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Abstract

Kinematic calibration of robots is an effective way to guarantee and promote their performance characteristics. There
are many mature researches on kinematic calibration, and methods based on MDH model are the most common ones.
However, when employing these calibration methods, it occasionally happens that the objective function cannot converge
during iterations. Through analyzing robotic forward kinematics, we found out that the Cartesian coordinates of the end-
point are affine to length-related MDH parameters, where linear and nonlinear parameters can be separated. Thanks to the
distinctive characteristic of the MDH model, the kinematic calibration problem can be converted into a separable nonlinear
least squares problem, which can further be partitioned into two subproblems: a linear least squares problem and a reduced
problem involving only nonlinear parameters. Eventually, the optimal structural parameters can be identified by solving this
problem iteratively. The results of numerical and experimental validations show that: 1) the robustness during identification
procedure is enhanced by eliminating the partial linear structural parameters, the convergence rate is promoted from 68.98%
to 100% with different deviation vector pairs; 2) the initial values to be pre-set for kinematic calibration problem are fewer
and 3) fewer parameters are to be identified by nonlinear least squares regression, resulting in fewer iterations and faster
convergence, where average runtime is reduced from 33.931s to 1.874s.
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1 Introduction

As essential ingredients of intelligent manufacturing,
industrial robots have been widely employed in a broad
array of fine-processing scenarios, such as arc welding [1,
2], robotic grasping [3] and machining [4, 5], which requires
ultra-accurate positioning of robots. Unfortunately, since
the deviations of rod lengths and zero offsets of each joint
are introduced during the manufacturing and assembling
procedure, the absolute positioning and orientation errors of
robotic end-points are unevenly distributed in the Cartesian
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space [6, 7]. Hence, it is urgent to identify the structural
parameters of robots through kinematic calibration. There
are numerous mature methods and algorithms in the field
of kinematic calibration [8-10]. However, in practice, it
occasionally happened that the objective function of these
kinematic calibration methods cannot render to convergence
in some situations. The problem we encountered is actually
a convergence analysis problem of nonlinear least squares.
It is critical for an optimization problem to choose a
suitable model, and it will directly relate to the convergence
of the objective function. Considering kinematic calibration
of robots, three basic characteristics should be required
to meet: completeness, continuity and minimality [11]. So
far, there have been several mature modelling theories, and
the Denavit-Hartenberg (DH) modelling method [12] is the
widely recognized as one of the most well-understood and
commonly employed since it has the minimum parameter
set representing the location of joint frames. However, it
was found out by Hayati [13] that when two consecutive
joint axes of robots are nearly parallel or parallel, even
a slight change in the geometric structure of robots will



lead a tremendous deviation in the DH model parameters,
and thus it is not continuous. Since then, researchers
have modified the modelling approach to overcome the
singularity problem, which could be mainly divided into
two categories: product of exponential (POE) based model
and modified DH (MDH) model. POE based model directly
describes the geometry of each joint axis through six
parameters, which is singularity-free [14—16]. Nevertheless,
there are internal constraints in the six parameters, which
will increase the complexity and reduce the robustness
of the identification process [17]. Moreover, most robotic
controllers have no corresponding compensation interface
for POE parameters [18]. Likewise, to solve the singularity
problem, some extra redundant parameters were introduced
to the DH model, and the Hayati model [19] is the widely
used one by adding an angular parameter to rotate around
the Y axis of local joint frames, which is also called the
MDH model. Since all the correspondences could be found
between the robotic geometric structure and MDH model
parameters, the identified optimal structural parameters can
be readily compensated into robotic controllers. In this
paper, all derivations of robotic kinematics will be based on
MDH modelling method.

