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1 Introduction 

1.1 Purpose of Paper 

On May 2 1-26, 20 12, the third annual NASA Lunabotics Mining Competition will be 
held at the Kennedy Space Center in Florida. Thi s event brings together student teams from 
universities around the world to compete in an engineering chall enge. Each team must des ign, 
build and operate a roboti c excavator that can co ll ect artifi cial lunar so il and depos it it at a target 
location. Montana State Uni versity, Bozeman, is one of the institutions se lected to fie ld a team 
thi s yea r. Thi s paper will summarize the goa ls of MSU 's lunar excavator project, known as the 
Autonomous Lunar Ex plorer (A LE), along with the engineering process that the MSU team is 
using to fulfill these goa ls, according to NASA 's systems engineering guidelines. 

1.2 Project Objectives and Problem Definition 

Each student des ign produced for the competition is meant to serve as a poss ible 
inspiration or proof-of-concept for future NASA projects. The effi cient rea lization of a long
term human presence on the moon will require astronauts to make use of loca l resources. Lunar 
so il , better known as rego lith, can be processed to obtain vital substances (e.g. water and 
oxygen); therefore, machinery that mines and transports rego lith is likely to be an important 
component of future moon miss ions. Thus, the challenges posed by the Lunaboti cs Mining 
Competition are directly relevant to NASA's goa ls. The competition is also intended to promote 
workforce development in sc ience, technology, engineering, and mathematics (STEM) 
di sc iplines, by engaging co ll ege students in an exc iting, challenging project that will prov ide 
them with real is ti c engineering experience [I]. 

Although the competition has a variety of components (e.g. team spirit and outreach 
projects), thi s paper focuses on the des ign of the actual mining equipment. Each team is required 
to des ign and construct a mobile robot, which must be either autonomous or remotely operated 
over a wireless network (or some combination of the two). The robot will operate in a 7.38 m by 
3.88 m arena fill ed with lunar regolith simulant. It must be able to traverse an obstac le area 
conta ining rocks and craters, co llect rego lith simulant in the mining area, then trave l back across 
the obstac le area and depos it the mined material in a co ll ecti on bin. Ten minutes will be allotted 
for each mining attempt, and the robot must depos it at least I 0 kg of simulant in that time to 
quali fy to win. Additional points will be awarded for dust-res istant des igns, autonomous 
des igns, and the inclusion of a way to measure power usage. Other optional goa ls for which 
teams may earn points include minimizing the weight and wireless bandwidth usage of the robot 
[2]. 

1.3 Deliverables 

The Montana State Uni versity team must deli ver the fo ll owing: 

• A mobile robot, capable of perfo rming the tasks required by the competition while 
conforming to all rules and constraints; 

• A working wireless control system, including a computer, a wireless access point, handheld 
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controller(s), and any other necessary item ; 
• A beacon(s) to ass ist the robot with autonomous nav igati on; 
• A document inc luding a description of the team' s robot, a parts list and diagram, and an 

explanation of the robot' operations and possible safety hazards; 
• A video showing at least one fu ll cycle of the robot's operations (including excavation and 

unloading of materia l), between 0.5 and 5 minutes long. 

The video and documentation are due on April 30, 20 12, and may be submitted to 
competit ion staff via e-mai I. II other deliverables are due on May 2 1, the first day of the 
competition. However, in the MSU team ' s case, the robot must be completed by May 9, ince 
they plan to ship it to Kennedy Space Center and must allow time for it to arri ve . The wireless 
contro l system and beacon(s) should also be comp leted by May 9, so that they can be tested 
together with the robot. 

2 Systems Engineering Process 

2.1 Systems Engineering Process Planning 

2.1.1 Project Life Cycle 

The MSU LE project can be broken up into the same standard phase traditionally used 
for NASA programs and projects. The li fe cycle envis ioned for our project appears in Table I. 

Table 1: MSU ALE Project Life Cycle 

Phase 
Anticipated Time 

Tasks to Accomplish in th is Phase 
Frame 

Enter the competition. Since the ru les of 

Pre- Phase A and Phase A: 
the competition already e tabli h the 

Concept Studies and 
Sept. I , 20 11- project concept, there is little for the team 

Development 
Sept. 16, 20 I I to do in the way of concept studies. 

Defin e top-level requirement and pas 
System Requirements Rev iew. 

Phase B: Preliminary De ign 
Sept. 17, 20 11- Establi sh preliminary design and pass 

Oct. 7, 2011 Preliminary Design Review. 
Finali ze des ign. Pass Critical Design 

Phase C: Final Design and Oct. 8, 20 I I - Jan. Rev iew. Obtain or fabr icate a ll system 
Fabrication 2 1, 201 2 components. Pass Production Readi nes 

Rev iew. 
Integrate all systems and as emble the 
complete robot. Perform any needed 

Pha e D: Assembly, Jan. 22, 201 2 - cal ibrations of software and sen or . 
Integration and Te t May 9, 2012 Perform verificati on and va lidation of all 

sub-systems and the com plete y tem. 
Crate robot fo r shipment. 
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Operate robot in the pre-competition 
Phase E: Operations and May 10,201 2 - practice rounds and the competition itse lf. 

Sustainment May 26, 201 2 Adjust and repair robot between sess ions, 
as allowed by the rules. 

