
NIST Advanced Manufacturing Series 100-45r1

Performance Measurement of a Mobile
Manipulator-on-a-Cart and Coordinate

Registration Methods for
Manufacturing Applications

Omar Aboul-Enein
Roger Bostelman

Ya-Shian Li-Baboud
Mili Shah

This publication is available free of charge from:
https://doi.org/10.6028/NIST.AMS.100-45r1



NIST Advanced Manufacturing Series 100-45r1

Performance Measurement of a Mobile
Manipulator-on-a-Cart and Coordinate

Registration Methods for
Manufacturing Applications

Omar Aboul-Enein
Intelligent Systems Division

Engineering Laboratory

Roger Bostelman
Smart HLPR, LLC

Frederick, MD

Ya-Shian Li-Baboud
Software and Systems Division

Information Technology Laboratory

Mili Shah
Department of Mathematics

The Cooper Union for the Advancement of Science and Art
New York, NY

This publication is available free of charge from:
https://doi.org/10.6028/NIST.AMS.100-45r1

April 2022

U.S. Department of Commerce
Gina M. Raimondo, Secretary

National Institute of Standards and Technology
James K. Olthoff, Performing the Non-Exclusive Functions and Duties of the Under Secretary of Commerce

for Standards and Technology & Director, National Institute of Standards and Technology



Certain commercial entities, equipment, or materials may be identified in this document in order to describe
an experimental procedure or concept adequately. Such identification is not intended to imply

recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to
imply that the entities, materials, or equipment are necessarily the best available for the purpose.

National Institute of Standards and Technology
Advanced Manufacturing Series 100-45r1

Natl. Inst. Stand. Technol. Adv. Man. Ser. 100-45r1, 82 pages (April 2022)

This publication is available free of charge from:
https://doi.org/10.6028/NIST.AMS.100-45r1



Abstract

Mobile manipulators, which consist of a robotic manipulator arm on a vehicular base,
enable more flexible and dynamic workflows in manufacturing processes by freeing the
manipulator arm from the restriction of working on a single, calibrated workspace. A mo-
bile manipulator-on-cart further enhances job concurrency since the manipulator arm is
mounted to a detachable cart rather than directly to the vehicle payload structure. With this
increase in flexibility, there is a need to understand new sources of position and orientation
uncertainty. This uncertainty can degrade the accuracy and precision of the mobile manipu-
lator position and orientation in addition to the coordination capability between the manip-
ulator and vehicle. To facilitate performance evaluation and uncertainty characterization,
the National Institute of Standards and Technology (NIST) has developed an artifact-based
measurement methodology for mobile manipulator-on-a-cart systems. The artifact, which
is re-configurable, simulates mock-assembly tasks for manufacturing applications, and is
compared to a ground truth consisting of an optical tracking system (OTS). This report
documents experimental procedures, data analysis methods, and results in measuring the
performance of the manipulator-on-a-cart system. The speed and accuracy of two example
coordinate registration techniques to be used by the mobile manipulator-on-a-cart to reduce
position and orientation uncertainty are also compared.
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Coordinate registration; experiment design; ground truth; mobile manipulators; mobile
robot; optical tracking system; Re-configurable Mobile Manipulator Artifact (RMMA);
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Nomenclature

Variables are subdivided into three categories: index variables, robotics variables, and
statistics variables, with each using separate conventions. Index variables are denoted by
lowercase Latin letters, however, for some index variables, a dot (“.”) in place of the given
variable indicates that a value should be summed over all values of the index. For example
if the variable,yabc, is indexed by variablesa, b, andc, theny:bc means that, for each
value orb andc, the values ofy should be summed over all valuesa. For robotics
variables, scalars are denoted by lowercase Latin or Greek letters with no arrow (e.g.,i
andx). Furthermore, vectors are denoted by lowercase Latin letters with with an arrow
(e.g.,~f1), and matrices are denoted by capital Latin letters, withH speci�cally used to
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denote a homogeneous transformation matrix. For matrices and vectors, the applicable
coordinate system(s), if any, are denoted as either a superscript or subscript in curly braces
(e.g.,f OTS:cartg~ci andf OTSgH f MAPg). Otherwise, an arbitrary, Cartesian coordinate system
is assumed. Boldface is used to denote the unknown vectors or matrices in calibration
problems (e.g.,t i andR i). Finally, statistics variables use common statistics conventions,
except that all non-subscripted Latin letters used are presented in calligraphic font (e.g.,
yabc andH 0) to distinguish statistics variables from robotics variables