Apparently, the robotic forward kinematics model is
a typical nonlinear mapping containing trigonometric
functions of structural parameters, and the identification
process of structural parameters could be treated as a
nonlinear least squares problem. So far, the nonlinear least
squares problem has addressed plenty of attentions. With the
advantage of fast convergence, one of the most commonly
used descent methods in kinematic calibration is the Gauss-
Newton method, which can minimize the 2-norm of residual
errors based on implemented first derivatives [20]. Then,
Levenberg-Marquardt (LM) method [21] was employed to
solve the singularity problem that might be encountered
during the iterative searching for the optimal parameters
with Gauss-Newton method. Recently in [22-24], the
absolute positioning accuracy of robots could be further
enhanced by the extended Kalman filter method, which
can reduce the impact of Gaussian random errors coming
with the measurement process. However, when employing
these calibration methods, it occasionally happened that
the objective function cannot converge during iterations.
Through analyzing forward kinematics of robots, we found
that the Cartesian coordinates of the end-point are affine to
length-related MDH parameters, where linear and nonlinear
parameters can be separated. Fortunately, taking advantage
of the distinctive structure of the MDH model, the original
problem can be turned into a separable nonlinear least
squares (SNLLS) problem. Golub and Pereyra [25] firstly
proposed the SNLLS problem, and gave its solution through
a variable projection method. The key idea of the variable

projection method is to partition parameters into linear
and nonlinear part [26], among which the linear part of
parameters is searched by linear least squares, resulting
in a reduced subproblem including only the nonlinear
part [27]. Since fewer parameters are to be identified by
nonlinear least squares regression, it is crucial to increase
the likelihood of finding the global minimum from plenty
of other local minimums, and in addition, reduce the
time spent searching for the solution [28-30]. In [28],
concrete comparisons was presented on the performance
of separated algorithms combined with different descent
methods, and the influence of different Jacobian matrices
on convergence was elaborately given. Based on the
benefits described above, we are wondering if the separable
nonlinear algorithm can improve the convergence of the
robotic kinematic calibration problem, which motivates us
to compare the convergence performance of the separable
nonlinear algorithm with traditional calibration methods.

The remainder of this paper is organized as follows. In
Section 2, the separable nonlinear least squares problem
and corresponding solution will be formulated. Section 3
will give the concrete comparisons on numerical and
experimental results with different methods on absolute
positioning accuracy. Section 4 will conclude this paper. It
is worth mentioning that the main contributions lay in:

e Taking advantage of the distinctive characteristic of
MDH model, this paper proposes a separable nonlinear
least squares algorithm for robotic kinematic calibra-
tion. The robustness during identification procedure is
enhanced by eliminating the partial linear structural
parameters.

e Fewer parameters are to be identified by nonlinear least
squares regression, resulting in fewer iterations and
faster convergence. In addition, the initial values to be
pre-set for kinematic calibration problem are fewer, and
thus the convergence of kinematic calibration problem
is only related to the pre-set values of robotic nonlinear
structural parameters.

® Numerical and Experimental results including com-
prehensive comparisons substantiate the effectiveness
and superiority of the proposed SNLLS algorithm for
kinematic calibration.

2 Separable Nonlinear Least Squares
Algorithm

In this section, an equivalent MDH model with nonlinear
parameters separated will be established, and a separable
nonlinear least squares algorithm will be proposed for a
faster convergence with wider range.
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2.1 Robot-Sensor System for Calibration

The robotic end-effector is expected to attain the desired
positioning point. Unfortunately, since the deviations of rod
lengths and zero offsets of each joint are introduced during
the manufacturing and assembling procedure, the absolute
positioning and orientation errors of the tool central point
are unevenly distributed in the Cartesian space. Hence, it
is critical to promote the performance of robots through
identifying the structural parameters.

The experimental apparatus for calibration is presented
in Fig. 1, where the Cartesian coordinate of the tool
central point (TCP) is accurately measured by a laser
tracker. In Fig. 1b, the schematic diagram gives a detailed
description of each local frame establishment for a 6-DOF
robot, where red arrows represent Z-axes of their local
coordinate systems, and blue arrows denote X-axes. For
simplicity, the robotic base coordinate system {M} is set
to coincide with the 1-st joint coordinate system frame
when 67 = 0. It is worth noting that the transformation
of {B} with respect to {M}, namely the hand-eye matrix
is unknown, and thus needs to be identified. During the
measurement procedure, the TCP successively reaches k
arbitrary configurations, whose corresponding Cartesian
coordinates should be distributed as much as possible
throughout the working space. And then, the coordinates
corresponding to each configuration are measured by the
laser tracker. In the meantime, joint angles are recorded,
which correspond to the k configurations. Finally, with the
attained data, the structural parameters can be identified by
solving the optimization problem defined in Section 2.3.

