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Abstract 

This paper describes a concept for measuring the reproducible performance of mobile manipulators to be used for 

assembly or other similar tasks.  An automatic guided vehicle with an onboard robot arm was programmed to 

repeatedly move to and stop at a novel, reconfigurable mobile manipulator artifact (RMMA), sense the RMMA, and 

detect targets on the RMMA.  The manipulator moved a laser retroreflective sensor to detect small reflectors that 

can be reconfigured to measure various manipulator positions and orientations (poses).  This paper describes 

calibration of a multi-camera, motion capture system using a 6 degree-of-freedom metrology bar and then using the 

camera system as a ground truth measurement device for validation of the reproducible mobile manipulator’s 

experiments and test method. Static performance measurement of a mobile manipulator using the RMMA has 

proved useful for relatively high tolerance pose estimation and other metrics that support standard test method 

development for indexed and dynamic mobile manipulator applications. 
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1. INTRODUCTION 

Future smart manufacturing systems will include more complex coordination of mobile manipulators (i.e., robot 

arms mounted on mobile bases).  “Mobile manipulators offer high mobility and manipulability. An ideal utilization 

of the motion redundancy in the mobile manipulator is to perform assembly tasks on a moving vehicle body while 

tracking.”[1] Mobile base and onboard manipulator motion may or may not be known a priori for applications such 

as assembly or even welding.  However, performance of the combined mobile manipulator system must be known.  

Standard mobile manipulator performance has not been measured due to lack of standard test methods.   

Historically, mobile manipulator research has focused on control algorithms, including dynamic motions caused by 

the onboard manipulator motion, especially in undulating terrain (e.g., outdoors [2]).  Other areas of mobile 

manipulator research have been application-oriented, such as trajectory planning for a mobile manipulator with 

stability considerations and task planning, such as opening doors. [3] However, generalized measurement of mobile 

manipulators performing routine tasks (e.g., moving to different poses and generating motion profiles) has been 

relatively non-existent except for simply ensuring that the task is more or less completed.  Prior to industrial 

acceptance for mobile manipulators, just as with their base components of industrial robot arms and automated 

guided vehicles (AGVs), these new mobile manipulator systems require their manufacturers to have real, verifiable 

performance data so users can apply these technologies appropriately. 

The ISO 9283:1998 [4], industrial robot performance standard, describes accuracy and repeatability testing for 

fixed-base industrial robots for both end-of-motion poses and in-transit trajectories.  Currently, there are no 

industrial robot performance standards for when industrial robots are onboard a moveable base.  A standards 

                                                           
1
 roger.bostelman@nist.gov; phone 1-301-975-3426; fax 1-301-990-9688 

mailto:roger.bostelman@nist.gov


committee for AGV performance standard, ASTM F45 Committee on Driverless Automatic Industrial Vehicles [5], 

has recently been formed and may include some aspect of mobile manipulation, e.g., docking. 

Metrology methods for measuring performance of mobile manipulators, used to access parts or assemblies in 

manufacturing processes, include: physical contact using a touch probe [6], cameras detecting fiducials [7], laser 

interferometry, theodolites, and coordinate measuring arms [8].  An example uncertainty (position accuracy) for the 

camera calibration system in [8] was 0.1 mm and 0.2 mm for 650 mm and 950 mm target distances, respectively. [9] 

Other metrology methods in accordance with ISO 9283 include: path comparison, trilateration, polar coordinate 

measuring, triangulation, optical tracking, inertial measuring, Cartesian coordinate, and path drawing. An alternative 

to these methods is a conceptually simple and relatively inexpensive performance measurement method that could 

be replicated and used by mobile manipulator manufacturers and users.   