Index Variables

a An index variable indicating the level of the factor “measured RMMA side”. The
value 1 indicates the response was observed on the “RMMASq2” side of the RMMA,
and the value 2 indicates the response was observed on the opposite side of the
RMMA (“RMMASq3”). A dot (“.”) over this subscript indicates a variable is
summed over all values of this index.

b An index variable indicating the level of the factor “coordinate registration method”.
The value 1 indicates the edge coordinate registration method was used, and the
value 2 indicates that the bisect coordinate registration method was used (also see
Eq. 7). A dot (“.”) over this subscript indicates a variable is summed over all values
of this index.

c An index variable indicating the replicate number for factor level combinationa
andb (also see Eq. 7). Note that the valid range forc varies witha andb because
the experiment was unbalanced (see also de�nition fornab). A dot (“.”) over this
subscript indicates a variable is summed over all values of this index.

i Integer subscript denoting one of trials 1-11.

j Integer subscript denoting one of 9 registrations points detected per trial by the
EOAT. See de�nition of~r j .

Robotics Variables

~t i A calibrated, unknown 2 x 1 translation vector for transforming between the~l i;~r j

points in the manipulator base coordinate system to the OTS coordinate system for
theith trial.

R i A calibrated, unknown 2 x 2 rotation matrix for transforming between the~l i;~r j points
in the manipulator base coordinate system to the OTS coordinate system for theith
trial.

f cart pro jgH f transvg A calibrated, unknown 3 x 3 homogeneous transformation to transform
between the projected cart rigid body centroid (see de�nition of
f OTSgHif cart pro jg) and the cart transporter vehicle base.
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f OTSgH f MAPg A calibrated, unknown 3 x 3 homogeneous transformation to transform be-
tween the cart transporter vehicle map coordinate system to the OTS coordinate
system.

q The heading, or yaw, rotation of either the cart transporter vehicle within its map
coordinate system or the cart rigid body in the OTS coordinate system.

qx Rotation angle about thex axis of a given coordinate system.

qy Rotation angle about they axis of a given coordinate system.

qz Rotation angle about thez axis of a given coordinate system.

q~n Rotation angle about an arbitrary axis,~n, of a given coordinate system.

~ap1� 4:b Used in some �gures and tables to denote the 2D position for ap points localized
by the EOAT after the bisect registration was performed, speci�cally. If this variable
is used in a �gure or table, then~ap1� 4 denotes the points localized by the EOAT after
the edge registration was performed.

~ap1� 4 2D position vector for one of four 3 mm diameter retro-re�ective targets placed on
the RMMA. These targets are localized by the EOAT of the manipulator using a �ne
spiral search to verify coordinate registration and manipulator position accuracy.
Variables~apinitial and ~apf inal are also de�ned as example 2D localization points in
Fig. 12 to describe the spiral search method.

~lr 1� 4 2D position vector for one of four 42 mm diameter retro-re�ective targets placed on
the RMMA for use with the bisect coordinate registration method.lr initial , lrad justed,
andlr f inal are also de�ned as example 2D localization / registration points in Fig.
11 to describe the coarse spiral search and bisect registration method.

~corner A 2D position vector, with components along either thex andy axes of the ma-
nipulator base coordinate system or thex andz axes of the OTS coordinate system,
specifying the location of the RMMA table corner. Finding this point and the ro-
tation offset between the cart base and RMMA is the main objective of the edge
coordinate registration method.

~f1 The �rst of two successive 3DoF position vectors of the EOAT rigid body centroid
measured in the OTS coordinate system and occurring at times1. This variable
was used in computing the ARC of the EOAT for OTS data selection. The position
components of this vector along thex, y, andz axes of the OTS coordinate system
are denoted~f1:x, ~f1:y, and~f1:z, respectively.

