
Received December 4, 2020, accepted January 7, 2021, date of publication January 21, 2021, date of current version January 29, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3053356

On-Line Precision Calibration of Mobile
Manipulators Based on the Multi-Level
Measurement Strategy
SHENG JIAN 1, XIANSHENG YANG1, (Graduate Student Member, IEEE), XIANWEI YUAN1,
YUNJIANG LOU 1, (Senior Member, IEEE), YAO JIANG2, GENLIANG CHEN 3, (Member, IEEE),
AND GUOYUAN LIANG 4, (Member, IEEE)
1School of Mechatronics Engineering and Automation, Harbin Institute of Technology (Shenzhen), Shenzhen 518055, China
2Department of Mechanical Engineering, Institute of Manufacturing Engineering, Tsinghua University, Beijing 100084, China
3State Key Laboratory of Mechanical System and Vibration, Shanghai Jiao Tong University, Shanghai 200240, China
4Center for Intelligent and Biomimetic Systems, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China

Corresponding author: Yunjiang Lou (louyj@hit.edu.cn)

This work was supported in part by the National Natural Science Foundation of China (NSFC)-Shenzhen Robotics Basic Research Center
Program under Grant U1713202, and in part by the Shenzhen Science and Technology Program under Grant JCYJ20180508152226630.

ABSTRACT Autonomous industrial mobile manipulator (AIMM), which is composed of a mobile platform
and a robot arm of six degrees of freedom (DoFs), can move autonomously and perform dexterous
tasks independently in the industrial environment. A novel on-line calibration system for AIMM in real
manufacturing workshop is proposed in this paper. Compared to calibration scenarios of fixed-base robot,
we focus on the large-space autonomous calibration for AIMM. To cope with the issue of high precision
calibration in large space, we propose a multi-level guided-based measurement strategy, which includes
the low-cost vision positioning and guidance system, and the high-precision distributed base station (BS)
measurement system. The corresponding experiment proves that the total uncertainty of measurement
system is less than 0.1 mm. Based on the measured data of end-effector installed at the end of robot arm,
the AIMM can perform on-line calibration tasks anywhere automatically without taking into account the
expensive devices for the high-precision location of mobile platform and the downtime for the robotic off-
line calibration. The mean positioning error of AIMM after calibration reduces 93% based on the calibration
experiment.

INDEX TERMS On-line robot calibration, base station, multi-level measurement strategy.

I. INTRODUCTION
Manufacturing problem of the large components, such as
aircraft skins, space capsules, and carriage bodies of high-
speed train, has become growing hot topic for related industry
corporations or organizations [1]–[3]. Recently, the AIMM
is gradually becoming the potential production equipment
employed in large components manufacturing because of the
features of dexterity, mobility and autonomous operations.

Due to the overall machining accuracy of large compo-
nent is important in the manufacturing process, we are more
concerned with the on-site absolute positioning accuracy
of end-effector of the AIMM. Unfortunately, the AIMM
does not possess the high-precision absolute positioning
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characteristics without any auxiliary facilities. Survey [4]
indicates the reason comes from two aspects: 1) The accuracy
of robot arm is inevitably affected by factors such as machin-
ing and assembly errors. 2) The mobile platform is rarely
able to achieve the desired destinations due to the inherent
low movement accuracy of mobile platform. To ensure the
positioning accuracy of AIMM, the current solution is the
so called ‘‘offline calibration + real-time positioning’’. That
is, before the AIMM enters the work space, external pose
measurement equipment (such as laser tracker and theodolite,
etc.) is used to calibrate the robot arm in off-line mode
(note that the geometric relationship between the mobile
platform and the robot arm must be calibrated at the same
time), then the pose of end-effector need to be determined in
real-time when the AIMM is moving/operating in the work
space.
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Although the solution of ‘‘real-time positioning + offline
calibration’’ is a practical approach for the AIMM, there is
still exist the following defects when the process of position-
ing and calibration are separated.
• High-precision Requirements for Positioning Equip-
ment. The need of high precision measurement has
a natural contradiction with the large space measure-
ment [5]. The current global measuring equipment, such
as vision camera and laser measuring equipment, have a
decreasing relationship between the measurement accu-
racy and the measurement distance, so it is often costly
to achieve high precision in a large space. On the other
hand, if a global or distributed positioning device is used
to directly position the end-effector (such as a commonly
used visual servo solution) in real time, the workspace of
end-effector will be constrained for avoiding the occlu-
sion of the positioning signal during the movement of
the robot arm [4].

• Propagation of Positioning Error. If a global or dis-
tributed positioning device is used to locate the mobile
platform, the positioning error of mobile platform is
transmitted to the base coordinate system of the robot
arm [6], [7], and then to the end effector, making it
difficult to achieve high-precision machining of the end
effector. This is similar to the robot whose base is fixed,
it is necessary to calibrate the base [8] with respect to the
workstation.