2.2 MDH Model with Nonlinear Parameters
Separated

According to robotic kinematics, considering a n-DOFs
serial robot, the Cartesian coordinate pf” of the tool central
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Fig. 1 Experimental apparatus for kinematic calibration in our lab. a
Physical map. b Schematic diagram

point with respect to the measurement frame {M} can be
analytically described as follows [31],

p;n =f(a,oc, 09 d9 ﬂ) ZAZnAfA%"'Az_Ip;ly (1)

where f(-) is a nonlinear mapping, providing the con-
nection between MDH parameters (a, o, 0, d, B) and the
Cartesian coordinate, p}". Besides, the homogeneous matrix
Ag_l denotes the transformation and rotation from frame
{i — 1} to frame {i}, and superscript or subscript letters m
and b represent the measurement frame {M} and robotic
base frame {B}, respectively. The vector pf € R(3) is
the Cartesian coordinate of TCP with respect to the n-th
joint frame. As mentioned in Section 2.1, the transformation
from {M} to {B}, and the Cartesian coordinate of TCP are
unknown. Hence, parameters in A}’ and py should also be
identified and determined. Define that

m o | Rp bp
Ab_|:0 uE (2)

where

cPcO chpsOsY — sOcV cPsOcY + sPsW

Ry = | s®cO® sPsOsV + cPcV sPsOcY — cPsV |,
—s® cOs¥ cOcVv
(3)
T
by =[Xp Yy Zp] “4)

and abbreviations s and ¢ stand for trigonometric functions
sin and cos, respectively. The matrix A}’ could be expressed
by six parameters to be determined, where [Xp, Yp, Zp]
and [®, ®, W] are respectively transformation and rotation
coordinates from {M} to {B}. Besides, p} is defined as

prex v z], 5)

the transformation matrix Af‘l could be expressed accord-
ing to robotic kinematics, which is elaborated in [31]

i1 o | Ri b
A; _[O e (6)

in which

cOichi — sOisaisPi —sOica; cOisPi + sO;sa;chi

R; = | s0icB; + cOisaisBi cBica; s0;sp; — cOisaich; |,
—ca;sP; so ca;cBi
(7
and
a,~c9,- C@i 0 @
bi = aisei = S@,’ 0 |:dli| 5 (8)
d; 01 !

where a;, «;, 6;, P; and d; are MDH parameters
corresponding to i-th joint. It is worth noting that the



rotation matrix R; is a function of «; and 6;, and the position

vector b; is a function of 0;, a; and d; but is affine to
T

[a,- d,-] . Thereafter, we have

xi_1 = Rix; + b;, 9)

where x; denotes the coordinate of TCP in the local
coordinate frame of the i-th joint. Then, the coordinate of
TCP in the measurement frame can be represented as
Xm =Rpxp + bp = Rp(R1x1 + b1) + by

=Ry [R1(R2x2 + b2) + b1] + by

(10)
=RpRy---Ryxy + RpRy -+ Ry_1by+
RpRy -+ Ry—2bp—1+ -+ Rpby + by,
where x, is equivalent to p" = [X;,Y;, Z]", which

is the coordinate in the n-th joint frame. For calibration,
xp is constant. x,, is equivalent to p;”, which is the
Cartesian coordinate of TCP in the measurement frame. For
calibration, linear and nonlinear parameter vectors to be
identified are respectively defined as

T
rzl:bbTvalsdlv"' ,an,dn,an] ERaX]s (11)

0=1[0,¥, 0 a6 B an b BT € R, (12)
Define

g@) £ [I(3), 80,81+ »8nl. (13)
where

c0; 0
Ry |56 0],
01
cBi+1 0 (14)
s0i+1 0, 0<i<n
0 1
[RpRy - - - Ry], i=n

gi(®) =
[RpRy--- R;]

Thereafter, the coordinate of TCP in the measurement frame
(10) could be rewritten as

dn an—1
Xm =8&nXn + &n-1 [d i| + 8n-2 [d lj|
n n—

a

as)

1:| + by,

1

which can be further simplified into

Xm = g(w)r, (16)

It is worth noting that x, is nonlinear in angle-related
parameters , but affine in length-related parameters r.

