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Abstract 

 

Robot motion planning is a fairly intuitive and 

engaging topic, yet it is difficult to teach. The 

material is taught in undergraduate and graduate 

robotics classes in computer science, electrical 

engineering, mechanical engineering and aero- 

nautical engineering, but at an abstract level. 

Deep learning could be achieved by having stu- 

dents implement and test different motion plan- 

ning strategies. However, it is practically impos- 

sible in the context of a single class to have un- 

dergraduates implement motion planning algo- 

rithms that are powerful and fun to use, even 

when the students have proficient programming 

skills. Due to lack of supporting educational ma- 

terial, students are often asked to implement 

simple (and uninteresting) motion planning al- 

gorithms from scratch, or access thousands of 

lines of code and just figure out how things 

work. We present an ongoing project to develop 

microworld software and a modeling curriculum 

that supports undergraduate acquisition of mo- 

tion planning knowledge and tool use by com- 

puter science and engineering students. The goal 

is to open the field of motion planning and ro- 

botics to young and enthusiastic talent. 

 

Introduction 

 

Robots have fascinated people for generations. 

Today, robots are built for applications as di- 

verse as exploring Mars and the Earth's deep 

seas, de-mining war zones, cleaning toxic waste, 

assembling cars, inspecting pipes in industrial 

plants, driving autonomously in off-road and 

urban environments, and mowing lawns. Robots 

are also interacting with humans in a variety of 

ways: robots are  museum guides, robot pets 

entertain, and robots assist surgeons in life 

threatening operations. By integrating science, 

technology, engineering, and mathematics 

(STEM disciplines) in a unique way, the field of 

robotics studies both the design of new mecha- 

nisms and the algorithms and frameworks that 

make robots useful in the physical world. 

 

This project aims to provide software tools and 

applications that will fill some of the existing 

curricular gaps in college level robotics educa- 

tion. Robotics is not exploited for its fascinating 

real-world examples and applications in STEM 

disciplines. In many high schools, robotics 

competitions are used to draw students into col- 

lege and STEM disciplines. Each year the 

FIRST competitions1 attract hundreds of stu- 

dents from grades 1 to 12 who build robots and 

compete in well-defined contests. Lego Mind- 

Storms [1] have provided another appealing en- 

try to the basics of robotics in high school and 

undergraduate education. Students can quickly 

assemble a robot using the basic Lego bricks 

and special bricks for sensors and actuators. 

Also, the robot can be programmed through a 

regular PC. Although students spend time cali- 

brating the robots and repeat the design-test- 

modify loop many times to achieve a result [2], 

there is no doubt that such efforts have attracted 

many students and particularly women to sci- 

ence and engineering. At the freshman level in 

colleges, robotics is used to attract students to 

STEM fields. Because of the interdisciplinary 

nature of robotics, but also the excitement of 

building a robot that works and does something 

useful, colleges across the country strive to have 

a design class on robotics to convince students 

that STEM disciplines are challenging and fun.

 
 

 

1 FIRST (For Inspiration and Recognition of Science and 

Technology)  
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A Gap in College-Level Robotics Education 

Exists 

 

After an initial intro-level course on robotics, 

students typically have to wait till their senior 

year to take another robotics course. As result 

senior courses are extremely demanding. The 

reasons are multiple. Robotics offered at the 

senior or beginning graduate level tend to in- 

clude many topics in an effort to teach the stu- 

dents as much as possible about an extremely 

rich subject. Typically, course instructors are 

faced with the difficult task of covering breadth 

and depth while keeping the class manageable 

and exciting. Robotics textbooks [3–5, 16] cover 

many topics and challenge the student and the 

instructor to keep up with the material. 