May 26, 201 2 -
Crate robot for shipment. After robot 

Phase F: Closeout arri ves at MSU, prepare fo r di splay in one 
June 30,201 2 

of the campus bui !dings. 

2.1.2 Concept of Operations 

The Concept of Operations (Con-Ops) summarizes the ass igned tasks and capabi I iti es 
required for ALE, fro m the perspecti ve of the end user. It includes all of the optional 
competition goa ls which the MSU team chose to stri ve fo r in their des ign. The Lunabot must be 
able to perform the following operations: 

• Perform three complete operation cyc les (nav igate to mining area, excavate simulant, 
nav igate to bin, and depos it regolith) in I 0 minutes or less . 

o Autonomously traverse a bed of rego lith simulant to reach the mining area, 
without becoming stuck or ki cking up large dust cloud s. 

• Roll over/through small rocks and craters. 
• Autonomously nav igate around obstac les that are too large to roll 

over/through. 
o Autonomously excavate at least 35 kg of simulant (per operation cycle) without 

ki cking up excess ive amounts of dust, and co llect it in a receptac le on the robot. 
o Autonomously follow a nav igation beacon to the des ignated collection bin. 
o Autonomously remove regolith from the onboard receptac le and depos it it in the 

co llection bin , without leav ing any part of itse lf (e.g. a container) in the bin . 
o In case of a fa ilure of autonomous operations, accept commands sent wireless ly 

from a handheld controller to guide nav igation, excavation, and deposi tio n. 
• Measure its own power consumption during all operations, and report it to the Lunabot' s 

controllers at the end of each competition run . 
• Repeat all of the operations above at least twenty-fo ur times (twenty times in testing, 

twice in practice rounds and twice in the competition itse lf). 

2.1.3 Constraints 

All of the constraints fo r MSU ALE were deri ved from the offici al competition rul es. 
They include the fo ll owing: 

• Mass: Less than 80 kg. This includes the robot' s power systems and any nav igation 
beacons, but does not include communications hardwa re that is not attached to the robot. 

• Size: In its starting configuration, the robot must fit inside a vo lume of 1.5 m long X .75 
m wide X .75 m ta ll. It may deploy or expand itse lf to larger dimensions, but may not 
exceed 1.5 m tall at any time. 

• Setup Time: Less than I 0 min. 
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• Bandwidth: The average wireless bandwidth used may be no more than 5 Mbps. 
• Wireless Range (robot to access point): At least 50 ft. 
• Wireless Range (access point to control center): At least 200ft. 

2.1.4 Budget 

The MSU ALE team has been given a budget of$4500 doll ars by the team's faculty 
adv isors. These funds wi II be di stributed among the various subsystems of the Luna bot, as 
shown in Table 2. 

Table 2: MSU ALE Project Budget 
Subsystem Allocated Funds 

Mechanical $2500 
Electri ca l $1 500 
Computer $0 (reused 2011 parts) 
Testing $500 
Total $4500 

2.2 Requirements Analysis and Validation 

The top- leve l system requirements for MSU ALE flow down from a combination of the 
Con-Ops, the constraints, and other stipulations in the rules . They are li sted below, along with 
the tests necessary for their verification and va lidat ion. Refer to section 5.2 for full er 
descriptions of the tests mentioned in the list. All requirements for which a test is not mentioned 
wi II be verified and va lidated by inspection or demonstration. 

Functional: 
I) The robot sha ll be mobile, and shall be capable of traversing a bed of lunar rego lith 

simulant without becoming mired in the material. Verify with movement test on rego lith . 
2) The robot shall either surmount or navigate around all obstacles (rocks and craters) that 

may li e in its path, and reach its des ignated mining area. Verify with ob tacle climbing 
test and autonomous operation test on robot. 

3) The robot shall gather lunar rego li th simulant without using the wall s or fl oor of the 
competition arena as an aid, and shall hold it for transport to a designated bin . 

4) The robot shall nav igate to the designated bin and deposit its collected regolith therein , 
without depositing any part of itself (e.g. a conta iner) in the bin . 

5) The robot shall perform al l of the functions above under autonomous control, with the 
ab ility to switch to tel eoperated control in the event of a failure . Verify with autonomous 
operation test. 

6) The robot shall avo id throwi ng loose dust into the air (except when depos iting regolith). 
Verify with combined Locomotion and E&D System test on regolith. 

7) The robot shall not employ any process or technology that would not be feasible for use 
on the moon, such as suction, sonar, or pneumati c rubber tires. 

8) The robot shall not employ any process that alte rs the rego li th, or otherwise interferes 
with the uniformity of subsequent competition attempts. 
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9) The robot shall not use any explosives or balli st ics. 
I 0) The robot shall not interfere with or sabotage the robots belonging to other teams. 

Pe1jormance: 
II ) The robot shall be capable of performing three operation cyc les (move-dig-move-dump) 

in I 0 minutes, and shall deposit at least 35 kg of rego lith in the bin per cycle, whether 
under autonomous or teleoperated control. Thi s requirement may be relaxed to a 
minimum of one trip and 10 kg of regolith if needed . Verify with competition trial runs. 

12) After being placed in the arena, the robot shall require less than 10 minutes to be 
prepared for operation by the team members . Verify with competition trial runs. 