2.3 Separated Nonlinear Least Squares Problem

For the kinematic calibration problem of serial robots, its
objective is to find the optimal structural parameters @ and

r by minimizing the following nonlinear mapping,

k

e1r.w) = % ; [ — @ r -

2
)

1
=5 1¥Ym - Gz,

m >Jm

T
where Y,, = [yT(l) yT(z)-ny,E(k)] , and G(@w) =

[g_'T(w)(”, 2T @)@ ... gT(w)(k)]T. And y,, /) is the Carte-
sian coordinate of the TCP with respect to the frame {M}
measured highly accurately, where j = 1,2---k is the
sequence number of measurement configurations. In addi-
tion, G(w)r is the corresponding nominal Cartesian coor-
dinate of the TCP, and || - || denotes the Euclidean norm.
Then, the nonlinear function ¢q reflects absolute position-
ing accuracy of industrial robots. If the nonlinear structural
parameter vector @ is known, the calibration problem turns
out a typical linear least squares problem. Therefore, the
linear parameter vector r can be directly deduced as

r=G)"Y,, (18)

where G(w)T is a Moore-Penrose inverse of G(w).
Substituting (18) into (17), it can be obtained that

% [Ym — G(@)G (@) Yy

a(w) ||2

1
=3 I(I = G@)G@)") Yn |,
(19)
1
= 210~ o) Yl
Ly
=3 |Pewtn], =5 <ee>
where PGy = G@G@w*, Pg, = I — PG and

c = P(J;' @) Y. It is worth noting that the new objective
function ¢2(w) is only related to the nonlinear parameter
vector @. In this way, the benefits of separating linear-
nonlinear parameters are as follows, 1) the robustness
during identification procedure is enhanced by eliminating
the partial linear structural parameters; 2) Fewer parameters
are to be identified by nonlinear least squares regression,
resulting in fewer iterations and faster convergence; and
3) the initial values to be pre-set for calibration problem
are fewer. The main process of kinematic calibration is
to identify nonlinear parameters w first through (19), and
then the linear parameters r are calculated by least squares
as shown in Eq. 18. Eventually, the objective function
of optimization problem for kinematic calibration can be
expressed as

(20)

minimize'l“Pl Y‘
® '2 G ™ 2’

For calibration, taking the 2-norm of absolute positioning
errors as the objective function, not only can the errors be
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reduced to the greatest extent, but it is minimized that the
impact of uncertainty caused by measurement and robotic
repeatability errors during the identification procedure.

2.4 Descent Methods and their Jacobian Matrix

Gauss-Newton method is the most common search method
used to solve nonlinear least squares problems, and the
iterative search process along search direction is

kD) gy =) g £ s, 1)

where ®w is the current nonlinear structural parameters,
and “*Dg is the parameters for next iteration. Superscript
k is the number of loop iterations. The “)§ is the search
direction, which could be obtained by solving

J ((")w>T J ((")w>(K) §=—

where J (w) € R**“ is a Jacobian matrix, describing
the differential mapping between structural parameters
and Cartesian coordinates of the end-point. Gauss-Newton
method is a very efficient method, which can give
quadratic convergence in some special cases. However,
its convergence is hypersensitive to the initial values of
parameters to be identified. Levenberg and later Marquardt
proposed a damped least squares method, where both
rapidity and robustness are thought and made to the optimal
trade-off by introducing a damping parameter p [32]:

(v(0)" s (0) + M)(“

where p is iteratively updated, whose determination rule can
be found in [32]. It can be seen from Egs. 22 and 23 that
the crucial step is to analytically deduce the Jacobian matrix
J (@), which is the first derivative of the error vector ¢ (@)
[28]. It can be calculated by

((")w>T (@), (22)

§=—J ((")w>Tc, (23)

1 1 1 T
J = DPEYy = —P$DGG ™Y, — (PEDGG™) Yo,
(24)
where D is the Frechet derivative operator, and G~ denotes

the symmetric generalized inverse of a matrix G.