• The Inefficiency of Off-line Calibration. At present,
the off-line calibration schemes based on external sen-
sors are mainly used to calibrate the manipulator
and the relationship between the base of manip-
ulator and the mobile platform. Off-line calibra-
tion is generally dependent on manual assistance,
such as installing of calibration instruments and
setting calibration configurations and measurement
programs, which is a time-consuming and laborious
process [9], [10].

This paper presents a novel on-line calibration system to
improve the accuracy of the end-effector. Compared with
the existing ‘‘real-time positioning + offline calibration’’
solution, the proposed solution abandons the strategy of
using global or distributed measurement sensors to locate the
robot, but directly adopts the on-site automatic calibration to
achieve the same accuracy as the calibrated fixed mechanical
arm in a large work space. Specifically, the proposed method
is that the AIMM can be calibrated not only the kinematic
parameters but also the operating relationship between the
large component with the AIMM, that is, the localization
error and the parameter error are eliminated synchronously by
optimum fitting method. While the existing location method
will either have to adopt the expensive positioning equipment
(several hundred thousand dollars [5], [11]), or it will tolerate
the relatively big error in type of self-localization model (the
achievable position accuracy 5mm of KMR Quantic mobile-
robot [4]). The main contributions of our calibration system
as follow:

(1) The on-line calibration method proposed in this paper
does not require the pre-calibration of the robot arm, but
collecting the pose data and calibrating the total kinematic
parameter during the operation of AIMM. Therefore, the cal-
ibration can start at the processing position.

(2) The distributed base station proposed can ensure a
very high accuracy of measurement nearby the base station.
Comparedwith the existing distributedmeasurement network
(such as iGPS), it avoids the high cost of locating over the
whole large space, but can meet the need of high-precision
calibration near the processing position.

(3) By directly measuring the TCP (tool centre point)
of the robot arm with multiple configurations to determine
1) the transformation relationship between the base coordi-
nate system of the robot arm and the world coordinate system,
2) the kinematic geometric parameters and 3) the relationship
between TCP coordinate system and flange coordinate sys-
tem, that the positioning error of the mobile platform will not
be transmitted to the end-effector of the robot arm.

(4) A multi-level guided system is introduced in this paper
to help the measurement system (base station) automatically
to realize the measurement task (the measurement task is the
most time-consuming part in the calibration process). The
guidance system is consist of low-cost infrared and optical
cameras, which replaces the manual role in the traditional off-
line calibration.

In the remainder of this paper, the problem statement for
the calibration system is formulated firstly. Second, themodel
of measurement and guidance for AIMM applied in large
space workshop is proposed. Third, a complete calibration
modeling of the mobile manipulator is described. Finally,
experiments prove the high precision of measuring network
and feasibility of the total calibration system with real geo-
metrical parameters.

II. RELATED WORKS
To improve the operation accuracy of robot, many researches
have devoted into the research of kinematics off-line cali-
bration. The process for model-based kinematics calibration
generally includes four steps: kinematics modeling, end-
effector pose measurement, parameters identification and
error compensation. Hayati [12] proposed an improved DH
(Denavit-Hartenberg) method to estimate the link parameter
errors, which described the deviation between two adjacent
parallel joints axes with an additional rotation transformation
around y-axis. Chen [13] presented an analytical approach to
determine the serial robot kinematic identifiable parameters
based on the POEs (product of exponentials) formula. The
imperfection of measuring device and identification algo-
rithm can reduce the accuracy of the parameters. Quite a
few researches are mainly concentrated on the measurement
of position and orientation of robotic end-effector applying
various measuring devices or multi-sensor integration, such
as laser tracker, coordinate measuring instrument, theodolite
and visual measuring system, etc. [14]–[17]. In algorithm
ways, Nguyen [18] used an extended kalman filtering (EKF)
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to identify robotic geometric parameters and an artificial neu-
ral network (ANN) to compensate the non-geometric error
sources (such as the link deflection errors, joint compliance
errors, gear backlash, etc.). [19], [20] presented the nonlinear
optimization method for identifying the dynamic allowed
load with flexible links or elastic links.

The real-time localization of mobile manipulator is another
research hotspot in last few years [11], [21], [22], which
along with the off-line calibration form the ‘‘real-time posi-
tioning + offline calibration’’ solution. The existed localiza-
tion methods of AIMM are possible to classify into three
classes: direct method, indirect method and self-localization
method [4]. The direct method is to locate the end-effector
by a global sensor. Norman et al. used the indoor GPS
(iGPS) technology as an external measurement system to
locate the receiver installed at end of robot arm [23]. The
indirect method is to locate the mobile platform, where a
transfer station is required to relate the mobile platform
with the base of robot arm. Susemihl et al. presented an
indirect locating approach for mobile manipulator in the large
aircraft components machining applications, where a laser
tracker with spherically-mounted reflectors (SMRs) at the
mobile platform is required to locate the global position of
mobile platform, and the stereo camera system (installed at
the mobile platform) traces the absolute pose of the end-
effector of the robot arm [24]. The self-localization is widely
studied in the past couple of years, Borenstein et al. [25]
surveyed relative literatures about the self-localization,
and introduced four widely used methods including wheel
odometry, inertial navigation, active beacons, landmark
navigation, none of these approaches using external
sensors.