~f2 The second of two successive 3DoF position vectors of the EOAT rigid body cen-
troid measured in the OTS coordinate system and occurring at times2. This variable
was used in computing the ARC of the EOAT for OTS data selection. The position
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components of this vector along thex, y, andz axes of the OTS coordinate system
are denoted~f2:x, ~f2:y, and~f2:z, respectively.

~i The �rst of three imaginary components of a quaternion rotation (see Eq. 16 - 18 in
Appendix D).

~j The second of three imaginary components of a quaternion rotation in a given coor-
dinate system (see Eq. 16 - 18 in Appendix D).

~k The third of three imaginary components of a quaternion rotation in a given coordi-
nate system (see Eq. 16 - 18 in Appendix D).

~l i;~r j A vector storing the 2D (i.e., with position components along thex and y axes)
position of the EOAT midpoint, when paused over thejth registration point and
as logged by the manipulator controller (i.e., in the manipulator base coordinate
system) for theith trial.

~n See de�nition ofq~n.

~oi;~r j A vector storing the 2D (i.e., with position components along thex and z axes)
position of the EOAT midpoint, when paused over thejth registration point and
measured in the OTS coordinate system for theith trial.

~r1 The �rst of three 2D reference points on the edge of the RMMA detected by the ma-
nipulator EOAT for the edge coordinate registration method. The reference points
are used to localize a corner point on the RMMA. This point is colinear with~r2 so
that a rotation offset between the manipulator and RMMA can be determined.

~r2 The second of three 2D reference points on the edge of the RMMA detected by
the manipulator EOAT for the edge coordinate registration method. This point is
colinear with~r1 so that a rotation offset between the manipulator and RMMA can
be determined.

~r3 The third of three 2D reference points on the edge of the RMMA detected by the
manipulator EOAT for the edge coordinate registration method.

~r j One of 9 registration points that was detected by the EOAT per trial. Note that~r1,~r2
and~r3 correspond to the same points de�ned as part of the edge coordinate registra-
tion method (see corresponding de�nitions). The point~r4 corresponds to either~ap1
or ~ap3 (see de�nition of~ap1� 4), depending on the side of the RMMA measured;~r5

corresponds to~ap2 or ~ap4 (see de�nition of~ap1� 4);~r6 corresponds to to either~lr 1 or
~lr 3 (see de�nition of~lr 1� 4);~r7 corresponds to to either~lr 2 or ~lr 4, depending on the
side of the RMMA measured;~r8 corresponds to either~ap1:b or ~ap3:b (see de�nition
of ~ap1� 4:b) as localized immediately following bisect registration;~r9 corresponds to
either~ap2:b or ~ap4:b (see de�nition of~ap1� 4:b) as localized immediately following
bisect registration.
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b1 An intercept term for one of two perpendicular lines that corresponds to the table
edge of the RMMA and used as part of the intermediate computations implementing
the edge coordinate registration method.

b2 Another intercept term for one of two perpendicular lines that corresponds to the
table edge of the RMMA and used as part of the intermediate computations imple-
menting the edge coordinate registration method.

m The slope of the RMMA table edge computed from~r1 and~r2 as part of the edge
coordinate registration method. De�ned in Eq. 1.

qw The value of the real component for a quaternion rotation in a given coordinate
system (see Eq. 16 - 18 in Appendix D).

qx Value of the~i component for a quaternion rotation (see Eq. 16 - 18 in Appendix D).

qy Value of the~j component for a quaternion rotation (see Eq. 16 - 18 in Appendix D).

qz Value of the~k component for a quaternion rotation (see Eq. 16 - 18 in Appendix D).

Rot(qx;qy;qz) The XYZ Euler angle representation of a rotation.