Reliability: 
13) The robot shal l be reliable and durable enough to complete at least twenty test runs and 

four ten-minute competition attempts without a breakdown. 
14) The robot shall be constructed in a dust-tolerant fashion , such that sensitive parts cannot 

be clogged or fowled with dust. 
Safety: 

15) The robot shall be equipped with a red stop button, at least 5 em in diameter and readily 
accessib le, which will instantly disable it and halt all operations if pressed. 

16) The robot sha ll operate entire ly inside the arena, without ramming or damaging the wa ll s. 
Verify with autonomous operation test. 

Physical: 
17) The robot and its beacon shall be se lf-powered. 
18) When in its starting configuration, the robot shall fit inside a vo lume of 1.5 m long X .75 

m wide X .75 m tall. It shall never exceed 1.5 m in height. 
19) The robot and its navigation beacon shall have a combined mass of less than 40 to 80 kg. 
20) The wireless communication system shall use less than 1 to 5 Mbps of bandwidth. 
2 1) The communication link between wireless access point and robot shall have a range of at 

least 50 ft. 
22) The communication link between wireless access point and control center shall have a 

range of at least 200 ft. 
23) The wireless communication system shall be composed of standard 802.11 hardware. It 

shall use onl y one channe l. 

Requirements for MSU ALE' s various sub-systems flow down from the top-level 
requirements li sted above; these, in turn , flow down to create requirements for specific 
components. Due to space constraints, these lower-level requirements will not be li sted here. 

2.3 Functional Analysis and Allocation 

The MSU ALE project can be simplified by logica lly breaking it into a hierarchy of 
systems. The complete system resides on the first leve l of the hi erarchy. The project was 
divided into three parts by engineering discipline, since this made team organization more 
convenient. Thus there are mechanical, electrica l, and computer sub-systems on the second 
leve l. These sub-systems are further divided into functional units on the third level. Each of 
these units handles a specific task on behalf of the robot (e.g. "Supply power" or "Move the 
robot over the rego lith"). The complete system hierarchy is represented graphicall y in Figure l. 
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,, Figure I. The MSU Lunabot system h1 era1chy. 

The Functional Flow Block Diagram (FFB D) in Figure 2 describes the Lunabot' s mission 
as a timet ine of functions . Each function may conta in sub-functions, which appea r in lower 
leve ls of the diagram. Third -leve l diagrams for Functions 2.3 and 2.4 are not shown since they 
are very imi lar to 2. 1 and 2.2, re pecti ve ly. If autonomou funct iona lity fa ils, Functi ons 2.1.1 
and 2. 1.2 are rep laced by new functions that rece ive and decode u er command from the 
wire less link. 

Figure 2. Functiona l Flow Block Diagram for the MSU Lunabot. 

2.4 Synthesis 

2.4.1 Decisions Rega rdi ng COTS vs. DI 

In every engineering project, the project team must dec ide whether to des ign and 
fa bricate certain component themselves, or rely on pre-existing, commercially avai lab le 
products. Component that are designed in-house are referred to as Developmental Items (Di s), 
whi le pre-des igned products that are simply purchased are ca ll ed Commercial Off-The-Shelf 
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(COTS) items. Each choice has its advantages and di sadvantages. COTS products reduce the 
time and cost of development, and may be more reli able than Di s, since they have already 
received extensive profess ional testing. However, Di s are more customizable, and may be able 
to prov ide a form or function that simply does not ex ist among COTS parts . Di s can also reduce 
materi al costs in some cases. The MSU Lunabotics team has chosen to use COTS parts fo r all 
components of the robot' s electrica l and computer systems (see section 2.5. 1 for some pertinent 
trade studies). However, most parts of the mechanical system are Di s, including the frame, 
wheels, and excavation/depos ition system. Given the novelty of the robot's des ign, it is unlikely 
that suitable COTS equi va lents for these patts could be found , with the exception of the wheels. 
Custom wheels were chosen because most commercially available wheels are not designed for 
the lunar environment. Custom wheels are also we ll within the team 's fabrication abilities, and 
are easy to optimize for strength, low weight, and traction. 

2.4.2 Reuse 

Because Montana State Uni versity has participated in the Lunabotics Mining 
Competition for the past two yea rs, items fro m MSU's previous des igns are ava ilable for 
potential reuse. Due to changes in the competition rul es and a re-eva luation of the 
digg ing/dumping techniques employed by the older robots, little of the mechanica l des ign will be 
re-used. However, thi s year' s des ign will use motors, motor controllers, and actuators very 
similar to those employed by the 20 I 0 MSU Lunabot, because they proved to deliver a good 
combination of performance and reliability. The 20 11 Lunabot' s des ign incorporated an X-Box 
Kinect and an Arduino microcontroll er, and those des ign elements are also being re-used, along 
with the entire wireless networking setup (including the code) . Because of the new requirement 
for autonomy, the Kinect now plays a more essenti al role in the design. Although these elements 
will be re-used in a design sense, some of the individual parts will not be re-used, due to a des ire 
to keep the old robots intact for di splay and demonstration purposes. However, the lead-ac id 
batteries and communication hard ware from the 20 II Lunabot will be re-used. 