Proof Since G is a 3k x a matrix function, the following
formulas GG™G = G and (GG™)T = GG~ will suffice.
The Frechet derivative of Pg can be given by

DPg = D(PZ) = DPg P + PcDPg, (25)

where the two terms on the right can be derived by formulas
(28) and (29). Since PgG = G, we have

DG = D (PGG) = DPgG + Pg DG, (26)
and hence,
DPGG = DG — PgDG = P; DG, (27)

Thus, D Pg Pg can be deduced by

DPGPG = DPGGG™ = PgDGG™, (28)
and
PGDPG = (DPgPg)", (29)

Substituting formulas (28) and (29) into (25), it can be
obtained that

L L T
DPG = PEDGG™ + (PEDGGT) (30)
Obviously,
DPg = —DPg, (3D
The proof is thus completed. O]

Exploiting corresponding properties of the matrix Px,
the gradient vector J ¢ can be further simplified as

J'e =Yy ' PgDGG™ Yy, (32)

Proof The right side of Eq. 22 can be expressed as

T
Jle=-v," (PgDGG- + (Pé‘DGG‘) > PEYm
=term; + termy,
(33)

where the two terms on the right will be elaborated
in formulas (35) and (37). Since G~ is a symmetric
generalized inverse of the matrix G, it also satisfies
G~ GG~ = G™. Then, we have

G P;=G"(I-GG™)=G~ -G GG~ =0, (34
and hence,
term; = —Yy P DGG™ PEYy =0, (35)

As an idempotent and symmetric matrix P(J;', it meets the
following properties

(Pg)T P = <P(J;)2 =P} = (Pé')T, (36)
Inserting (36) into the second term, we have
termy = —Y,," (Pé‘DGG‘)T PLy,
=-Y," (DGG™)" <Pé>T PAY,,
=-%," (DGG™)" (pg)T Y G7
= —Y," (P(J;DGG‘)T Y
=Y PGDGG Yy,
The proof is thus completed. O
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2.5 Separable Nonlinear Least Squares Algorithm

To sum up, the pseudo code of the proposed separable
nonlinear least squares algorithm is elaborately presented
in Algorithm 1, and corresponding schematic diagram is
shown in Fig. 2. On one hand, the search direction of
the nonlinear parameter vector @ is obtained through the
separable nonlinear least squares algorithm. On the other
hand, substituting the updated nonlinear parameter vector
® into formula (18), the linear parameter vector r can be
directly calculated by linear least squares method. With
both linear and nonlinear parameters updated, the objective
function (20), namely absolute positioning accuracy can be
eventually computed. if the number of iterations is more
than M (a pre-set maximum iteration), or the norm of search
direction ||8]|5 is less than € (a small tolerance), the loop will
be terminated, and the iteration number as well as the value
of objective function will be saved.

3 Numerical and Experimental Validations

In this section, a set of numerical and experimental
validations on 6R serial robots were given to verify the
robustness and effectiveness of the proposed algorithm.

3.1 Numerical Validation and Analysis

Note that ABB IRB2600 is generally employed in industrial
integrated operations, whose MDH model is presented in
Table 1. In the meantime, it can attain command points
at any orientation in the work space since it has six
independent joints. Hence, we selected ABB IRB2600

€ (recommended pre-set threshold: 10-7)” or *“ k > the maximum itrerations™

as our study subjects. In the simulation, a total of 60
target configurations were randomly generated, considering
the measurement noise, structural parameter errors and
transmission errors.

Algorithm 1 Separable nonlinear least squares algorithm
for robust calibration.

Input: joint angles: #, nominal nonlinear parameters: Ve,
measured Cartesian coordinates: Yy, ;
Output: optimal nonlinear parameters: *
initialize Qo, J (V) , ¢ (Vw),? §, andOr
while ® not converge do
Separable nonlinear least squares algorithm:
DG,G,G~ «—© @, @
J (Vo) = —PEDGG~Y,, — (PEDGG™)" Yy,
J (©0) ¢(©o) = Y, "PEDGCGY,,
Obtain search direction § by Gauss-Newton method:
g — _ (J (©@o)T J ((x)w))+ 7 (©0)" ¢(w).
or Levenberg-Marguardt method:
0§ = —(J (“w)" J ((")co)-l-/d)Jr T (90)" c(),
(1) gy =) o _|_(K) 8,
Updating of states w, and calculation of linear
parameters r by least squares:
(k4D — G((K+1)0))+Ym,
Updating of states r, and objective function:
02©) = § | P& Y| -
end while

The performance of the proposed algorithm in Section 2
was compared to the nonlinear least squares algorithm
presented in Algorithm 2. It can be seen in Algorithm
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Algorithm 2 Nonlinear least squares algorithm.