 

Goals of this Project 

 

This project concentrates on one key concept 

in robotics: motion planning. Motion planning is 

a central topic in robotics and deals with finding 

feasible collision-free paths that take a robot 

from an initial to a final state. Motion capabili- 

ties are intrinsically related to robots and tend to 

occupy a significant part of upper-level robotics 

classes. Due to significant advances over the last 

decade, motion planning is a very mature field 

[3–5]. Of the two most recent textbook in robot- 

ics, one concentrated entirely on motion plan- 

ning [5] and it occupied almost half of the other 

book [3]. However, teaching motion planning is 

difficult, in part because a considerable mathe- 

matical and algorithmic background is needed to 

comprehend critical ideas. As a result, either the 

module is over by the time students are ready 

for the hands-on experience, or students lack the 

programming background to implement an in- 

teresting project. 

 

The project described in this paper aims to fill 

the gap in robotics curriculum by developing a 

teaching module that includes an extensible 

software tool and related assignments. Also, we 

aim to engage a broad spectrum of faculty and 

students, and develop a community focused on 

motion planning learning. The effectiveness of 

our motion planning curriculum for diverse 

learners will be assessed at Rice University and 

other partner institutions. The teaching module's 

software tool described in this paper has an 

easy-to-use interface and mitigates many of the 

problems mentioned above. A set of assign- 

ments is developed, implemented and assessed 

at Rice University and other interested partner 

institutions. A feedback loop will be imple- 

mented to improve the curriculum so that it can 

be used by other institutions. Also, we aim to 

engage a broad spectrum of faculty and students 

and promote the growth of a user community 

that will make the efforts self-sustainable in the 

long run. 

Background 

 

A Brief History of Motion Planning 

 

The general motion planning problem has 

been studied extensively in the past. The classi- 

cal case is the general mover's problem, which 

is posed for polyhedral robots operating in a 

polyhedral workspace. This problem was shown 

to be PSPACE-complete in [6]. Advances in 

robotics and modeling pressures the develop- 

ment of practical algorithms for robots with 

many degrees of freedom. A new generation of 

sampling-based motion planning algorithms 

emerged that preprocesses a robot's configura- 

tion space to construct a graph representation, 

which approximates the connectivity of the con- 

figuration space. See figure 1 for a high-level 

overview of sampling-based planning algo- 

rithms. The predominant family of these algo- 

rithms was pioneered with the introduction of 

the Probabilistic Roadmap Method (PRM) [7]. 

PRM techniques make some sacrifices over ex- 

act (exponential-time) algorithms. For example, 

path non-existence cannot be proven using 

PRM. However, a weaker completeness result 

has been proven: if a path exists then a PRM 

planner will eventually find it [8]. 

 

PRM provides a good solution to a broad class 

of motion planning problems where the robot 

operates in a known environment for a good 

deal of time. Many times one is interested in 

getting to the goal as soon as possible without 

exploring the environment. This led to the de- 
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Figure 1: Sampling-based motion planning. Each point represents a robot configuration, while the dark 

areas represent ‘forbidden’ areas corresponding to, e.g., collisions. The dimensionality of a robot’s con- 

figuration space is typically much larger than two, which is the dimensionality of the planner example 

shown here. For example, a free moving 3D rigid body already has a 6-dimensional configuration 

space: 3 for translation and 3 for rotation. Left: configurations are sampled, checked for collisions, and 

connected to nearby other configurations when possible. Straight line connections are shown here pure- 

ly for visualization purposes. This results in a graph called the roadmap. Middle: to find a path between 

two goal configurations, they are first connected to the roadmap, and a path is found through a graph 

search. Right: tree-based algorithms “grow” a tree from the start configuration by iteratively adding 

tree nodes and edges, often biasing the tree growth towards the goal. 
 

velopment of tree-based planners (e.g., [9–11]). 

Tree-based planners operate by constructing a 

tree in the configuration space. Tree-based me- 

thods have some advantages over a roadmap 

method: they concentrate on one or two con- 

nected components of the space and primarily 

connect configurations by integrating the con- 

trols of the system. This novel way of generat- 

ing configurations and paths is critical in plan- 

ning for systems with motion constraints (e.g., 

[9, 12, 13]). 

