 4+ 0), resp. (29 — 0,y — 8,28 — 6, 2%, 4+ 6,y% + 6, 2% + 8). In other words, BF and
B are given by

(6) B2 = [29 =6 2% + 6] x [y9 — 6, y¢ + 6] x [29 — 6, 2% + 4]

An illustration in a 2 dimensional workspace is given in Figure 2. The boxes B and B? are
separated if

(2P — 6,28 + 6] N[22 — 6,29 + 0] =0
or [y, —dyar+0] N [yd — by + 3] =0
or 2D =020 40 N [29—6,22 46 =0

This relation is equivalent to

29 —6 > ab +6 or 2%+ < 2l -6
(7) or y§—5>yﬂ+6ory%+5<yp—5
or 296> zh+dor 240 <2h -

If at least one of the above strict inequalities is satisfied, then B does not intersect B%. It fol-
lows that () is remote and the anti-collision constraint is not considered for the pair (P, Q)). So
the first criterion reads

Criterion 1 Build the boxes BY and B® of P and () according to (6). If one of the inequalities
in (7) is satisfied, then no anti-collision constraint is written for the pair of polyhedra (P, Q).

For the example in Figure 2, the second inequality of (7) is satisfied. The boxes B and B are
separated and according to Criterion 1 no anti-collision constraint is considered.

Remark 3. The coordinates of the vertices of P evolve in time since they belong to the robot.
Hence the box BY has to be determined at each grid point ¢, & = 0, ..., N. Because the
obstacle does not move, the box B% is computed only once.

Let us assume now that the polyhedron () is close enough to P. The next criteria will determine
which faces of ()) are visible by P. Consider the situation depicted in Figure 3 (a): the polyhedron
P is moving downwards and v, indicates the velocity of the center of gravity.

In the definition Q = {z € R?*|/Cz < d}, each line of the system of inequalities describes
a halfspace. The union of all the halfspaces generates the polyhedron () and each face of the
polyhedron is a piece of the associated hyperplane. Let us recall the collision avoidance criterion
between the two polyhedra P and (): P and () do not collide if and only if

A T b T
(8) E|w>0,suchthat(c) w = 0and (d) w < 0.

We can observe that each component of w is multiplying one line of A or C, and a component
of b or d. Hence each component of w is associated to a face of P or ().
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FIGURE 2. The boxes B and B% of the polyhedra P and () are separated.

Let us define the set Q generated by the faces e; and e, of (). Q is represented in Figure 3 (b).
In fact e; and e5 are the faces of () visible by P. According to (8) () do not collide with P if and
only if

A\ b\
(9) Jw > 0, such that w = 0and w < 0,
Ci2 dy 2

where CLQ is the matrix composed of the first two lines of C' and dLg is the vector composed
of the first two components of d.

Y Y

FIGURE 3. (a) The polyhedron P is moving downwards. The faces of Q are
denoted by €1, ..., e5. (b) The set () is generated by the faces of () visible by
P.

If 1 exists, then by setting w = (w, 0,0, 0) the criterion (8) is satisfied. It follows that P and
() do not collide. In conclusion if no collision occurs between Q and P, then () and P do
not collide. In (9) only the faces visible by P are taken in consideration. The dimension of w0 is
always smaller than w, because the polyhedra are supposed to be compact. Hence the problem
to find w is always smaller.
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In the sequel we will consider the collision avoidance criterion (9) defined only with the visible
faces of (), (9) being faster to verify than (8). The next criteria concern the determination of the
visible faces of () relatively to P.

The faces of () which are located behind P are invisible for P. To find them we have first to
determine which vertex of P is located the most in the opposite direction of the velocity of the
center of gravity. This vertex is denoted by Sr. Then we consider the lower halfspace generated
by the normal vector v, and the point Si. All faces of () located in this halfspace are invisible.