Recently, some scholars have studied the on-line cali-
bration methods based on the fixed-base robot. Compared
with off-line approaches, the on-line approaches can obtain
the measuring information and identify the actual kine-
matic parameters on-site, without shutdown the robot.
Du et al. presented an on-line robot self-calibration method
based on an inertial measurement unit (IMU) and a posi-
tion sensor, which can obtain the real-time pose of EE
and identify the parameters via extended kalman and
particle filters [26]. The vision-based on-line calibration
method in [10] was utilized to calibrate the robot itself
kinematics parameters and the hand-eye relationship simul-
taneously in a robot-based inspecting system. An effec-
tive kinematic self-calibration method for dual-manipulators
is presented to estimate the actual kinematic parameters
in [27]. The on-line self-calibration approaches mentioned
significantly improve the efficiency and accuracy of cal-
ibration, but the calibrated objects are still fixed-base
robots rather than the AIMM with a mobile platform.
Therefore, it needs to develop a high-accuracy on-line
calibration approach for AIMM applied in large space work-
shops, but there has been relatively little work in this
situation.

FIGURE 1. AIMM calibration system for machining scene.

III. PROBLEM STATEMENT
A. STRUCTURE FOR ON-LINE CALIBRATION
The proposed system is composed of the following three
subsystems, and the scene graph is shown in Fig. 1.
(i) Vision Positioning and Guidance System

The vision positioning system, which includes the
infrared array camera (IRAC) (Ã) and the reflective
target balls Ä (installed on the mobile platform (Á)),
can locate the mobile platform with centimeter-lever
accuracy. On the other hand, CCD camera with the
millimeter-level resolution (Å) is employed to recog-
nize the guidance mark (Æ), which constitute the vision
guidance system.

(ii) Distributed Base Station Measurement System
The distributed measurement system comprises mul-
tiple BSs (Ç) with micrometer-level accuracy, which
are deployed anywhere on demand. A group of ceramic
targets (È) is mounted on the flange of the robot arm.
What’s more, the CCD cameras are fastened to the
center of BS in order to guide the robot arm to arrive
measurable area in front of the base station.

(iii) Robotic System
A 6-DoF standard industrial robot arm (À) is installed
on the upper interface of the mobile platform. The end-
effector is equipped on the flange of the robot arm in
order to perform certain machining tasks.

The entire process of the proposed method is shown
in Fig. 2, in which 4 steps: kinematic modeling, end-effector
pose measurement, parameter identification and compensa-
tion for kinematics parameters are included. [28] presented
the trend of new generations of large-scale dimensional
metrology (LSDM), it seems oriented towards the distributed
system. Similarly, we design a distributed measurement sys-
tem and each measurement node is called as ‘‘measurement
base station’’. The measurement base station is a non-contact
pose measurement device which is composed of several high-
precision laser displacement measurement units. Since the
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FIGURE 2. The framework for on-line calibration.

base station is deployed on demand in a large-scale space, it is
necessary to calibrate the pose relationship of the multiple
base stations in advance. Compared with a single global
measurement device (such as a laser tracker), the distributed
measurement network has strong scalability and is robust to
solve occlusion problem of the measured target during the
measurement process.

Furthermore, we introduce an autonomous multi-level
guidance system [29], [30] to implement more efficient auto-
matic pose estimation during the on-line calibration. In the
article, the global large-space guidance system uses a low-
cost infrared camera array (the spatial pose of the mobile
platform can be positioned within centimeters), and the local
guidance system uses the CCD camera (the spatial pose of
the end-effector can be positioned within millimeters). These
two-level guidance system greatly reduces the burden of the
measurement system to search for the target (installed at the
end-effector), and realizes automatic and rapid measurement.
Therefore, the step-by-step guidance mechanism is a low cost
and high efficiency auxiliary measuring equipment, which
takes full account of the actual needs of high-precision cal-
ibration in a large space and replaces the manual role in the
traditional off-line calibration.

B. DEFINE OF COORDINATE SYSTEM
To further formulate the operational details of the calibration,
a coordinate transform relationship of the calibration system

is presented in Fig. 3. At first, the frames of each part of the
system are established as follows:
{W } : The world frame is the reference coordinate system

in the workshop, and it is often set according to the standard
reference.
{I } : The origin of infrared camera frame is assumed

as the center point of the front lens of one camera in the
IRAC. Moreover, the relationship between other cameras in
the IRAC and this camera needs to be determined with the
calibration tools given by vendor.
{M} : Themanipulator frame is located on the base of robot

arm.
{Bi} : The base station frame is located at ith base station,

which determines the pose of the base station. The station
frame is defined relative to the world frame, and the transfer
matrix can be expressed as {Bi}=WBiT .
{F} : The flange frame is fixed with the flange of

manipulator.
{E} : The end-effector frame is located at TCP of the

manipulator. In general, the homogeneous transformation FET
is constant and can be pre-defined (not accuracy).