 

Recent Books 

 

In the last few years several robotics textbooks 

have been published [3, 5, 14]. These books are 

currently used in upper level undergraduate 

classes or introductory graduate level classes. 

The first two textbooks cover motion planning 

extensively. The material is also covered in the 

Handbook of Discrete and Computational Ge- 

ometry [15], the Handbook of Robotics [16], 

and a recent review article [17]. 

 

Available Software 

 

If students had to write motion planning algo- 

rithm implementations from scratch, much of 

their time would be spent on writing the low- 

level data structures and not on understanding 

the higher-level algorithms. There exist a few 

motion planning software packages such the 

Motion Strategies Library (MSL) [18], the Mo- 

tion Planning Kit (MPK) [19], and OpenRAVE 

[20], but they contain only a limited number of 

algorithms or have not been developed for sev- 

eral years (or both). KineoWorks [21] provides 

commercial motion planning software for aca- 

demic research and industrial applications. Re- 

cently, a new motion planning package called 

Vizmo++ [22] was introduced for possible edu- 

cational use, but it appears to have been aban- 

doned (source code or binaries of the software 

were never released). In 2007, our group re- 

leased the Object-Oriented Programming Sys- 

tem for Motion Planning (OOPSMP) [23]. Al- 

though initially released as a research tool, 

through continued development it has become 

viable to use as a teaching tool as well. 

 

Development of Motion  Planning Software 

 

Software Overview 

 

The software used for the teaching module is 

based on what is currently offered by the Ob- 

ject-Oriented Programming System for Motion 

Planning (OOPSMP, http://oopsmp.kavrakilab. 

org). It is a software system that provides easy 

access to many state-of-the-art sampling-based 

motion planning algorithms and underlying data 

structures. Many motion planning algorithms 

http://oopsmp.kavrakilab./
http://oopsmp.kavrakilab.org/
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Table 1: Motion planning algorithm components. Variants of motion planning algorithms can be com- 

posed by choosing different options in each column. 
 

sampling strategy: connection strategy: path generation: state space: 

• uniform • random nearest neighbors • geodesics (“straight lines”) • rotation+translation 2D 

• Gaussian • approx. nearest neighbors • best or random control • rotation+translation 3D 

• obstacle-based • exact nearest neighbors • approx. steer • controller: car, diff. drive, 

• bridge test  • collision check: incremental, 

subdivision 

unicycle 

 

share many similar components, and OOPSMP 

allows students to quickly design their own 

planner by combining existing components. We 

have spent considerable effort in adapting 

OOPSMP for educational purposes. This is an 

ongoing process. We will first give an overview 

of the existing functionality: 

 

 OOPSMP contains implementations of 

popular motion planning algorithms such as 

Probabilistic Roadmap Methods (PRM) [7], 

Rapidly-exploring Random Trees (RRT) 

[13], Expansive Spaces Trees (EST) [24], bi-

directional tree planners, and others. There 

are different sampling strategies (uni- form, 

Gaussian [25], obstacle-based [26], bridge 

test [27]) that can be used with any of the 

motion planning strategies. 

 Each algorithm can produce solutions for 

problems involving one or multiple robots. 

Each robot can rotate and translate, but a 

user can also impose constraints on the 

kinematics and dynamics that restrict the 

possible motions. OOPSMP implements 

several kinodynamic models of cars, differ- 

ential drives, and unicycles, and makes it 

easy to add new models of different robotic 

systems. 

 OOPSMP also contains many general pur- 

pose functions and data structures for: 

Linear algebra: low-dimensional vector and 

matrix operations. 

Topology: rigid body topology in 2D and 

3D, such as SO(2) and SE(3) (rotations in 

3D as quaternions). 

Numerical integration: several fixed-step 

and adaptive-step methods up to 8th order. 

