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Abstract—This paper describes the simulated performanceposition science instruments on targets of interest.

and experimental validation of a computationally efficialat

gorithm for improving positioning accuracy of robot arms Targets in this system are designated in stereo images thy ear
using low speed feedback from fixed stereo cameras. Thkased controllers. The target designated through visitnit is
algorithm, called End-Effector Position Error Compensati angulated into a 3-D point in the camera pair's coordinate
(EPEC) is robust to visual occlusion of the end-effector andsystem. When this position is uploaded to the arm, there is a
does not require high fidelity calibration of either the arm o visible discrepancy between the final position of the arm and
stereo camera. The algorithm works by calculating an erthe initial command. Currently, this discrepancy can be as
ror vector between the locations of a fiducial on the arm’smuch as 1cm [3]. This system requires three consecutive sols
end-effector as predicted by arm kinematics and detected bfplanetary days) to complete. On sol 1, the command is sent
a stereo camera triangulation. With this knowledge, the-comto take images of the target. When the images are received,
manded target pose is adjusted to compensate for posigionirthey are analyzed and a target is chosen. On sol 2, this tar-
errors. A simulation environmentwhere arbitrary error ban  get is uploaded along with a command to take another set of
introduced into arm-camera systems is introduced and useddages to verify placement. On sol 3, the placement is veri-
to provide an assessment of the performance of the algorithrfied in the second set of images and the science operation can
under both ideal and degraded conditions. Experimental recommence [16].

sults in the laboratory and on Mars are presented to validate

the simulated performance estimatés. The desire to increase science return from in-situ plagetar
exploration has driven a new trend of research to perform
placement of an instrument on a distant (10m away) science
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2. PRIOR AND RELATED WORK
1. INTRODUCTION

End-Eff Position Error C ion (EPEC) i IThis work has been performed for application to MER style
na- ectqr 05|t_|on rror _o_mp_ensatlon ( )isana “arm/camera systems where a manipulator, typically 5 dsgree
gprlthm for improving the posmomng accuracy of robot ma- of freedom, is rigidly mounted to the rover body along with
nipulators in arm-camera systems like those employed on thg e field of view (120+) stereo pair of hazard avoidance
Mars Exploration Rovers (MER). These rovers each have Rameras (hazcams) [10]. Science targets are designated in
5 degree of freedom arm, called the Instrument Deployme e hazcam images and the arm is used to place a science

Device (IDD), mounFed to the rover ba_sg along with a Pallinstrument on the target. Generally this is done using alpure
of CCD cameras calibrated for stereo vision that are used tRinematic model which includes a model of deflection due

11-4244-0525-4/07/$20.06/2007 iEcE to gravity in the arm. On MER, this closed-loop system is
2|[EEEAC paper # 1636 accurate to approximately 1cm [3].



The state of the art for vision-based instrument placement olated by kinematics and by vision, called the correction-vec
a planetary surface was the recent use of the Hybrid Imagder, and using it to modify the original target pose. This-pro
Plane/Stereo (HIPS) algorithm [4] to update camera modelsess is illustrated in Figure 1.
offline for the MER rovers. HIPS is based on the Camera

Space Manipulation (CSM) [14] [13] concept, but modified to Dosired Tool Tool Pose Cartesian

Pose (target Motion

work for very wide field of view cameras with a target close from stereo
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Figurel. EPEC algorithm block diagram

The desired tool posd’r..;, is a vector of: x, y, z, azimuth,
Other related work includes Robonaut, a robotic astrosaut’and elevation of the tool. It is designated in Cartesian epac
assistant being developed at Johnson Space Center, fdn whi@ssociated with the camerds;, . The arm kinematics operate
a hand-eye calibration method has been proposed for moi@ @ second Cartesian space, manipulator space, designated
accurate grasping [11]. This technique uses an end-effectd’r- It is assumed in this process th@: = C,. Inverse
mounted spherical target that is detected in the robot'sl heakinematics is performed on the target point to produce afset o