Rot(~n;q~n) The Axis-Angle representation of a rotation.

s1 See de�nition of~f1.

s2 See de�nition of~f2.

x Position component (in mm) along thex axis of a given coordinate system.

y Position component (in mm) along they axis of a given coordinate system.

z Position component (in mm) along thezaxis of a given coordinate system.

f MAP:transvg~vi A 3 x 1 vector containing the 3DoF pose of the cart transporter vehicle in the
vehicle map coordinate system for theith trial.

f MAPgHif transvg A 3 x 3 homogeneous transformation matrix storing the 3DoF pose of the
cart transporter vehicle measured in the vehicle map coordinate system for theith
trial. This variable stores the same information asf MAP:transvg~vi (see corresponding
de�nition), but in a different representation.

f OTS:cartg~ci A 6 x 1 vector containing the 6DoF pose of the cart rigid body centroid mea-
sured in the OTS coordinate system for theith trial.

f OTSgHif cart pro jg A 3 x 3 homogeneous transformation matrix containing the 6DoF pose of
the cart rigid body centroid measured in the OTS coordinate system and projected
to a 3DoF pose for theith trial.

xii



Statistics Variables

(tb )ab The effect of the interaction between factors “measured RMMA side” and “coor-
dinate registration method” on the response (see de�nition ofyabc and Eq. 7).

a The speci�ed signi�cance level for a given hypothesis test. Unless otherwise stated,
all hypothesis tests in this report use a signi�cance value of 0.05.

bb The effect of thebth level of factor “coordinate registration method” on the response
(see de�nition ofyabc and Eq. 7).

eabc The effect of random experimental error on the response (see de�nitions ofyabc and
Eq. 7).

MS Error The mean square (MS) attributed to Error. Generally, the mean square of an
effect is the sum of squares of the effect divided by the degrees of freedom of the
effect.

SSCoordn:Reg:Method Contribution toSSTotal attributed to factor “coordinate registration
method” for an ANOVA. De�ned in Eq. 11.

SSError Contribution toSSTotal attributed to random experimental error for an ANOVA.
De�ned in Eq. 13.

SSInteraction Contribution toSSTotal attributed to the interaction between factor “mea-
sured RMMA side” and factor “coordinate registration method” for an ANOVA.
De�ned in Eq. 12.

SSSide Contribution toSSTotal attributed to factor “measured RMMA side” for an ANOVA.
De�ned in Eq. 10.

SSTotal Total sum of squares (SS) for an ANOVA. De�ned in Eq. 9.

D1 The Durbin-Watson statistic computed on the sample of residuals for the registration
time response.

D2 The Durbin-Watson statistic computed on the sample of residuals for the initial-to-
�nal spiral search distance for~ap1 or ~ap3 response.

D3 The Durbin-Watson statistic computed on the sample of residuals for the digital
level readings taken from the front digital level.

D4 The Durbin-Watson statistic computed on the sample of residuals for the digital
level readings taken from the side digital level.
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DL Lower bound of the critical values for the Durbin-Watson statistic for a given Durbin-
Watson test. The null hypothesis of the Durbin-Watson test is rejected if the Durbin-
Watson statistic is less than this value. If the Durbin-Watson statistic is betweenDL
andDU , the test is inconclusive.

DU Upper bound of the critical values for the Durbin-Watson statistic for a given Durbin-
Watson test. The null hypothesis of the Durbin-Watson test is not rejected if the
Durbin-Watson statistic is greater than this value.

dabc The standardized residual of a response variable observation (see de�nition ofyabc).

eabc The residual of a response variable observation (see de�nition ofyabc).

F0 Denotes the F statistic of a given effect in an ANOVA, which is generally the mean
square (MS) of the effect divided by theMS Error .

H 0 Denotes the null hypothesis for a given hypothesis test.

H a Denotes the alternative hypothesis for a given hypothesis test.

nab The total number of observations for theath level of factor “measured RMMA side”
and thebth level of factor “coordinate registration method”. Since the experiment
was unbalanced, but found to be proportional, this variable conforms to Eq. 8.
Either 5 or 6 observations were recorded depending on the level of each factor.

