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Abstract—

NASA’s Mars Exploration Rovers’ (MER) onboard Mo-
bility Flight Software was designed to provide robust and
flexible operation. The MER vehicles can be commanded
directly, or given autonomous control over multiple aspects
of mobility: which motions to drive, measurement of actual
motion, terrain interpretation, even the selection of targets of
interest (although this mode remains largely underused).

Vehicle motion can be commanded using multiple layers
of control: Motor Control, Direct Drive operations (Arc, Turn
in Place), and Goal-based Driving (Goto Waypoint). Multiple
layers of safety checks ensure vehicle performance: Com-
mand limits (command timeout, time of day limit, software
enable, activity constraints), Reactive checks (e.g., motor cur-
rent limit, vehicle tilt limit), and Predictive checks (e.g., Step,
Tilt, Roughness hazards).

From January 2004 through October 2005, Spirit accu-
mulated over 5000 meters and Opportunity 6000 meters of
odometry, often covering more than 100 meters in a single
day. In this paper we describe the software that has driven
these rovers more than a combined 11,000 meters over the
Martian surface, including its design and implementation,
and summarize current mobility performance results from
Mars.

Keywords—
���������
	��
	��
�����������������
	�������� �
�"!�#��$�
	�%&�(')���*���

�*	��+	��-,�	��.�0/"�"�(1�����23�
	�4.	�,5	�26�746�8�9�"!:���
�0	�4;��%<��2./"��=.�
	��
���>�
�0	�4;�
�9�0�
26��/?	9@.	�,5�A�*�
1��3��!�	�,5	��
�0	�4

TABLE OF CONTENTS

1 INTRODUCTION 1

2 MER FLIGHT SOFTWARE ARCHITECTURE 2

3 MOBILITY MANAGER SOFTWARE 3

4 LOW-LEVEL DRIVING 4

5 AUTONOMOUS DRIVING 5

PRIMARY AUTONOMOUS CAPABILITIES 5

TERRAIN ASSESSMENT OVERVIEW 7

ROBUST STEREO IMAGE PROCESSING 8

TERRAIN ASSESSMENT 8

B
0-7803-9546-8/06/$20.00 c

C
2006 IEEE

AUTONOMOUS GOAL SELECTION 10

6 DEPLOYMENT RESULTS 10

SOFTWARE VERSIONS 11

7 CONCLUSION 13

8 ACKNOWLEDGEMENTS 13

1. INTRODUCTION

Figure 1. Mars Exploration Rover.
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Figure 2. Schematic drawing of Mobility and other related software modules, and examples of the types of messages or
information that pass between them. IMG does Image Acquisition, Cmd processes ground commands, ACM is the Activity
Constraint Manager, ARB arbitrates use of resources, MOBM is the Mobility Manager, NAV does the high level navigation
processing, Drive executes primitive drive commands, MOT controls all motors, SAPP manages onboard pose estimation,
IMU processes IMU data. Hexagons represent Hardware Objects.
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3. MOBILITY MANAGER SOFTWARE
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Fault Type Description

Higher level errors - vehicle not necessarily in a dangerous state
ARB resource rescinded, may be due to comm pass
ACM ACM said not-OK-to-drive
POT CAL STEERING using a bad potentiometer
TOD time-of-day limit reached during command
STOPPED STOP DRIVING or a shutdown command
WAYPT TIMEOUT GO TO WAYPOINT command timed out
NO PATH NAV could not find a safe path
NO PROGRESS insufficient progress, limit cycle or stuck
BUSY sequencing error, mobility already running
VISODOM too many Visodom steps failed to converge

Reactive hazard detection - something bad DID happen with the hardware
IMG IMG reported an error grabbing images
SAPP SAPP error, probably a problem with the IMU
MOT MOT reported error other than contact switch
IDD IDD unstowed during drive
DRIVE TIMEOUT single step during GO TO WAYPOINT timed out
CSW motion was stopped due to contact switch
TILT excessive or unknown tilt during drive
SUSPENSION excessive or unknown susp during drive
BAD TABLES drv tables enabled but corrupted
NORTH insufficient northerly tilt angle

Table 1. Mobility Manager Fault Types. The topmost faults result in a Goal error, which indicates the vehicle is still safe but
failed to achieve its objective. The lower faults result a in Motion error, i.e., the vehicle has already entered into an unexpected

state and is precluding any further motion pending Earth-based analysis.
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4. LOW-LEVEL DRIVING
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5. AUTONOMOUS DRIVING
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Terrain Path Visual
Driving Mode Assessment Selection Odometry Spirit Opportunity