Data structures and algorithms: sets, dis- 

joint sets, update-able heaps, graphs, depth- 

first search, breadth-first search, Dijkstra's 

shortest path, A* search. 

Proximity algorithms: nearest neighbors for 

metric spaces. 

 OOPSMP can be run as command line tool 

or run interactively with a simple graphical 

interface. Figure 2 shows some example 

problems in 2D and 3D, along with solution 

paths. It runs on Microsoft Windows, Linux, 

and Mac OS X. 
 

 

Figure 2: Screenshots of the graphical version 

of OOPSMP. 

 
 

OOPSMP implements motion planners in a 

modular, and objected-oriented fashion. This is 

done in a plug-and-play fashion: users can eas- 

ily create new components as plugins and have 

their functionality immediately available at run- 

time without having to recompile any part of 

OOPSMP. Table 1 gives an overview of the 

common components of a motion planning algo- 

rithm and which options are available for each 

component in OOPSMP. Each motion-planning 

component (data structures and low-level algo- 

rithms) can be combined and plugged into each 

motion planner giving rise to a combinatorially 

large number of possibilities. This provides a 
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Figure 3: The SketchUp interface to the OOPSMP software. 
 

great degree of flexibility in evaluating the im- 

pact of different components and comparing dif- 

ferent motion planners. 

 

Education-Focused Software Development 

 

We have developed a graphical user interface 

to OOPSMP that relies on Google Sketchup, a 

popular, free 3D modeling program. This makes 

the tool more accessible to students with little 

programming experience, but—just as impor- 

tantly—it also allows students to explore the 

high-level behavior of different motion planning 

algorithms on different problems without get- 

ting bogged down in writing low-level code. 

Through a plugin for SketchUp a student can 

define and solve motion planning programs us- 

ing OOPSMP. The plugin generates the input 

files for OOPSMP, runs the OOPSMP program 

in the background, and reads back the output. 

Instead of running OOPSMP inside SketchUp, 

one can also export motion planning problems 

and run the OOPSMP program outside of 

SketchUp. This is useful for more complex 

problems that may take a long time to solve. 

The SketchUp plugin makes it much easier to 

try out different planning algorithms and see the 

effect of changing algorithm parameters. Figure 

3 shows the interface of the SketchUp plugin. 

For a “robot” in the form of a free-flying L- 

shaped block several motion planning queries 

have been defined. Each query consists of a start 

and goal pose. After OOPSMP has been called 

from SketchUp to solve the queries, the solu- 

tions can be shown in animation. SketchUp pro- 

vides access to the online Google 3D Ware- 

house, a repository where people around the 

world deposit geometric models of everything 

ranging from simple household objects to realis- 

tic car models to complete buildings. This 

makes it very simple to create realistic environ- 

ments and robots to test motion planning algo- 

rithms. The significance of this is not to be un- 

derestimated. In the past, many motion planning 

algorithms could only be demonstrated on sim- 

ple toy examples, because it would take an inor- 

dinate amount of effort to create complex envi- 

ronments. 

 

Motion Planning  Curriculum  Development 

 

We have developed a series of assignments 

that gradually introduce students to motion 
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planning algorithms. The lecture material neces- 

sary to complete these assignments is described 

in at least two robotics textbooks currently on 

the market [3, 5]. The assignments will be given 

to students taking robotics courses at Rice. For- 

mal assessment will be done and feedback will 

be solicited from the instructors and the students 

to continuously improve the assignments which 

will use OOPSMP. Since the courses will be 

taught several times, laying the basis for correct 

assessment is important for the success of this 

project. 

 

With the enhancements described above, it 

will be possible to cover a broad range of prob- 

lems in assignments. For instance, in a robotics 

class that is more tailored towards mechanical 

engineering students, example exercises can be 

used that emphasize control aspects of motion 

planning. For computer science students as- 

signments can focus on the complexity of mo- 

tion planning for high-dimensional systems. 