R 2 Coef�cient of determination for a given linear regression �t.

yabc The observed response variable for theath level of factor “measured RMMA side”,
thebth level of factor “coordinate registration method”, and thecth replicate of the
corresponding factor level combination. The response variable, which corresponds
to either the registration time or the initial to �nal spiral search distance for either
AP1 or AP3 (see de�nition ofAP1 � 4), is modeled using a linear experimental model
de�ned in Eq. 7.

m The effect of the constant overall mean on the response (see de�nition ofyabc and
Eq. 7).

mf ront;rmmasq2 The population mean for the sample of digital level readings recorded on the
“RMMASq2” side of the RMMA by the front digital level.

mf ront;rmmasq3 The population mean for the sample of digital level readings recorded on the
“RMMASq3” side of the RMMA by the front digital level.

mside;rmmasq2 The population mean for the sample of digital level readings recorded on the
“RMMASq2” side of the RMMA by the side digital level.
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mside;rmmasq3 The population mean for the sample of digital level readings recorded on the
“RMMASq3” side of the RMMA by the side digital level.

t a The effect of theath level of factor “measured RMMA side” on the response (see
de�nition of yabc and Eq. 7).
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1. Introduction

Recent work has demonstrated both a continued, growing interest in the utilization of mo-
bile manipulators towards commercial and industrial applications, as well as the need for
standardized performance measurement methods. Mobile manipulators generally consist
of a robotic arm mounted on a mobile base of varying levels of autonomy. For example,
the mobility component can consist of an automatic guided vehicle (AGV) that follows
pre-programmed paths or a mobile robotic platform that can re-compute routes around un-
expected obstacles. The potential bene�ts of such systems have been noted for uses outside
of manufacturing settings. For example, recent interest has been shown in using mobile ma-
nipulators for healthcare applications, such as contactless, curbside admission screening at
hospitals and assisting with in-home care [1, 2]. However, even more critically, is that the
addition of mobility allows the manipulator arm to engage in a wider variety of industrial
applications. One example is applying mobile manipulators towards assembling, process-
ing, surfacing, or prototyping large scale components such as wind turbines, aircraft, or
ships [3]. Additionally, �exible manufacturing, the ability to tend multiple conveyors in dis-
tinct locations, and material handling also become possible [3]. Recently, interest has been
demonstrated in using mobile manipulators to tend computer numerical control (CNC) ma-
chines, though it has been noted that the harsh, unstructured environmental conditions of
workshops pose a challenge to the localization systems of the mobility component [4]. Fur-
thermore, another potential application of mobile manipulators in manufacturing that has
garnered recent interest centers on additive manufacturing (AM) [5]. Speci�cally, instead
of using mobile manipulators to treat or assemble large scale components, such systems
can allow for an expanded build volume in large-scale conformal AM [5]. However, poor
accuracy and repeatability in the mobility component have been identi�ed as challenges in
using mobile manipulators for such applications [5]. These limitations highlight the need
for standardized methods to characterize the uncertainty of mobile manipulator systems,
which may further enable such systems to perform useful work towards manufacturing
processes requiring a high degree of precision and accuracy.

The performance assessment of mobile manipulators has focused on measures re�ective
of “safety, precision, and accuracy” [6]. In the past, research predominantly emphasized
manipulator tipover stability and the enhancement of coordination between the vehicle and
robotic arm in various environments [6–8]. It was also noted that measurement systems ex-
isted to assess the individual sub components of a mobile manipulator. Examples of such
systems include laser interferometers (non-contact) and arti�cial cues (contact-based) used
to assess the performance of manipulator arms [6, 9, 10]. However, the performance mea-
surement of mobile manipulators as a complete system represented a relatively new area of
research [3]. As the potential application domains continue to expand, it becomes more im-
portant for users and manufacturers to ensure mobile manipulator accuracy, repeatability,
and coordination [6, 11].

Therefore, the National Institute of Standards and Technology (NIST) has endeavored
to advance measurement science pertaining to the performance of mobile manipulators

1



[12–14]. Past work included the development of the Re-con�gurable Mobile Manipulator
Artifact (RMMA), which introduced a cost-effective, and �exible artifact for measuring
mobile manipulator performance across numerous simulated manufacturing tasks and the
use of an optical tracking system (OTS) to establish a ground truth reference of comparison
to the RMMA [9, 15, 16]. Both measurement techniques were applied towards measuring
both a mobile manipulator that consisted of an AGV and an autonomous mobile robot
(AMR) for the mobile platform [6, 15, 17–19]. Additionally, the RMMA was used to
compare coordinate registration methods for use with the mobile manipulators [20].