mounted stereo cameras to calibrate its 7DOF arm’s kinejoint angles corresponding tBr,.; in C, to which the arm
matic model. is commanded to move. The process of taking images, identi-

fying the fiducial, and triangulating the end-effector lboa
Visual servo control is well researched and has an estaflish identifies the tool locationXr,,, in Cy. At current, using
lexicon [7]. In this field, EPEC is a look-and-move system one fiducial can only identify the location (x, y, z) and nat th
because the vision system is calculating commands which afglll pose (which includes azimuth and elevation angles). To
fed to a joint space controller. Itis a position based sysiem accommodate this?r,,; can be truncated i@y, by ignoring
cause the error calculations are made in Cartesian space apg@imuth and elevation data to g&t..;. The difference be-
not in camera space. Because both the target and end-effectween theXr,,;, value inCy andC}y, is the EPEC correction
are identified in the vision system, this is also an endpointvector.
closed loop system (ECL).

Basic operation of EPEC is to move to a target, calculate the
The major difference between EPEC and traditional visuaForrection vector, apply the correction vector to the targe
servo systems is that EPEC generally requires only one itand then move again with the corrected target. This process
eration of the correction. This allows for either the use ofcan be repeated in a servo loop indefinitely until the final er-
newly calculated correction vectors or a lookup table tolppp ror is below a desired threshold. However, with an operator
an appropriate correction vector, calculated earlierhuuitt checking each commanded move from EPEC, additional iter-
additional use of the stereo cameras. The primary advantagéions will require additional sols of operation time. Fbet
of this approach is the inherent safety. All commands from/DD scale manipulators investigated in this research, tne i
EPEC can be observed by ground based controllers before bgration has generally been sufficient to achieve accurady we
ing uploaded to the spacecraft. The arm motion is never lefbelow the 1cm baseline.

solely to an onboard closed-loop visual servo system. This
step is critical in in-situ rover operations. Additionally, because the correction vectors are intgaly

associated with the location in CV space where they are cal-
The EPEC correction vectors can also be stored and observédilated, if a target is located close to a correction vecar ¢
as a diagnostic tool. In this way, EPEC is essentially arfulated previously itis possible to perform a feed-forwadd

open-loop feed forward error compensator and an observeition of this correction without performing the costly igxa
of arm/camera degradation over time. ining and triangulation. If this system does not achieve the

desired error tolerance, a full position based visual s&ep
After describing the details of the algorithm, these tweeisle could be employed by iteratively taking more images and cal-
are addressed through simulation and experiment. culating and applying new correction vectors.

3. ALGORITHM DESCRIPTION This algorithm is not limited to final target points. Interme

i . diate waypoints could also be corrected for in the same man-
End-Effector Position Error Compensation (EPEC) works by by either adding the appropriate correction vector feom

taking the difference between the end-effector locatidowea  {5pje or by stopping and calculating new vectors along a mo-



tion. The experimental and simulated robot/camera systemsamera location is then projected back as one ray from each

in this study all had sufficient path following accuracy es camera through a second set of camera models with errors

than 1cm) that this additional capability was not necessarnyintroduced. The intersection of these two rays (or its dbse

but it is an avenue for future research. approximation) is the perceived arm location. The discrep-
ancy between the commanded pose and the perceived pose is

Itis important to note, however, that this algorithm measur the correction vector.

all errors in camera space. The initial target is designated

camera images and the final location is also calculated fronn this setup, a similar set of forward and inverse operation

camera images (with or without EPEC corrections applied)is performed on both sets of models. For validation, the same

Even if the target and final poses match perfectly, thereccoulcamera and arm models can be used in this process and the

be some bias error between the camera designation an dthesult will be no final positioning error. The location therar

true world frame location. Since the goal of this system iswas observed would be exactly where it was commanded to

only to move the end-effector to a target designated througmove.

vision, any bias error is ignored. Additionally, for mostssy

tems where this algorithm would be used, this bias wouldTo asses the performance of EPEC, the process described

likely be small. above is performed in two stages, as illustrated in the figure
In stage 1 of the simulation, the correction vector with a tar
4. SIMULATION ENVIRONMENT get pose is calculated. This correction vector is then added