2.5 Systems Analysis and Control 

2.5.1 Trade Studies 

When it became necessary to choose among multiple alternat ives for a subsystem design 
or a component, the MSU ALE development team often used dec ision matrices to make their 
selecti on. These matrices are reproduced below in Tables 3 through 9. A decision matri x 
explores each option' s abili ty to meet the des ign requirements, and prov ides a formal means of 
rating and comparing the options. The team scored all options on a sca le of one to five in each 
category, with larger numbers being more des irable. All categories were we ighted equally. 

Assumingall other systems retain some minimum level of functionality , the performance 
of the excavation and depos ition (E&D) system is the most likely to determine success in the 
competition, since it directl y affects the amount of rego lith co ll ected. The MSU team considered 
three alternat ive des igns fo r thi s system: a hollow, rotating drum with scoops on the outside to 
gather regolith into the interior; a traditional shovel, such as might be found on a front-end 
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loader; and a conveyer belt with numerous small scoops attached, which would convey regolith 
to a large bucket that could tip back to unload its contents (much li ke a dump truck). Each of 
these des ign va riants has been employed with good success by at least one Lunaboti cs team in 
past years. The MSU team chose the drum, which, though difficult to manufacture, greatly 
simplifie the digging and control ystem. The deci ion matrix for the &D system appears in 
Table 3. 

Table 3: Decision Matrix: Excavation and Deposition System 
Drum Shovel Belt/Bucket 

Cost 3 3 2 
Reliability 4 2 I 
Des ign Complexity 3 4 I 
Power Consumption 3 4 2 
Weight 3 3 I 
Ease of Autonomous 5 4 

5 
Control 
Dust Mitigation 5 3 I 
Rego lith Co llection 4 " .) 

5 
Capacity 
Manufacturabi I ity 3 4 2 
Total 33 30 20 

Track and wheels were both contemplated for the most basic components of the 
locomoti on y tem. The u e of skid steeri ng was anticipated for both approaches. Wheel were 
ultimate ly elected, particularly because of their greater simp licity of construction, lower co t, 
and lower tendency to throw dust in the ai r. ee Table 4 fo r the relevant decision matri x. 

Table 4: Decision Matrix: Driving Elements (Locomotion System) 
Whee ls Tracks 

Cost 5 I 
Rei iabi I ity 3 3 
Design Complex ity 5 2 
Power Consumption 4 2 
Weight 5 2 
Required Computat ions 3 3 
Dust Mitigation 4 3 
Rego lith Co ll ection Capacity 4 5 
Manufacturab i I ity 4 I 
Tota l 37 22 

No u pension system was used on past MSU Lunabot des ign . However, the lack of any 
suspension increa es the probabili ty of getting stuck or burning out a motor, due to the 
poss ib ili ty of one or more wheels lo ing contact with the ground . Such a scenari o wa 
responsible for the fa ilure of the 20 11 M Lunabot, which had seri ous issues with burning out 
motors, destroy ing gearboxe , and becoming mired in the rego lith . For the e reason , the team 
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considered adding a suspension system thi s year. The two options considered were an acti ve 
suspension system, featuring a linear actuator to adjust the height of each whee l, and a pass ive 
suspension system based on a single swing-arm and spring for each wheel. The dec ision matrix 
for the poss ible suspension system is fea tured in Table 5. The team eventually chose to include 
the spring-based suspension system, to prov ide the robot with improved tracti on without 
introducing too many complications. 

Table 5: Decision Matrix: Suspension (Locomotion Svstem) 
Actuators Springs None 

Cost 2 3 5 
Reliability 4 5 4 
Des ign Complex ity 2 3 4 
Power Consumption 2 5 5 
Weight 2 '") 5 .) 

Required 2 5 
2 

Computati ons 
Dust Mitigation 3 4 4 
Rego lith Co ll ection 4 4 

1 
Capac ity 
Manufacturabi I ity 2 3 4 
Total 23 35 34 

For the power source, a high-voltage DC power supply was desired in order to run the 
chosen 24 V motors (re-used from the first year des ign). Two sealed lead-ac id batteries were 
ava ilable to re-use from the second year robot, making the cost of thi s option zero. The lithium
ion batteri es rece ived a low "power supplied" rating in spite of their higher power density, 
because it would cost a great dea l to obta in enough of them to supply large amounts of power. 
Their tendency to lose capac ity at high temperatures is also of concern, due to the anticipated 
weather at the competition locati on. NiCad battery packs are small , and it would be necessary to 
combine many of them to obtain the needed vo ltage and current, resulting in increased 
complex ity and wasted space. For these reasons, the lead-ac id batteries were chosen (Table 6). 

Table 6: Decision Matrix: Power Supply (Power System) 
Sealed Lead-Ac id NiCad Battery 

Lithium-Jon Batteri es 
Batteri es Packs 

Weight 2 3 4 
Power Supplied 5 2 2 
Temperature 4 4 

2 
Dependence 
Cost 5 2 2 

Total 16 11 10 

The experiences of past Lunabotics teams have taught the MSU team that des igning, 
assembling, and debugging a compact custom-made motor controll er circuit can be very 
diffi cult. A COTS option was chosen instead, for the sake of simplicity and reli ability. Refer to 
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Table 7 for detail s. 