This project focused on addressing three experiments that advanced the previously de-
scribed work. First, the artifact-based measurement methodology with ground truth refer-
ence was applied to a new type of mobile manipulator, the mobile manipulator-on-a-cart.
The mobile manipulator-on-a-cart featured a vehicle capable of sensing and docking with
a detachable cart payload structure. Rather than attach the manipulator directly to the
vehicle, the manipulator was instead attached to the separable cart, as shown in Fig. 1.
This type of mobile manipulator can potentially increase the �exibility and concurrency of
work�ows in addition to maximizing hardware utilization. For example, additional time
and cost savings can result since the vehicle would be re-usable to transport other payloads
while the manipulator-on-a-cart is engaged in an assembly task. Furthermore, the manipu-
lator would no longer be reliant on a speci�c, individual vehicle for transportation between
task locations. Potential challenges in measuring this system were expected to include new
sources of performance uncertainty that might arise due to the lack of a constant alignment
between the cart transporter and manipulator-on-a-cart coordinate systems. Additionally,
uncertainty in the manipulator position was expected to be possible due to the instability
introduced from the cart being on wheels.

Previous experiments compared three non-contact techniques for coordinate registra-
tion as applied on a mobile manipulator using an AGV [20]. This included laser-based �ne
(i.e., spiral search) and bisect methods (see Sec. 3.1.3 - 3.1.2) for localizing retro-re�ective
targets placed on the RMMA, as well as visual �ducials tracked via an augmented reality
toolkit. More recently, experiments on the AMR used the same laser bisect method [6].
For the second part of the mobile manipulator-on-a-cart project, the primary interest was to
introduce an additional, alternative technique for rapid coordinate registration to the mobile
manipulator-on-a-cart system. Speci�cally, the speed and accuracy of the new coordinate
registration technique, which used a non-contact, laser-based method to search for retro-
re�ective targets placed along the edges of the RMMA table surface, was compared against
the previously used laser bisect technique.

The third part of this project investigated a limitation of previous experiments per-
formed with the AMR [6]. Essentially, the data analysis techniques used for these prior
measurements assumed that the three-dimensional (3D) positional data could be projected
to 2D with negligible error. However, it was also suspected that the �ooring may not have
been uniformly level between the two docking locations used, which were positioned on
opposite sides of the RMMA. By determining whether or not there was a signi�cant differ-
ence in the cart leveling between the two docking positions for the mobile manipulator-on-
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a-cart, improvements for future data analysis or calibrations can be recommended based on
this knowledge.

First, the report provides an overview of the hardware, software, and con�gurations
used for the mobile manipulator-on-a-cart platform, the RMMA, and OTS (Sec. 2). In Sec.
3, the experimental design is outlined by �rst detailing the bisect and edge coordinate reg-
istration methods to be compared and the spiral search localization method used to verify
the accuracy of the coordinate registration as background. To ensure data correspondence
between the OTS, robot controllers, and digital levels, system clock synchronization was
applied. Additional information on how this synchronization was achieved is provided be-
fore detailing the test procedure itself. In Sec. 4, the analysis of the captured data is divided
into three parts. First, while performing mock-assembly tasks, the position and orientation
of the mobile manipulator-on-a-cart system captured from the OTS ground truth system
was compared with the position and orientation collected from the system control comput-
ers, manipulator, and cart transporter vehicle logs. This section also includes an outline
of the data extraction algorithms used to select and aggregate the data for the performed
assembly tasks from each measurement technique (e.g., the OTS and computer/robot logs).
Calibration methods were also needed to express the data in a common coordinate system.
In the second part of Sec. 4, the report documents the comparison of the speed and accu-
racy of the bisect coordinate registration method and the new edge coordinate registration
method. The comparison was conducted using an analysis of variance (ANOVA), with
additional model adequacy checks provided to validate the reliability of the conclusions
made. Additionally, plots displaying the sample average response per factor combination
were examined. Finally, the third part of Sec. 4 documents the statistical inference tech-
niques used to compare the two measured docking locations of the RMMA. Again, the spe-
ci�c goal was to determine if there was a signi�cant difference in the cart leveling between
the two measured docking locations next to the RMMA. In Sec. 5, the report concludes by
summarizing and discussing the �ndings along with limitations and future work.