Input: joint angles: #, nominal parameters: V1 =
[(O)w, © r], measured Cartesian coordinates: Y, ;
Output: optimal structural parameters: I*
initialize @1 and J (6, 1)
while / not converge do
Nonlinear least squares algorithm:
W) xppy = G (0’(f<) l) ,
WD) =Ym — G (0,%1),
T (0,910) = 08(@1) /01" = —9G(0,® 1)/a1",
Obtain search direction § by Gauss-Newton method:
€5 — _ (j (©01)" ((K)l))+ T (@1)TE),
or Levenberg-Marguardt method:
0F — _ (7 ((K)I)T J (1) + MI)+ J ((K)I)Tz(l),
(kD =) ] 40 F
Updating of states [, and objective function:
&A@ =75 |Ym —G®6,D|,,
end while

IT that both linear and nonlinear parameters are treated
as nonlinear, and the first derivative of robotic forward
kinematics is deduced and treated as the Jacobian matrix.
Eventually, the optimal structural parameters are obtained
by iteratively searching the descent direction. Accord-
ing to different descent methods, Algorithm 2 can be
divided into nonlinear Gauss-Newton method and nonlin-
ear Levenberg-Marguardt method, abbreviated as NLGS
and NLLM, respectively. Likewise, separable nonlinear
Gauss-Newton method and separable nonlinear Levenberg-
Marguardt method are abbreviated as SNLGS and SNLLM,
respectively. During the robotic calibration procedure of
the actual application scenario, it is almost impossible to
know the exact transformation from {M} to {B}, and the
Cartesian coordinates of TCP with respect to frame {n}.
Hence, the initial values of A}’ and p} were set as I(4) and
[0, 0,0, 1]T, respectively. And initial MDH parameters were
set to nominal values. Besides, the maximum iteration M
was set to 10000.

Table 1 MDH Parameters of an ABB 2600 robot

Joint a d 0 o B
1 150 445 0 —m/2 0
2 900 0 —m/2 0 0
3 150 0 0 —m/2 0
4 0 938 0 /2 0
5 0 0 P )2 0
6 0 200 0 0 0

Table2 Comparisons on convergence with various methods

Indicator NLGN NLLM SNLGN SNLLM
Avg iteration num 144.15 4595.27 13.94  26.90
Avg RMS/mm 77.5791.493 1493 1.493
Avg runtime/s 5.933 33931 0927 1.874

Convergence rate/% 92.89 68.98 100 100
Rate of convergence to minimum/% 74.35 68.98 100 100

To verify the efficiency and robustness of the proposed
algorithm, numerical validation was conducted with differ-
ent pre-set MDH parameters, 6, and «3. A deviation vector
pair [A6>, Aaz] was added to the nominal MDH parame-
ters, where both A8, and A«as are chosen from —3.1rad to
3.1rad with an interval of 0.1rad. Table 2 gives comprehen-
sive comparisons on convergence with different methods.
For NLGN and NLLM method, there existing situations
that the initial MDH parameters with some deviation vector
pairs added that cannot achieve a convergence, even when
the number of iterations reaches the maximum, reflecting in
convergence rates of them are 92.89% and 68.98%, respec-
tively. Besides, other deviation vector pairs with NLGN
method converge to the local minimum, instead of the global
minimum, resulting in the rate of convergence to mini-
mum of NLGN method is only 74.35%. By the way, the
calculation processes of average iteration number and aver-
age root mean squares (RMS) error exclude the deviation
vector pairs not convergent. It can be concluded that for
the separable nonlinear least squares algorithm, whether
it is Gauss-Newton method or LM method can achieve a
fast global convergence. Apparently, SNLGN method with
fewer iterations spends less time to obtain the goal than
SNLLM method.