To assess the performance of the EPEC algorithm under 10 a target deS|gr_1ated in stage 2 and the process 15 repeated
X . . : . 0 calculate the final error. The poses designated in stage 1
wide range of error conditions, a simulation environment . ?
nd 2 do not need to be the same. The experiments outlined

where arbitrary errors could be set and the performance O<Fllf)lelow have a goal of observing the performance degradation
the algorithm measured was created. With the assumption 9 9 P 9

that the closed loop joint control system produces zeralgtea as these two poses move further apart.
state error, discrepancies in the final positioning of tha ar
can be attributed to errors between the actual hardware (arm 5. PARAMETER SPACE

and cameras) and the associated models. To simulate thiBpr the stereo cameras, CAHVOR models [6] were used and
two copies of each model are used: a nominal set to represeaélculated with an unsurveyed calibration method [1], whic
the models used in the control software, and a perturbed seteans that the ground truth measurements of arm, camera,
with controlled errors to represent real hardware. Thisusim and calibration targets is not known. All models produced
lation environment is illustrated in Figure 2. are relative to the camera frame. Each model has 18 possible
parameter values. For simplicity, the radial lens distortpa-
rameters (R) were ignored in simulation and it was assumed

e g Kfne“ﬂiilti;?:j:’vﬁf’m% [ — P that the CCD pointing vector was aligned with the lens vector
{with error) (with error) (O=A). This reduces the number of camera parameters to 12
somdngles A Pose Lovatons per camera. Because the cameras are used in a pair to per-
S - form stereo triangulation, not the individual parametduea
O but errors between the two cameras are important. To account
Stage 1 Vesior for this, two identical camera models were produced with one
5 model was offset by an appropriate baseline of 10cm. Errors
. e —— reces Were introduced into only one of the two cameras while the

Forward Camera Observation 1 A Pose 1
Target ( ) Inverse | | Kinematics (e T o) Stereo Triangulation Othel’ was Ieft f|Xed

Pose Kinematics 3 . (back-project from camera)
+ (with error) (with error)

) ) ) ) ) For the arm kinematics, the standard Denavit-Hartenberg
Figure2. simulation environmentblock diagram convention [5] was used on the 5 degree of freedom arm. This
produces 4 parameters for each link for a total of 20. The arm
Given a target pose, inverse kinematics are performed usinf§ &ranged in a yaw-pitch-pitch-pitch-yaw configuratim
a nominal arm model, this provides a set of desired joint anadditional transformation was used to relate the fiducigtéo
gles. To simulate the robot moving to these joint angles forend effector. No errors were introduced into this transform
ward kinematics is performed on a second arm model which . ) ) . .
has some amount of error introduced. The result of this proYVith this set of parameters defined, it was possible to examin
cess is the actual Cartesian pose of the arm which, in the re3PW €rrors in each parameter individually affect the tod p
system, is not known since there is no ground truth data. Th&tiloning error and how they are compensated with the EPEC
true value of this pose is not known; it can only be observed!90rithm. This makes it possible to identify key parameter
with the camera system. This observation is another tW(yvhuj,h may require additional c_on5|derat|on_dur|ng the-cali
stage process which involves projecting the 3-D arm logatio Pration process. A representative plot of this one paramete
into camera pixel space (a 2D pixel location on each camergnalysis is shown in Figure 3. On the leftis a plot of correc-
CCD). This is done first with a nominal camera model. Thistion vectors caused by error in the first yaw angle parameter.



All errors radiate perpendicular to the arm direction anolgr ~ was calculated. The error corresponds to the correctiotovec
as the distance from the first yaw joint increases. This is tat that target. To implement EPEC, the arm was commanded
be expected with a rotational error. The error magnitudefro again, this time with the correction vector added, and the fi-
this parameter error is manageable and sufficiently compemal positioning error was calculated. This represents #st b
sated with the EPEC algorithm. The right side of Figure 3performance possible with only one iteration.

shows positioning errors when compensated with EPEC. Per-

forming the same procedure on the other 31 parameters prdable 2 outlines the results of this test on the nine elenmnts
duced similar results. the parameter space.