2. Platform and Operating Environment

Figure 1 provides a summary of the hardware sub-components utilized in the mobile manipulator-
on-a-cart system1, which will be detailed throughout this section. A complete network and
software diagram is provided in Appendix A (Fig. 38).

2.1 Cart Transporter

The technical speci�cations for the cart transporter robot utilized for this work were pro-
vided by the manufacturer [21]. Similar to the AMR measurements [6], the cart transporter

1Certain commercial equipment, instruments, or materials are identi�ed in this paper in order to specify
the experimental procedure adequately. Such identi�cation is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the
materials or equipment identi�ed are necessarily the best available for the purpose.
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utilized for this experiment was selected as an extension of previous work, which applied
the performance measurement methodology to a mobile manipulator featuring an AGV
[15, 17–19]. The AGV was restricted to using pre-speci�ed paths while navigating be-
tween goals [15]. In contrast, the autonomy of the cart transporter featured in this work
was more comparable to the AMR, since the cart transporter could also intelligently and
autonomously compute routes and localize itself based on a user-con�gurable environmen-
tal map [6, 21].

Some key differences to the AMR included the additional sensors and mechanical com-
ponents for detecting and latching onto the detachable cart, as well as an additional lower
front sensor used to detect low, overhanging obstacles and negative obstacles [6, 21]. The
lower front sensor was disabled for these experiments because the detection of uneven �oor-
ing as an obstacle hindered the cart transporter ability to navigate through the lab space.
The environmental map of the lab, which will be referred to as the “cart transporter map”,
was generated by following the manufacturer-speci�ed procedure [22]. This procedure in-
volved manually driving the cart transporter through the lab space to scan key static room
features, such as walls, using the on-board laser scanners. Additionally, the cart transporter
map coordinate system utilized a 2-D, right-handed coordinate system as approximately
shown in Fig. 2. The exact location of the map coordinate system origin within the lab was
unknown (further addressed in Sec. 4.1.3), and the 3 DoF pose of the vehicle in the map
consisted of a Cartesian position (alongx andy axes) and a heading,q. The poses were
logged with a timestamp formatted in seconds since epoch [23]. Once the initial map of
the lab was generated, the map was customized with goals and preferred lines, as shown
in Fig. 2, which represented a preferred path for the vehicle to adhere to. Preferred lines
were used to ensure safe navigation around the RMMA, as well as to guide the vehicle
to the starting position of the cart (denoted as “CartDock1”). Two additional goal points,
denoted “RMMASq2” and “RMMASq3” were placed on opposite sides of and facing the
RMMA to allow the cart transporter to dock next to either side of the square re�ector pat-
tern (see Sec. 2.3). The commanded position for each of these goal points is shown in
Table 1. Finally, an arbitrary goal point was added as the initial starting location for the
cart transporter itself (“LDStart”). In contrast to the AMR [6], it should be noted that the
cart transporter docked with the main safety laser scanner facing the RMMA. To prevent
the vehicle from detecting the RMMA as an obstacle, each goal point intended for RMMA
docking was placed approximately 1000 mm ahead of the �nal docking location next to the
RMMA. After arriving at each goal point, the cart transporter was issued a “move straight”
command with input parameters that set the distance to 1000 mm, the front clearance to
25 mm, and the speed to 150 mm/s. The other input parameters were kept at their default
values. An example map that demonstrates this con�guration is shown in Fig. 2.