C. TOTAL CALIBRATION SCHEME
When entering the large-space work area, the AIMM always
has two operating modes: driving mode andmachining mode,
which are described in [24]. In driving mode, the mobile
platformmoves to the predefined working area (BSs are often
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FIGURE 3. The coordinate transform relationship of calibration system.

set up nearby the working area). Then, the visual positioning
system captures the pose (centimeter-level accuracy) of the
mobile platform in real time by recognizing the reflective
target balls fixed on the platform. The initial and imprecise
relationship between the manipulator frame and the world
frame can be described by homogeneous transformation,

W
MT =

I
MT ·

W
I T (1)

In machining mode, the AIMM reaches the working area.
The platform is lowered and decoupled from the driving unit,
which avoids the influences like gear backlash and elasticity
of the drive unit. Then the EE of robot arm move to the
vicinity of the BS based on the estimated transformation W

MT .
Once the CCD guidance camera catching the guidance mark
attached to the EE, the guidance program will be triggered
to guide the ceramic target moving to the measurable area
of the BS. So that Bi

E T can be measured in real time by
the displacement sensors installed on the BS and the corre-
sponding ceramic targets. Furthermore, we can get the pose
of EE under the reference coordinate system if we know
the relationship between the base station and reference, WBiT .
On the other hand, the pose can also be obtained in another
transformation, that is, transformation from the end-effector
frame to the manipulator frame then to the world frame. The
initial relationship W

MT is known according to the calculation
in driving mode, and the relationship M

E T is calculable base
on nominal kinematic parameters given by the user manual.
Thus, the above relationship can be formulated as,

W
MT

M
F T

F
ET =

W
BiT

Bi
E T (2)

Ideally, Eq (2) represents an identical relationship for the
measured pose and the calculated pose. However, the nominal
values of geometric parameters are generally not equal to the
actual values as well as the deviation in the W

MT , there exists
discrepancy between the measurements and calculations.

Therefore, the problem is now simplified as that of deter-
mining the transformation W

BiT , then estimating the actual
geometric values in ME T by using a complete robot calibration
process. The transformation W

BiT can be determined with the
establishment of measurement system, which is described
in the section IV. The kinematic modeling about robotic
parameters and the process of calibration are illustrated in
Section V.

IV. MEASUREMENT AND GUIDANCE FOR AIMM
Compared to base-fixed robot arms, it is more challenging to
obtain the pose in the calibration process directly because of
the large-scale workspace of the mobile manipulators. While
the large-scale dimensional metrology (LSDM) [28], [31] is
a popular research topic, the existing measurement systems
are less likely to meet the features of accuracy, distance,
occlusion conditions and cost simultaneously.

Considering that the operating areas of the mobile manipu-
lators are often preset in the industrial structural environment,
this sectionmainly describes the establishment of transforma-
tion W

BiT , which includes three parts: design of base station,
global calibration of base station and vision-based guidance
measurement.

A. DESIGN OF BASE STATION
The base station, as shown in Fig. 4, is composed of multiple
sets of laser displacement measuring units. If three laser
displacement sensors are set in one measuring unit, they are
symmetrical separated by 120 degrees in this virtual circle.
On account of the fixture is precisely machined, the pose
transformation relation between each laser displacement sen-
sor and the base station frame is known beforehand. In addi-
tion, the measurement tolerance of laser displacement sensor
can be ignored due to the high-precision laser measurement
and short measuring distance. Thus, the objective to get the
high precisionmeasurement of the base station near a specific
can be achieved base on the two conditions above.

The main purpose of the BS is to measure the transfor-
mation i.e., BiE T . Theoretically, the pose of the robot arm can
be calculated by three sets of units (based on multi-lateration
method [32]). An additional set of measurement unit is also
used to improve the accuracy of the measurement and reli-
ability. Moreover, the symmetrical structure is also able to
ensure that each sensor in the base station will change in a
proportional radial manner during the thermal deformation
process.

B. GLOBAL CALIBRATION OF BASE STATION
In order to measure the EE of robot arm accurately with
the help of base station, the transformation between the base
station frame and the world frame must be determined. Laser
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FIGURE 4. Base station of measurement system.

FIGURE 5. Laser tracker measurement principle.

tracker is an efficient large-scale 3D coordinate measurement
instrument. The base station frame can be defined by mea-
suring the central points of three SMRs (installed at the pre-
defined non-colinear plane of the BS). As shown in Fig. 5,
for calculating the position of the space point P =

(
x y z

)
,

according to [33], laser tracker need to measure the radial
length L relative to themeasured origin and two spatial angles
(horizontal angle α and vertical angle β),

x = L sinβ cosα
y = L sinβ sinα
z = L cosβ

(3)

The measurement error of the laser tracker comes from
distance measurement error and angle measurement error.
To be more specific, compared with distance measurement of
the laser interferometer (IFM), angle measurement accuracy
is prone to lower due to the resolution of the motor encoder
and adverse environmental factors, so the measurement error
is mainly decided by angle measurement error [33]. Take
Leica AT960 absolute laser tracker as an example, the uncer-
tainty distance measurement module is less than 10µm in the
full range. However, the angle measurement uncertainty can
reach 15µm+ 6µm/m.