Error Vectors Pre-EPEC from Yaw Error

EPEC Locality

The second goal of this analysis was to determine the effec-
tiveness of a correction vector when it is applied away from
the place where it was calculated. To test this, a correction
05 e vector was calculated at one location and then applied {o tar
=9 gets throughout the workspace. Of interest now is the final
o4 RN RN N positioning error at a target along with the distance betwee
the target and the place where the correction vector was cal-
= culated.
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For each of the 9 parameter sets, three starting locatiors we
0 selected to calculate the correction vector. This vectass wa

0.2

0.2

06 then applied to each of the targets throughout the workspace

0.4
X position (m)

The mean error was calculated at each target and plotted vs.
distance from the location where the correction vector was

¥ osion(r -0.2 calculated. The result of this test for the first parametér se
is shown in Figure 4. The three colors in this plot represent
the three targets: target 1 in the center of the arm workspace
) ) ) target 3 in the center of the camera field of view, and target 2
Figure 3. EPEC Correction Vectors plotted in arm op, the extreme edge of the workspace. In all cases, the three
workspace; error introduced only to the arm yaw parametefargets agree and it is possible to calculate a trend line.
and resulting errors are concentric with arm yaw

Figures 4 through 6 illustrate the three cases of arm kiniemat

To perform a full analysis of this large number of parameters &70rs only. In all three cases, the final positioning errorgs
linearly with distance from the correction vector location

a statistical approach was employed. Three levels of erro
were chosen for each of the parameter types (lengths, angles o .
etc.) and these levels were used as the standard deviation inl e three sets in this group represent three levels of iserea
random distribution. Three groups of parameter errors were

selected: arm only, camera only, and combined. Table 1 out- Table 1. parameter set error magnitudes

lines these three groups with the standard deviations &r th c c
three levels of intensity. This created 9 parameter groups, ;S '*}—; -
each with 100 members whose values are a random distribu- S 5 S S = o
tion which adheres to the standard deviations in Table 5. £ ] o ?‘5 nfé § E
S E o © ° I et
The intent for this analysis is to observe the combined influ- % g = % % § g
ence of all parameter errors in a combined manner on the arm n - < O O L o
motion and EPEC correction. For each of the tests outlined Arm1 1.0 0.5 X X X X
below, all 100 parameter sets in each group are tested andthe Arm2 1.0 1.0 X X X X
results are averaged. Arm3 25 10 X X X X
6. P S Cam1l X X 1.0 005 1.0 5.0
. FPERFORMANCE SIMULATIONS Cam2 X X 55 015 25 125
EPEC at the Target Cam3 X X 50 030 50 250
The first goal of this analysis was to determine the effeetive Al 10 05 10 005 10 50
ness of the EPEC algorithm. To this effect, this first test was Al2 10 10 25 015 25 125
designed to test how the algorithm would perform when an Al3 25 10 50 030 50 250

images was available directly at the target location. I8 thi units: mm  deg.
test, the arm was commanded to a target and the initial error

mm deg. pixel pixel
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Figure4. final positioning error vs. distance from correction Figure5. final positioning error vs. distance from correction
vector for mild errors in arm DH parameters only (arm set 1)vector for increased errors in arm DH parameters only (arm
set 2)

ing error and likewise the three trend lines on these sets hav
increasing slope. As errors in the arm model increase, the
area where a correction vector can produce a desired level o
positioning performance will decrease linearly. This ig no
surprising, since Denavit-Hartenberg parameters comwndist
two types: displacement and rotations. Small errors in the
link lengths or offsets in the kinematics would correspomd t
similar small displacements of the end-effector. Assun@ng
small angle approximation, the same is true for arm angles
and link twists.