 

Assignments 

 

The assignments are set up so that each as- 

signment builds on the previous assignment, but 

without directly depending on it. Furthermore, 

each assignment is composed of a set of subpro- 

jects that get progressively deeper and harder. 

By varying the depth of each assignment (i.e., 

the number of subprojects assigned) and the 

number of assignments instructors can adjust the 

assignments to the level of the students and the 

amount of time they want to allocate to the mo- 

tion planning module in their robotics class. We 

have initially divided the assignments into four 

initial categories: 

 

Getting familiar with motion planning 

algorithms 

 

The students will use the self-paced tutorials 

from the OOPSMP handbook to get familiar 

with the basic workflow of solving motion 

planning problems: (a) define an environment, 

(b) define a robot, (c) define motion planning 

queries by specifying pairs of start/goal configu- 

rations, (d) select a motion planning algorithm 

and its parameters, and (e) solve the problem by 

running the algorithm. This assignment can be 

completed using the SketchUp interface to 

OOPSMP. 

 

Develop a ‘naïve’ motion planning algorithm 

 

In this set of assignments students have to write 

some code that implements a simplified version 

of one of the algorithms contained in OOPSMP. 

In one assignment a code template is given and 

students have to “fill in the blanks.” This will 

teach students the basic code structure. 

OOPSMP consists of thousands of lines of C++ 

code. This can be overwhelming at first, so an 

assignment that illustrates which classes need to 

be implemented and how they are connected is 

useful. A subsequent assignment will ask the 

students to implement a variant of an algorithm 

that already exists in OOPSMP. An important 

part of the latter assignment is the performance 

evaluation of an algorithm. It is not always easy 

to decide which algorithm is better. Run-time 

matters, but the number of vertices and edges 

created in the roadmap or tree are also important 

since they can indicate how the algorithm per- 

formance would scale to more complex prob- 

lems. Many motion planning algorithms rely on 

random sampling, so runs need to be repeated to 

obtain a reliable estimate of expected perform- 

ance. Another complication in performance 

measurement is that there really is no standard 

benchmark problem. Any algorithm needs to be 

evaluated on a set of various benchmarks to get 

an understanding of its strengths and weak- 

nesses. 

 

Comparison of algorithms 

 

The comparison of motion planning algorithms 

requires critical thinking. Students learn that 

determining which algorithm is ”better” is non- 

trivial. Besides run-time, many other perform- 

ance metrics are important, such as the number 

of collision checks or the memory use. The se- 

lection of good test cases is also critical. Con- 

sidering both performance metrics and problem 

selection will help students generalize specific 
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results and evaluate which algorithms are more 

likely to scale up to more complex systems. 

 

Replace a core component with an alternative 

implementation 

 

This assignment will help students acquire a 

deeper understanding of the nuts and bolts of 

motion planning. At Rice University, where 

OOPSMP has already been used in a robotics 

class taught by Kavraki, students could choose 

projects such as: (a) implement a better collision 

checker, (b) write a different proximity data 

structure, or (c) implement a new motion plan- 

ning algorithm that is not a simple variant of 

what is available in OOPSMP. 

 

Open-ended projects 

 

At Rice, we have also developed several ideas 

for projects that can be implemented at varying 

levels of difficulty. Examples include path op- 

timization (of, e.g., path length, smoothness, 

energy consumption, etc.), path clustering, dy- 

namic manipulation with a planar manipulator 

(with kinodynamic constraints and possibly un- 

der-actuated joints), and formation planning. 

 

Documentation 

 

To complete the assignments students need 

documentation that explains in detail what func- 

tionality is available and how to use it. Cur- 

rently, the documentation consists of a high- 

level description of the code structure, basic us- 

age instructions as well as a large collection of 

linked web pages that are automatically ex- 

tracted from the extensive comments in the 

code. We are developing a comprehensive ref- 

erence manual that provides the background and 

conceptual framework that undergraduates for a 

robotics course are expected to have. To get 

started with OOPSMP, though, a reference ma- 

nual is not always what the students need most. 

