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Abstract

Mobile manipulators, which integrate a robotic manipulator with an automatic—autonomous
mobile base, have the potential to augment automation by combining the capability of nav-
igation with complex manipulation to support unstructured and dynamic environments.
Targeted applications include manufacturing large-scale parts commonly encountered in
the aerospace, energy, shipbuilding, and transportation sectors. While autonomous mo-
bility no longer restricts the robotic manipulator to working at a single, rigidly fixtured
workstation or work-piece, the increased flexibility introduces new sources of position
and orientation uncertainty, and manufacturing processes of large-scale parts with com-
plex, curved surfaces require high repeatability and accuracy. A standardized measurement
methodology, including a configurable measurement artifact to simulate dynamic manufac-
turing operations, is being developed to identify and evaluate these sources of performance
uncertainty. As part of this methodology and associated test methods development, this
work details the design and prototype implementation of a closed-loop mobile manipulator
control system that integrates feedback from an optical tracking system. Development of
the control system presents a new test implementation to demonstrate the performance eval-
uation of mobile manipulation performance in application scenarios where the workstation
or work-piece is physically disturbed during operation or where rapid registration between
distant locations along the same work-piece is required. This work will promote advances
in control scheme development by providing a standardized, reproducible test method for
evaluation in a variety of simulated application spaces.

Keywords

Closed-loop control system; configurable mobile manipulator apparatus; coordinate regis-
tration; ground truth; large-scale manufacturing; mobile manipulators; mobile robot; opti-
cal tracking system; re-configurable mobile manipulator artifact; robotics in manufactur-
ing; systems integration.
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1. Introduction

Mobile manipulators are an integrated system consisting of a robotic arm mounted to an
autonomous mobile base. These systems have the potential to navigate and perform a va-
riety of automated tasks across an industrial environment (e.g., composite task of material
delivery and machine tool tending) [1-3]. An important subset of such applications also
includes large-scale manufacturing. Examples of large-scale components are common in
the aerospace, energy, shipbuilding, and transportation sectors and can include, but are not
limited to, wind turbine blades, aircraft wings, high speed train bodies, ship bows, and
towers [1, 4-8]. Tasks may include prototyping, assembling, surfacing, or otherwise pro-
cessing (i.e., drilling, boring, polishing, sanding, deburring, painting and coating removal)
such work-pieces [1, 5, 7, 8]. Furthermore, utilization of mobile manipulators to permit
expanded build volumes for large-scale conformal Additive Manufacturing (AM) has been
suggested and implemented for experimentation with varying robot planning, control, and
localization approaches [9-15]. Note that these implementations have included both in-
stances where the mobile base stops while printing and where continuous/simultaneous
robot movement and printing was implemented [10-15].

In order to leverage the agility and flexibility of mobile manipulators for such tasks, the
key limitation of increased performance uncertainty must be overcome. In the case of
tending Computer Numerical Control (CNC) machines and conformal AM, localization
performance in unstructured environments and insufficient pose accuracy/repeatability in
the mobility component have been cited as challenges preventing the adoption of mobile
manipulators for such tasks [2, 9-13, 15]. Furthermore, the complex, curved shapes asso-
ciated with many of the aforementioned large scale components also require a high degree
of manufacturing accuracy [4-6].

To overcome these challenges, the National Institute of Standards and Technology (NIST)
is developing performance test methods to help identify and quantify sources of mobile
manipulator performance uncertainty, and to aid in the development of robot hardware and
software designs, control algorithms, planning algorithms, and localization methods. Ad-
ditionally, these test methods can be used to verify the suitability of a mobile manipulator
platform to their specific manufacturing application domain and environment. Towards
this goal, NIST has developed a set of re-configurable, cost-efficient test artifacts, called
the Configurable Mobile Manipulator Apparatus (CMMA) (previously referred to as the
Re-configurable Mobile Manipulator Artifact (RMMA))! [16-19]. The CMMA, outfitted
with machined configurations of aluminum surfaces and tapped holes, can be used as a
mock workspace or work piece to simulate a variety of potential mobile manipulator man-
ufacturing capabilities.

Mobile manipulator capabilities can be broadly classified under non-continuous task per-
formance and continuous task performance. During non-continuous tasks, the mobile robot

'From Sec. 3.3 onward, this acronym refers specifically to the Type B CMMA unless otherwise noted.
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transports the manipulator between one or more task locations, but the two are not in si-
multaneous motion while physically connected. Continuous task performance consists of
both mobile robot and manipulator moving continuously and simultaneously while the two
are physically connected. Non-continuous tasks can be further sub-divided into static and
indexed tasks. In static tasks, the mobile base repeatedly docks the manipulator at a sin-
gle intended pose. However, for indexed tasks, the mobile base docks the manipulator in
sequence amongst a finite set of intended poses. In past work, two variants of the CMMA
were developed and used for evaluations: The Type A CMMA (formerly called the static
RMMA) represented non-curved and smaller work-pieces, while the Type B CMMA served
as a more direct analogue to large-scale components with complex shapes [19, 20].

The Type A CMMA has been used to measure the static and indexed performance of an
Automatic Guided Vehicle (AGV) mobile manipulator [20-24], the indexed performance
of an Autonomous Mobile Robot (AMR) mobile manipulator [25], and the indexed per-
formance of a mobile manipulator-on-a-cart, in which an Autonomous Mobile Robot Cart
Transporter (AMR-CT) coordinated with a manipulator mounted on a detachable cart [26].
While the AGV mobile manipulator was limited to following pre-programmed paths, the
AMR and AMR-CT mobile manipulator systems were capable of performing their own
path-planning, including re-computing paths around unanticipated obstacles. Furthermore,
the AMR-CT mobile manipulator could allow for increased hardware utilization (e.g., al-
lowing the AMR-CT to tend other carts and/or payloads) and concurrent workflows. In
addition to evaluating mobile robot docking uncertainty and manipulator position accu-
racy/repeatability, the CMMA can also be used to compare the performance of coordinate
registration methods and algorithms, as demonstrated with various laser-based and visual
marker-based coordinate registration test implementations [23, 26].

The continuous performance scenario, which was evaluated using the Type B CMMA had
been previously conducted in simulation environments and evaluated on a prototype mobile
manipulator platform [27, 28]. The most recent developments in measuring continuous mo-
bile manipulator performance featured integration of the previously developed algorithms
and simulations with the mobile manipulator-on-a-cart, which used a commercially ori-
ented mobile platform and manipulator [29]. A more comprehensive summary of previous
development milestones and evaluation activities can be found in Ref. [19].

A major component towards past development and evaluation of the CMMA as a test arti-
fact was to independently validate the measurements obtained solely using the CMMA and
mobile manipulator controller logs against ground-truth reference measurements. For this
purpose, the rigid body tracking of a motion capture Optical Tracking System (OTS) was
used as the ground truth measurement system. The measurement uncertainty of the OTS
was previously determined to be 0.022 mm (positional) and 0.00040143 rad (angular) for
tracking stationary rigid bodies [20, 30]. Likewise, the tracking uncertainty for rigid bodies
in motion was 0.26 mm (positional) and 0.0017453 rad (angular) [20, 30]. Here, the OTS
was manually-controlled by an operator to passively record the position and orientation
(pose) of rigid bodies that were placed on the manipulator End-of-Arm Tool (EOAT), the

2
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manipulator base, or the frame of the mobile base, for comparison to either the pose of the
CMMAA itself or individual assembly target locations on the CMMA.

However, some mobile manipulator capabilities have remained previously untested us-
ing the CMMA. Specifically, the capabilities in Table 1 lie within the gap between non-
continuous tasks and continuous tasks. The capabilities are focused on scenarios in which
the work-piece may be moved or disturbed. Note that perturbations may be small (i.e., 1
m or less) or large distances (e.g., greater than 1 m). For example, small work-piece per-
turbations that could occur in a real manufacturing environment might include “bumps” or
“nudges” accidentally induced by contact forces exerted by humans or other robots, as well
as floor vibrations induced by passing heavy equipment, such as manually controlled fork-
lifts or AGVs. In this scenario, the mobile base of the mobile manipulator should correct
for this error in its navigation goal if the mobile manipulator has not yet reached the work-
piece. Alternatively, if already docked at the work-piece, the manipulator should rapidly
correct for this small error in its manufacturing task target location. The CMMA evaluation
of the laser-based edge rapid coordinate registration method from Ref. [26] only partially
represented this scenario because the registration method took between 15 s and 23 s to
run. Therefore, multiple or continuous small perturbations after initial registration could
not be tested using this implementation.

Rapid mobile manipulator registration across large distances is typical when dealing with
large-scale components or when more significant perturbations to the CMMA pose occur,
such as needing to temporarily move the work-piece to a different location due to limited
space. In this scenario, again the mobile base should correct for this error if it occurs before
docking. However, if the perturbation occurs after docking, then the manipulator should
stow and the mobile base should transport the manipulator to the new docking location
near the work-piece. To create a test implementation satisfying the capabilities in Table 1,
a faster closed-loop control system is required to allow for rapid, continuous mobile manip-
ulator pose feedback. Furthermore, in past work, the CMMA was not tested at a tilt, even
though it supports this configuration. Therefore, full 6 Degrees of Freedom (DoF) registra-
tion capabilities should be tested alongside the previous 3 DoF registration capabilities, as
shown in Table 1.

To demonstrate performance evaluation of these previously untested mobile manipulator
capabilities, this work focuses on the design and prototyping of a new NIST mobile manip-
ulator test implementation that integrates closed-loop control using pose feedback from the
OTS. This control system, when used after docking to register the mobile manipulator to
the CMMA, can serve as a reference of comparison with or for the possible development of
alternative coordinate registration methods that use on-board sensing in the future. For ex-
ample, use of the OTS is expected to be faster and more accurate than the prior laser-based
coordinate registration methods (i.e., spiral search, bisection, edge detection, and stochastic
Kalman filters) or provide a ground-truth reference to compare with closed-loop feedback
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from an on-board vision system?.

Table 1. CMMA task scenarios for mobile manipulator/OTS closed-loop control
testing.

Scenario | Registration DoF*| CMMA Perturbation | Capability

1 3 Small (< 1m)° AMR-CT corrects
for small CMMA perturbation.
2 3 Large (> 1m)P AMR-CT corrects
for large CMMA perturbation.
3 3 Small manipulator corrects
(<manipulator reach)®| for small CMMA perturbation.
4 3 Large manipulator stows,

(>manipulator reach)*| AMR-CT transports manipulator
to new CMMA docking location.

5 6 Small manipulator corrects
(<manipulator reach)®| for small CMMA perturbation.
6 6 Large manipulator stows,

(>manipulator reach)*| AMR-CT transports manipulator
to new CMMA docking location.

aDegrees of Freedom P Occurring before mobile manipulator is docked with CMMA.
¢ Occurring after mobile manipulator is docked with CMMA.