Table 7: Decision Matrix: Motor ControlS stem 
Off- the-Shelf Controll ers Custom Circuits 

Reliabilit 4 3 
Complexity 5 2 
Cost 4 3 
Total 13 8 

Although the main power source can power the motors and actuator directl y, it mu t be 
regulated to lower vo ltages in order to ru n certa in other components (e.g. the X-Box Kinect). 
The alternati ves considered for powering these items included a COTS regulator, a custom 
regulator ci rcuit, and eparate mall battery packs that would put out a lower vo ltage from the 
beg inning. A OT regulator wa decided upon, agai n fo r the sake of simplicity and reliab il ity. 
The relevant dec ision matrix can be found in Table 8. 

Table 8: Decision Matrix: Voltage Regulation (Power System) 
Off-the-Shelf Vo ltage Custom Circuit Independent Battery 

Regulator Systems 
Ref iabi I ity 4 3 3 
Complexi ty 5 I 2 
Cost 3 2 2 
Total 12 6 7 

The last electrica l component remaining to be cho en was the one that wo uld measure 
and record the robot' s power con um ption , fo r reporting to competi tion officials at the end of 
each round . The commercially ava ilable " Watt' s Up" meter proved fa r superior to the other 
possibili ties cons idered (both of which wo uld have req ui red some c ircuit de ign and 
microprocessor programming) for ease of use and reli ab ility; therefore, it wa cho en. Refer to 
Table 9. 

Table 9: Decision Matrix: Power Monitoring (Power System) 
" Watt 's Up" Meter Current-Sensing IC Custom Circuit 

Reli abili ty 5 2 I 
Complexity 5 3 2 
Cost 3 2 2 
Total 13 7 5 

No decis ion matri ces were generated for the computer system; the computer sub-team 
reli ed instead on more qualitati ve di scussions. Their fir t major dec ision concerned whether to 
perfo rm the autonomous control ca lculati ons wi th an on-board computer, or a remote computer 
that would rece ive data from the Lunabot and transmi t movement command back. The second 
option was discarded, because it would place unacceptable bandwidth demands on the wirele 
network. A netbook was se lected to be the onboard computer, due to its ver atility, ease of use, 
and low space requ irement . 
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Since the remote computer was removed from consideration, the wireless network was 
only needed for I) receiving status updates from the robot and 2) sending remote control 
commands in the event of an autonomous control failure. The team contemplated the Berkeley 
Sockets API and the SS H protoco l as options for transmitting thi s information. Although the 
Berkeley APr is more customizable and could result in lower bandwidth usage, the team settled 
on SS H fo r its simplicity and stability, choosing to spend more of their development time on the 
autonomy and vision subsystems. 

Since the robot must detect the shape and location of obstac les in real time, but does not 
need other detail s, a depth-mapping dev ice was judged to be the best way to rea lize the vi sion 
system. A system consisting of either two Xbox Kinects or an array of infrared sensors was 
envisioned. The Kinects offered superi or simplicity and ease of development in every way, due 
to their US B interfaces (easy to connect to a computer) and the availability of an open source 
library for low-level process ing of Kinect depth maps. For these reasons, they were chosen as 
the bas is of the vision system. 

The Q-learning algorithm was chosen as the bas is of the autonomous control ca lcul ations, 
because of its re li ability, computational effi ciency, and ability to deal with a changing 
environment. (S ince the pos itions of the obstacles in the arena are randomized after every round, 
the course cannot be learned ahead of time.) Us ing data from the vi sion system, the robot will 
detect objects in the obstacle area, represent the course and its pos ition therein as a state space, 
and ass ign rewards to different state-action pairs in the space. Finally, it will generate a policy (a 
group of state-action pairs that constitute a path through the course) that maximizes its reward . 
These calculations will be repeated and the policy updated in rea l time as the robot travels 
through the obstacle course. 

2.5.2 Risk Management 

To ensure preparedness for unpleasant surpri ses at the competition, the team attempted to 
predict the vari ous ways in which MSU ALE might fail. Each poss ible failure (referred to as a 
ri sk) was ass igned a severity and a likelihood of occurrence, on a sca le of one to fi ve, with fi ve 
being the most likely/most severe. The risks were then tabulated in a Ri sk Analys is Chart (see 
Figure 3). Thi s chart can be used to prioritize ri sks for mitiga ti on. Ri sks that lie in the red 
region of the chart, i.e. those that have both a relati ve ly high likelihood and highly significant 
consequences, are the most seri ous ones and should be dealt with first. Ri sks in the green region 
are low-priority, and can be mitigated as time allows. 

A mitigation strategy was devised and implemented for each ri sk, as follows: 

I) Failure of Autonomy: This ri sk encompasses any malfunction or inadequacy of the robot' s 
autonomous nav igation system, including an excess ive ly slow rate of trave l through the obstac le 
course, co lli sions with obstacles or arena walls, the robot becoming stuck due to poor nav igation, 
or the robot being unable to generate a policy/movement plan. This ri sk is mitigated by the 
inclusion of a protoco l which allows the user to send remote commands through the wireless 
link, and take over navigation in case of a fa ilure. The ri sk can also be reduced by extensive 
testing prior to the competition, which will create opportunities to adjust and calibrate the 
algorithm . 
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2) Surge Current Damaging Motors: It is po sible that current spikes due to rapid speed changes 
or rever al of the motors could destroy them. Thi ri sk will be mitigated by writing motor 
control code that will gradually ramp the speed of the motors up and down at a afe rate. pare 
motors will be kept on hand at the competi ti on site as wel l. 