A 3D coordinate measurement approach referred to as
the trilateration method [32] is utilized to solve the issues
above. The approach abandons angle measurement and only
based on IFM. Thus, four laser trackers with non-coplanar
deployment are required to measure the absolute distance L

FIGURE 6. Spatial point position measurement by trilateration method.

FIGURE 7. Point-based station-transfer measurement.

of one spatial point. As shown in Fig. 6, S1, S2, S3 and S4
represent the coordinate origin of laser beam emitter on laser
trackers respectively. Then the 3D coordinates of point P can
be determined if the distances from the measuring point P
to the three origin points are accurately measured. Typically,
if we know the coordinates of the three points and the distance
to the unknown point, the following spherical equations can
be established,

(x − X1)2 + (y− Y1)2 + (z− Z1)2 = d21
(x − X2)2 + (y− Y2)2 + (z− Z2)2 = d22
(x − X3)2 + (y− Y3)2 + (z− Z3)2 = d23

(4)

The fourth laser tracker d4 can be used for formulating the
residual equation with |S4P|

res = d4 −
√
(x − X4)2 + (y− Y4)2 + (z− Z4)2 (5)

Each additional unknown point increase four residual
equations and three unknown parameters

(
xi yi zi

)
i =

1, 2 . . . n. In addition, the 3D coordinate of these laser trackers
are defined as S1 =

{
0 0 0

}
, S2 =

{
X2 0 0

}
, S3 ={

X3 Y3 0
}
and S4 =

{
X4 Y4 Z4

}
for convenience, and these

constitute an observation station with six unknown parame-
ters. In general, the number of unknown spatial is given by
a simple formula points 4n ≥ 6 + 3n, and six measured
points at least are needed to complete the self-calibration of
observation station.

For multiple BSs in the large space, shown in Fig. 7, it is
inevitable to encounter the situation that the light beam of the
laser tracker would be blocked by the barriers, such as large
parts or BS itself. The transformation between the BS frame
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and the world frame can not be directly calibrated if the beam
is blocked. A method based on point-based station-transfer
is proposed to solve the issue. In the method, several SMRs
(often are called as common points) would be randomly
placed on the public area where two or more observation
stations can observe these common points. The measured
value of one common point is AQi =

{
Axi Ayi Azi

}
relative

to observation station A coordinate system, and the measured
value of the common point is BQi =

{
Bxi Byi Bzi

}
relative to

observation stationB coordinate system. Thus, the orientation
and position between stationA and stationB can be calculated
with several common points,

AQi = A
BR

BQi + A
Bt (6)

C. STRATEGY OF VISION-BASED GUIDANCE
The end-effector of AIMM is particularly hard to enter
directly into the measurable area of the base station because
the area is relatively small. Therefore, a strategy of vision-
based guidance that locates the AIMM in real time and guides
the robot arm to seek for the appropriate measurable config-
uration automatically is proposed, the positioning accuracy
of end-effector increases hierarchically, from cm-level to
mm-level and then to micron-level. The former is achieved
in driving mode, and the latter is done in machining mode.

During the driving mode, the co-viewing area (public view
with at least two cameras) of the camera array must cover
the entire workspace in order to position the mobile platform.
We use a lower resolution camera because cm-level accuracy
is generally sufficient to meet our requirements. On the other
hand, as shown in Fig. 8, the calibration board installed at the
pre-defined position of BS to determine the transformation
relationship between the camera frame and the world frame.
Since the transformation W

BiT is calibrated in the previous
section, each camera in camera array can search the BS in
sight to calculate the exterior parameters automatically.

W
C T =

W
B T

B
PT

P
CT (7)

According to rough location (previous step), the robot arm
can move the end-effector into the field of view of the CCD
camera, who is installed at the pre-defined location of the
BS. As shown in Fig. 9, the resolution of the CCD camera
is mm-level within 1 meter view distance. Then, the CCD
camera extracts the center of the ring in the visual guid-
ance marker and calculates the pose of the marker based
on the known intrinsic parameters of the camera. When the
controller of AIMM obtains the pose information of the
marker by the CCD camera, the ceramic target (represents

FIGURE 8. Calibration for exterior parameters of camera array.

FIGURE 9. Vision-based guidance by CCD camera.

the end-effector of robot arm) is guided to the suitable pose
(configuration) where all laser displacement measuring units
can measure the target directly and get the distances between
the laser emission point and the sphere surface.