The remainder of this paper is organized as follows. In Sec. 2, a summary of recent lit-
erature is presented to foster understanding of past examples, including capabilities, lim-
itations, and potential challenges in using an OTS or other measurement instruments in
pose update feedback for closed-loop mobile manipulator control. In Sec. 3 the hardware
and software specifications of the prototype test implementation, including the cart trans-
porter, manipulator-on-a-cart, CMMA, OTS, and network architecture are documented.
Section 4 outlines the coordinate systems, transformations, and registration procedures re-
quired for the closed-loop control system, and Sec. 5 describes the design of the closed
loop controllers for the manipulator and the AMR-CT, respectively. An evaluation of the
time synchronization delay variability is also provided. The project resulted in the imple-
mentation of the closed-loop mobile manipulator controllers as a prototype to satisfy the
capabilities in Table 1, though experimental design and performance evaluation of the final
test implementation is left to future work.

2For example, a deep-learning based model for use with an on-board camera was developed as part of NIST
grant 70NANB18H259: “Performance Measurement of Mobile Manipulators using Coarse-to-Fine Deep
Learning Methods”
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2. Background

A review of existing literature conducted prior to this work uncovered a number of ex-
amples where OTS feedback was integrated for mobile manipulator control. Addition-
ally, methods of control system integration using alternative external measurement systems
were reviewed. In summary, the following observations were derived from the literature re-
view. First, the need to ensure that the NIST mobile manipulator performance measurement
framework could accommodate mobile manipulators that integrate external metrology sys-
tems for registration was established, as their use in academia was found to be prominent
when testing new control and planning strategies. Second, was that the limitations, chal-
lenges, and successes of the reviewed works informed and provided basis for the devel-
opment of the NIST closed-loop controller as a test implementation. Finally, the intended
application domains of these works further demonstrated the gap in standardized evalua-
tion of mobile manipulator performance capabilities that lie between non-continuous and
continuous (i.e., work-piece disturbances), as many of the reviewed works either focused
on developing control or planning advances for either the former or the latter.

Reference [5, 6] identified Indoor Global Positioning System (iGPS) (see also Refs. [31—
34]), laser trackers, and laser tracers as systems that could be applied to mobile manipu-
lators for large-scale manufacturing scenarios to improve pose accuracy. Laser occlusion,
linear error (in the case of laser trackers), and limited measurement DoF were identified
as potential challenges for such solutions [5, 6]. Furthermore, Refs. [1, 35-39] provide a
specific example where feedback from a 6 DoF iGPS was applied to the end-effector of
an AGV and industrial robot arm mobile manipulator to achieve closed loop control for
laser paint removal of aircraft wings. However, the accuracy requirement of this applica-
tion was 254 mm and it has been observed that, in comparing previous experiments with
the CMMA, mobile manipulators that use AMR bases can have more docking uncertainty
than those that use AGV bases [25, 26, 39].

Focus now turns more specifically to the use of OTSs for mobile manipulator control. Ref-
erence [40], which evaluated the ability of an aerial manipulator to pick and place an 0.11
m long, 0.02 m diameter cylinder, used an OTS as a substitute for Global Positioning Sys-
tem (GPS) localization when operating indoors. However, the manipulator was operator
controlled and the application, more reflective of scientific and emergency response tasks,
required a less stringent performance tolerances than would be needed for precision manu-
facturing.

In Ref. [41], an OTS was utilized to provide localization as part of a reactive closed-loop
control scheme for legged mobile manipulator motion planning. Here, a dedicated ma-
nipulator was not used since the work focused on allowing the robot to use its default
appendages (also used for mobility) to rearrange stools. Additionally, since the planning
problem was the main focus of the work, the application domain did not appear to reflect
the high-accuracy and precision manufacturing processes that are the focus of this report.
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In Ref. [42], a sensor fusion approach combining measurements from an inertial measure-
ment unit (IMU) (as the “fast” sensor operating at 500 Hz) and a 12-camera OTS (as the
“slower” sensor operating between 30 Hz and 240 Hz) using an Extended Kalman filter
was evaluated to determine if they could replace the robot forward kinematics (FK) algo-
rithms for aerospace manufacturing. Since the work was focused on evaluating the tracking
solution, the experiment relied primarily on manual jogging of the manipulator, and an off-
set of 15 mm between robot FK and the sensor fusion pose estimate was observed. In
the paper, this offset was attributed to several possible errors in the hand-eye calibration
between the IMU, OTS, and world coordinate frames, including reflections/occlusions im-
pacting the OTS, insufficient mounting of the OTS cameras, and in misalignment in the
IMU mounting, among others.

In Ref. [43], case studies were conducted in simulation and with physical robots to de-
velop and evaluate distributed software architectures for multi-robot cooperation between
a mobile manipulator and a mobile robot. For the physical robots, OTS rigid body tracking
was used to feed robot and work piece positions to facilitate transferring the part from one
robot to another (with the mobile robot being controlled via teleoperation). In this work,
the lack of real-time communication over a wireless network was cited as a major obstacle
in combining the two robots into one real-time context. Therefore, each robot was instead
treated as its own system with separate real-time contexts. The case study was extended in
Ref. [44] to encompass the multi-robot cooperation of two mobile manipulators to transfer
a baton, and the OTS was used primarily to assist in navigating to the handover region and
motion synchronization between the two robots. Since the software architecture was the
main focus, evaluation of the system task performance was limited to whether or not the
handover was accomplished, whereas the CMMA, as a test artifact, can provide a standard-
ized method to evaluate quantitative assembly performance in addition to pass/fail metrics
[19].

Reference [45] presented a “hierarchical inverse dynamics control scheme” with pre-defined
time convergence and model uncertainty robustness guarantees. The control scheme was
tested on a similar multi-robot pick-and-place task using two torque-controlled mobile ma-
nipulators. In this work, OTS feedback was used to provide global coordinates of the
manipulator end-effector, mobile base, work piece, and obstacle locations, as well as to
compute errors accounted for in the closed-loop control system. In the work, it was noted
that the assumption of a horizontal, flat surface with no wheel slippage (among other as-
sumptions) was made for the model of the mobile manipulator representing the relationship
between the actuator torques and generalized forces and torques. Prior experiments with
the mobile manipulator-on-a-cart demonstrated an environment that may not meet such as-
sumptions, which can introduce additional performance uncertainty [26]. Therefore, usage
of the CMMA could bolster further advances in control scheme development by allowing
for a standardized, reproducible test method for evaluation in a variety of environmental
conditions. Additionally, it should be noted that, in Refs [43-45], an educational, research
based mobile manipulator platform was tested [46], whereas the mobile manipulator to be
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used in this work represents both a different type of mobile manipulator system (a mo-
bile manipulator-on-a-cart) and one that uses a commercially-targeted mobile base (see
Sec. 3.1).

In Refs. [10, 15], an OTS was integrated into a closed-loop mobile manipulator controller
as part of research developing path planning algorithms and a model predictive controller
(MPC) for print-in-motion AM. The OTS, which operated at a rate of 120 Hz, was initially
used as a placeholder to provide localization input to a synchronous drive controller for the
mobile base and to the manipulator trajectory planner for motion compensation/reachability
detection. This integration was intended to isolate the controller evaluation from localiza-
tion performance. However, the OTS print extruder was also tracked in order to determine
the print trajectory error. As print-in-motion was tested, the application can be more closely
classified under continuous mobile manipulation capabilities, though the experiments with
this system also simulated mobile base disturbance via a sinusoidal motion of consistent
amplitude, but varying frequency [10]. It was shown that motion compensation perfor-
mance was impacted by disturbance oscillation frequency (and by extension the mobile
base velocity), however comparisons of several print-in-motion trajectories against a static
spiral trajectory revealed the same error bound of at most 15 mm. Later experimentation
with the developed Task-Consistent Path Planning (TCPP) algorithm also saw the printing
performance compared when using the OTS versus laser-base simultaneous localization
and mapping (SLAM) algorithms for localization [15]. The extruder accuracy was found
to be nominally between 6 mm and 8 mm when using the OTS.

In Ref. [47], a bi-level motion optimization algorithm, using Sequential Quadratic Pro-
gramming (SQP) and Quadratic Programming (QP) for real-time trajectory generation and
a learning-based controller for high-speed motion tracking was applied to a mobile manip-
ulator to dynamically catch a ball using contionuous mobile manipulator capabilities. Such
a demonstration has stringent mobile manipulator timing and coordination requirements,
but may not translate as apparently to a manufacturing use case. For this, an OTS was used
to track only the position of a retro-reflective ball, which was then fed into a Kalman filter
for trajectory prediction. The trajectory prediction ultimately operated at a frequency of
100 Hz, the planning operated at 30 Hz, and the Deep Neural Network (DNN) operated at
20 Hz to serve as control input for the mobile base controller (which could operate at a max
of 100 Hz) and manipulator (which could operate at a max of 125 Hz). In experiments of
the complete bi-level optimization scheme, the mobile manipulator was able to catch the
ball with 85.33% accuracy. For the failures unrelated to planning that occurred, insufficient
ball trajectory prediction and tracking errors due to aggressive maneuvers were cited.

In Ref. [48], an OTS was integrated into a closed-loop control system designed for a non-
holonomic mobile parallel manipulator intended for automated production line transport
and object positioning tasks. In this case, the OTS, which had a max frame rate of 240 Hz
and system latency of 2 ms, was used to track each of the two mobile carts, as well as the
platform positioned via a closed-kinematic chain manipulator. The OTS data was transmit-
ted wirelessly between the OTS, a remote computer, and the carts. Again, Kalman filtering
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was used to reduce noise and improve tracking accuracy and commands could be gener-
ated and forwarded to the mobile cart mini computers, running an Proportional/Integral
(P/T) controller, at a rate of 10 Hz. According to the paper, the average component-wise
pose errors, at 95% confidence, observed with the designed mobile parallel manipulator
were no greater than 30 mm in position and 0.35 rad in rotation. Note that the pose error
for the Z position component and Y rotation component for the fourth trial exhibited the
largest error, while the rest of the positional and rotational errors were no greater than 15
mm and 0.2 rad, respectively.

Additionally, Refs. [3, 7, 49] mentioned use of an OTS for mobile base, manipulator and/or
work-piece localization, however, since use of the OTS was incidental to the main focus of
each respective work, details on the implementation were limited. In particular, Ref. [49]
focused on mobile manipulator control strategy refinements for large-scale work-pieces,
including a wind-turbine blade as an example, however, the mobile manipulator capabilities
were limited to the indexed scenario. In Ref. [3], OTS feedback was used to localize
a manipulator for a construction-oriented drilling task, but again evaluation was limited
to non-continuous performance and the mobile manipulator featured a research-oriented,
custom-designed mobile base>.