The vertex S is the vertex of P which minimizes the scalar product between the vertices of P
and v.. In other words, we have

: THQ
Sp=arg min v, OS5,
i=1,...,s°

where O is the origin and S;, i = 1, ..., s” are the vertices of P. The equation of the lower
halpspace is then given by

Hg, = {z eR*|v/(z — Sg) < 0}

A face e of () is located behind P if e is included in the lower-halfspace HgR. Hence, if S,
1 =1,..., 5% denote the vertices of e, we have to test if

v (Sei —Sp) < 0, Vi=1,...,5°

C

or equivalently, to check if

(@) (b)

FIGURE 4. (a) The faces e3 and e, of () are located behind P. (b) All faces of
( are located behind P.

Then the second criterion reads
Criterion 2 A face e of () composed by the vertices S 1, . .., Se s is invisible by P if
max v2(S.; — Sr) < 0.

i=1,...,s

An example is given in Figure 4-(a) where the faces e3 and e, satisfy Criterion 2. If all faces of
( are located behind P as illustrated in Figure 4-(b), () is not visible by P and the anti-collision
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constraint is not considered. This leads to

Criterion 3 If all faces of () are invisible by P according to Criterion 2, then no anti-collision
constraint is written for the pair of polyhedra (P, Q).

Remark 4. We supposed for the computation of Sy that the velocity of the center of gravity was
not equal to zero. If the velocity is null, Criteria 2 and 3 are not applied.

Not all remaining faces of () are visible by P. Some of them can be hidden by other faces of
Q. It is the case for the face e5 in Figure 3-(b). Let consider the Figure 5-(a). In this figure the
vertex S of P can see the face e5 of (). The hatched triangle B.S A corresponds to the view
angle of S. In Figure 5-(b) the triangle B.S A crosses the face e; of (). The vertex S cannot see
es because the face is hidden by e;. The face e5 is no more visible by .S as soon as .S is located
in the halfspace H; = {z € R*|C5x < ds} generated by e5. From this observation comes
the last criterion which determines which faces of () are hidden for P. The fourth criterion reads
as follows

Criterion 4 The face e; of () is invisible by the polyhedron P if
which is equivalent to require that

max (OZSJ — d,) < 0,

j=1,....,sP

where S;, j = 1,..., s" denote the vertices of P.

Mo = {x e RYCsr < ds} \Hr = {z e R%Cse < ds)

(a) (b)

FIGURE 5. (a) The vertex S, and consequently the polyhedron P, can see the
face es. (b) The face e; of () is invisible by P because P C H; .

A limit case exists with Criterion 4 when P is included in () as depicted in Figure 6. In that
case all faces of () are invisible for P according to Criterion 4. But in fact all these faces must
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FIGURE 6. All the faces of () are deleted according to Criterion 4.

be considered in the anti-collision constraint. So, in this particular case Criterion 4 must not be
applied.

Remark 5. Criterion 4 can also be applied to detect which faces of P are visible by (). Then
the anti-collision constraint defined for the pair (P, ) can be reduced as it was done in (9).

In this section criteria to determine the visible faces of () were developed, provided () is visible.
The four criteria depend on the position of P (given by ¢) and also on the velocity of P for
Criteria 2 and 3 (given by v). In the next section we show how the backface culling strategy is
included in the SQP algorithm to solve (NLP).

5.2. Algorithm. Let us recall the index transformation that associates at each pair (i, j) the
new index [ via the formula: I = (i — 1)n, + j. Let us also define the two following sets of pair
of indices

S = {(IL,K)|I=1,...,Mandk=0,..., N},
K := {(I,k) € S| the polyhedron Q\) is visible by P at t;,}.

Hence, K is a subset of S and it is determined by applying the Criteria 1 and 3 established in
the previous subsection.

Let us also recall that w; belongs to RPi*9% . The first p; components of w; are associated to
the faces of P and the next q; components are related to the faces of Q(J). In other words,
the c'* component of w; corresponds to

e theface cof PWif1 < ¢ < p;,
e ortheface c — p; of QW ifp; +1 < ¢ < p; + gj.
Hence, let us define the following set of indices for each (1, k) € K
Tk = {ce{l,... p}]|theface cof PY is invisible by QY at t;,}
U{ce{pi+1,...,pi+q;}| the face c of Q) is invisible by PV at t;.}.