Errors in the extrinsic camera parameters correspond to dis
placements and rotations of the camera frame with respect tc
the world (or arm) frame and would result in the same dis-
placement of the end-effector described above for arm kine-
matics (assuming again a small angle approximation). Er-
rors in the intrinsic parameters of the camera model, how-
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= 0.015
=
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ever, will result in ranging errors, which grow quadraticly rigyre6. final positioning error vs. distance from correction
with distance from the camera. As the chosen intrinsic payector for severe errors in arm DH Parameters only (arm set

rameter errors are rather severe, it is not surprising that t g

overall error increases quadraticly with distance. Thelltss

for these camera error cases are shown in Figures 7-9. In

these cases, there is a quadratic increase in the posgienin

Table 2. error magnitudes in mm for EPEC at the target  for as the correction vector is applied away from where it was
calculated. Again, as with the arm error cases, the slope of

Set No EPEC With EPEC this trend increases as the severity of the introduced ésror

Figures 10-12 show the results of the three combined error
sets. Not surprisingly, combining the linear and quadratic

ror trends produces another quadratic trend. Figure 13 show
the trend lines from all 9 parameter groups without the indi-

vidual data points. For the error magnitudes chosen, the cam
era model errors dominate the algorithm performance. The
maghnitude of the camera only errors is substantially higher
than the kinematic errors. Combining the two produces a lo-

Name MeanErr. Std. Dev. MeanErr. Std. Dey. Increased.
Arm 1 12.2 0.7 0.3 0.01

Arm 2 23.0 1.2 0.9 0.05

Arm 3 25.7 1.5 1.2 0.07

Cam1l 3.3 2.0 0.06 0.07

Cam 2 8.4 54 0.40 0.45

Cam3 15.9 9.7 1.50 1.70

All 1 4.9 1.0 0.09 0.04

All 2 10.8 3.2 0.50 0.35

All 3 19.0 9.4 1.90 1.80

cality plot that is only slightly worse than camera errorgon
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7. EXPERIMENTAL RESULTS Correction Vector Measurements

The first experiment performed was simply a measurement
of correction vectors throughout the workspace. The arm
To validate these simulations, EPEC was tested on a represewas commanded to 100 target points evenly spaced at 5cm
tative hardware arm/camera system. The test arm, shown ithroughout the workspace. At each target, the arm location
Figure 14, is a wall mounted 5 degree of freedom manipulawas calculated through kinematics and through vision and
tor with identical configuration and similar sizing to the RE  their difference, the correction vector, is plotted in Figa5.

IDD, approximately 80cm at full extension. The cameras arelhe vectors are anchored (with a dot) at their location calcu
rigidly mounted to the robot’s back plate, have a 10cm baselated by vision and they point toward the commanded target,
line, and are angled at 3@own. They have 2.8mm lenses, showing the direction of the correction.

a 640x480 pixel CCD with 4.65um pixel size and a field of

view of about 90. At 1m away, this configuration corre- This experiment serves as a baseline for positioning perfor
sponds to 1 pixel translating to approximately 1mm in ldteramance and also gives a visualization of the modeling error
error and a 0.3 pixel error in stereo disparity matching lerro through the workspace. The mean size of these 100 correc-
resulting in 10mm of range error. However, because the altion vectorsis 1.5cm. A comparison of these results to the in
gorithm uses a target designated in the same stereo pair thdividual parameter error measurements discussed in ®ectio
it uses to compute the error vector, it can achieve muchibettes may reveal particular parameters of concern. For instance
placement performance in practice. if all error vectors radiate outwards from the camera center

Experimental Setup
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tion vector for severe errors in arm and camera (combined set
3)

Figure 13. combined best fit trend lines for figures 4-12

There is a large (+/- 2mm) spread on all the data collected, bu

this can be attributed to measurement accuracy and human
(as these do) there is most likely an error in a parameter thaiperator error. As expected, there is no relationship betwe
effects stereo ranging, such as the baseline measurementdistance to target and positioning when EPEC is not used.
camera rotation. The mean of these targets is also identical to the 1.5cm-calcu
lated in the previous experiment. With EPEC, however, there
is a clear trend in better performance for targets close ¢o th

The second experiment performed was an exact copy of thceorrectlon vector. An exact fit with noisy data would require