Concrete iteration number and convergence situations
are presented in Fig. 3. In 3D colormap surfaces, there
are various deviation vector pairs [A6>, Awz] in the ‘X-Y
plane’, and the number of iterations on the Z axis’. It can
be seen that when the norm of the deviation vector pairs
is small, faster convergence can be achieved, reflecting in
the blue regions in Fig. 3a, b and d. Since the objective
functions corresponding to Algorithms 1 and 2 are different,
it is necessary to determine a physically meaningful and
universal indicator to equivalently replace the objective
functions. Here in heatmaps, the absolute positioning root
mean squares error of robots is chosen to represent the
convergence value corresponding to the objective function,
which reflects in the color scale. In addition, the deviation
vector pairs not convergent reflect in heatmaps in the form of
white dots. A very interesting phenomenon can be found in
Fig. 3 that although the convergence rate of NLLM method
is lower than that of NLGN method, all convergent deviation
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Fig. 3 Comparisons on convergence domain among NLGN, NLLM,
SNLGN and SNLLM methods. a 3D colormap surface of itera-
tion number required for the objective function to converge with
different pre-set deviation vector pairs with SNLGN method. b
3D colormap surface of iteration number with NLGN method.

vector pairs of NLLM method can achieve convergence to
minimum. We can reasonably guess that the non-convergent
deviation vector pairs in Fig. 3f, if there is a large enough
number of iterations, can eventually achieve convergence
to the minimum. Some of these deviation vector pairs

Fig.4 Calibration processes of
NLLM method on
non-convergent deviation vector
pairs within 10000 iterations
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are verified in Fig. 4. We can conclude that if the linear
and nonlinear parameters are not separated, the rate of
convergence to minimum of NLLM method may be higher
than that of NLGN method, but it will take much more time
to realize the convergence.

— A9y=-1.1;003=-1.6

Absolute positioning RMS error

Number of iterations

n:
n
8
8
8

itioning
=
8

1000 4

o
g
8

o

T T T
0 5000 10000 15000

— A0=-2.7,0a3=-2

T T T T 1
0 5000 10000 15000 20000 25000
Number of iterations

— 207=-1.0;A03=-0.1

T
20000

S

8

8

8
n

8

8

8
L

n
5
8
8

000 -

o

Absolute posi

T T T
5000 10000 15000

o

Number of iterations

T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
Number of iterations

Absolute positioning RMS error  Absolute posit

T 1
20000 25000



3000

—=—NLGN method
40000 —e— SNLGN method
+— SNLLM method

[F=—NLGN method
|—e— SNLGN method
2500 - |—— SNLLM method

30000

3
8

1500

g

10000

Absolute positioning RMS error fmm

g
Absolute positioning RMS error /mm
g

°

25 o 100

5 10 15 20 20 4 60 80
Number of iterations (A0,=-1; Aa,=-1) Number of iterations (A9,=3; Au,=-2.8)

(a) (b)

—=—NLGN method
40000 —e—SNLGN method
+— SNLLM method

[~=—NLGN method
|—=— SNLGN method|
|—#— SNLLM method

3000

2500
30000

g
8

20000

Absolute positioning RMS error /mm
FR
8 8

Absolute positioning RMS error /mm

g
H

|

o] oo esssstees
10 s 2 % o 20 “
Number of iterations (A0,=0;Au,=0) Number of terations (A9,=3.1:A2,=3.1)
(c) (d)
g F—NLMmethod 5 5000 [——NLLM method]
5 g
@ ¥ @ 2500
H s
2 a0 Z om0
250
0
8
g
150 2 =
H
0 2000 4000 6000 8000 10000 F 0 500 1000 1500 2000 2500 3000 3500 4000
Number of terations (29=-1; Aag=-1) < Number of terations (46=3; A43=-2.8)
5 w0
3000 g
E=NLMmethod 8 o [=——NLLM method|
H
z =
2

2
3
3
2
2
<

a0 2 e a0 a0
Nurmber of iterations (49,=3.1;A43=3.1)

(e) ()

Fig.5 Comparisons on calibration processes among the four methods.
a Comparisons among NLGN, SNLGN and SNLLM methods with
the initial pre-set deviation vector pair [—1, —1]. b Deviation vector
pair [3, —2.8]. ¢ Deviation vector pair [0, 0]. d Deviation vector pair
[3.1,3.1]. (e) Calibration processes of NLLM method with deviation
vector pairs [—1, —1] and [0, 0]. f NLLM method with deviation
vector pairs [3, —2.8] and 3.1, 3.1]

w0 o | aw | zo | ww
Number of terations (40=0;A43=0)