The cart transporter2 map was generated and con�gured using the manufacturer sup-
plied software (version 4.5.2) running on a Windows 7, 64-bit laptop [22]. Additionally,
custom C++ code for sending clear-text commands to the cart transporter over Transmis-

2The on-board cart transporter software included controller �rmware version 1.9.0d, manufacturer software
operating system version 4.8.0, and automation management software version 4.9.9.
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sion Control Protocol / Internet Protocol (TCP/IP) sockets was implemented by using the
same code written as part of previous experiments as a starting point [6]. Two modes of
communication with the client application were supported by the cart transporter [22, 23].
The �rst mode of communication followed a client-server model in which one or more
client applications sent pre-de�ned commands to the cart transporter server. Once the
TCP/IP connection was established, the client applications could send pre-de�ned com-
mands to the cart transporter, which either executed the command or responded with the
queried data (such as the current vehicle pose) [23]. In the second mode of communication,
the cart transporter could be con�gured to continuously execute a given command or set
of commands on a user-speci�ed interval. The cart transporter, which then acted as the
client, forwarded the result of these commands to an external application that acted as the
server. Most importantly, however, was that if a set of commands were con�gured to run
using this method, then they were executed in the same computation cycle by the cart trans-
porter [23]. Therefore, to ensure data synchronization, the second mode of communicating
with the cart transporter was used to query the current vehicle pose. The time interval to
generate the pose messages was set to 0.01 seconds. To provide further assurance of data
synchronization, the system clock of the cart transporter was synchronized via Network
Time Protocol (NTP) (see Sec. 3.2 for details).

Fig. 2. Cart transporter map of the lab space as con�gured with goal points and preferred lines
(left). Note that the approximate location and orientation of the map coordinate system origin is
annotated. The docking locations next to the RMMA that corresponded to the goal points (right).

6



Table 1. Commanded position of the goal points used to dock the cart transporter to the RMMA.
Note that the positions shown here are 1000 mm away from the RMMA in thex direction. A
“move straight” command was issued to the cart transporter after reaching each goal point to allow
the cart transporter to dock closer to the RMMA without detecting it as an obstacle.

Goal x y q
RMMASq2 -50 mm -792 mm 0°
RMMASq3 3494 mm -788 mm 180°

2.2 Manipulator-on-a-Cart

A manipulator, which was the same manipulator used in prior experiments, was mounted
to a custom-built payload structure and �xed to the detachable cart [6]. According to the
manufacturer speci�cation, the maximum reach and repeatability of the manipulator arm
was 850 mm and 0.1 mm, respectively [6, 24]. The manipulator controller software ran ver-
sion 3.1.18213 and used a 3D right-handed coordinate system in which thex andy axes of
the origin (placed at the center of the manipulator base) were de�ned parallel to the ground
plane while thez axis was de�ned perpendicular to the ground plane (e.g., the up/down,
or the vertical direction). Since the manipulator base was mounted at a rotational offset
of 135° from the front of the cart payload structure, the rotation offset was corrected such
that the positive direction of thex axes aligned with the front of the cart payload structure.
As with prior experiments, the short reach of the manipulator, which was less than that of
the manipulator arm used in the prior experiments with the AGV [15], restricted the arm
from being able to access the entire RMMA table surface from a single docking location.
This restriction necessitated the use of multiple dock points to allow the manipulator full
access to the assembly points required for the test. To digitally detect retro-re�ective tar-
gets, which served as mock-assembly points on the RMMA, a retro-re�ective laser sensor
and emitter (RLS) was attached to the end-of-arm tool (EOAT) of the manipulator and is
shown in Fig. 3 [25]. Use of the RLS for non-contact registration and localization reduced
the risk of collision with the RMMA and resembled the task of classic peg-in-hole assem-
bly [17]. Communication with the manipulator controller was facilitated by connecting the
RLS to the tool I/O port. To perform the registration and localization techniques, custom
software was written using the code from prior experiments as a starting point [6]. The
code used the Collaborative Robot Programming Interface (CRPI) and small portions of
the NIST Real-time Control System (RCS) library that pertained to pose format conver-
sions [26, 27], and the manipulator base rotation misalignment was corrected by specifying
the 135° offset in an Extensible Markup Language (XML) con�guration �le. Addition-
ally, the User-Level Application Programming Interface (ULAPI), which was packaged
with CRPI, was utilized to implement multi-threading and synchronization, as well as ad-
ditional TCP/IP socket communications [28]. The detachable cart was out�tted with two
linear actuators (see Appendix C for detailed speci�cations), which were added to prevent
the cart from moving after it had been docked next to the RMMA. CRPI was used to change
the digital output state such that each linear actuator could be independently set to extend
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