Measurement of the robot’s Cartesian position and orientation (pose), which is combined with the mobile base’s 

pose, is complex since the system can include nine or more degrees of freedom.  To simplify measurement, an 

artifact was designed to allow various geometric patterns to be traced by the robot wielding a tool point sensor to 

sense the dimensional points along the patterns.  As a starting point, the AGV with onboard robot arm was moved to 

a series of locations along a straight line in order to measure its uncertainty from various directions.  For example, it 

has been shown in previous research [10] that an AGV approaching the same point from various directions is 

relatively inaccurate as compared to approaching from the same direction.  In a flexible manufacturing environment, 

this may be an issue where the manipulator might not be able to access the parts or assembly due to AGV position 

uncertainty.    

This paper discusses a reconfigurable mobile manipulator artifact concept, experiments, and results for measuring 

performance of a mobile manipulator.  Calibration of the ground truth system used to measure uncertainty of a 

component (e.g., AGV, manipulator, artifact) is first described to provide a sound basis for the concept.  With the 

artifact method, repeatability and accuracy of a mobile manipulator can then be measured for three main scenarios:  

A) the AGV stops while the robot accesses all points within its work volume, B) the AGV initially stops while the 

robot accesses all or most points within its work volume, as well as informs the AGV to increment to a new point 

and stop while the robot accesses additional points, and C) both the AGV and robot simultaneously move while the 

robot accesses all points.  This paper will detail experiments and results of performing scenario A.  Scenario B is an 

extension of scenario A, which uses similar testing to measure uncertainty (for example, the AGV simply moves and 

stops at a different location).  Scenario C is much more complex, since coordination of both the AGV and 

manipulator is needed and requires timely communication between the two systems.  Therefore, scenario C is left to 

future research, with the described scenarios used as a basis for its execution. 

2. PERFORMANCE MEASUREMENT CONCEPT 

The concept utilizes a reconfigurable mobile manipulator artifact (RMMA) (see Figure 1) that can provide a desired 

measurement uncertainty as a comparison to ground truth (GT). The RMMA can be in a horizontal, vertical, or other 

known orientation, as would be typical of assembly in manufacturing.  With the RMMA, manipulator pose (i.e., 

position and orientation) is measured as a digital detect or no detect at a specified distance and angle from the task 

point.  For our tests, detector distance above the reflector was approximately 127 mm. The distance would be 

representative of a programmed waypoint above and in-line with the next robot task point to grip or insert a part or 

perform another task. The desired uncertainty may be, for example, a part insertion alignment tolerance required for 

a manufacturing assembly process.  Moving along this grip/insertion line, at the aligned pose to the task point, also 

provides some knowledge of insertion performance (i.e., if the task point is continuously detected along the 

grip/insertion line) although this measurement is for future research.  The RMMA is constructed of anodized, 

machined aluminum, and has a series of tapped holes of known geometric patterns and position tolerance of ± 0.01 

mm. The patterns include a circle, square, triangle, straight and curved lines, sinusoids, etc.  Each adapter, to be 

screwed into the various patterns of holes, supports a background target, a circular reflector, and a cylinder used as a 

light collimator.   Flat, background targets, measuring 7.6 cm diameter and 6.4 mm incremental rings are 

perpendicular to each collimator as a simple visual cue for the test director when the robot does not align with the 

reflector.  The adapter, reflector, target, and collimator can be perpendicular to the flat surface or rotated to pitch 

angles between ± 90° and yaw angles between 0° and 360°.  The reflector and the collimator inside can be any 

diameter, dependent upon the sensor specification and the desired measurement uncertainty.   



  
 a  b 

Figure 1 – (a) Reconfigurable mobile manipulator artifact, (b) Close-up, top view of an illuminated reflector inside a 

collimator and an illuminated ground truth marker. 

The RMMA can be horizontal (as tested in this research), angled, or vertical configurations, at short-to-tall heights. 