This set contains the index of the faces of the pair (P, Q7)) which are invisible at ¢;. The
invisibility of a face is determined with the Criteria 2 and 4 of the previous subsection.

Backface culling consists of considering the anti-collision constraints whose pair of indices
(I,k) belongs to K and write these constraints only with the components of the variables
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related to the visible faces. The algorithm to solve the (N LP) problem is the SQP method
presented below in which the backface culling is added as an active set strategy. This means
that at each iteration we update the set K and then build the quadratic problem by considering
only the constraints whose pair of indices belongs to /C.

Backface Culling Active Set Strategy

(0) Choose ¢ > 0, 29 € Z,w® > 0and v := (A pO 5@ 5O O,
Determine the sets of indices K(*) and «71(3@) forall (I,k) € K©.
Compute By := L” (29, w® () and set £ := 0.

(z,w),(z,w)
(1) 1f (29, w®, 1) is a KKT point of the optimization problem, STOP.
(2) Compute a KKT point (d©), ‘") with

041 1) (1) (L
) = ()‘(Hl)’“/(c:t;) ),77,(&—) )>U;(c:£>1)a ¢h)

K®
and
N,(CZI}) = (M%ZI) ) (I,k)eK®
77;(5;@_)1) = (77%;1))(1,1@)6/0@) )
0,%1) = (‘7%;1))(1,1@)@6(2)7

of the following linear-quadratic optimization problem:
Minimize
1
?F&d+fwwmz
with respect to d, and d., ., (1, k) € KO, subject to the constraints

h(z9) 4+ W (2)d, =0,

wff,)c + dy,,, 2 0, (I,k) € KO,
G’I,/IC(Z(K))TU)%)€ + @I,k(z“))waI’k
~ 4

+ G N T (@, d) =0, (1K) eKY,

§1,/IC(Z(Z))TUJ%)c + gj’k<2(£))—rdw[?k
+ TGO (W), d) < —e, (LK) € KO,
2044, e Z,
d’l,U[JC,C = 07 cE ‘7[(,[137 (I, ]{?) < IC(Z)

Note: The constraints dwl,k,c = 0 are only included for notational simplicity. In prac-
tice these variables are actually eliminated from the problem formulation and thus no

Lagrange multipliers for these constraints are foreseen in the multiplier vector ug;f)l).

(3) Set

+dY | (I,k)e K,

)
K wr K’
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Let v*1 pe the vector with V,(CZ(JZ)I)

remaining entries filled up with zeros.

sorted in at the appropriate positions and with the

(4) Update the sets of indices K“+1) and Jl(ﬁ:rl) for (I, k) € K1) according to Criteria 1

to 4 which depend on z(¢+1),
Set/ := /¢ -+ 1,andgoto (1).

6. NUMERICAL RESULT

Let us consider the robot presented in Figure 11 given in Appendix A. The robotic arm is com-
posed by a socket, two links and three revolute joints. The socket rotates along the z-axis. The
links rotate along the y-axis. At the end of the second link a load is fixed. We consider one
obstacle which is represented in Figure 7. The robot is asked to move the load around the ob-
stacle. For this numerical example, the collision avoidance is only applied between the load and
the obstacle.

FIGURE 7. A 3-link robot with a load next to an obstacle.

The load is a cube. Its representation as a system of linear inequalities is given by
P={rcR® Az < b},

with
1 0 0 0.25
1 0 0 0.25
0 1 0 0.25
A=1 9 _1 o |@b=1 g9 |
0 0 1 0.25
0 0 —1 0.25

where the origin of the system of axis is located at the center of the cube. Similarly, the obstacle
is givenby: Q = {z € R®|Cx < d} where C = A and

d' = (2,2,1.4,-1,4.5,—1.5).
The definition of the obstacle is given in the reference frame.