3. Hardware Platform and Software Environment Design

The same mobile manipulator—on—a—cart4 featured in Ref. [26, 29] and shown in Fig. 1
was used for this work. A more complete description of the specifications for the mobile
manipulator-on-a-cart can be found in Ref. [26]. However, in Sec. 3.1 and 3.2, a sum-
mary of key changes made to the system since the previous project is provided. One key
change was that the control code for the AMR-CT and manipulator-on-a-cart was planned
to be run on an embedded System on Module (SoM) compute module with an Input/Output
(I/0) board, which was mounted to a cart payload structure in place of the previously used
personal computer (PC) [50, 51]. The compute module had a four-core, 64-bit proces-
sor running at a clock rate of 1.5 GHz and was configured with 8 GB of RAM, 8 GB of
eMMC storage, and Wi-Fi support [50]. The Input/Output (I/O) module provided an ad-
ditional wired Gigabit Ethernet port with support for Power over Ethernet (POE), as well
as a real-time clock that was used to assist with synchronization and timing [51]. A 64-bit
Linux-based operating system with a real-time kernel patch (see Sec. 3.2) was used. A
summary of the specifications for the CMMA and OTS is provided in Sec. 3.3 and 3.4,
respectively. Additionally, the marker configuration for the tracked OTS rigid bodies is
provided in Sec. 3.5. Finally, the design of the network topology and time synchronization

3Note also the PID controller presented in [3] was for control of the mobile base, which appeared to primarily
use robot odometry, with OTS feedback listed as an alternative.

4Certain commercial equipment, instruments, or materials are identified in this paper in order to specify
the experimental procedure 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
materials or equipment identified are necessarily the best available for the purpose.
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implementation is detailed in Sec. 3.6 and depicted in Fig. 2. Note that Fig. 2 also provides
a summary of the software libraries used to integrate closed-loop OTS feedback with the
SoM.

3.1. Cart Transporter

The full manufacturer specifications for the AMR-CT can be found in Ref. [52], and the
software and firmware versions® from previous work were not changed [26]. Additionally,
it should be noted that the docking repeatability of the AMR-CT was £100 mm in position
and +0.035 rad in orientation according to the manufacturer [52]. In the past work, the
AMR-CT was selected as an extension of tests with the AGV and AMR mobile manipu-
lators. In contrast to the AGV, which relied on pre-programmed paths, the AMR-CT had
a higher level of autonomous capability for dynamic path planning and obstacle avoidance
[20, 26]. Additionally, in contrast to the AMR, the AMR-CT possessed a higher level of
task concurrency and hardware utilization, since the AMR-CT could detach from the cart
with the on-board manipulator and be used to perform other tasks while the manipulator
was occupied [26]. As in previous experiments, the lower front sensor was disabled to
prevent erroneous detection of the floor as an obstacle [26]. Additionally, the rear sensor,
which was also not needed, was disabled and the maximum height at which the left and
right side scanners could detect obstacles was kept at a reduced value (lowered to 250 mm
from 1000 mm) [26, 29]. The latter was done previously to prevent the CMMA from erro-
neously being detected as an obstacle [29]. Under the path planning settings, the free space
between the robot base and any obstacles along a planned path was increased from 300 mm
to 700 mm to avoid collisions between the AMR-CT side laser scanners and the CMMA.

Since the AMR-CT used laser-based mapping and localization as its primary means of
navigation, an environmental map of the lab could be generated in the same fashion as prior
work, which followed manufacturer-recommended procedures (i.e., manually driving the
AMR-CT through the lab to create scans of static room features) [53]. It should be noted
that the coordinate frame origin of the AMR-CT map, which was 2D and used a right-
handed coordinate system, was determined upon map creation. Since the location of the
AMR-CT map coordinate frame origin was not physically accessible for measurement and
no option to change the origin in software was available, a calibration procedure was used
to determine the pose between the map and other coordinate systems (further addressed
in Sec. 4.4). Additionally, the AMR-CT laser map scans were assumed to contain static
room features, and the manufacturer notes that dynamic objects not present in the map can
impact localization performance [53]. Therefore, the CMMA, as well as objects previously
placed underneath it to assist the AMR-CT with localization, were excluded from the new
map scans since the CMMA pose was no longer static.

>The AMR-CT software included controller firmware version 1.9.0d, manufacturer software operating sys-
tem version 4.8.0, automation management software version 4.9.9, and map generation and configuration
software version 4.7.7
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Table 2. Dimensions used to refine Light Analysis performance.

Dimension Measured Value
Light Drawing Height?|  6089.3 mm
Min Light Height 5175.9 mm
Max Light Height 7002.7 mm
Light Length® 1219.2 mm

2 Only affects map display and not robot
operation [54].  ° Note a multiple of this
value may need to be used depending on
how many adjacent lights are turned on.

To mitigate the impact of having less static room features on localization performance, an
additional type of localization supported by the AMR-CT was used on the prototype test
implementation. Specifically, a map of the ceiling lights (using the light acuity sensor de-
picted in Fig. 1, left) was also created following manufacturer-recommended procedure,
since the feature was, according to the manufacturer, intended to improve localization
performance in dynamic environments [53, 54]. The steps to setup and use this feature
included 1) installation of a firmware update to enable the light acuity sensor features, 2)
re-measuring the camera position and tilt to verify and/or set to the correct values, 3) verify-
ing/setting the light analysis parameters to the correct values, and 4) creating the light map.
For step 2, the default camera position values were verified to be correct, however the x and
y tilt of the camera was re-measured to be 0.014 rad and 0.035 rad, respectively, using the
manufacturer-recommended procedure. For step 3, the dimensions listed in Table 2 were
used to tweak related key parameters in the robot configuration intended to improve light
analysis performance. These parameters were determined as follows: First, nine sample
light heights across the lab were measured using a laser range finder, as shown in Table 3.
Then, the mean light height was computed and used as the Light Drawing Height (Note:
this parameter, according to the manufacturer does not impact robot operation) [54]. The
minimum and maximum light height was then derived according to manufacturer recom-
mendation (i.e., =15% of the mean height) [54]. Finally, the light length was known to
use a common length given in Table 2. An additional step was required to improve acuity
performance as it was found that multiple adjacent lights in sequence could not be differ-
entiated by the acuity system [54]. Specifically, the fluorescent bulbs of certain lights were
removed as shown in Fig. 3. The lights that were selected to be turned off were chosen in
an asymmetric pattern.

Table 3. Light Measurements used to refine Light Analysis performance.

Left Center Right
Front | 5926.1 mm | 6417.5 mm | 5927.7 mm
Middle | 5922.2 mm | 6411.1 mm | 5915.0 mm
Back | 5915.0 mm | 6415.1 mm | 5953.9 mm
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Fig. 3. Diagram of lights disabled in the lab.

The primary means to send commands to and receive feedback from the AMR-CT was a
clear-text language interface. As documented in Ref. [26, 53, 55], the interface was exposed
through Transmission Control Protocol / Internet Protocol (TCP/IP) network sockets and
had two modes of communication. The so-called “Outgoing” connection, previously used
only to obtain feedback from the AMR-CT, was not needed since the OTS was solely
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used instead for feedback. However, the “command-response mode”, in which a client
application connected to a server running on the AMR-CT controller, was used for sending
pre-defined movement commands and infrequent, individual status queries to the AMR-CT.
Upon receiving these commands, the AMR-CT would then execute the given command and
forward back the response. In this case, the goToPoint, move, deltaHeading, and stop
commands were used as the primary movement commands needed to navigate and dock
the AMR-CT to the CMMA.

The goToPoint command was needed to allow the AMR-CT to use its autonomous path
planning to navigate to a point 1 m in front of the CMMA. Then, to allow the AMR-
CT to dock close to the CMMA without detecting it as an obstacle, the dead-reckoning
move command with input parameters that set the distance to 1000 mm, the front clearance
to 25 mm, and the speed to 150 mm/s was used [26]. Finally, the deltaHeading and
stop commands were used to allow for heading corrections in a manner similar to that
implemented in Ref. [29].

Despite the maximum application layer cycle time of the AMR-CT controller being 10
Hz, and that newly issued commands would preempt existing commands when received
by the AMR-CT controller, there did not appear to be a practical way to implement con-
tinuous goal updates using the goToPoint command and move commands. Informal tests
were done in which goToPoint and move commands were issued rapidly to the AMR-
CT. However, the AMR-CT was unable to respond fast enough to commands issued at a
rate of 5 Hz or faster. This was speculated to be possibly due to the limitations imposed
by the time needed to compute path planning (in the case of the goToPoint command)
and to actuate the wheel motors. While the AMR-CT could move when the commands
were implemented at a rate of 2 Hz or slower, movement speed was slow and inconsis-
tently maintained. Therefore, the control strategy for the AMR-CT instead used the OTS
to continuously monitor the pose of the CMMA in the OTS coordinate system and issue an
updated movement command only if a change in the CMMA pose was detected; a so-called
“event-based” update strategy.

As a final note, custom C++ code to interface with the AMR-CT using the clear-text lan-
guage had been written as part of previous work and was used as a starting point to im-
plement the new AMR-CT control strategy [26]. The custom software used the User-
Level Application Programming Interface (ULAPI) for making system-calls, such as those
needed for TCP/IP sockets and mutual exclusions (mutexes) [56]. Since ULAPI could not
be readily re-compiled for the SoM’s central processing unit (CPU) architecture and only
event-based goal updates were implemented, the AMR-CT control code was run within an
emulator along with the OTS data streaming code (see also Sec. 3.4) [57-59].

3.2. Manipulator-on-a-Cart

The same manipulator from past experiments was used for this work [25, 26]. The ma-
nipulator was fixtured to the detachable cart using a custom payload structure as depicted
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in Fig. 1 (right). According to the manufacturer, the manipulator had a maximum reach
and repeatability of 850 mm and 0.1 mm, respectively [60]. Additionally, the same Retro-
reflective Laser Sensor and Emitter (RLS) from prior work was used to digitally detect the
retro-reflective mock-assembly targets mounted to the CMMA, which represented peg-in-
hole assembly performance (see also Sec. 3.3) [19, 21, 61]. The custom mount for fixturing
the RLS to the EOAT was modified with additional threaded M4 screw holes to rigidly at-
tach OTS markers. The technical drawing for the updated mount design is provided in
Fig. 22 of Appendix B. Since the 3D orientation of the manipulator cart base was measured
using the OTS, the two digital levels, each of which had an accuracy of £0.00087266 rad
when the level was between O rad and 0.17453 rad and a repeatability of +0.00087266 rad,
were no longer needed during operation [62]. However, the digital levels were utilized as
part of an offline coordinate system calibration procedure discussed in Sec. 4.4.

The two linear actuators, which were attached to the cart for the purpose of keeping the
cart from rolling after docked with the CMMA, were unchanged from prior work. The
full specifications for the actuators and the electronics used to connect the actuators to the
manipulator controller are documented in Appendix C of Ref. [26]. All items on the cart
were still powered by a 900 W, 24 V DC to AC power inverter connected to two 12 'V, 28 Ah
batteries [63, 64]. However, the batteries were replaced and an additional 2C40DL circuit
breaker, with 250 V DC voltage rating and 10 kA short-circuit rating, was introduced to
completely disconnect the batteries from the inverter when the manipulator-on-a-cart was
not in use [65].