It can also be above the mobile manipulator for an unlimited set of performance measurement possibilities.  Figure 2 

shows the horizontal artifact experimental configuration and the 457.20 mm square pattern used for our experiment.   

   
 a  b 

Figure 2 – (a) Test configuration showing the mobile manipulator beginning the performance measurements. (a, b) 

The manipulator test pattern is shown with red dashed lines between four vertices of a 457.20 mm square.  (b) The 

same square as in (a) setup with larger markers and no light collimators. 

The performance measurement concept uses a retroreflective laser sensor (RLS, that provides a relatively narrow 

beam consisting of both an emitting laser and a detector to detect 6.4 mm diameter reflectors (i.e., task points) 

positioned in known patterns (e.g., square, circle, triangle, sinusoids, etc.). A camera, with a light source, could 

instead be used as the detection sensor, especially with a larger diameter reflector or other spot.  The reflectors can 

have specific diameters depending upon the required uncertainty for their location.  The manipulator
2
 used has a 

manufacturer’s specified repeatability of 0.1 mm. [11] The RLS, shown in Figure 3 (a), shows the sensor mounted 

in-line and perpendicular to the manipulator tool point.  Initial alignment to the reflector can occur using one of 
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several methods briefed in Section 1, Introduction.  For our experiments, we chose to release the manipulator brakes 

and manually position the RLS until all reflectors at the four locations were detected by the laser.  During the 

experiment, the manipulator began a spiral search pattern to detect the reflectors beginning with the manually taught 

positions.  Each search pattern was parameterized to search in a growing, 15-spiral pattern with a maximum radius 

of 50 mm; the trajectory took two minutes and would be interrupted when the reflector was detected.  When a 

reflector was detected, the manipulator received a digital signal change and the manipulator was commanded to 

move to the next taught reflector location and begin another spiral search, and so on.  If no detector was detected, 

the spiral search pattern was executed. If there was still no detection within 2 min, the manipulator logged a “failed” 

and moved to the next reflector location.  If detected, the manipulator logged a “success” and moves to the next 

location, and so on.   

Without the collimator, as shown in Figure 2 (b), the reflector can be detected at approximately ± 20° to the vertical 

axis.  For the collimators used, the reflector can be detected: 1) at a maximum 3.2 mm radius from the reflector 

center; 2) at approximately ± 7° to the vertical axis (see Figure 3 (b)); 3) when at the closest RLS detect position at 

10.2 cm minimum above the reflector; and 4) when using a 12.7 mm inside-diameter collimator.  Collimators could 

be made with even smaller inside-diameters to force more perpendicular robot tool point axis pose to the reflector.    

The sensor used was specified to detect a minimum 4 mm diameter reflector repeatedly at a distance of 10 cm. 
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Figure 3 – Retroreflective laser sensor assembly: a laser retroreflector (yellow and black) attached to a robot adapter.  

Spherical markers are also shown attached to the RLS, robot, tool-mount, and the AGV (background), as well as to 

the RMMA surface (not shown). (b) RLS measurement distances and offsets. 

3. EXPERIMENTS AND RESULTS 

A multi-camera ground truth (GT) system was setup in a National Institute of Standards and Technology (NIST) 
lab.  Twelve cameras were mounted to the four lab walls at a height of 4.3 m above the floor and set to view the area 
where the experiments were performed.  Several variables were added to the mobile manipulator position 
measurement uncertainty, beginning with the GT system.   Three types of experiments were performed to quantize 
these variables, including: 1) comparison of the multi-camera GT measurement system [12] uncertainty to a 
metrology bar, 2) comparison of the AGV and RMMA static position to GT, and 3) comparison of a mobile 
manipulator uncertainty to the RMMA and to GT.   

For experiment 1, the metrology bar (shown in Figure 4 (a)), assembled at NIST with known dimensions, was 
used to test the uncertainty of the GT throughout the 9 m x 22 m AGV lab.  The bar was positioned and then moved 
throughout the space where the AGV was to be used. The GT system measured the distance between each bar end 
with five markers.  [13] Analysis of data provides bar length measurement uncertainty throughout the space.  