V. KINEMATIC CALIBRATION METHODOLOGY
Denavit-Hartenberg (DH) method is a popular modeling
approach used for robotic kinematic calibration [34]. How-
ever, the differential error model base on DH method is
discontinuous if the robot exists the adjacent parallel axes.
Hayati’s method in [12] is adopted in this article to establish
the robotic kinematic model.

The homogeneous matrix i
i+1T represents transformation

relationship of coordinate system {i+ 1} relative to coordi-
nate system {i}, in which the parameters θi, di, ai, αi and βi
are utilized to describe the homogeneous matrix and given by
(8), as shown at the bottom of the page, where θi is the angle
between Xi and Xi+1 measured about Zi, di is the distance
between Xi and Xi+1 measured about Zi, αi is the angle

i
i+1T = rot (z, θi) trans (0, 0, di) rot (x, αi) trans (ai, 0, 0) rot (y, βi)

=


cθicβi − sθisαisβi −sθicαi cθisβi + sθisαicβi aicθi
sθicβi + cθisαisβi cθicαi sθisβi − cθisαicβi aisθi
−cαisβi sαi cαicβi di

0 0 0 1

 (8)
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between Zi and Zi+1 measured about Xi+1, ai is the distance
between Zi and Zi+1 measured about Xi+1, βi is the angle of
rotation about Yi+1 when Zi is almost parallel to Zi+1. In addi-
tion, We use 6 parameters (3 translation parameters wdx , wdy,
wdz and 3 rotation parameters wγx , wγy, wγz) to represent the
transformation from base coordinate system of robot arm to
the world coordinate system, WMT , and 3 parameters (edx , edy,
edz) to represent the transformation from end-effector coordi-
nate system of robot arm to the flange coordinate system, EFT .
Thus, the relationship among those matrices are given by:

W
E T =

W
MT

M
2 T

2
3T

3
4T

4
5T

5
6T

6
FT

F
ET =

W
MT

M
F T

F
ET (9)

With the influence of parameter errors, the homogeneous
matrix i

i+1T contains relevant deviation i
i+11T . The kine-

matic differential error model based Eq (9) is established,
which can be formulated with the linear perturbation method,

W
E T +

W
E 1T =

(
W
MT +

W
M1T

)
·

F∏
i=M

(
i
i+1T +

i
i+11T

)
·

(
E
FT +

E
F1T

)
(10)

Assume the higher order differential terms are ignored, and
we only use the position data set to identify the kinematic
parameters, Eq (10) is simplified as:

W
E 1p =

W
M1T

M
F T

F
Ep+

W
MT

M
F 1T

F
Ep+

W
MT

M
F T

F
E1p (11)

To simplify identification procedure, we separate the cal-
ibration of linkage parameters (di, ai, αi and βi) from the
calibration of the world-base parameters (wdx , wdy, wdz and
wγx , wγy, wγz) and tool-flange parameters (edx , edy, edz),
then the separated two calibration process will to be loop
iteratively for several times.

Firstly, when we deal with the estimation of the world-
base parameters and tool-flange parameters, the initial value
of parameters are given by rough location (global visual
positioning) and SolidWorks model of tool, respectively. Let
X and Y be the unknown 4*4 homogeneous transformation
F
ET and W

MT , and let Ai and Bi represent the homogeneous
transformation W

E T and M
F T under the i-th measured configu-

ration. Thus, the issue of estimating world-base/tool-flange
parameters simultaneously is converted to solve equation
group AiX = YBi, where the solution has been proposed
firstly in literature [35].

The second process is to estimate linkage parameters,
where the results of the world-base parameters and tool-
flange parameters in the process one are used. Set1Ti repre-
sents the differential transformation between the coordinate
systems of two adjacent links, and derive the linear combina-
tion of linkage parametric errors:

1Ti =
∂Ti
∂θi

1θi+
∂Ti
∂di

1di +
∂Ti
∂αi

1αi +
∂Ti
∂ai

1ai+
∂Ti
∂βi

1βi

(12)

where the 1θi, 1di, 1αi, 1ai and 1βi represent the small
error of each link parameter based on Hayati’s model. Com-
bine Eq (8) and Eq (12), the differential transformation of the

robot linkage {i} and {i+ 1} can be written in the following
linear form:
dxi
dyi
dzi
δxi
δyi
δzi



=


0 0 −disθi cθi aisθisαi − dicθicαi
0 0 dicθi sθi −aicθisαi − disθicαi
0 1 0 0 acαi
0 0 cθi 0 −sθicαi
0 0 sθi 0 cθicαi
1 0 0 0 sαi



×


1θi
1di
1αi
1ai
1βi

 (13)

Combine Eq (12) and Eq (13), the relationship between the
position and orientation error (1X ) of the robot arm flange
with the link parameter errors (1K ) can be simplified as
linear parametric equations as1X = Ji ·1K , where the Ji is
the Identification JacobianMatrix of the link {i} and {i+ 1} in
one measuring configuration. Note that the number of linear
equation (a measuring configuration can provide 3 equations)
needs to be greater (in general, 2∼3 times) than the number
of parameters to be identified. Finally, we use the least square
fitting method to solve the kinematic parameter errors 1θi,
1di, 1αi, 1ai and 1βi, and update the nominal values of
kinematic parameters with the parameter errors.