. ) : . . . . more data points, but a simple linear fit gives a good idea of
simulated locality experiment described in section Sectio . o
. .EPEC performance as both a linear and quadratic fit would
6. The arm was commanded to three different start posi: . .
. ) . . . be very close at the small scales (10cm or less) in question.
tions and a correction vector is calculated associated with
that point. This correction vector is then applied to each of
MER Results

large number of targets spread throughout the workspace. Us
ing a laser rangefinder total station (Leica Geosystems mod& he EPEC algorithm was employed as a ground tool to aid in
TCRA1103+), the target location is measured along with po-motion planning on mission sol 698 on the MER rover Op-
sition of the arm before and after the application of the cor-portunity. On the previous sol, three arm commands were
rection vectors. The final positioning error (distance fibia  uploaded and images with corresponding joint angles were
target location) is plotted against distance from the tlse@e  recorded. With this information it was possible to measure

rection vectors. Figure 16 shows the result. the correction vector and upload corrected target location

Correction Vector Locality



Locality of EPEC Correction Vectors
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The analysis shown here has provided compelling evidence
0.4

that the EPEC algorithm can make significantimprovementin
arm positioning accuracy with a simple and computationally

. . i ) efficient implementation. Analysis of the correction vecto
Figure 15. correction vector field for experimental System, |,04ity was also critical in ensuring that this algorithrowd

plotted in world coordinates with arm base and camera l0cay,, 1y nder non-ideal conditions. The simulation prediott

tion final positioning errors will grow smoothly and predictaldy
result which was verified through experiment. Given the con-
straints and hardware capabilities in the class of opearatio
On sol 701 the images of the arm at the new, corrected posexplored in this research, EPEC appears to be an excellent
tions were received. Figure 17 shows one set of before anthethod for improving positioning, either as a standalone al
after images and Table 3 outlines the before and after posgorithm or in conjunction with existing methods.
tioning results.
9. FUTURE WORK
On the first and third attempts there was significant improvebomparison Study
ment on the order of 1cm to 1mm. However, the second at-
tempt resulted in a strong reflection of the sun off a portibn o Currently underway is a comparison study to gauge the dif-
the end effector and the images were saturated near the fidéerences in performance and computational requirements be
cial. On this attempt the results were no better than the-baséween EPEC and two other vision guided manipulation al-
line. Additionally, as there was no ground truth measuregmengorithms: Hybrid Image Plane/Stereo (HIPS) and DH-Tune.
available to verify these numbers so any biases in the visiomhese three methods each address the issue of errors in cam-
system (such as fiducial detector bias) would be present in aéra and arm models differently. HIPS compensates error by
measurements. recalibrating the camera models only, DH-Tune recalcslate
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Figure 17. application of EPEC correction on Opportunity
IDD, sols 698 and 701

the arm models only, while EPEC makes corrections in Carte-

sian space while keeping both models unchanged.

Fiducial Detection

There are numerous improvements which can be made to t
implementation of this algorithm to improve performance.

Table 3. positioning error with EPEC on Opportunity IDD,

sols 698 and 701

Error Before Correction Error After

Correction Vector (m) Correction

Attempt 1 6.9 mm (-.00499736, 0.50 mm
-0.00470137,
-0.00100508)

Attempt 2 6.8 mm (-.00523693, 7.2 mm
-0.00310702,

-0.0030674)

Attempt 3 11.9mm (--00956444, 0.39 mm

-0.000652192,

-0.00700548)

culate correction vectors whenever a proper fiducial (ssch a
the Mossbauer spectrometer ring) is visible. Research-is un
derway to use these data to give a time history of arm/camera
degradation or as an offline EPEC correction vector table.

MSL Scale Tests

The robot arm on the proposed Mars Science Laboratory
(MSL) mission is more than double the length of the MER
IDD. Camera ranging errors and kinematic positioning esror
will both be magnified on a longer arm. For this reason it
is expected that the baseline positioning performance on an
MSL size arm will be more than 1cm. Characterizing this er-
ror and observing the improvement caused by the use of the
EPEC algorithm is another avenue of continuing research.
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