Uncertainty is based on the [14] describing standard deviation (σ) as 68 % confidence.  Measurement σ of the static 
uncertainty is 0.022 mm and static angle is 0.023°.  The dynamic distance uncertainty (i.e., the positional accuracy) is 
0.26 mm, and σ of the angle is 0.10°.  Figure 4 (b) is a screenshot of the GT display for the remaining experiments 
showing the cameras, AGV, manipulator, and the RMMA objects being tracked.  The markers on each component are 
grouped together so that each component motion can be analyzed independent from one another.  For example, the 
AGV markers are grouped separate from the manipulator markers, etc., as depicted by the different colors.   

    
 a  b  

Figure 4 - (a) NIST metrology bar used to measure ground truth system uncertainty.  (b) Screen capture from the 

multi-camera ground truth system showing the cameras, AGV, manipulator, and the RMMA. 

Experiment 2 included three tests: A) measure the AGV position near the RMMA relative to the commanded AGV 

position, B) measure the AGV static position movement relative to GT, and C) measure the RMMA static 

movement relative to GT. We first considered a non-ideal case, perhaps typical of industry, for the AGV calibration.  

The AGV is approximately two years old and has not been calibrated since purchase.  The AGV was moved from a 

home position approximately 5 m to the artifact location and back to home 10 times and was repeated three times.  

Table 1 shows uncertainty of AGV commanded versus AGV tracked data for a single stop point.  The average offset 

is 29 mm in X and -9 mm in Y.  Compensation for this offset was performed during test setup of the initial robot 

positioning over the first-accessed reflector location.  Table 2 displays the uncertainty in the distance between the 

RMMA origin and the AGV origin in the table plane. Table 2 shows that the expected AGV stop position near the 

RMMA has a fairly repeatable average offset. 

Table 1 – Difference (in mm) of the commanded AGV versus AGV tracked data for the AGV stop point beside the 

RMMA. 

Axis Run1 Run2 Run3 

X 27 29 30 

Y -7 -10 -9 

  

Table 2.  Uncertainty (in mm) in the distance between the RMMA origin and the AGV origin in the RMMA plane. 

 Run1 Run2 Run3 

Distance  0.095 0.088 0.090 

 

Experiment 2, test B and test C measure the uncertainty of two more variables beyond the AGV position, including 

the movement of each component, AGV, and RMMA, at the AGV static positions.  It might be expected that the 

relatively heavy AGV (approximately 1137 kg), with respect to the onboard lightweight manipulator (29 kg), does 

not move. In addition, the one story, 7 m high lab is located on a ground level with concrete floor, yet there is GT-

measured building movement that may affect precision assembly performance of a mobile manipulator.  Our lab is 

perhaps even more ideal than typical factory settings where many more machines and processes could cause even 

larger measurement-disturbing vibrations than our experiments uncovered.  Figures 5 (a) and (b), show GT point 

clouds of the AGV movement, when it was stopped beside the RMMA and while the manipulator accesses each 

location, and of the RMMA movement, respectively.  Tables 3 and 4 list the mean (µ) and standard deviation (σ) of 

position (in mm) uncertainty with respect to the GT origin for each of the three runs for the AGV and RMMA, 

respectively.  Although the mean is relatively small for both the AGV and the RMMA, the movement spans from 

approximately 0.15 mm in X and 0.25 mm in Y for the AGV, and 0.5 mm in X and 0.6 mm in Y for the RMMA.  



Independently, or worse, combining these maximum uncertainties (0.52, 0.65) could induce enough position offset 

from the reflector to cause the manipulator to begin a search at each location since the initial spiral search provides 

reflector detection by the RLS at the reflector edge and not at the center. 
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Figure 5 - GT data points relative to its origin (in mm) of (a) the stationary AGV and (b) the RMMA movement over 

time (in minutes), shown by the varying colors, while the manipulator moves the RLS attempting to detect RMMA 

reflectors. 