Initially, they will need a handbook that ex- 

plains at a high level how all the pieces of the 

program fit together and includes tutorials with 

worked-out examples and screencasts. Such a 

handbook is virtually non-existent at this point. 

We will also link the lecture material to assign- 

ments by inserting references to a robotics text- 

book [3] in all documentation. This book is used 

in many robotics classes around the country (see 

the web site for the book at 

http://motionplanning.com). 

 

We have a developed a tutorial for OOPSMP 

that consists of slides, movies, and code. The 

tutorial materials are available online at http:// 

www.kavrakilab.org/OOPSMPtutorial. The tu- 

torial was held in September 2008 at the 

IEEE/RSJ International Conference on Intelli- 

gent Robots and Systems, one of the major con- 

ferences in robotics. Faculty can use the tutorial 

as-is, or just use selected material in their own 

slides. 

 

Assessment 

 

Systematic, formal outcomes assessment is 

conducted to evaluate the effectiveness of the 

technical, curricular and community building 

activities. Both formative and summative 

evaluation methods are included. For example, 

the new technology will be pilot-tested with un- 

dergraduates and the feedback used to inform 

design decisions on critical components and 

functionality. Also, evidence of student learning 

outcomes will be collected at Rice University 

and other partner institutions on an ongoing ba- 

sis, strengths and weakness identified, and the 

results used to improve curriculum materials 

and teaching methods. In contrast, the project's 

success will be determined at the end of the 

study by evaluating the overall level of 

achievement attained by student participants. In 

addition, student and instructor surveys de- 

signed to capture quantitative data (e.g., the 

amount of independent exploration) and qualita- 

tive data (e.g., student suggestions for ways to 

improve the curriculum or technology) will 

augment measures of student learning. An inde- 

pendent expert will be hired 1–2 weeks each 

year to analyze and help evaluate the results. 

http://motionplanning.com/
http://www.kavrakilab.org/OOPSMPtutorial
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Dissemination 

 

Our work can be used to broaden the dialog 

between students and faculty and beyond insti- 

tutional boundaries by creating a worldwide 

community of OOPSMP users. In the long run, 

we aim for the OOPSMP project to be self- 

sustaining. Over 200 people from around the 

world have already registered as OOPSMP us- 

ers. We currently have an official mailing list 

for users to discuss OOPSMP. This is mostly 

used for announcements. Since many people are 

already inundated with email these days, we 

therefore plan to make official announcements 

available through both a blog/RSS feed and the 

mailing list. 

 

Our work can also be used to form partner- 

ships with faculty members who are planning to 

use our teaching module in their classes. In ex- 

change for faculty and student participation in 

surveys, we would be able to assist in the design 

and selection of assignments tailored for the 

specific needs of a class. Anyone can download 

and use the teaching module without this addi- 

tional overhead. We will keep track of the num- 

ber of instructors who include this module in 

their courses. The growth and engagement of 

the OOPSMP user community into a collabora- 

tive educational resource will be tracked 

through the project's blog/RSS feed and email 

list. User community responses to a brief online 

user registration form and basic web analytics 

will document community size and user charac- 

teristics, along with the development of com- 

munity collaborative activities. 

 

Conclusion 

 

This project aspires to transform how college 

students learn robotics by offering a motion 

planning curriculum that enhances deep learning 

and is supported by an integrated software envi- 

ronment. Students are challenged to work on 

real-world robotics problems, and develop dee- 

per knowledge by reflecting on and formally 

evaluating their results. We scaffold learning by 

freeing students of tedious details and heavy 

programming and help them to develop critical 

thinking within and outside robotics through a 

hands-on problem-based learning approach. In 

the long run, the products of this project can 

strengthen other courses in computer science 

and engineering, and motivate younger students 

to pursue STEM careers. The work will be 

widely disseminated through the National Sci- 

ence Digital Library (NSDL). 
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