The manipulator controller supported several different TCP/IP client interfaces, which al-
lowed feedback monitoring and control via a scripting language at different update rates
[66, 67]. Of particular relevance for this work were the non-robust real-time interface and
the robust real-time interface. Both interfaces operated at a max frequency of 125 Hz [67].
According to the manufacturer, the frequency of the non-robust real-time interface should
vary depending on the compilation time of the script commands received by the controller.
In contrast, the robust real-time interface is supposed to allow external and controller-run
processes to be synchronized with the real-time control loop of the controller over TCP/IP
while maintaining the real-time properties of the controller [67, 68]. However, overall per-
formance with external applications may still vary with network latency [67, 68]. Due to
these stated properties, the robust real-time interface was used instead of the non-robust
real-time interface. As part of prior work, the firmware of the manipulator controller was
upgraded to version 3.7.2.40245, which enables use of the robust real-time interface [29].

Custom C++ code leveraging the NIST Collaborative Robot Programming Interface (CRPI)
was written as part of previous work and was referenced as a starting point [69]. However,
several considerations and changes were required to allow the manipulator control code to
compile and run natively on the SoM. First, any calls to ULAPI (previously used to im-
plement TCP/IP socket communications, mutexes, and semaphores) needed to be replaced
with direct Linux system calls. Second, the NIST posemath library, which is part of the
NIST Real-time Control System (RCS) library was re-compiled to natively run on the SoM
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[70-72]. Finally, the code controlling the manipulator was re-written to use the C++ based
ur_rtde library instead of CRPI®, the former of which will allow closed-loop OTS integra-
tion via the robust real-time interface [73].

The ur_rtde library allowed for utilization of either Cartesian pose commands, linear servo
commands, or linear velocity commands, with the Cartesian pose command able to be
either blocking’ or non-blocking and the latter two of which are non-blocking only accord-
ing to the documentation [74]. The ur_rtde library documentation also claimed to posses
real-time capabilities, however, these capabilities required installation of a real-time op-
erating system (OS) kernel patch on the SoM [75]. The real-time kernel patch, which
ultimately used branch 5.15.y (i.e., version 5.15.y) of the SoM Linux kernel (downloaded
from Ref. [76]) with PREEMPT-RT patch 5.15.65-rt-49 (downloaded from Ref. [77]), was
installed using guides provided by the ur_rtde library documentation and similar SoM doc-
umentation [78, 79]. Furthermore, a real-time control loop example, also part of the ur_rtde
library, was used as a reference to implement the control loops presented in Sec. 5 [78].

3.3. Type B CMMA

Among the two variants of the CMMA mentioned in Sec. 1, the Type B CMMA was used
for this work since it provided a more direct analog to large scale part manufacturing [19].
The Type B CMMA, depicted in Fig. 4, consisted of a machined, anodized aluminum
build with a general tolerance of +0.254 mm. The height and top surface rotation were re-
configurable, with the latter being adjusted using two linear actuators. Both linear actuators
had an input voltage of 12 VDC, a max load of 900 N, a 76.2 mm stroke length, and a
travel speed of 10 mm/s [80]. Unlike the Type A CMMA, the Type B CMMA featured a
top surface constructed of multiple semi-circle shaped arcs, each with a general fabrication
tolerance of 0.254 mm (i.e., the same tolerance as the Type A CMMA [81]). The Type
B CMMA was configured such that each side had two arcs that could be reached by the
manipulator. Full specifications and design information for both the Type A and Type B
CMMAS can be found in Ref. [19]. Throughout the remainder of this report, the acronym,
“CMMA”, will be assumed to refer to the Type B CMMA unless otherwise noted.

To emulate manufacturing on a large-scale part, the mobile manipulator-on-a-cart was con-
figured to dock at two arcs on opposite ends of the CMMA (see Fig. 5), which are about
3048 mm apart in length. Two, 3 mm diameter retro-reflective mock assembly targets, or
AFs, were mounted per arc (as depicted in Fig. 6). Again, the detection of the AFs by the
manipulator using the RLS (depicted in Fig. 7) corresponded to the task of typical peg-in-
hole assembly [19, 21]. The configuration of the CMMA with OTS rigid body markers is

%For convenience, the AssemblyPrims source code, which is part of the MotionPrims library within CRPI,
was extracted and re-written to function independently from CRPI, which allowed for easier porting of the
spiral search routine [69].

"Meaning that the calling program waits until the function completes.

8Again note that, in Ref. [19], these were previously referred to as the “Static” and “Continuous” RMMA:s,
respectively.
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Fig. 4. The Type B CMMA used to represent curved, complex parts for mobile manipulator
performance measurement.

discussed further in Sec. 3.5.

3.4. Optical Tracking System

The same 20 camera array OTS (shown in Fig. 8) used for previous experiments was uti-
lized again for the testbed [25, 26]. Each camera had 4.1 Megapixel (MP) resolution and
was capable of outputting a full image at a native frame rate of up to 180 Frames-per-
Second (FPS) (i.e., a latency of 5.5 ms) [83]. Although the manufacturer software had the
option to output images at a rate exceeding the native frame rate (i.e., up to 250 FPS), this
level of performance is achieved by reducing the processed image size [84]. Therefore,
since this setting could adversely impact the field-of-view (FOV) and increase the presence
of occlusions, the use of this option was avoided. To provide initial estimates of the dif-
ferent sources of OTS latencies, the outputs of the manufacturer software status pane when
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CMMA Side 2

CMMA Side 1

Fig. 5. Drawing of the cart docking configuration of the cart relative to the Type B CMMA.
Note that it is assumed the Type B CMMA can be bumped or moved as the AMR-CT travels
it or as the manipulator positions itself to detect retro-reflective fiducials.

Fig. 6. One of the Type B CMMA arcs configured with two 3 mm diameter retro-reflective
targets [26].

tracking three sample rigid bodies are shown in Fig. 9 [85]. Of particular note was that
the reported values for the “system” latency (i.e., the total time between camera exposure
and data being fully solved) did not appear to align with reported values for the “final rate”
(i.e., the data acquisition rate of the OTS) [85]. For example, 6.9 ms corresponded to a
frequency of approximately 145 Hz, which was higher than the 120 Hz final rate and lower
than the 180 Hz final rate settings, respectively. Additionally, 5.2 ms corresponded to a
frequency of approximately 192 Hz, which was lower than the final rate setting of 250 Hz.
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Laser Emitter &
Sensor (RLS)

$

Retro-Reflective
Target

Fig. 7. The manipulator using the RLS to detect an AF [82].

Although not included for the prototype test implementation, the overall system latency
of the OTS is planned to be re-verified using standard test method ASTM E3124-17 [86].
The cameras were previously placed to maximize the field-of-view (FOV) within the lab
space, which had dimensions of 9 m x 22 m x 7 m (width x length x height) [25, 26].
Eight of the 20 cameras, including one ceiling-mounted camera, were focused directly on
the CMMA. As recommended by the manufacturer and implemented in prior continuous
performance experiments, the laboratory windows were previously covered using blackout
curtains to block sunlight that might otherwise introduce Infrared (IR) spectrum reflections
or occlusions [29, 87]. However, it was also discovered in previous work that the IR light
emitted by the cameras themselves could introduce stray reflections off of the floor surface.
Although not implemented for the prototype, this is planned to be mitigated by re-painting
the lab floors with non-reflective paint.

As was done for previous projects, the OTS required calibration using a manufacturer spec-
ified procedure to optimize data capture quality [88]. In summary, the calibration procedure
required three main steps. First, as many reflections as possible were removed or covered
in the lab (including floor reflections) using an assortment of tarps. Reflections that could
not be covered, such as those originating from the cameras, were instead masked via soft-
ware. Second, sample data OTS data was recorded and generated by waving a calibration
wand artifact in front of the cameras [89]. After this step, the OTS software displayed
a calibration summary containing an ordinal quality value, mean ray error (in mm), and
mean wand error (also in mm). A screen capture of this summary was recorded for each
OTS calibration so that the quality could later be referenced and only calibrations labeled
“exceptional” (i.e., the best quality), as determined by the manufacturer software, were ac-
cepted [88]. Third, the OTS coordinate system origin and ground plane (shown in Fig. 10)
were set by placing and leveling a manufacturer-supplied square artifact within the lab. To
ensure (more or less) the ground plane was set in a repeatable position, an outline of the
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Fig. 9. Screenshot of the OTS software status pane showing example latency when setting the
data acquisition rate to 120 FPS (left), 180 FPS (middle), and 250 FPS (right). Screenshots
were taken when using the OTS to track three rigid bodies and other reflections are physically
masked. Note that the processing required to package the data for streaming over the SDK
(discussed later in the section) adds an additional 0.2 ms of latency to the system [84].

artifact had been previously drawn on the floor using a permanent marker for the prototype
test implementation?. The square also has built in bubble levels to verify proper leveling.

9For the final implementation, a fixed mount embedded into the concrete will be installed within the lab.
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A software feature that automatically updated the calibration was also used after initial cal-
ibration of the OTS [90]. The feature relied on fixed markers to automatically detect and
improve calibration quality. Therefore, passive, 19-mm diameter OTS markers were super
glued to a steel I-beam to utilize this feature. The layout and labeling of these markers is
depicted in Fig. 11.

Fig. 10. Example of OTS ground-plane placement during calibration.

The manufacturer supplied control software was upgraded from version 3.0.0 Beta 1 to
then current version 3.0.1 Final [91]. While again not included for the prototype test im-
plementation, the OT'S measurement uncertainty is planned to be re-evaluated using ASTM
E3064-16 to determine if the OTS measurement uncertainty changed from the previously
determined 0.022 mm (positional) and 0.00040143 rad (angular) values [20, 30, 92]. The
computer used to run the OTS software, had the following specifications: An eight-core
processor with a clock-rate of 3.70 GHz, 64 GB of RAM, a graphics card using driver
version of 27.21.14.5671, and running Windows 10 build 19042 [93, 94]. Since the main
focus of the testbed was to allow for the streaming of tracked rigid body data to the mo-
bile manipulator during run-time, then-latest version 4.0.0 of a software development kit
(SDK) supplied by the manufacturer was used to stream pose data to the custom appli-
cations controlling the AMR-CT and manipulator as clients [95, 96]. Only pre-compiled
versions of SDK libraries were available and the executables targeted only x86 and x64
CPU architectures. Therefore, the library could be run on the SoM only using an emulator
[57-59]. Since the data streaming library had to run in an emulator, but the manipulator
control software could be run natively on the SoM, additional IPC code, using a shared
memory scheme (see Ref. [97]), was implemented to bridge the two pieces of software.