3) Stall Current Damag ing Motor Controller: The motors chosen for thi s robot can draw up to 29 
A of current when ta iled, and thi s coul d be enough to burn out the motor controllers. However, 
thi s circum ta nce wa judged unl ike ly, due to the care that was put into de igning the whee ls and 
the suspension ystem to ensure good tract ion and ground contact fo r each wheel, and the quality 
of the motor contro llers. To mi tigate thi s risk, spare motor controllers wi ll be kept on hand at the 
competition site, so that any damaged controller can be replaced between rounds. 

4) Propulsion Fa il ure: If the whee ls do not have enough tracti on to grip the regolith, the Lunabot 
could have di ffic ul ty moving, resul ting in a propul sion failure due to wheel slippage. If this ri k 
is rea lized, it could be dea lt with by changing the height and/or angle of the wheel gro users, a 
task which can be perfo rmed at the competition site if necessary. 

Woll cause a significant 
Increase In cost. 
disruption of schedule, or 
Impact on system 
performance 
May cause an increase In 
cost, disruption of 
schedule, or an impact on 
system performance. 
Little or no potential to 
Incre ase cost, disrupt 
project schedule, o r 
impact system 
performance . 

Figure 3. Risk Analys is Chart with legend . 

5) Barrel Mini ng Fa ilure: Thi s risk encompasse poss ible issues with the &D system, especia ll y 
shearing or warp ing of the drum under stress. If the drum proves too weak to dig deep into the 
regolith, the problem can be reduced by not lowering it as far into the oil. 

6) Scooping Depth too Shall ow: If the scoop on the outside of the drum are so shallow that they 
co ll ect too little rego li th with each spin of the drum, the robot may fa il to meet its co llecti on rate 
requirements . Thi ri k can be avo ided through extensive testing before the compet ition, 
coupled wi th modificatio n of the scoops if needed. 
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2.5.3 System Interface Definition and Management 

A diagram of the interfaces between the many sub-systems in MSU ALE appears in 
Figure 4. The Structural System has mechanical in terfaces with numerous components, because 
it provides support and attachment points for all of them. Si nce the Power System supplies all of 
the electrica l and computer components, it has an electrica l interface with each of them. The 
Locomotion and E&D motors must also receive electrical ignals from the Motor Control 
System. The remaining interfaces are fa irly self-explanatory. 

Structural System J 
1 l 

Locomotion 
E&D System . 

System 

I Vision 
~ ~ 

: System 
: 
: 

Motor t t : 
Control 

: .... . ... 
I : 

System I 
I : 

- t ~ .. I 

Wireless and 
I : I I I 
I AI and Auto. I 

-~ Teleop. Ctrl. -- : I ___ ..-- -
System : Ctrl. System 

: 
: 

~ : ~ 
~--~~----------------------~----------~----Y 

Power System 
Figure 4. Interface diagram for MSU ALE. 

Key: 
~-- Data Interface 

~· · · · · · · · · Electrical Interface 

+-- Mechanical Interface 

Due to the small , tight-knit nature of the MSU team, the creation of Interface Control 
Documents was judged less efficient than regular meetings of the different sub-teams. Each 
gro up met with the others at least once a week, providing an opportuni ty to discuss compatibility 
and possible changes to the interfaces as the need arose. The ensured that all engineers were 
kept up-to-cjate on the interface designs they needed to connect their system with those of the 
other teams. 

3 Transitioning Critical Technologies 

For MSU ALE, a critical technology would be one that is essential to the design of the 
Lunabot and has not yet been developed. The development of all criti ca l technologies must be 
completed before they are needed for integration into the Lunabot or one of its sub-systems; 
otherwise, progress on the project will be sta lled. The vast majority of the components used in 
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the Lunabot are either COT parts or custom-built parts that are based on proven technologies. 
The on ly exceptions are the Q-learning algorithm and ome of the assoc iated processing 
algorithms used to extract Q-learning inputs from the Kinect images. Although Q-learning has 
been used for robot navigation in the past, the ALE Computer System sub-team will be creating 
their own implementati on, rather than relying on a pre-existing library. An open-source library 
containing routines that perform low-level process ing on Kinect images is ava il able, and will be 
u ed by the team; however, they must wri te their own code for the final step, which translate the 
depth map images to actual obstacle sizes and locations. The team was required to code these Q
lea rning and image processing tasks themselves becau e no publicly available code fo r these 
elements ex ists. 

The use of these criti ca l software technologies introduces both operational and sched ul e
related risks. Because of the inherent difficulty of e timating how many software bugs wi II 
appear and how much time will be needed to so lve them, it is entirely possi ble that the 
autonomous control software will be deli vered behind chedule, reducing the amount of time 
ava ilable for test ing. It i also possible that the final code will not be suffi cientl y effective to 
allow the robot to operate in the given obstac le environment. Either of these outcomes could 
ultimately lead to a "fa ilure of autonomy" during the com petition, as discussed in Section 2.5.2. 
The inclusion of the teleoperation option as a backup i the primary method of miti gating thi s 
risk. Although the ab ility to end command to the robot by remote control would prevent a 
fa ilure of autonomy from terminating the mission , the team could till fail to gain the add itional 
points offered fo r successful autonomous operat ion. Extensive testi ng and adjustment of the 
algorithms will be performed to reduce the probabili ty of a failure of autonomy, as schedu le 
constraints allow. 