VI. EXPERIMENTS
A. UNCERTAINTY VERIFICATION OF
MEASUREMENT SYSTEM
Since the measurement system is determined by the BSs
distributed around the large space, it is essential to evaluate
the pose accuracy of the BSs in advance. The process of
verified experiment is presented as following steps and shown
in Fig. 10:
STEP 1: In a space of 10m*10m*10m where large work-

pieces are placed, 4 laser trackers will be used to form an
observation station (supposing it is called the observation
station A) to determine the 3D positions of measurable SMRs
installed at each base station. The reason for using multiple
laser trackers is that we only use the length measurement
information of the laser interference of the tracker to estimate
the measured point. Meanwhile, the coordinate system of
observing station A is estimated by the method described in
Section IV(B).
STEP 2: If some SMRs is outside the field of view of the

observation station, we will move the laser trackers to any
position for forming a new observation station (supposing it
is called the observation station B) so that these SMRs can be
measured by new observation station.
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FIGURE 10. The global calibration process of measurement system.

FIGURE 11. The distribution of common point and observation station.

STEP 3: 50 common points are deployed in the common
field of view ofmultiple observation stations (observation sta-
tion A and observation station B), which is shown in Fig. 11.
The Levenberg-Marquardt (LM) algorithm is used to solve
the transformation relationship of observation station frames
base on the registration 25 of the common points. The other
25 common points are used to verify the accuracy of the
transformation relationship.
STEP 4: Determine the representation of the base station

coordinate system in the world (reference) coordinate system
through the transformation relationship. If we assume the
coordinate system of the observation station A is the ref-
erence coordinate system, then the mean position accuracy
of the common points measured by observation station B
(relative to the coordinate system of observing station A)
is 0.0377mm. On the contrary, If we assume the coordinate
system of the observation station B is the reference coordinate
system, the mean position accuracy of the common points
measured by observation station A (relative to the coordinate
system of observing station B) is 0.0383mm. Error details
in different reference frames (observation station A or B) is
shown in Fig. 12. Meanwhile, the transformation between the

FIGURE 12. The absolute position error of common point observed by the
station A and station B.

two station can be obtain:

A
BR =

−0.4005 −0.234 −0.8859
−0.8850 0.3491 0.3079
0.2372 0.9074 −0.3469

 ,
A
Bt =

 2817.427
8438.486
−2020.100

 (14)

As several SMRs can be observed by different observa-
tion stations (base station coordinate system is established
by 3 measurable SMRs), it can be inferred that the posi-
tioning uncertainty of base station can also be controlled
within 0.05mm. At the same time, considering that the mea-
surement accuracy of the laser displacement sensor inside
the base station is extremely high (taking The Keynes IL
laser displacement sensor as an example, its measurement
accuracy can reach 10µm within the full range), it can be
inferred that the measuring accuracy of the base station can
also be controlled within 0.1mm.

Compared with the current commercial global measure-
ment system: 1) Leica AT960, the measurement accuracy
is 15µm + 6µm/m, that is, within the measurement range
of 10m, the maximummeasurement uncertainty is 0.075mm;
2) Nikon iGPS system, the measurement accuracy is 0.2mm+
10µm/m, that is, within the measurement range of 10m,
the maximummeasurement uncertainty is 0.3mm. Therefore,
the accuracy of the proposed measurement system is slightly
better than the current commercial global large-space mea-
surement equipment and can meet the calibration require-
ments of the AIMM.

B. CALIBRATION UNDER MEASUREMENT NOISE
In order to verify the proposed large-space on-line calibra-
tion method, we utilize the KUKA R500 manipulator with
0.08mm repetitive positioning accuracy to perform the cal-
ibration experiments. According to the complete kinematic
modeling in section V, the parameters KN that need to be
calibrated include three parts, KN =

[
KT
w KT

r KT
t
]T .
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FIGURE 13. Kinematic model of the KUKA R500 manipulator.

TABLE 1. Nominal kinematic parameters of the KUKA R500 manipulator.

TABLE 2. Nominal parameters of world-manipulator frame and EE-flange
frame.

1) The parameters for robot arm, which is expressed as
Kr =

[
θ1 d1 a1 α1 . . . θ6 d6 a6 α6 β2

]T , and the labelled
link coordinate systems and nominal geometric parameters
are shown in Fig. 13 and Table 1, respectively.

2) The parameters to represent W
MT , which includes

3 translation parameters and 3 rotation parameters Kw =[ wdx wdy wdz wγx wγy
wγz

]T . The nominal values of Kw is
given by the measurement data of IRAC, and expressed in the
first row of Table 2.