Table 3 – GT measured distances, with respect to the GT origin, showing the AGV movement when stopped beside 

the RMMA and while the RLS attempts to detect RMMA reflectors. 

 Run1 Run2 Run3 

Axis µ σ µ σ µ σ 

X -34.79 0.021 -34.67 0.028 -34.13 0.027 

Y 4624.43 0.032 4626.50 0.032 4626.0 0.042 

 

Table 4 - GT measured distances, with respect to the GT origin, of the RMMA movement 

 Run1 Run2 Run3 

Axis µ σ µ σ µ σ 

X -907.13 0.040 -907.13 0.043 -907.13 0.041 

Y 5139.67 0.15 5139.59 0.099 5139.61 0.085 

 

Experiment 3 included three runs to measure position uncertainty of the manipulator relative to the RMMA and to 

GT.  Each trial consisted of 33 repetitions of a cyclic search for four reflectors with known characteristics.  At each 

reflector, the manipulator initiated a spiral search to locate the reflector with the RLS.  The first cycle allowed the 

manipulator to locate all reflectors followed by 32 cycles to measure repeatability. 

 

Each run consisted of the AGV moving to the registration pose from an initial “home” position, thus incurring some 

position and orientation error at the registration point.  Once at the registration point, a beam break sensor attached 

to the AGV signaled the manipulator to initiate the registration process.  The manipulator moved to the pose where 

it expected to find the first registration point, 𝑝1, and began the spiral pattern.  Once the reflector was detected, the 

position of the reflector was recorded as 𝑝1
′ , and the manipulator moved to where it was expected to find the second 

registration point, 𝑝2, based on the nominal distance offset and orientation expectations from 𝑝1
′  defined prior to the 

trial.  At 𝑝2, the manipulator performed the spiral search again until the reflector was found, and then recorded the 

reflector’s position, 𝑝2
′ .  The manipulator then updated its expectation of the artifact’s position and orientation based 

on the Euler angle of incidence between 𝑝1
′  and 𝑝2

′ , and moves to the new estimate for the location of the third 

registration point, 𝑝3.  The spiral search is again repeated until the reflector is located, the manipulator control 

program recorded its position as 𝑝3
′ , and the manipulator  performed one last spiral search at the fourth registration 

point, 𝑝4.  This search process is illustrated in Figure 6. 



 

 

Figure 6 - Comparison of the nominal (blue) and measured (red) poses of the registration artifact reflectors after the 

first search repetition.  The expected positions for 𝑝2 through 𝑝4 are updated based on the measurements of the prior 

target locations. 

At this point, all four registration points were updated with their actual poses, and the process was then repeated 32 

more times using 𝑝1
′  through 𝑝4

′  as initial search locations to capture positional uncertainty and repeatability 

measurements.  Once the 33
rd

 iteration was complete, the manipulator signaled to the AGV that the manipulator had 

been registered with updated position (X-Y plane) and orientation (Z rotation) offsets.  The AGV then moves back 

to its home position, and the process repeated.  Figure 7 (a) shows the GT data at each of four locations and a close-

up of location 1 data in Figure 7 (b) for Run 1 for 33 times over approximately 10 min as expressed by the color bar.   

 

  

Figure 7 - (a) GT data of time at each of four locations in Run 1 for 33 times over approximately 10 min as 

expressed by the color bar. (b) Close-up showing the first spiral search at location 1 beginning Run 1 and no search 

detect (inset) at location 1 for the remaining 32 times. 

The close-up clearly shows data points plotted in curved lines from the first spiral search at location 1 at the 

beginning of Run 1. Then, no search was used detect location 1 for the remaining 32 times as depicted by the multi-

colored data points in a much tighter data pattern which spans approximately 0.8 mm in X and 0.5 mm in Y.  The 

plotted data is from only when the manipulator has a velocity of less than 0.1 mm/s.  Note the larger data spots 

shown in Figure 7 (a) for locations 1 and 2 compared to locations 3 and 4 proving that the mobile manipulator has 

registered pose with the RMMA. 