4 Integration of Systems Engineering Effort 

4.1 Team Organization 

The MSU AL team is headed by three faculty adv isers, one from each of the 
departments of Mechanical ngineering, Electrica l and omputer Engineering, and Computer 
Science. Students from all three of these departments signed up for the project; therefore it 
eemed convenient to eparate the team into sub-team by di cipline, with each ub-team havi ng 

one faculty adviser as its supervisor. Two students were a signed to the electri ca l team, three to 
the mechanical team, and three to the computer team. One additional student (an Electrica l 
Engineer) was assigned the spec ific task of preparing paperwork and developing outreach 
activit ies, leaving the other free to concentrate primar il y on design, fabrication , and testing. 

4.2 Design Reviews 

Multiple rev iews were conducted during the design process, to ensu re quality and provide 
milestones that wo uld keep the wo rk moving at a reasonable pace. Each rev iew allowed the 
project adv isers, other faculty members, and profe ionals in related fi elds to critique the team ' s 
plans and sugge t improvements. A production readines rev iew was also conducted after the 
design work was complete, to check and fi nalize the team's plans for manufactu ring and te ting 
the robot. The reviews are de cribed below in Table I 0. 
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Table 10: Ma"or Reviews of the MSU ALE Pro"ect 
Review 

System Requirements 

Preliminary Des ign 

Cri tica l Des ign 

Production Readiness 

4.3 Scheduling 

Pur ose 
Ensure that the team has properly 

understood and spec ified the requirements 
of the ro · ect. 

Establi sh that the bas ic, system-level des ign 
ro osed b the team is so lid and racti ca l. 
Ensure that the des ign is complete, and 

check all of its detail s for fl aws. 
Rev iew the team's plans fo r manufacturing 
and testing the project, checking them fo r 

com leteness and ract ica lit . 

Pass Date 

September 16, 20 II 

October 7, 20 I I 

December 2, 20 II 

January 2 1, 20 12 

Although the timing of the major rev iews creates a bas ic schedule fo r MSU ALE, it was 
necessary to create more detail ed schedules to help the sub-teams pace themselves on specific 
tasks. An earl y schedule generated by the team appears in Figure 5. 

New c:tse for components 
Orderi~mon~motorcootrolltts 11/21 12/6 
So~Mtint and Conoe.ctlna wires to mot Of' controllers 12/6 12/12 

MOU!ItWatt'supMe:tNtouse 12/l.O: 12/1' 

Conn«.! Motor Conuollers to laptop tl/U 12/15 
Mount Motor Control lets 12112 12/16 
Connect motor controllers to diagina acruators and digger motors 1/1 1/U 
Te$1 Motor Controlle-rs with ME synem 1/t 1/12 
Mount Kin Switch to Lunabot 1/8 1/1 

Test 1/9 5/15 
~PfobietnS fromTt~Unl m 5/15 
Subta1k2 5/l.S S/U 

Figure 5. Preliminary schedule chart fo r the MSU Lunaboti cs Project. 

The schedule shown in Figure 5 proved imposs ible to meet, and had to be rev ised by the 
team at the time of the Production Readiness Rev iew. The updated target deadlines for the 
remaining portions of the project, as ofthe PRR date, are as follows: 

• January 28: Des ign heading/pos itioning software 
• January 3 1: Mount locomoti on parts and shocks to the suspension arms 
• February 5: Mount anns to frame and temporary wheels to arms 
• February 5: Perfo rm motor and gearbox integration test 
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• February 5: Find a source of regolith simulant (or similar substance) for testing purposes 
• February 6: Implement heading/pos itioning software 
• February 9: Des ign vi ion algorithms 
• February I I: Mount all electri ca l components inside their pro tecti ve Peli can case 
• February 11: Test vo ltage regulator and motor controllers 
• February 17: Implement vision algorith ms 
• February 18: Test IR en ors 
• February 18: Mount Pelican case, netbook, and other electri ca l components to fra me 
• February 18: Test the Vision System 
• February 25: Develop and im plement locomotion/di gging control software 
• February 26: Test locomotion software in a test bed environment 
• February 29: Fabricate excavation drum and mount to digging arm 
• February 29 : Mount all remaining mechanica l parts (digg ing arm, actuators, digging 

motors) to frame 
• February 29: Integrate all oftware system 
• February 29: Construct and fi ll rego lith te ting area 
• February 29: Test suspension system, motion, obstacle climbing abili ty, and Ki nect Pan 

system with temporary wheels in place 
• March I 0: Fabricate and mount competi tion-grade wheels 
• March I 0: Perform all di gging system tests 
• March I 0: Begin on-board test ing and debugging of autonomous control software 
• March 31 : Test mobili ty, uspension, digging, and autonomou control in the rego lith 

te ting area; perfo rm simulated competition runs 
• Apri I 30: Complete all software rev isions and testi ng of autonomous operations 
• May 9: Crate the Lunabot and sh ip it to Kennedy Space Center 
• May 2 1-26: Attend and compete in the Lunabotics Mining Competition 

5 Implementation Tasks 

5.1 Development 

5.1.1 Mechanica l System Development 

Using informati on about the propertie of BP- I, the regolith simulant that will be used fo r 
the competition, the Mechanica l tea m perfo rmed terramechanics ca lcul ati ons to determine the 
idea l va lues of parameters uch as wheel size, grou er height, and minimum motor torque. They 
also employed load ca lculati ons to determine a minimum size of aluminum tu bing fo r ALE' s 
frame and the upport system of the excavator drum . olid Works model of some of their 
des igns may be seen in Figure 6. After the des ign were complete, the team fa bricated all of the 
necessa ry custom pa rts in a machine shop on the M U campus. 