The following parameters of the robot are used for the numerical computations
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Parameter | Value Description

my 10 [kg| | mass of socket

Mo 2 [kg] | mass of link 1

ms 2 [kg] | mass of link 2

My 1 [kg] | mass of load

hy 1 [m] | height of socket

L 1 [m] | length of link 1

ly 1 [m] | length of link 2

1 0.1 [m] | radius of socket and links
o 0.3 [m] | radius of second socket
T3 0.5 [m] | radius of platform

T4 0.1 [m] | radius of load

by 0 [m] | offset of link 1

bs 0 [m] | offset of link 2

The moment of inertia of the socket, the links and the load are respectively given by

1
Ji = diag(0,0, =mr?),

2
1 1 1
Jy = diag(zmgrfimﬂ%,;lmz?”f)
1 1 1
J3 = diag(Zm;z,?“%, §m37‘%7 str%)
2 2 2
Jy = diag(gm4ri,gm47€,gm47‘i).

To solve the optimal control problem (NLP) with the SQP method, we choose 21 control grid
points and € = 107 for the anti-collision constraints. The ordinary differential equations are
integrating with the classical Runge-Kutta method (RK4) and the control variables © and w are
approximated with B-splines of second order (i.e. r = 2).

In this example, the obstacle is always located close enough to the robot and never behind it.
Consequently, the number of state constraints is not reduced with the backface culling strategy.
However, the anti-collision constraints are written in a reduced form, i.e. they only contain the
components of w related to the visible faces of the robot and of the obstacle. So, with this
example, we can appreciate the reduction of the number of unknowns and the simplification of
the anti-collision constraints.

Some snapshots of the robot motion are given in Figure 8. A face of the obstacle is black, if
the face satisfies Criteria 2 and 4. Otherwise, the face is grey. From ?; to 5 the left face and
the bottom face are the sole visible faces. Between tg and tg the right face is also visible. From
tg, the left face is culled and from t15 only the right face remains visible. So, at most 3 faces
are not deleted. The faces on the side (except the bottom face) are always invisible. Hence, the
corresponding components in the control w can be eliminated. This means that the number of
unknowns is 50% less with the backface culling strategy.

The time evolution of the control variables © and w are represented in Figures 9 and 10. We can
observe a bang-bang-like behavior for u. This behavior is expected and was already observed
by [31] for robot motion planning. The control w do not follow a bang-bang phenomenon. In
Figure 10 (a) the first six components of w are plotted. These components correspond to the
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FIGURE 8. Snapshots of the time minimum transfer of a load avoiding an ob-
stacle. The visible faces of the obstacle are in grey.

faces of the load. In Figure 10 (b) only the components related to the visible faces of the obstacle
are plotted. We have the relation:

® wy: the left face,
® w1: the right face,
® w;y: the bottom face.

We can see that the component wy becomes positive at 5. This corresponds to the new
visibility of the right face from 5. We can also remark that this event on w;¢ has an impact on
the other components of w. From £ to t5, w4 and wq2 were increasing. The event at t changed
their behavior. Both started then to decrease. A similar phenomenon can be observed on the
variable w1y, wo, ws and wy: the trajectory of these variables is perturbed at .

At tg, the component wg becomes null and the left face is no more visible by the robot. Note that
between tg and tq all the positive components of w were decreasing and tending to 0. Once wyq
becomes null, the other components of w start to increase again. The last event occurs at 15,
when wy» is equal to 0. An influence of the activation on the evolution of the other variables is
observable.
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FIGURE 9. Plot of the controls u along the time.
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FIGURE 10. Plot of the controls w along the time.

Finally, let us consider Table 1. In this table, we compare the results obtained with and without
the backface culling strategy. The final time, the number of iterations of the SQP method and
the CPU times are stored in this table. In the first column, the values are obtained by solving
the discretized optimal control problem without backface culling. The second column is obtained
with the algorithm depicted in Section 5.