Directed Driving no no no 451 m 9% 1973 m 33%
Visodom no no YES 410 m 8% 561 m 9%
Blind Goto Waypoint no YES no 2196 m 46% 1911 m 32%
Visodom Goto Waypoint no YES YES 379 m 7% 121 m 2%
Guarded Motion YES no no 36 m 1% 117 m 1%
Guarded Visodom YES no YES 0 m 0% 0 m 0%
Autonav YES YES no 1315 m 27% 1262 m 21%
Autonav with Visodom YES YES YES 3 m 0% 0 m 0%

4798 m 100% 5947 m 100%

Table 2. MER driving mode usage as of 15 August 2005, counting 573 sols for Spirit and 555 sols for Opportunity. (Distances
are as measured onboard, and can be overestimates of actual distance traveled if wheels slip during non-Visodom drives. Only

rover translation distances are reflected here; turn in place and single-wheel trench digging motions are not reported.)

Figure 3. Illustration of Terrain Assessment and Path Selec-
tion. Red cells indicate unsafe areas around the large rock,
yellow cells indicate traversable but rougher areas around the
smaller rock, and green cells indicate safe and flat areas.

,a��= ] �J���+5 �0!�26�
� � ^>�N��46@e�u'm���0!�#:�*��@ ������/026���
�0	�4q	�%x�
#6�
�A	�46�J�
�"�
2.��4����A��/0/��L�0�v���*�J�0!�46��@i�
	�������#u=6���*#W_l`)#.�0�t�
���J26/n���
�04q�w�
�A�$	�%

Obstacle
=6���*#q������/026���*�"	�46���c/"	�' ����/02.���a�046@3�"Z

�����
�x��/"���
�M�
���8�����*�*���6/"�c=
���
#;�.#.�0!�#f����/"2.���)�"4
@3�0�����*�H��,5	��*�
�
���8�����*�*���6/"�P=6���*#W_

' 4
Path Selection

�6�*#.�v�*	������c���F!��"����4i��23�
	�4.	�,5	�2
�F�A	�4:�
�*	�/
	������P�"�*�t@3�
�0���5@3�0�
���>�*�"	�4 ]<�"4w�A	�4:�
�����J�F�
	

Directed Driving
�

�04b'N#.����#I�"�5%K	�/0/"	�'c���o�J�04.!�/0�Y=.�
��Z ��	�,5,a��46@.��@[���*�R=6���*#
^>_
` 	u�
��/0���A�$��,5	�4.!o,t26/n�*�"=./0�j=6���
#6�����*#.�j�A2.�*�*��4:���t� � !�	���/
]<��46@ �A2.�*�
��4:�v�*	������ �?^t�0�5�*��=6�
	
�(���>�*��@u%K�*	�, 'm	��*/�@w%K����,5�
�04��*	j�
	������P%K�*��,5��� ��46@ ��	��*���L���
�a���*�
�"!�4.��@��
	���/0/�=+	��*�J�0�./0�
����46@3��@.���*�5=6���*#6�L�����A	���@3�04.!$�*	l#.	�'y� �+���>�
�0����/"1i������# =6���*#
'm	�2./�@u@3�
�0���5�*#.�$�*	������x�
	�')����@i�"�*�t!�	���/�=+	��04���_Y`)#6�$=6���*#
�
#
���l'M	�2./0@q/0����@ @3�0�
���>�*/"1q�*	�'m���*@b�
#6� !�	���/P�0�R!��0����4e�
#6�
#.�0!�#.���(�����8��/"2
���
�0	�4;��	��*#.����=6���
#6�����
�)���*�
�"!�4.��@t/"���
�
���-����/02.���
�����A	��*@3�04.!j�*	o�ugx��2
�
�
�0��4I@3���(�*�
�0�.23�*�"	�4W_[`)#.�Y�����*�0��46�A�R	�%
������#L@3�0�J�
�*�0�.23�
�0	�4L���;��	�43d
!�2.�����./0����4.	�,5�046��/0/01 � _ S)��2.�
�����
2.�*�
2.4.�"�*�N%K	��c����������@"�v@3��!��*�����M%K	��c=
	��"4:�)�
26�
46��_