In Fig. 5, to reflect the distinction in the calibration
procedure of parameter identification, iteratively calibra-
tion results with different methods are presented. A total of
four certain deviation vector pairs were chosen, which can
comprehensively reflect all situations encountered by dif-
ferent optimization methods. It can be seen in Fig. 5a that
all the three methods could render to convergence quickly
with the initial pre-set deviation vector pair of [—1, —1].
However, the objective function of NLLM method is still
far away from the global minimum even with the iter-
ation number of 10000. In Fig. 5b and f, only NLLM,
SNLGN and SNLLM methods are globally convergent,
and the absolute positioning root mean squares error of
NLGN method is convergent to 107.99mm, obviously not

the global minimum. As for the deviation vector pair of
[0, 0], all the four methods can realize global convergence.
For the deviation vector pair of [3.1, 3.1], except NLGN
method has not yet converged reaching the maximum itera-
tion number, all other methods can achieve convergence to
minimum. In addition, employing the methods with nonlin-
ear structural parameters separated, the indicator function
will not violently oscillate during the process of itera-
tively searching for the optimal structural parameters, which
could increase the robustness of parameter identification
procedure.

To sum up, both SNLGN and SNLLM methods can
achieve global convergence in the numerical validation.
Considering the runtime and convergence, SNLGN method
has the best performance among the four methods. The
main advantages of kinematic calibration based on MDH
model with nonlinear parameters separated lay in that: 1)
The robustness during identification procedure of nonlinear
parameters is enhanced by eliminating the partial linear
structural parameters; 2) Linear structural parameters can
readily be obtained by mature linear least squares; 3)
Fewer parameters are to be identified by nonlinear least
squares regression, resulting in fewer iterations and faster
convergence; and 4) the required initial values to be pre-set
for calibration problem are fewer, and the convergence of
kinematic calibration is only related to the pre-set values of
nonlinear parameters.

3.2 Experimental Validation with Various Methods

The kinematic calibration experiment was conducted on
an ABB IRB2600 robot as shown in Fig. 1a. Considering
that there might be some other unknown sources of
nonlinear noise during the measurement of robots, a set
of 100 configurations were selected and measured as
experimental data for kinematic calibration. Comparisons
on calibration processes among the four methods mentioned
in Section 3.2 are depicted in Fig. 6. Except the NLLM
method, all the other methods can achieve convergence to
the minimum in searching the optimal structural parameters.
Likewise, SNLGN method has the best performance with
the fastest convergence. Moreover, the methods with
nonlinear parameters unseparated have obvious oscillation
phenomenon during the iterations.

The optimal structural parameters were obtained through
SNLGN method, and the experimental calibration result
of absolute positioning accuracy is presented in Fig. 7.
It can be seen that the absolute positioning accuracy is
dramatically improved by 72.46%, which meets the require-
ment of most industrial production and manufacturing
tasks.
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Fig.6 Comparisons on
calibration processes among
NLGN, NLLM, SNLGN and
SNLLM methods with the same
experimental data. a Calibration
process of NLGN method. b
NLLM method. ¢ SNLGN
method. d SNLLM method
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4 Conclusion

In this paper, a robust kinematic calibration algorithm with
nonlinear parameters separated is proposed. The novel fea-
ture is that, by separating the linear and nonlinear struc-
tural parameters of robots, the original problem of kine-
matic calibration can be partitioned into two subproblems:
a linear least squares subproblem and a reduced subprob-
lem involving only nonlinear parameters. For the former
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Fig. 7 Experimental calibration result of absolute positioning accu-
racy with the optimal structural parameters
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one, linear structural parameters can readily be obtained by
mature linear least squares; For the latter one, the robustness
during identification procedure of nonlinear parameters is
enhanced by eliminating the partial linear structural param-
eters, and fewer parameters are to be identified by nonlinear
least squares regression, resulting in fewer iterations and
faster convergence. The results of numerical and experi-
mental validations show that: 1) the convergence rate is
promoted from 68.98% to 100% with different deviation
vector pairs; and 2) the average running time is reduced
from 33.931s to 1.874s.
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