First, let us note that the final times ¢, are equal. The trajectories are also similar. So, we can
validate the solution obtained with the backface culling strategy. The number of iterations is
smaller for the backface culling strategy: we need 530 iterations instead of 813. The gain of
the backface culling is even better when we compare the CPU times: almost 4 minutes for a
traditional resolution and less than 1 minute for the backface culling. So, we are almost 4 times
faster. This is due on one side to the smaller number of iterations and on the other side to the
smaller size of the problem to solve: less unknowns and reduced constraints.
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Global Backface culling
Ly 0.4261s 0.4261s
Iter. 813 530
CPU | 3min 44.33 51.61 s

TABLE 1. Comparison of Z, the number of iterations in the SQP method and
the CPU times with and without the backface culling strategy.

The numerical solution of the collision avoidance problems turned out to be challenging. The
SQP method typically has difficulties to satisfy the constraints, if insufficient initial guesses are
provided. Appropriate scaling was necessary as well. A remedy is to shift some of the con-
straints into the objective function using a penalty term. In our experiments we have chosen the
terminal boundary conditions and added the penalty term

2
allz(ty) — x|
with a > 0 sufficiently large to the objective function. The code then appears to be more robust,
but requires more iterates.

7. CONCLUSION AND OUTLOOK

A time optimal control problem to find for a robot the fastest trajectory that avoids collision with
surrounding obstacles was established. The robot and the obstacles were represented as finite
unions of convex compact polyhedra. This description combined with Farkas’s lemma allowed
us to express the collision avoidance as state constraints. A backface culling strategy was built
to apply the anti-collision constraints only between the visible part of polyhedra which can see
each other. This strategy was finally added in the SQP as an active set strategy. Numerical
results illustrated the gain of such a strategy in the resolution of (NLP).

Eventually, we outline an approach that can be used to further reduce or reformulate the collision
avoidance optimal control problems.

7.1. Elimination of Equality Constraints. The rank of the matrices G;(z) € R®i+%)>3 jg
supposed to be 3, which can be guaranteed for typical geometric objects like boxes or tetrahe-
dra. Hence, the equality constraints

Grlz(®)Twi(t) =0, I=1,..., M,

can be considered index-one algebraic constraints, where 3 components of w; are considered
algebraic variables. To this end, let J C {1,...,p; +¢;} and J := {1,....p; + ¢;} \ J be
index sets such that G () is non-singular, where GG/ () denotes those rows of G';(') whose
index belongs to the index set J. For simplicity we assume that .J does not depend on the index
1, that is, all geometric objects are described by the same matrices. By solving the algebraic
constraints we obtain

Gi(2) w] +G{(x) w] =0 <= w]=-G{(2)""G{(z) wj.

Define wy := w}f and reduced matrices
Gi(x)' = G{()'G{(),
ai(@)" = gl @) —gf(@) Cilx)"
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Taking into account the non-negativity of w}] for/ =1,..., M, we obtain the following reduced
optimal control problem with mixed control-state inequality constraints:

Minimize
@(z(0),2(1),ty)

(
with respect tox € W' (T), v € Lix(T), w € Ly»(T), andt; > 0 subject to
the constraints

Z'(t) —tpf(x(t),u(t)) =0 ae. inT,
$((0), (1)) = 0,
gr(z(t) Twr(t) < —e, I=1,...,M, ae.inT,
Gr(x(t)) "oy (t) <0, I=1,...,M, ae.inT,

and
u(t) eU :=={u € R™ | tUpin < U < Upag }-

This problem is smaller than the original problem and instead of the equality constraints resulting
from the anti-collision constraints it only has inequality constraints. It turned out in numerical
experiments that the latter problem seems to be more robust with regard to the choice of the
initial guess. Moreover, Criteria 1 and 3 of the backface culling can still be applied to select the
pairs of polyhedra for which the anti-collision constraints are defined. This is not the case for
Criteria 2 and 4. If only the visible faces are considered in the anti-collision constraints, then the
index set J may not exists.