Additionally, for the final test implementation beyond the prototype, the code will be re-
vised to follow real-time programming guidelines, such as those presented in Refs. [98, 99],
to maximize performance. The SDK supported real-time streaming of tracking data over
both multicast and unicast User Datagram Protocol (UDP), however unicast data stream-
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Fig. 11. The marker position and labeling of the fixed markers used for the automatic,
continuous calibration update feature provided by the OTS software (left). Screenshot of the
corresponding rigid body in the OTS tracking software (right).

ing was preferred since the functionality, according to the manufacturer, was specifically
intended to improve performance over wireless networks by reducing packet sizes and the
number of clients engaged in streaming [100, 101]. It is also important to note that, accord-
ing to the manufacturer, packaging the data for streaming using the SDK adds an additional
0.2 ms of latency to the overall system [84]. Reference [84] provided additional guides on
how to evaluate the streaming latency using the SDK, and the streaming code was modified
to use the Welford Algorithm to conduct online computation of aggregate latency metrics
including the mean and standard deviation latency [102]. The key functionality needed to
integrate OTS feedback was to stream the full 6 DoF pose data for each of the rigid bodies
described in Sec. 3.5. Aside from the online API documentation, which detailed how to
use the Unicast mode to establish data filters (e.g., to stream only the pose of specific rigid
bodies or labeled markers), several sample applications were included with the SDK that
were used as code development references [95, 96, 101]. For example, the WinForms appli-
cation was used to test and verify correct configuration/operation of basic data streaming
functionality and the SampleClient application was used as a template for adding OTS
streaming clients to the custom C++ applications previously written to control the AMR-
CT and manipulator, respectively.

Before moving on to discuss the rigid body configurations, a few final points regarding the

22



NIST TN 2258
July 2023

OTS data output format are noted. Unlike the default coordinate system axis convention
used by the OTS, in which the y axis corresponds to height, all rigid body tracking files
(exported in CSV format) and data streams used a right-handed coordinate axis convention
such that the x and y axes were parallel to ground plane and the z axis was perpendicular
to the ground plane (i.e., a rotation of 5 rad about the x axis compared to the default axis
convention) [100, 103, 104]. This was configured in the “Tracking data export settings”
for the former case and in the ”Advanced network settings” of the “Data streaming pane”
for the latter case [100, 103, 104]. For rigid body tracking files, each frame of rigid body
tracking data was configured to include a frame number, timestamp, the 6 DoF pose of
each tracked rigid body centroid, and the Cartesian position of individual markers that
make-up each rigid body. The OTS expressed Cartesian positions along the x, y, and z
axes and rigid body tracking files had the option to export orientations in either quaternion
or Euler angle format [103]. However, it is important to note that the SDK would output
rigid body orientations only as quaternions [104]. Therefore, seven floating point numbers
per rigid body were needed at minimum for streaming over the network using the SDK,
and conversion to alternate rotation formats, such as Euler angles, needed to be performed
client-side [104]. Such conversions were implemented using the NIST RCS library, which
was done for the mobile manipulator code base for previous projects [26, 105, 106]. Since
quaternions can be readily composed with fewer operations than rotation matrices and do
not suffer from singularities, like Euler angles, this format of rotation was favored for pose
composition calculations whenever possible [107, 108].

3.5. Rigid Body Configuration

In this section, the tracked OTS rigid bodies, including marker labels and approximate
coordinate frame origins for the associated tracked objects, are defined and depicted in
Fig. 12 - 14. Rigid bodies were created to track the manipulator cart base, the CMMA, and
the EOAT. To construct the tracked rigid bodies, 19 mm diameter passive retro-reflective
markers were used for their balance between marker visibility and finer tracking of robot
movements. Furthermore, it was discovered during prior use of the OTS that, in addition
to the floor, the IR light emitted by the OTS cameras themselves could reflect off of the
aluminum optical breadboards used for the CMMA and manipulator-on-a-cart. To mitigate
these reflections, the top surface of the CMMA and the manipulator breadboard mount
were covered with painter’s tape (as shown in Fig. 13 (bottom) and Fig. 12 (left)). The
EOAT mount was also covered with painters tape to reduce IR reflections, as depicted in
Fig. 14.

The marker configuration for each rigid body was selected based on manufacturer guide-
lines and prior hands-on experience to improve tracking quality [26, 109, 110]. First, since
rigid bodies are assumed to not be deformable, care was taken, especially for the EOAT
rigid body, to ensure that markers did not span across any movable robot joints. Second,
to minimize marker and rigid body mislabeling, the marker placement followed an asym-
metric configuration within rigid bodies and was selected to not be congruent between
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different rigid bodies. Third, it was ensured that not all markers of a rigid body were co-
planar. This was done to: 1) Further minimize the potential for rigid body congruency 2)
Improve tracking quality, since past experience with the OTS has shown that rigid body
tracking uncertainty can be improved by varying the height of markers within rigid bodies.
To accomplish this, multiple 1 in long Hex standoffs compatible with M4 and % —20 in
screws were used for mounting where needed. Furthermore, OTS markers were fixtured
directly to the CMMA using % — 20 in to M4 screw adapters. Fourth, the number of mark-
ers per rigid body were kept between the recommended four and 12, inclusive. According
to the manufacturer, rigid bodies having less than four markers can be more susceptible to
occlusion, and rigid bodies having more than 12 markers may result in markers overlap-
ping in the camera views. Finally, the markers used to discern orientation were spread out
as far as possible from each other within the rigid body, as this was recommended by the
manufacturer to improve 3D orientation tracking accuracy.

Fig. 12. The marker position and labeling on the manipulator support structure, as well as the
approximate pose of the manipulator cart base coordinate frame origin (left). Screenshot of
the corresponding rigid body in the OTS tracking software (right).

The centroid pose of the CART, CMMA, and EOAT rigid bodies were modified using a
configuration option in the OTS software [110]. Specifically, the CART rigid body centroid
was translated to coincide with the midpoint of markers M1, M3, M5, and M6 (see Fig. 12),
the CMMA rigid body centroid was translated to coincide with marker M5 (see Fig. 13),
and the EOAT rigid body centroid was translated to coincide with the midpoint of markers
M3, M4, M5, and M6 (see Fig. 14). The CART rigid body orientation was adjusted by first
modifying the roll component such that the positive x axis pointed in the direction facing
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Fig. 13. Screenshot showing a top-view of the marker position and labeling for the CMMA
rigid body in the OTS tracking software (top-left), corresponding marker configuration
(bottom), and the approximate pose of the 6 DoF CMMA coordinate frame origin (top-right).

away from marker M4, followed by modifications to the pitch and yaw angles such that
positive z axis pointed towards marker M2. Similarly, the CMMA rigid body orientation
was adjusted by modifying the roll angle such that the positive z axis pointed in the direction
facing away from marker M2. Subsequently, the pitch and yaw angles were adjusted by
pointing the positive x axis in the direction facing towards from the midpoint between
markers M3 and M6. The EOAT rigid body centroid orientation was adjusted by modifying
the roll angle such that the positive x axis pointed toward marker M4 and the positive y axis
pointed downward. Subsequently, the pitch and yaw angles were adjusted such that the
positive z axis pointed toward marker M3.

3.6. Network Time Synchronization

This section describes the time synchronization requirements and architecture planned to
align the AMR-CT and manipulator position for closed-loop control (see Fig. 2). With new
commercially available industrial internet of things (IloT) technologies, the objective was
to improve the synchronization requirements to the order of 1 ms or better.

In prior experiments [19, 26], NTP was used to synchronized the OTS, manipulator, and
AMR-CT controller systems. In a conservative estimate, Network Time Protocol (NTP)
provides 100 ms to 1 s synchronization precision between nodes in a wireless environment.

In the closed-loop testbed design, the key improvements from Ref. [26] included: (a) re-
duced number of wireless hops, (b) reduced one-way path delay variability using hardware
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Fig. 14. The marker position and labeling on the EOAT, as well as the approximate pose of
the EOAT coordinate frame origin (left). Screenshot of the corresponding rigid body in the
OTS tracking software (right).

timestamping at the network nodes where feasible by replacing (1) switches with trans-
parent clocks, (2) OTS node with Precision Time Protocol (PTP) Peripheral Component
Interconnect Express (PCle) card for hardware timestamping of Ethernet packets, and (3)
providing a Linux-based onboard compute and controller module also with hardware times-
tamping and a real-time clock.

The timing requirement of 1 ms was established based on the constraints of the closed-loop
system. The OTS had a maximum sampling frequency 180 Hz or one 6 DoF position data
for each rigid body approximately every 5.6 ms. In addition, the real-time interface of the
manipulator had a maximum frequency of 125 Hz, or a control frequency resolution of 8
ms. The manipulator speed was initially limited to 0.1 mm/s for the closed-loop prototype.

Beyond the prototype test implementation, a key part of later evaluation will be to charac-
terize the delays and delay variabilities in the closed loop system in order to improve the
control precision and response. Each component of the system contributes to both delay
and delay uncertainty. The characterization includes measuring the sources of delays from
(1) a target change in position event to the OTS data capture timestamping; (2) translating
the coordinate system; (3) path planning; and (4) position command to start of AMR-CT
or manipulator response.

4. Coordinate System Transformations and Registrations

The coordinate transformations required to integrate OTS feedback for closed-loop control
of the manipulator and the AMR-CT are now detailed. Since the AMR-CT capabilities
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did not support continuous pose command updates and the 4100 mm position, £0.035 rad
orientation docking uncertainty of the AMR-CT (see Sec. 3.1) was known to be much
larger than the sub-millimeter position repeatability of the manipulator (see Sec. 3.2), direct
registration between the manipulator cart base, the EOAT, and the CMMA using the OTS
was preferred after the cart has been docked to the CMMA [52, 60]. For this purpose, two
cases of coordinate registration are described, including a 3 DoF coordinate registration
and a 6 DoF coordinate registration. It was expected that the 3 DoF coordinate registration
would be simpler to implement. However, since the 3 DoF coordinate registration relies
on the assumption that the mobile manipulator and the CMMA lie on a flat plane, this
coordinate registration method may be less robust to environmental conditions such as floor
tilt/undulation (as discussed in Sec. 2) and the rotation of the top surface of the CMMA
must remain flat (i.e., no tilt). Since the implementation of the 3 DoF and 6 DoF cases are
very similar, with the main key difference being that height, roll and pitch components are
ignored for the former, the procedure described will be assumed to be applicable to both
cases unless otherwise noted.

4.1. Manipulator Cart Base to CMMA Registration

To implement the registration between the manipulator cart base and the CMMA, streamed
data from the OTS rigid body presented in Fig. 13 was used each time the manipulator was
docked with the CMMA. Five coordinate frames were involved (as depicted in Fig. 15),
including the OTS coordinate frame (denoted OT'S), the manipulator cart base coordinate
frame (denoted chase), the CMMA coordinate frame (denoted cmma), the AF coordinate
frames (denoted af; where i € {1,2,3,4} is the fiducial target number), and the coordinate
frame of the docking goal of the AMR-CT (denoted dock). Again, since the Cartesian pose
and linear servo API calls of ur_rtde expected the pose of the EOAT to be specified relative
to the manipulator cart base, the goal was to determine the coordinate transformation chain
needed to express the commanded pose of the EOAT to intercept the AFs using the RLS
[111]. This pose was denoted {"’base}ﬁ{aﬁ} where i € {1,2,3,4} is the fiducial target num-
ber and is interpreted as “the pose of the AF relative to manipulator cart base”. Note that
since the AF was rigidly fixtured to the CMMA, the pose of the AF relative to the CMMA,
denoted {cmma} é{a 7} Where i € {1,2,3,4}, was fixed and known a priori. Furthermore, the
height and yaw components of {¢7ma} é{a £} were set to arbitrary constant values, while the
roll was set constant to 7 rad such that the commanded EOAT pose would face downward
with the RLS pointing towards the AF. Additionally, since the AMR-CT controller pre-
sented in Sec. 5.1 required the ability to detect when the cart has arrived at the docking
goal, an additional registration was needed to determine the measured pose of the docking
goal relative to manipulator cart base (i.e., {¢Pase} é{dock}). The coordinate transformation
describing the pose of manipulator cart base relative to the OTS, denoted, {ors} J,‘{Cbase},
and the pose of the CMMA relative to the OTS, denoted, {ors} é{cmma}, were streamed di-
rectly from the OTS. Therefore, the ideal pose of the EOAT relative to the manipulator cart
base such that the EOAT can intercept the AFs was determined by Eq. 1.
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{cbase} Elafy = (forste (ebase}) ~H{ors}g femma) {cmma} ¢ (af) (1)

mf {dock} E
5 4- .. \_- V._

Fig. 15. Diagram showing the coordinate system transformations needed to conduct a 6 DoF
registration between the manipulator cart base and the CMMA.