Table 5 shows the mean mobile manipulator position when the RLS detected the reflector for the remaining 32 time 

process, and for the number of thresholded points, as compared to each reflector center. Since the manipulator 
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almost continuously moves, perhaps even when the reflector is detected (e.g., when the laser moves across the 

detector), displayed in the table is a mean uncertainty of the RLS position compared to the GT reflector position 

center for all three runs.  

Table 5 – Actual reflector point locations and mean mobile manipulator positions when the RLS detected the 

reflector for the remaining 32 times as compared to each reflector center.

 Mean position (mm) relative to 

reflector center 

Run 1 Run 2 Run 3 

# points 26 74 41 

Location 1  

x (mm) -2.61 -2.57 -2.35 

y (mm) 1.09 0.05 0.83 

Location 2  

x (mm) -1.88 -1.74 1.46 

y (mm) 0.50 0.28 -0.73 

Location 3  

x (mm) -1.20 -1.09 -0.74 

y (mm) 1.29 0.94 0.69 

Location 4  

x (mm) -1.74 -1.81 -1.08 

y (mm) 1.62 0.83 -0.09 

 

After the third run, the data logs from the manipulator were also analyzed to estimate the positional and orientation 

accuracy and repeatability performances of the AGV as a function of the registration artifact’s nominal position and 

orientation.  The orientation error was calculated as the difference between the expected orientation of the artifact, 𝜃, 

and the average calculated orientation, 𝜃′, as determined by the angle of incidence between the calculated centroid 

of the artifact’s four measured registration points (𝑝1
′  through 𝑝4

′ ), and the mid-point between the measured 

registration points 𝑝1
′  and 𝑝4

′ .  Two different methods were evaluated for calculating the position error.  The first 

method simply compared the X and Y positional offsets of the centroid of the measured registration points with the 

centroid of the nominal registration point locations.  The second method corrected for the orientation error about the 

centroid of the measured poses, and then compared the measured location of 𝑝1
′  with the original nominal pose of 

𝑝1.   

 

Two metrics were considered in our analysis: 1) pass/fail for initially detecting the reflector after the first search of 

all four reflectors and 2) the positional repeatability when the RLS detected the reflector.  Table 6 shows results of 

the pass/fail test. Manipulator positioning was called a fail if after the first search trial and for the remaining 32 

trials, the RLS did not detect a reflector immediately at each location requiring a search to begin.   

  

Table 6 – Pass/Fail and dwell time results for detecting the reflector without a search.  

 Run1 Run2 Run3 

Number Fails for each 

position (1,2,3,4) 
1,1,0,0 15,1,0,0 1,1,5,1 

Total search time (s) at 

each location (1,2,3,4) 
41.5, 42.9, 0.0, 0.0 79.4, 40.2, 0.0, 0.0 41.6, 78.1, 38.6, 31.2 

 
Fails, therefore, correspond to the total search time that was required at each location.  This metric could correspond 

to the time the manipulator would require, for example, to perform an assembly operation.  Assembly times varied 

according to position uncertainty, part tolerances, initial pose error, search parameters, etc. 

 

Results of the second metric are expressed in Table 7 for all runs and with respect to the robot and to GT.  The robot 

uncertainty spanned between 0.01 mm and 0.74 mm in X and between 0.11 mm and 0.42 mm in Y with orientation 



uncertainty between -0.6° and -0.8°.  However, orientation uncertainty, for these initial experiments, does not 

consider the measured reflector center (see Figure 8).  Instead, as shown in Figure 8, RLS detection points may be at 

the upper and lower edges of location 1 and 2 reflectors, respectively, and cause large rotation error Ɵ and also failed 

attempts on following RLS detect attempts.   