`)#.���
�����
�M��/��J	)�('m	c	��+Z 4.	�,5�046��/��
��#6�8�9�"	��*�W�8�����"/����./0��VO�6����}:Z
2.=6����46@�/0�",5�"���A13�A/0�)�
2.�*46��_-gH	:��/��7�
#6����/"�0�N�046�J��@3�)�*#.�)�
�0!�#:�JZ
���J�)�
2.�*4.�04.!a�A�0�*��/"�a] �A	��*�*���
=
	�46@3�04.!��*	5��4Y���*�P'N�"�
# �P,5���
���
����@3�026��^c����4.4.	��F�
���*������#6��@l26�
�"46!R���������O�J	$�04��*#.	��
�v�
�"�
26��Z
�
�0	�4
�M��4f�����)�
#
���M�
����}3���8')�81�%K�*	�,p�
#6�F!�	:��/
�0�m�J��/"���>�*��@$���
�
#6�t=.�*�A%K���
�*��@l�����x=6���
#W_-�e#6��4��6����}9�"4.!a26=��"4l�*#.���F,5	3@3���
�
#6� �*	������R@3	9���Y� � :HZ �
2.�*4��.�c@.�
�0�9�"4.!b�"4 �n���R�
�0!�#:�
���(�j�����
�8')�81�%K�*	�,s�
#.�P!�	���/6/0	3�����*�"	�4W_-EF�M	�% 5.���.�*26���*1�S�T�T��.��'N#.��4
�v�6����}92.=$�+��#
�8�:�0	��m���M��#.	:�J��4a�
#6�H#6�"!�#.���J�m=
���
#R������/026���
�0	�4
���5#6��/0����@?��'N#.����#b�04 =.�*���>�*�0���Y����26�
���5�o=
	��"4:�5�
26�
4b�
	u�+�
=.�*�A%K���
�*��@i	������x��4o�������*#6���L�6����}3�P26=W_�`)#6���*���
2./"�H	�%��*#.�0�
=.�*	3�A���*�
�"4.!I�0�Y�b�
�A�Y	�%

Waypoint
���8��/"2
���
�0	�4
���c'N#6�0��# ���
�

,5���*!���@I'N�"�
# �
#6� XP�6�(������/"�l=6���
# ������/026���*�"	�46�a��4
@I�*���
2./"�
�04

Hazard Avoidance
����=6���.�0/"�"�(1��O�"%M`;���
�����04iEP�
�
���*�J,5��4��H�0�

��/��
	���46���6/"��@?_

`)#.�x�J���A	�46@a	��+Z 4.	�,5�046��/+�
��#6�8�9�"	��M@3���
���>�*�m'N#.��4$�*#.�P�*	������
%<���0/��W�*	F,a��}���=.�*	�!��
���
�W��%&�
��� ,v2./n�*�"=6/"�m�(�*��=6��_7`)#6�0� 'N�"/0/9#6��=.Z
=+��4o�n%6%P�0�
26��/�XH@.	�,5�A�*�
1j@3���
���A�*�x�
	f,t2
��# �
/"�0=��*#6���x/"�"�J�*/"�
=.�*	�!��
���
�L����,a��@3����	��t�"%c�
#.�R=6���*#w�
	i�
#.�R!�	:��/����v�./"	3��}���@
�91Y�
	9	$/����*!��t��4�	��6�J�*���A/0�t��4
@Y�
#.���
	������N}�����=
�c�*�
19�04.!$2.43Z
�
26�������*�(%K2./0/01f�*	f@3�*�"�������*	�2.46@l�"��_ ' 4j���n�*#.���H�����J���.�
#6�

Limit
Cycle Check

'N�0/0/M@3���
���A�t�*#.�f�A	�46@3�"�
�0	�4[��46@u���"�
#.���L�
���
,5�"Z
46���
�Y�
#.����	�,5,a��46@I	��5%K	��*���f�*#.�j�
	������v�
	o�
26�
4 �"4q=./������
�
	�,5�P��,�	�2.4:���
	v!����m��46��'e#.����@3�04.!6�:%K�*	�,p'N#.����#f�"�M,5�"!�#:�
d646@l���+�A�J�*���c=
���
#j���
	�2.46@f�
#.�L	��6�(������/"��_