Now, to determine the additional registration between manipulator cart base and the dock-
ing goal, {Cb"se}é{dock}, an additional relative pose describing the pose of the docking

goal relative to the CMMA, denoted {emma} §{dock}, was defined. The transformation,

{"m’"“}ﬁ{dock}, was fixed and pre-defined, which means {d“k}‘g'{cbase} was determined by
Eq. 2.

{cbase} é{dock} = ({OTS} g{cbase} ) -Horsy é{cmma} temma} g{dOCk} @

4.2. EOAT to Manipulator Cart Base Registration

To implement the coordinate system registration between the EOAT and the manipulator
cart base, the following coordinate systems depicted in Fig. 16 were needed. Again, let
OT' S denote the OTS coordinate frame and the cbase denote manipulator cart base coordi-
nate frame, as was the case in Sec. 4.1. Additionally, let eoar denote the coordinate frame
associated with the EOAT (depicted in Fig. 14). The objective was to determine the coordi-
nate transformation chain needed to express the measured pose of the EOAT relative to the
manipulator cart base, denoted {¢base} é{wat}, so it could be compared to its commanded
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pose in orientation. Then, the relative poses, {975} é{cbase} and 0TS} ‘g'{eoa,}, denoted the
measured pose of manipulator cart base and EOAT, respectively, relative to the OTS co-
ordinate system, and the measured pose of the EOAT relative to the manipulator cart base
was given by Eq. 3.

{cbase} é{eoat} = ({OTS} g{cbase} ) —Hors) g{eoat} )

Fig. 16. Diagram showing the 6 DoF coordinate system transformations needed for
closed-loop to register between the EOAT to the manipulator cart base.

4.3. EOAT to CMMA Registration

To implement the coordinate system registration between the EOAT and the CMMA, the
following coordinate transformations depicted in Fig. 17 were needed. Again, let OT S de-
note the OTS coordinate frame, chase denote manipulator cart base coordinate frame, and
eoat denote the EOAT coordinate frame, as was the case in Sec. 4.1 and 4.2. Addition-
ally, again let cmma denote the coordinate frame associated with CMMA, as was the case
in Sec. 4.1. Similar to Sec. 4.1, the goal was to determine the coordinate transformation
chain needed to express the ideal pose of EOAT to intercept the retro-reflective targets with
the RLS, except this time relative to the EOAT coordinate frame rather than relative to the
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manipulator cart base. This pose was given by {eoat }é{a £} Where i € {1,2,3,4} is again the
fiducial target number. This was because the Cartesian controller presented later in Sec. 5
required this transformation to determine when the EOAT has reached the commanded pose
and the Proportional-Integral-Derivative (PID) controller in Fig. 23 of Appendix C took the
error between the current EOAT pose and the commanded pose as input for velocity-based
control. The relative pose, {ors} é{cmma}, again denoted the measured pose of the CMMA
relative to the OT'S coordinate system, which was obtained directly from the OTS rigid
body tracking. The pose, {ors} é{eoat}, describing the measured pose of the EOAT relative
to the OT S coordinate system was also obtained directly from the OTS. Finally, the pose of
the AF relative to the CMMA is given by {7ma} S{a #) Where i € {1,2,3,4} is the fiducial
target number. Again, this pose is constant and known a priori.

Fig. 17. Diagram showing the 6 DoF coordinate system transformations needed for
closed-loop fine positioning of the EOAT over the AF.

Therefore, the retro-reflective fiducial positions relative to the EOAT were determined by
Eq. 4.

{eoar} é{afi} — ({OTS} é{wat} )~! {ors} é{cmm} {cmma}g{aﬁ} “4)
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4.4. Cart Transporter Map to OTS Registration

The coordinate transformations needed to coarsely pose the AMR-CT to dock with the
CMMA are now explained and depicted in Fig. 18. Similar to Sec. 4.1, three coordinate
frames for the OTS, manipulator cart base, and the CMMA were defined and denoted OT'S,
chase, and cmma, respectively. The coordinate frame of the AMR-CT itself was denoted
vbase. The AMR-CT map coordinate system was represented by up to two additional
coordinate frames (depending on if 3 DoF or 6 DoF are used). The first was MAP_2D,
which, in the 3 DoF case, corresponded to the 2D AMR-CT map coordinate system or, in
the 6 DoF case, embeded the 2D AMR-CT map coordinate system into 3D by assuming
zero height, roll, and pitch. The second coordinate system was a 3D projection of 2D
AMR-CT map, denoted MAP_3D, which was only needed for the 6 DoF case. Additionally,
dock denoted the coordinate frame of the ideal docking goal near the CMMA. Since, the
goToPoint clear-text command was used to position the AMR-CT near the CMMA, the
goal was to obtain (MAP2PYe,, . which denoted the commanded position of the AMR-
CT coordinate frame in the MAP_2D coordinate frame.

The following additional relative poses are now defined. First, let
{MAP-3D} é{vbase} and {075} é{vbase}

denote the relative poses describing the commanded pose of the AMR-CT relative to the
MAP 3D and OT'S coordinate frames, respectively. Furthermore, {ors} C{Cmma} denoted
the transformation describing the pose of the CMMA relative to the OT' S coordinate frame,
which is again given directly from the streamed OTS data. The transformation, {C’”’"“}é{dock}
and {cbase} é{’ dock}> denoted the transformations describing the commanded pose of the
docking goal relative to the CMMA and cart base, respectively. These transformations were
fixed and pre-defined such that the front of manipulator cart base directly faced the CMMA,
the center of the cart aligned with the center of the docking arc, and the cart was initially
1000 mm away from the CMMA in x. However, the difference in height between manip-
ulator cart base and the configured height of the CMMA also needed to be factored into
the height component of these transformations in the 6 DoF case. Finally, {v2as¢} é{cbase}
denoted the fixed pose of manipulator cart base relative to the AMR-CT base, which was
previously measured as part of the work in Ref. [29].

Therefore, for the 6 DoF case, the transformations {OTS}ﬁ{M Ap_3p} and {MAP2D} E{MAP 3D}
were the only potentially unknown coordinate transformations. However, a 6 DoF cali-
bration procedure for the transformation AMR-CT map coordinate system and OTS was
devised and implemented in Ref. [29]. As a quick summary (full details will be available
in Ref. [29]), the calibration procedure involved parking the AMR-CT at seven, level (as
measured by digital levels attached to the AMR-CT) locations throughout the lab, record-
ing pose data from the AMR-CT controller and OTS rigid body data, and applying closed-
form solutions to the collected pose data to calibrate the unknown coordinate transforma-
tions [29, 112-114]. The same procedure without modification was used again to solve

31



NIST TN 2258
July 2023

(Vbase}f{cbase)

(MAP_ZD)f(vbase)
MAP_2D vbase

{MAP__

3 {MAP_3D}

(Vbase}f{cbase}

vbase

(OTS}g(vbase}

iMAp_2 D)f(vbase}

{OTS}f{vbase}

(OTS}E{cmma} a
(OTS}E {MAP_2D} .

Fig. 18. Diagram showing the 6 DoF (top) and 3 DoF (bottom) coordinate system
transformations needed to command the AMR-CT to dock with the CMMA.
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for {OTS} é{MAij} and {MAP-2D} é{MAij}, which meant the complete coordinate system
transformation chain for the 6 DoF case was expressed by Eq. 5.

{MAP-2D} g{vbase} = (MAP.2D} é{MAPjD} ({OTS} é{MAP*‘?’D} ) -

{orsy é{cmma} {emmay é{dock} ({cbase} é{ldgck} ) - ({vbase} é{cbase} ) ! 5)

For the 3 DoF case, only the transformation that goes directly between the 2D projected
OTS coordinate system and the 2D AMR-CT map (i.e., {ors} ﬁ{MApsz}) was potentially
unknown. However, the calibration procedure from the 6 DoF case was easily adapted
to fit the 3 DoF case. The first main difference in the procedure was the need to col-
lect only 2D Cartesian points of the AMR-CT in each coordinate system (i.e., {OTS}v*j
and {MAP2D }\7j) and at level locations throughout the lab. Since the two vectors are as-
sumed to track approximately the same point, a solution to the absolute orientation prob-
lem, (0TS} \iap apy (MAP-2PHy; &~ {OTSHy; by Arun et. al. was applied [115, 116]. This
solution was previously used to solve a similar calibration problem involving the EOAT in
Ref. [26]. Therefore, the complete coordinate system transformation chain for the 3 DoF
case was expressed by Eq. 6.

{MAP-2D} é{vbase} =

<{OTS} é{MAP,ZD} ) ~Horsy é{cmma} {emma) é{dock} ({cbase} é{/dgck} ) - ({vbase} é{cbase} ) - 6)

Note that, since {OTS} E(MAP 3D} {MAP2D} &(map 3p}> and {OTS}ﬁ{MAP op} Were measured
based on samples of a tracked point associated with the AMR-CT base, these transfor-
mations (or their respective inverses) were directly applicable only to AMR-CT poses ex-
pressed in either the MAP 2D, MAP 3D, or OT S coordinate frames.

5. Closed-Loop Controller Design

This section describes the algorithm and data flow for achieving the operations outlined in
Fig. 19. First, the event-based AMR-CT control loop (Fig. 20 top) provided coarse posing
(navigation) of the mobile manipulator to a goal near the CMMA using the OTS. If the goal
was successfully reached, then the second control loop proceeded, which provided refined
docking of the AMR-CT close to the CMMA such that the manipulator could reach the
CMMA. If the CMMA were to be moved during this process, control would return back
to the coarse pose AMR-CT control loop, otherwise the control flow proceeded upon suc-
cessful docking. Finally, the closed-loop manipulator control algorithm and data flow using
Cartesian/linear servo pose commands are described in Fig. 21, which posed the manipu-
lator EOAT over the AFs to simulate mock peg-in-hole assembly. Note that an alternative
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design, which used a PID controller and tool-center-point (TCP) control via velocity-based
commands is presented in Appendix C and was considered as a back-up design in case the
Cartesian/linear servo pose controller exhibited limitations in responsiveness.