 

Table 7 – Manipulator tool center point positional repeatability uncertainty, as logged by the manipulator and logged 

by the GT, when the RLS detected the reflector for the remaining 32 times.

 Repeatability uncertainty 

measured by the manipulator 

 Run 1 Run 2 Run 3 

Location 1  

x (mm) 0.15 0.74 0.11 

y (mm) 0.11 0.42 0.11 

Location 2  

x (mm) 0.01 0.09 0.07 

y (mm) 0.27 0.18 0.28 

Location 3  

x (mm) 0.21 0.01 0.35 

y (mm) 0.12 0.28 0.16 

Location 4  

x (mm) 0.03 0.022 0.05 

y (mm) 0.27 0.28 0.27 

 

 
Figure 8 – Graphic of possible orientation uncertainty when the reflector center is not detected. 
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5. CONCLUSIONS 

This paper described a concept for measuring the reproducible performance of mobile manipulators to be used for 

assembly or other similar tasks.  An AGV, with an onboard robot arm, was programmed to repeatedly move to and 

stop at a novel RMMA, sense the RMMA and the RLS, be repeatedly moved by the manipulator, and detect targets 

on the RMMA.  Experiments were performed that tested a multi-camera motion capture system for use as ground 

truth for the mobile manipulator measurements and tested each component of the mobile manipulator, including the 

AGV, the manipulator, and the RMMA.  Initially, ground truth was established by comparing results of the system 

to a metrology bar of known length.  Results showed that GT uncertainty in static positional accuracy was 0.022 mm 

and uncertainty of the orientation was 0.023°.   

Further experiments proved that both the AGV and the RMMA were moving even with: the AGV stopped while the 

manipulator is moving, the AGV weight being nearly 40 times heavier than the manipulator, and the research lab 

having a concrete floor on the first building level.  Results for the AGV and RMMA show that position uncertainty 

spans from approximately 0.15 mm in X and 0.25 mm in Y for the AGV and 0.5 mm in X and 0.6 mm in Y for the 

RMMA.  When these uncertainties are combined, maximum uncertainties can be (X = 0.52 mm, Y = 0.65 mm) 

which could induce enough position offset to the reflector to cause the manipulator to begin a search at each 

location.  Since the initial spiral search provides reflector detection by the RLS at the reflector edge and not at the 

center, the spiral search is perhaps not the complete performance test method.  Instead, an additional raster scan of 

example data points 

reflector 
reflector center 

Ɵ 



the 6.35 mm diameter reflector should follow the spiral search and the average detect position should be at the 

center of the reflector.   

By detecting the reflector center, it is expected that the specified manipulator repeatability of 0.1 mm combined with 

the AGV and RMMA movements would provide increased detects at each reflector location after the initial scan, 

potentially without the need for a spiral search again until the AGV moves and returns to the same location.  As 

measured by the manipulator, the largest maximum positional repeatability uncertainty was (X = 0.74 mm, Y = 0.42 

mm) where adding the maximum AGV and RMMA movements uncertainties could be as high as (X = 1.26 mm, Y 

= 1.07 mm). However, detection of the reflector edge potentially guarantees no better than 50% reflector detection 

since uncertainty could place the laser on or off the reflector.   With respect to GT, the maximum uncertainty when 

adding AGV and RMMA movement to mean reflector detect position, compared to the reflector center, was (X = 

1.46 mm + 0.52 mm = 1.98 mm, Y = 1.62 mm + 0.65 mm = 2.27 mm) or 3.01 mm radius.  Therefore, if the 

retroreflective laser sensor was initially positioned at the 6.4 mm diameter reflector center (i.e., 3.2 mm radius), the 

laser should always detect the reflector.  The test method used to measure the mobile manipulator performance 

appears appropriate with results that match system uncertainties and leave goal point search (e.g., raster scan to find 

the reflector center), reflector detect time, and perhaps other improvements to consider for future tests.  
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