' 4
Visual Pose Update

]K	��
Visual Odometry

^>�:�
#.�L�*	������M26=3Z
@.���
���f�n���f��2.�
�*��4:�$=+	��
�n�*�"	�4 ��46@ �8	��R���J�*�n�*26@3� �:1q�A	�,5=6���
Z
�04.! %K�����*2.�*���R%K	�2.4
@ �04|�J�
���
��	I�0,a��!��o=6���"���R�*��}���4 �
��%K	��*�
��4
@i��%&�*�����Y�J,a��/"/-,5	��*�"	�4 �J�
��=;_>$m	��*# ���M� ����#.���A/0���H26�
�
DFE % h EF�i�m%K	��M�
#.��� %F���J2
��/;XH@3	�,5���
�*1l]<	�� %F���
	9@.	�,$^�=6�
	�Z
�A���
�
�04.!6���
�"4
�A�R�
#.�l�
����/0�R��#6��4.!����t�046@32
�A��@I�91w������4I�
,5��/"/
,5	��*�"	�46���"4I�
#.�Y'N�0@.� 5-X % .FE � h EF� �",a��!����v,a��}��l��2.Z
�
	�4.	�,5	�26�N�*�*����}:�04.!a	�%�%K�����*2.�*���F@.� � �A26/n��_H`)#.���P=.�
	3�����*�J�04.!
	�46/"1f��	�49�����
!����M�J26���A���
�J%K2./0/"1$�"%7�
#.�H�
���
�����04Y#6���)�5�J2 � ���"��4:�
492.,t�+���L	�%�%K�����
26�
���x�:���
�"�./0�5�"4u������# ��@��J������4:�L�",a��!��5=6���0���
�
	v�*#.��#92.,a��4l�*	������)@.�
�0�����N,t26�J�c��46�
2.�*�H�
#6���PDFE % h EF���
���*�5=
	��"4:�*��@o�
	�')����@�2
�J��%K2./�%K�����
26�
���L��491:�
�0,�� %P�0�
	3@3	�, �0�
26�
��@?_

6



Figure 4. Front HAZCAM showing a non-geometric hazard
encountered by Opportunity on Sol 446: 50 meters of com-
manded driving resulted in only 2 meters progress, which you
can see in the tracks leading up to Purgatory Ripple, in which
Opportunity was mired for over a month. Although this was
a “blind” or Directed drive, Opportunity might have gotten
stuck even if GESTALT had been turned on because there
were no geometric hazards to avoid, just loose terrain. For-
tunately, Visual Odometry has been used ever since as a Slip
Check to ensure we never command more than 5 meters of
driving without a guarantee of motion; this new safety check
helped out on Sol 603, when Visodom measured 44% slip
while climbing a similar dune, and stopped the drive before
getting further bogged down. Opportunity was able to back
out easily during its next drive.
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Figure 5. Illustration of Goodness Map from Spirit’s Sol
107. Red areas indicate obstacles (typically a rock taller than
20cm at the center of the red blob), yellow/orange indicate
traversable areas. Only information within a 5-meter radius
is maintained in the onboard map.
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Robust Stereo Image Processing
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Layered Goodness Maps
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Partial Range Data - Clipping
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Pitchers Mounds
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Tall Thin Obstacles
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Spirit Rover: Gusev Crater
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Figure 6. Plot of Spirit’s complete drive history per sol through Sol 588; the most driving in one sol was 124 meters on Sol
125, the longest contiguous autonomous drive was 78 meters on sol 133. Note that the vertical scale here is stretched compared
to Figure 9. Red indicates blind driving, green indicates autonav (rows 5–8 in Table 2), blue indicates Visodom (rows 2, 4 in
Table 2).

Figure 7. Plot of Spirit complete tilt history through Sol 588.
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Figure 8. Image of Spirit’s tracks following an obstacle avoidance maneuver on Sol 107.

Parameter Spirit Opportunity
Autonav camera pair HAZCAM (front or rear) NAVCAM
Stereo processing resolution 256 � 256 256 � 256
Useful (unmasked) stereo image size 184 � 256 (front) 108 � 216 (rear) 256 � 256
Stereo search range 0.3 - 5.0 � 1.2 - 10.0 �

Grid cell resolution 0.2 � 0.2 �
�

0.2 � 0.2 �
�

Grid size 10 � 10 �
�

12 � 12 �
�

As needed for daily operations
Max distance between image acquisitions 0.5 – 1.5 � 0.5 – 2 �

Engineering diagnostic verbosity 0 – 4 0 – 4
Max allowed Visodom failures 0 – 15 0 – 20
Number of Point Turns to enable 0 – 46 0 – 46

Table 3. Some parameter differences between Spirit and Opportunity
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7. CONCLUSION
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