Before describing each control algorithm individually, the steps common to all three con-
trollers are now addressed. First, the poses for the needed rigid bodies (i.e., the CART,
EOAT, and CMMA rigid bodies for the Cartesian pose controller), just the EOAT and
CMMAA rigid bodies for the velocity controller, and just the CMMA rigid body for the
AMR-CT control algorithm) were streamed over UDP from the OTS to the SoM mounted
on the cart using the manufacturer SDK. The poses arrived at the SoM in vector-quaternion
pair format. As mentioned in Sec. 3.4, the OTS was configured to stream data at 125 FPS.
The data streaming client, running on the SoM then received the data and pre-processed
it to verify that no significant occlusions, dropped packets, or mislabeling occurred. If a
network or data quality error occurred, the client would wait until clean data arrives. Oth-
erwise, the controllers proceeded to the next processing steps.

Navigation -
. [ If CMMA moves. Docking Mock peg-in-hole assembly.

AMR-CT Coarse Pose | Goal reached. AMR-CT Refined Docked with CMMA| | Manipulator Control Loop
Control Loop Docking Control Loop for Posing EOAT Over AF

If CMMA moves out of reach.

Fig. 19. Diagram showing high-level control flow between the two closed-loop controllers for
implementing coarse AMR-CT posing (navigation), and fine docking near the CMMA and the
manipulator controller to perform mock peg-in-hole-assembly through detection of the AFs
using the RLS.

5.1. Cart Transporter Controller Design

Recall from Sec. 3.1 that the dead-reckoning move command was needed to dock the AMR-
CT close to the CMMA without detecting it as an obstacle and the deltaHeading com-
mand was used to implement heading corrections. As such, two control loops were needed
for AMR-CT control: The first control loop coarsely posed the AMR-CT 1 m away from
the intended docking position, while the second control loop allowed the AMR-CT to dock
close the CMMA while simultaneously correcting the AMR-CT heading. The former con-
trol loop is detailed first.

After receiving the marker position data from the OTS and computing the needed rigid
body poses as per the beginning of Sec. 5, the AMR-CT controller executed the following
steps. First, {Cb‘”e}'g'{dock} was computed using Eq. 2, vector-quaternion pose composition,
and quaternion inverses where applicable [107, 108]. The controller used this transforma-
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tion, which represented the error between the current pose of manipulator cart base and the
docking goal, to check if the AMR-CT had arrived at the docking goal near the CMMA.
Additionally, the speed of manipulator cart base and the change in pose of the CMMA be-
tween the current loop execution and the preceding loop execution (denoted {emma} § ) was
monitored. If the error between manipulator cart base pose and docking goal was greater
than a pre-set threshold !, and the velocity of manipulator cart base'! and {emma} § \wag
less than another pre-defined threshold!2, then the controller would do nothing. However,
if the error between manipulator cart base pose and docking goal, the velocity of manipula-
tor cart base, and {cmma} § 411 fell below their respective pre-set thresholds, then the control
loop would end, a stop command would be sent to the vehicle through the clear-text API,
and control was handed over to the manipulator. Otherwise, the control loop continued
and updated the commanded pose of the AMR-CT based on the updated CMMA pose.
This step was completed using either Eq. 6 or Eq. 5 (again using vector-quaternion pose
composition, and quaternion inverses where applicable [107, 108]) depending on whether
3 DoF or 6 DoF were used for the registrations. The pose containing the new commanded
AMR-CT pose, {MAP2D } Jj{vbase} was then converted to a vector format consisted of Carte-
sian position components and a heading. The vector components could then be directly
substituted as input parameters for a doTask goToPoint clear-text command, which up-
dated the AMR-CT path planning with a new goal. As the vehicle traveled to the new goal,
the pose of the manipulator cart base relative to the CMMA, (i.e., {“m’""}é{cbm}) would
change and the control loop repeated.

The second control loop is now described. The steps to acquire {Cb‘”e}ﬁ{d“k} were identi-
cal to the preceding control loop. From this transformation, the relative yaw angle between
manipulator cart base and the CMMA was extracted. If the heading error was greater
than a preset threshold!3, then a heading correction was applied to the vehicle using a
deltaHeading command to turn the AMR-CT in the direction opposite to the error. The
deltaHeading command would be allowed to execute until the heading error fell below
the error threshold. After the heading constraint had been satisfied, if the distance between
manipulator cart base and CMMA was greater than another preset threshold!?, then the
AMR-CT would be commanded to move forward to dock with the CMMA. The move
command would be allowed to run until manipulator cart base reached the desired docking
position. Note that control could shift between docking and correcting the heading at any
time as needed. When both the heading and distance constraints have been satisfied, the
control loop would terminate successfully. However, another termination condition was
included: If, at any time, the CMMA was moved, then the docking control loop termi-
nated and control was returned to the coarse pose control loop described in the previous

10For the prototype, the thresholds were set to +200 mm in position and +0.035 rad in heading based on the
specs of the AMR-CT in Sec. 3.1 and manual tuning [52].

"For the prototype, this threshold was set to 1 mm/s

12For the prototype, this threshold was set to =5 mm.

3This threshold was set to +0.0175 rad for the prototype.

14This threshold was wet to =10 mm for the prototype.
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paragraph. Again, since the control loop updates were based on specific conditions, the
effective overall control rate of the AMR-CT was expected to be slower than 1 Hz.

5.2. Manipulator Controller Design

The control loop steps to pose the manipulator EOAT such that the AF was intercepted by
the RLS is now described. After the common steps outlined at the beginning of Sec. 5, the
manipulator pose controller that used Cartesian/linear servo commands then computed the
needed relative poses. Specifically, these poses were (€24} & {af,} (using Eq. 4), {chase} £ {eoar}

(using Eq. 3) and {Cbase}ﬁ{aﬁ} (using Eq. 1). The Cartesian/linear servo controller then
checked the error between the EOAT and its commanded pose. The translation error was
computed as the Euclidean norm of the translational component of {60“’}§{a 7} and the

orientation error was computed as ¢3 = arccos(|{bese} Q{eoat} {cbase} q{af;}|) where g is the
quaternion representation of the respective relative poses [117]. Note that ¢3 mapped to an
angle between 0 and 7 rad. A slightly different metric, ¢4 = |{Cb"se}q{eom} Acbase} q{afls
could have been used instead to further improve computational efficiency [117]. If the error
was less than a pre-defined threshold!® or the commanded pose of the EOAT exceeded
the 850 mm reach of the manipulator, then the control loop was terminated and either the
“stopL()” or “servoStop()” API call was made. For both API calls, a stopl script command
was forwarded to the manipulator [111, 118, 119] . If the control loop terminated for the
former reason, then the arm had successfully reached the commanded pose, and, as has
been done in the past, a spiral search trajectory was traced by the EOAT using open-loop
control to verify how much, if any, error existed between the commanded EOAT pose and
the actual location of the AF [26]. However, if the control loop terminated for the latter
reason, control was returned to the AMR-CT (i.e., Fig. 20) so that the manipulator could
be re-docked within reachable distance of the CMMA.

Otherwise, the closed manipulator control loop proceeded and the pose, {Cbase}é{a £}> Was
converted to an alternative vector format containing the Cartesian position components and
orientation components as a rotation vector [120, 121]. The components of this vector
were directly passed as arguments to the ur_rtde library, which had API calls, “moveL()”,
which directly corresponded to a movel script command on the manipulator controller, and
“servol()”, which corresponded to a get_inverse_kin command followed by a servoj
command on the manipulator controller!'® [111, 118, 119, 122]. Again, from Sec. 3.2, the
manipulator controller was expected to be able to execute these commands at a frequency
of no greater than 125 Hz, and for the “servoL()” API call, the look-ahead time and
proportional gain parameters needed to be tuned in a fashion similar to that of the PID
controller gains used in the velocity controller (see Appendix C.1). This resulted in the
arm being actuated, which changed the pose of the EOAT relative to the CMMA (i.e.,

I5For the prototype, the threshold was set to between 1 mm and 5 mm distance for the translation and 4-0.0209
rad for the orientation.

16Note again that the real-time control example from Ref. [78] will be referred to in the future for refining
the control loop.
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{cmma} é{mat}). The OTS would then observe the new pose and the control loop repeated
until the error fell below the threshold.

6. Conclusion

In this report, the design of a closed-loop control systems for mobile manipulators that in-
tegrates feedback from an OTS was presented. This included a comprehensive overview
of the hardware and software specifications for the AMR-CT, the manipulator, the OTS,
and the CMMA. The specifications also included the estimated maximum control frequen-
cies, where known and applicable. For example, the AMR-CT was expected to be able to
support only event-based pose updates (at a rate of less than 1 Hz), the OTS was expected
to acquire data no faster than 180 FPS according to the manufacturer specifications (with
further verification of these specs planned to be conducted as per ASTM ASTM E3124-17
[86]), and the manipulator was expected have a maximum control frequency of 125 Hz
for velocity-based commands over the robust real-time interface and 20-30 Hz for Carte-
sian commands over the non-robust real-time interface, again according to manufacturer
specification. For the OTS, the marker layouts required for rigid body tracking were pro-
vided. Additionally, the network topology and design of the time synchronization using
PTP was detailed, with these being critical for evaluating the unknown system latencies
and validating the cited system latencies. The 3 DoF and 6 DoF coordinated system trans-
formations between the AMR-CT base, the manipulator cart base, the EOAT, the CMMA
and the AFs/commanded docking locations were mapped such that all coordinate system
transformations required for the closed-loop control system could be determined. Finally,
the design of the software-based closed-loop controllers themselves were detailed, which
include two alternate designs for the manipulator controller (i.e., using Cartesian-based
pose commands and velocity-based commands determined by a PID controller), as well
as two, event-based controllers for the vehicle (one for coarse positioning and one for fine
docking).

The implementation of this design as a prototype followed a multi-step plan that started
with the simplest performance scenario/design in Table 1 and built up to the most complex
scenario/design. Ultimately, the prototype test implementation was found to address each
of the desired mobile manipulator capabilities in Table 1, including scenarios in which
the CMMA was disturbed continuously within reach of the manipulator. A few additional
refinements to the system remain prior to full evaluation. Namely, the prototype was run on
a separate laptop as opposed to the SoM. However, all software dependencies were tested to
ensure they would run on the SoM. Furthermore, once this is done, the manipulator control
code should be modified to run with real-time process priorities, as outlined in Sec. 3.2, to
achieve maximum performance. The floor of the lab is also planned to be re-painted with
non-reflective paint to minimize reflections caused by the IR emitted by the OTS cameras,
as discussed in Sec. 3.4. Finally, also discussed in Sec. 3.4, the measurement uncertainty
and latency of the OTS will be re-evaluated using the appropriate ASTM test methods. As
the refinements are made, the latencies of the system can be further characterized and used
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to make small improvements to the controller design and/or implementation.