18 



- --------·· - - - ·-

Figure 6. From left: Early Lunabot mechanica l design, cutaway view of one wheel, final 
Lunabot mechanica l design. All images generated in So lid Works. 

5.1.2 Electrical System Development 

All of the key electri ca l parts in the MSU ALE project are COTS parts. These include 
the power regulator, the motor controllers, the I R navigation beacon and receiver, and the 
microcontroller that serves as a translator between the netbook (in the Computer System) and the 
motor controllers. The team was required to se lect a spec ific COTS part to fill each task. Once 
these decisions had been made, the onl y remaining development work was to write a simple 
program for the microcontroll er. Since the chosen microcontroller (an Arduino) came on a small 
demonstration board which included the necessary interfaces to the microcontrollers and 
netbook, no circuit des ign was required. 

5.1.3 Computer System Development 

The members of the Computer System team are req uired to code their own 
implementation of the Q-learning algorithm to guide the Lunabot' s autonomous navigation. 
They must also produce code to extract inputs for the Q- learning algorithm from the Kinect 
depth map images, and code to translate the outputs of the Q-learning algorithm into specific 
movement commands for the robot. 

5.2 Testing 

5.2.1 COTS Verification 

All COTS parts must be tested when they arri ve, to determine that they are not defective 
and meet all requirements. Such tests in vo lve supplying the part with inputs thought to be 
representati ve of what it wi II encounter as part of the Lunabot, and observing or measuring its 
outputs (as applicable). 
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5.2.2 Code Verifica tion in a Test Bed Environment 

Before be ing downl oaded to the actual Lunabot, all code produced by the Computer 
Team must be verified in a test bed environment, e.g. a debugger. Such an environment uppli e 
the code with more or less reali stic input , and allows the team to observe the behav ior of the 
program and captu re its outputs. 

5.2.3 Integration Tests 

Testing of each component part in a system, as an independent uni t, is not suffi cient; after 
assembly, all parts must be tested together to en ure that system-level requi rements are met. An 
integrati on test i designed to verify such complete systems. Multiple integrati on te ts mu t be 
performed as the assembly process progre ses up the y tem hierarchy. 

5.2.4 Tests on Regolith 

In previous years, the MSU Lunabotic team have tested their robot in a and-filled 
vo lleyball pit. However, because of the sub tanti al di ffere nces between this and and regol ith 
simulant, these test were non-idea l and led to some eri ous mi scalcul ati ons. Thi s year, the team 
con tructed and fill ed its own arena, in order to te t the robot in a more controll ed environment. 
Since the competition simulant, BP-I , is not commercially available, the team fill ed the arena 
with the best analogue they could obtain, namely ma onry sand. This sand is fin er than the sand 
in the vo lleyball pit, and prov ides a better approximation of regolith properties. Te t conducted 
in thi s arena wi ll be referred to as "on regolith" tests. 

Figure 7. Preparation and u e of the testing arena. 

5.2.5 Master List of Tests 

• Mechanica l Tests: 
o Motor and gearbox integrat ion te t 
o Suspension sy tem integrat ion te t (/w temporary wheels) 
o Digg ing drum support arm integration and movement test 
o Digg ing drum integration rotat ion te t 

• Computer Tests : 
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o Vision System test 
o Code verifi cation in test bed 

• Electri ca l Tests: 
o Test COTS vo ltage regulator 
o Test COTS motor controllers and microcontroller 
o Test IR beacon and sensor 

• Integrated System Tests (involve combinations of the three first-l eve l subsystems): 
o Locomoti on test 
o Obstac le cl imbing test 
o Kinect pan system integration test 
o E&D System movement and control test 
o E&D System test on rego lith 
o Movement test on regolith (w/ competition wheels) 
o Suspension test on rego lith 
o Combined Locomotion and E&D System test on regolith 
o Vision test on robot 
o Movement control test on robot 
o Full autonomous operation test on robot 
o Full Lunabot system test I competition tri al runs on rego lith 

Figure 8. The 201 2 MSU Lunabotics team with Montana ALE as it nears completion. 

6 Concluding Remarks 

The Montana State Uni versity Autonomous Lunar Explorer (A LE) is a complicated 
project which must be spread across a relati vely large team of students and requires substantial 
interdi sc iplinary effort. Since it is intended to enter the offi cial NASA Lunaboti cs Mining 
Competition, the project also includes many pre-defined and unalterable requirements and 
deadlines. Throughout the project, the principles of Systems Engineering have aided the team in 
organizing and maintaining quality in their work . As of thi s writing, they are hard at work on the 
remaining implementation and testing tasks, and expect to deli ver a complete, working Lunabot 
by the shipping deadline (May 9). 
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