3) The parameters to represent FET , which includes 3 trans-
lation parameters Kt =

[ tdx tdy tdz
]T . The nominal values

of Kt is designed by SolidWorks software, and expressed in
the second row of Table 2.

The process of calibration experiment includes the follow-
ing steps, and the flow chart is shown in Fig.14:

STEP 1 (Estimating the Robot Pose): In order to simulate
the actual (theoretical) kinematic parameters of robot arm,
we add a fixed bias to each nominal parameter. Due to the
nominal values of di, ai, αi are given by robot manual, and
we can obtain θi by reading simulated motor encoder. 1αi is
set randomly from normal random distribution with 0 average
value and 0.1◦ standard deviation, 1di and 1ai are set ran-
domly from normal random distribution with 0 average value
and 1 mm standard deviation. Then, we can generate groups
(configurations) of actual position and orientation of EE base
on the actual (theoretical) kinematic parameters.
STEP 2 (Data Measurement): Add the measurement noise

into the actual pose of the end-effector. The measurement
noise is gaussian noise with amplitude equals the maxi-
mum measurement uncertainty of measurement system. Sev-
eral robotic measurement configurations are pre-defined,
we adopt the poses of EE and corresponding joints angles
with different robotic configurations.
STEP 3 (Kinematic Parameter Identification): Base on the

kinematic model in section V, we use the measured data in
STEP 2 to identify the robotic complete kinematic param-
eters. Because the proposed calibration method splits the
identification process into two steps, STEP 3 will be executed
several times. After we obtain the parameter errors 1K ,
the nominal parameters will be updated byKUP = KN+1K ,
where the KUP represents the calibrated parameter values.
The results of calibrated parameter values compared with
the actual parameter values are shown in Table 3. It’s worth
noting that the redundant parameters in the error model can
be found through the analysis of identification matrix, which
will lead to model singularity and reduce the effectiveness of
parameter identification. The redundant parameters include
all the inoperative parameters and some linearly dependent
parameters. The inoperative parameters should be directly
removed, while only independent parameters are reserved.
For example, the corresponding column elements of 1θ6 in
identification matrix are all zero, which means the param-
eters do not work and should be directly eliminated. The
corresponding column of 1d6 is linearly dependent with the
column of 1edz, and one of them has to be removed.
STEP 4 (Calibration Precision Evaluation):Take the carte-

sian distance RES1 between the actual (theoretical) position
and the nominal position as the positioning error before
calibration,

RES1 =
∥∥∥WE pa (k)− W

E pn (k)
∥∥∥ (15)

and the cartesian distance RES2 between the actual (theoret-
ical) position and the calibrated position as the positioning
error after calibration,

RES2 =
∥∥∥WE pa (k)− W

E pup (k)
∥∥∥ (16)

where k is the k-th measurement configuration. The WE pa (k)
represents the actual (theoretical) position in the k-th mea-
surement configuration, WE pn (k) and

W
E pup (k) represent the
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FIGURE 14. The calibration process of complete kinematic parameters.

TABLE 3. The theoretical parameters V.S. the calibrated parameters.

before calibrated position and after calibrated position of end-
effector respectively. The average positioning errors, maxi-
mum positioning errors and standard deviation are counted
in Table 4, and the before and after calibration position errors
are detailed shown in Fig.15, where the blue dashed line
represents RES1 and green solid line represents RES2.

The calibration experiment for KUKA R500 robot shows
the result: before calibration, themaximum absolute position-
ing error, mean positioning error and standard deviation of
the robot arm are 10.70mm, 4.96mm and 1.88mm, respec-
tively; after calibration, the maximum absolute position-
ing error, mean positioning error and standard deviation
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FIGURE 15. The position error of end-effector.

TABLE 4. Maximum error & Mean error & Standard deviation of error.

of the robot arm were 0.63mm, 0.32mm and 0.14mm,
respectively.

VII. CONCLUSION
In summary, the proposed solution by using multi-level mea-
surement strategy to figure out the issue of the large-space
localization and high-accuracy calibration of AIMM, which
avoids the huge measurement cost using the global high-
precision measuring equipment and the shielding problem
in the actual industrial conditions. The result of experiment
displays that the distributed short-range laser measurement
possesses the accuracy within 0.1mm in 10m-level space,
which is similar to the existing large-space measuring equip-
ment. Therefore, the AIMM realizes spatial positioning and
geometric error parameters calibration simultaneously. The
mean positioning error of end-effector is less than 0.32mm,
i.e. 93% lower comparedwith themean positioning error with
the non-calibrated situation.

When considering the measurement error of the mea-
surement system, the kinematics parameter identification
Jacobian matrix reflects the functional mapping relationship
between the system measurement noise and the calibration
residual. Since the Jacobian matrix is directly determined
by measurement configuration, the robustness of the cal-
ibration parameter error is closely related to the selected
measurement configuration, which is not covered in this
paper. In the future work, the method of optimal choice
for the measured configurations is going to be studied
and analyzed for reducing the calibration residual even
further.
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