Future extensions of this work could expand mobile manipulator closed-loop controller test
implementations to mobile manipulators with on-board vision systems (i.e., using the OTS
closed-loop controller as a ground-truth reference) or to include more advanced capabilities
such as a moving mobile manipulator operating on an also moving target for part hand-off
(e.g., an AMR-CT or another mobile manipulator). This latter expansion has grounding in
existing research cited in Sec. 2, such as Refs. [43—-45]. These advanced test implemen-
tations will be used to further validate developing performance test methods for mobile
manipulation.
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Appendix A. List of Symbols, Abbreviations, and Acronyms

Appendix A.1. Variable Conventions

Variable definitions use the following conventions. Scalars are denoted by lowercase Latin
or Greek letters with no arrow (e.g., i and x). Vectors are denoted by lowercase Latin
letters with an arrow (e.g., fl), and matrices are denoted by capital Latin letters, with H
specifically used to denote a homogeneous transformation matrix. For matrices and vectors,
the applicable coordinate frames(s), if any, are denoted as either a superscript or subscript in
curly braces (e.g., {0TS}53; ang {0TS} é{cmma}). Otherwise, an arbitrary, Cartesian coordinate
system is assumed. The Greek letter & denotes a pose in an arbitrary format. Boldface is
used to denote potentially unknown vectors or matrices in calibration problems (e.g., t; and
R).

Appendix A.2. Acronyms

2D Two-Dimensional. 9, 31, 33
3D Three-Dimensional. 15, 24, 31
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AF Assembly Fiducial. iii, iv, 19, 27, 30, 33, 38, 55
AFs Assembly Fiducials. iv, 16, 27, 34, 39

AGYV Automatic Guided Vehicle. 2, 3, 5,9

AM Additive Manufacturing. 1, 7

AMR Autonomous Mobile Robot. 2, 5, 9

AMR-CT Autonomous Mobile Robot Cart Transporter. iii, iv, 2, 4, 8-14, 18, 21, 22,
25-27, 31-35, 37-40, 55

API Application Programming Interface. 22, 27, 37, 38, 53
ARC average rate-of-change. 55

CMMA Configurable Mobile Manipulator Apparatus. ii-iv, 1-6, 8, 9, 14-19, 23-25, 27—
35, 37-39, 55

CNC Computer Numerical Control. 1

CPU central processing unit. 14, 21

CRPI Collaborative Robot Programming Interface. 15, 16
CSV Comma Separated Value. 23

DNN Deep Neural Network. 7
DoF Degrees of Freedom. iii, iv, 3-5, 22, 23, 25-33, 37, 39, 55

eMMC Embedded Multi-Media Card. 8
EOAT End-of-Arm Tool. iii, iv, 2, 15, 23-30, 33, 34, 38, 39, 53-55, 57

FK forward kinematics. 6
FOV field-of-view. 17, 19
FPS Frames-per-Second. iii, 17, 20, 34, 39

GPS Global Positioning System. iii, 5, 11

I/O Input/Output. 8
iGPS Indoor Global Positioning System. 5

IIoT industrial internet of things. 25
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IMU inertial measurement unit. 6
IPC Inter-process Communications. 21

IR Infrared. 19, 23, 39

MP Megapixel. 17
MPC model predictive controller. 7

mutexes mutual exclusions. 14, 15

NIST National Institute of Standards and Technology. v, 1, 3-5, 15, 23
NTP Network Time Protocol. 25

OS operating system. 16
OTS Optical Tracking System. iii—v, 2-9, 11, 13-31, 33-36, 39, 40, 53-56

P Proportional. 57

P/I Proportional/Integral. 8, 57

PC personal computer. 8

PCle Peripheral Component Interconnect Express. 26

PID Proportional-Integral-Derivative. iv, v, 8, 30, 34, 38, 39, 53, 55-57
POE Power over Ethernet. 8

pose position and orientation. iii, iv, 1-6, 9, 14, 21-31, 33-39, 53, 55, 57
PTP Precision Time Protocol. iii, 11, 26, 39

QP Quadratic Programming. 7

RAM Random Access Memory. 8, 21

RCS Real-time Control System. 15, 23

RLS Retro-reflective Laser Sensor and Emitter. iii, iv, 15, 16, 19, 27, 29, 34, 38
RMMA Re-configurable Mobile Manipulator Artifact. 1, 2, 16

RPY roll-pitch-yaw. 53

SDK software development kit. iii, 20-23, 34
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SLAM simultaneous localization and mapping. 7
SoM System on Module. 8, 9, 14-16, 21, 34, 39
SQP Sequential Quadratic Programming. 7

TCP tool-center-point. 34, 53
TCP/IP Transmission Control Protocol / Internet Protocol. 13—15
TCPP Task-Consistent Path Planning. 7

UDP User Datagram Protocol. 21, 34
ULAPI User-Level Application Programming Interface. 14, 15
UTC Coordinated Universal Time. iii, 11

Appendix B. Updated EOAT Mount Technical Drawing

The engineering design drawing for the updated EOAT mount, which was modified to
include additional mounting holes for OTS markers is presented in Fig. 22.

Appendix C. Alternate Velocity-based PID Manipulator Controller Design

As mentioned in Sec. 5.2, during the process of designing the closed-loop manipulator
pose controller, an alternative design utilizing a PID controller and linear velocity com-
mands that would control the manipulator in linear Cartesian space relative to the TCP was
considered. The alternate controller design is presented in Fig. 23.

Picking up from the steps outlined at the beginning of Sec. 5, the Velocity controller
executes as follows. The controller would compute the relative pose it needs in order
to compute the error between the measured EOAT pose and the commanded pose (i.e.,
{eoat }é{a ). Note that this relative pose would also be the only one needed to control the
arm since the ”speedL.()* API call/script command controls the manipulator relative to the
TCP in linear Cartesian space [111, 119]. Additionally, the pose {?®¢}& . would be
needed, just to ensure the EOAT does not exceed the joint limits of the robot (i.e., that the
commanded pose would be kept within the reach of the manipulator). The controller then
would convert the orientation of the relative pose into the RPY!” representation. The trans-
lational error would be computed as the Euclidean norm of the translational component of
{eoat }5 {af;) and rotation error would be computed as the component-wise difference of the
RPY angles. If all of the errors are less than a pre-defined threshold or the commanded

"To avoid singularities and non-unique representations, the rotation of the EOAT relative to the manipulator
cart base could be limited to :i:%, non-inclusive [123, 124]
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pose of the EOAT is not within reach, then the control loop would terminated. If the con-
trol loop terminates for the former reason, then, as in the Cartesian/linear servo controller
in Sec. 5.2, the arm would have successfully reached the commanded pose, and, as has been
done in the past, a spiral search trajectory would be traced by the EOAT using open-loop
control to verify how much, if any, error exists between the commanded EOAT pose and
the actual location of the AF [26]. However, if the control loop terminates for the latter
reason, as in the Cartesian/linear servo controller in Sec. 5.2, control would be returned
to the AMR-CT (i.e., Fig. 20) so that the manipulator can be re-docked within reachable
distance of the CMMA.

Otherwise, the control loop would proceed and the component-wise pose error values, de-
noted ey, ey, e; eyy1, €pirch, and eyqy,, would be each passed to a separate PID controller
(more details in Sec. C.1) each having their own separate separate controller gains. Each
set of controller gains could be tuned online using the strategy outlined in Sec. C.1. The
PID controller would then issue a speedl command to the manipulator controller [119].
Using the ur_rtde library, the manipulator should be able to execute these commands at a
rate of 125 Hz. This would result in the arm being actuated, which would also change the
pose of the EOAT relative to the CMMA (i.e., (o7} ﬁ{wa,}). The OTS would then observe
the new pose and the control loop would repeat until the error lowers below the threshold.

Appendix C.1. PID Controller and Gain Tuning

The PID controller design was explored as an alternative choice to implement velocity-
based position control of the EOAT due its ubiquitous use in control systems and for its sim-
ple implementation [125, 126]. However, depending on the magnitude of the delay variabil-
ity after implementation, more complex controller designs, such as feed-forward controllers
may need to be considered to further improve responsiveness [127]. The equation for a
generic PID controller in the time domain is given by: u(t) = kpe(t) +k; [ e(t)dt —}—kd%,
where u(t) denoted the control signal (in this case the component-wise linear velocities
used to control the manipulator), k,, k;, and k; denoted the proportional, integral, and
derivative controller gains, respectively, and e(7) denoted the error signal measured using
the OTS [128]. The proportional term can scale the control signal with respect to the error
signal, the integral term can further compensate for steady-state error, and the derivative
term can be used to further tune controller responsiveness [126, 128]. Furthermore, the
derivative term can be approximated using an average rate-of-change (ARC) between two
error signal samples across adjacent time steps, while the integral term can be approximated
using one of several common approximations depending on accuracy needs (i.e., Riemann
sums, the Trapezoidal rule, or Simpson’s rule) [129].

A total of 9 controller gains for the 3 DoF case and 18 controller gains for the 6 DoF case
(i.e., separate proportional, integral, and derivative gains for up to six separate PID con-
trollers, or one controller per pose component) would be adjusted using a combination of
an online, manual tuning strategy based on that from Ref. [130] and the Ziegler-Nichols
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method [126]. Gains belonging to separate controllers can be tuned independently, but si-
multaneously using this strategy. For example, the proportional gain for the x component
PID controller can be adjusted simultaneously with the separate proportional gain for the
y component PID controller, etc. First, the proportional gains would be set to a small, ar-
bitrary value while the integral and derivative gains would be held constant at zero. The
maximum velocity command outputted by the controller would also be limited to a safe
speed, and the frequency of the PID controllers would be set to a fixed value that falls
comfortably within the limitations of the system latency. A tuning iteration would then
consist of using the PID controllers to position the arm to an arbitrary pose for three trials.
The performance of each controller for each trial would be measured by monitoring the
cumulative absolute error among each pose component as the manipulator EOAT reaches
the commanded pose. Optimizing the PID controller can therefore be done by adjusting the
gain value to minimize the average cumulative error across all three trials for each training
iteration. It is expected that, as the proportional gain is increased, the average cumulative
error would decrease across each PID controller until target overshoot or sustained oscilla-
tion is observed. The gain value and average cumulative error would be recorded for each
training iteration, and the gain value adjusted until satisfactory performance is achieved.
Furthermore, the oscillation frequency, which, if oscillation occurs, can be computed by
detecting how fast the error changes from positive to negative. The oscillation frequency,
combined with the value of the proportional gains when instability occurs can then be used
to fractionally scale the proportional gain and set the Integral and Derivative gains using
the Ziegler-Nichols method [126]. If the proportional gain or proportional and integral
gains alone result in overall satisfactory stability and responsiveness, the remaining gains
would be left at zero, and the PID controller would be reduced to a Proportional (P) or
Proportional/Integral (P/I) controller. As the Ziegler-Nichols method is known to be an ag-
gressive tuning strategy, a purely manual tuning strategy can be alternatively repeated for
the integral and derivative gains as well [126].
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