7.2. Elimination of Artificial Control Variables. An alternate approach to handle anti-collision
constraints without artificial control variables uses the following parametric linear programs for
I=1,...,M:

LP;(x)  Minimize g;(z)'w wrt wsubjectto Gy(z) w =0, w > 0.
A collision does not occur, if the value function
d;(z) == inf{g;(z)"w | G;(z)"w = 0, w > 0}

is negative forall I = 1, ..., M. Hence, collisions are avoided by imposing the non-linear and
non-differentiable constraints

di(x) < —e¢, I=1,....M,

for some € > 0. The resulting optimization problem has the advantage of being small compared
to the previously discussed problems, but it has the disadvantage of being non-smooth and thus
methods for non-smooth optimization problems are required. The investigation of properties of
d;(x) regarding convexity and subdifferentiability and the exploitation in optimization methods
is supposed to be investigated in a future activity.

The solutions of the linear programs LP](w(O)), I =1,..., M, for a given initial guess z(*)
also provide an initial guess for the artificial control variables w;, I =1, ..., M.
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APPENDIX A. DETAILS OF THE ROBOT MODEL
The configuration of the manipulator robot in three space dimensions is depicted in Figure 11.

Herein, ¢ = (q1,q2,q3)" denotes the vector of joint angles at the joints of the robot and ¢’ =
(d;,4d5,q5)" denotes the vector of joint angle velocities.

|ril

FIGURE 11. Configuration of the manipulator robot.

Let the rotation matrices be defined as

cosa —sina 0 1 0 0
Si(a) =| sina cosa 0 |,S2(8)=55(8)=| 0 cosB —sinf |,
0 0 1 0 sinf cosf(
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Sia(a, B) = S1()S2(5), and Sias(a, B, 7) = S1()S2(5)S5(y). Then, the mount points of
the first and second link, respectively, are given by

—by
P = Sl(Ql) 0 )
ha
by
P, = P+ Sn(g,e) | 4
0
The centers of gravity of the three links of the manipulator in the reference system are given by
0
R, = 0 ,
hi /2

—bycosq — %1 sin g1 cos ¢

. ¢
= | —bising + 5 cosqicosq |,
hi + %1 sin g

Ry = P+ Si2(q1,q2)

owvls o
|

SO

R3 = P2+5123(QI7(]27Q3) 72
0

(by — b1) cosq —singqy (fl cosqy + 2 cos(qz + Q3))
= (by — by) sing; + cos ¢ (61 cos gz + Z cos(qa + qs))
hi + (1 singo + %2 sin(qs + q3)

The center of gravity of the load is given by

(by — by) cosqr — sinqy (¢1 cos go + €5 cos(qz + q3))
Ry = (by — by) sinqy + cos qy (¢4 cos gz + €3 cos(qz + q3))
hy + 4y sinqg + €5 sin(ge + q3)

Hence, the rotation matrix and the translational vector related to each link of the robot and the
load are given by

SW = Si(aq), r =0,

5(2) = 512(Q1,CJ2), 7“(2) = P,
SB® = S1a3(q1, 42, 43), r® = Py,
SW = 5123(91,Q2,Q3), r = Ry.

The angular velocities of the respective body coordinate systems with respect to the reference
coordinate system expressed in the body reference coordinate system are given by

0 ¢ & + 3
Wy = 0 , wa=| ¢isinge |, ws=ws=| ¢|sin(qg + ¢3)
q ¢} COS Ga ¢ c0s(g2 + q3)

The kinetic energy of the manipulator robot is given by
4
T(q,q") = (ml||R;H§ + %TJiwi) ;

1

DN | —

7



27

where m; and J; = diag(Jy, Jyi, J.i), ¢ = 1,2, 3,4, denote the masses of the robot links
and the load and the moments of inertia, respectively.

Application of the torques w1, us, and us at the centers of gravity of the robot links allow to
control the robot. The equations of motion are then given by

(10) ¢"=M(q)"" (Gla.q) + F(a),
where M(q) = Vg/ﬂ,T(q,q’) denotes the symmetric and positive definite mass matrix,
G(q,qd) =V, T(q.q) — (Vg,gT(q, q’)) ¢’ denotes the generalized Coriolis forces and
U1
F(q) = | u2+ug— glycosq (% +ms + m4) — glscos(qa + q3) (% + m4)
u3 — gly cos(qs + q2) (% + m4)
denotes the vector of applied joint torques and gravity forces.



