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An Introductory Digital Design Course Using a
Low-Cost Autonomous Robot

Kimberly E. Newman Member, IEEE James O. HamblerSenior Member, IEEEand
Tyson S. Hall Student Member, IEEE

Abstract—This paper describes a new digital design laboratory
developed for undergraduate students in this electrical and | - ! . t REIIIIIIHLIEERER,
computer engineering curriculum. A top-down rapid prototyping . i il
approach with commercial computer-aided design tools and o 81 11, e e (D00
field-programmable logic devices (FPLDs) is used for laboratory R i
projects. Students begin with traditional transistor—transistor " gy
logic-based projects containing a few gates and progress to de- . i AR
signing a simple 16-bit computer, using very high-speed integrated - k
circuits hardware description language (VHDL) synthesis tools
and an FPLD. To help motivate students, the simple computer
design is programmed to control a small autonomous robot
with two servo drive motors and several sensors. The laboratory
concludes with a team-based design project using the robot.

Index Terms—Autonomous robot, digital design, field-pro- Fjg 1. Altera’s UP 1 board contains two FPLDs. All projects discussed in this
grammable logic device (FPLD), sequential logic, very high-speed paper use the larger FLEX 10K20 FPLD located on the right-hand side of this
integrated circuits hardware description language (VHDL) board. This FPLD contains the equivalente20 000 logic gates.
synthesis.
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. INTRODUCTION

HE NATURE and background of undergraduate studen

entering electrical and computer engineering (ECE) prd
grams have changed significantly in recent decades. Traditio
pedagogical methods of teaching theory before looking at app
cations do not adequately address the needs of today’s studg
[1], [2]. Without previous, relevant experience, students are n
motivated to learn the material in the fundamental engineeri
courses that traditionally fill the students’ first several years @
course work [1]. In an effort to appeal to this new generatio
of engineering students, promote higher retention rates, and
crease motivation in undergraduate students, the faculty at
Georgia Institute of Technology (Georgia Tech) have redesigng
the computer engineering curricula to follow a more top-dow

approach [2]. Fig. 2. Th in simul hi hical vi f th k i
o . » . . ig. e train simulator outputs this graphical view of the tracks, trains,
Traditionally,  transistor—transistor logic (TTL) ~proto- sensors, and switches to a VGA monitor via a connector on the UP 1 board. This

board-based projects have formed the backbone of d'gléﬁlesstudents immediate visual feedback that can be used to test and debug their
des|gn laboratories. Because of the time-intensive nature stsfe machine controllers, which guide the trains around the simulated tracks.
designing with this technology, projects in an introductory
laboratory are limited to a handful of gates. This limitationvork on more meaningful projects with tens of thousands of
is unacceptable when trying to introduce students to mogates while still learning the fundamentals of digital design [7],
interesting real-world applications. Alternatively, field-pro{14].
grammable logic devices (FPLDs), which include both Under the new course structure, ECE 2031 is the intro-
field-programmable gate arrays and complex programmalolectory digital design laboratory at Georgia Tech. It is a
logic devices, offer a design platform that allows students tavo-semester-hour laboratory course that immediately follows
a three-semester-hour lecture course, which introduces students
Manuscript received August 14, 2000; revised February 21, 2002. to the tradltlonal, fundamental concepts in digital deS|gn and
K. E. Newman is with the School of Engineering and Computer Sciencepmputer architecture. The ECE 2031 lectures are motivated
University of Denver, Denver, CO 80208 USA. by the laboratory projects and, as such, must avoid excessive
J. 0. Hamblen and T. S. Hall are with the School of Electrical and Compute%
straction and theoretical analysis in favor of specific instruc-

Engineering, Georgia Institute of Technology, Atlanta, GA 30332 USA.
Publisher Item Identifier S 0018-9359(02)05044-6. tion on the project at hand.
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[I. LABORATORY LOGISTICS
—-[ll'-i_ 00 00 | ————=

The students’ workload is divided into three phases: prelal
in-lab, and postlab. Before each laboratory session, studel | J‘.
attend a one-hour lecture given by a faculty member. They a v
also required to complete “prelab exercises” before coming |
the laboratory. These exercises vary from week to week, b ALU
they are designed to take no more than two hours per week a
typically include reading from the textbook, working through 4
online tutorials, and/or completing an initial circuit design usin¢ | —s | register AC 00 0o -
the freely distributed student edition of Altera’s MAX+PLUS I
software. The laboratory session lasts three hours each week &
is supervised by graduate and undergraduate teaching assistgd |
such that there is, at worst, a 6 : 1 ratio of students to teachit §. [+1}—[FC 00— I
assistants. Undergraduate teaching assistants also staff 416 _, A2 18
laboratory during limited hours in the evenings and on weeken MAR o
for the few students who fail to complete the laboraton -
assignment during their regular session. After completing eau Memory
assignment, students must write a laboratory report summarizi 00: 02 11 =MW =0
their work and results. The length, format, and formality o g; g? }g ::} g‘gﬁ
these reports vary throughout the semester to give students 03 0303 12 0003
opportunity of writing different types of reports. On average
students are expected to spend six hours working on ea f§-¢— MDR 0z 11

laboratory assignment, including lecture, prelab exercises, and
in-lab time. Fig. 3. The simple computer architecture uses a multicycle fetch, decode, and
execute sequence, a 256-entry combined instruction/data memory, and a single
accumulator [2]. Students complete a VHDL state machine model of this 16-bit
computer.
lll. DIGITAL DESIGNUSING CAD TOOLS AND FPGAS
There is a significant learning curve that must be overcome
The tradeoffs between using commercial and special-purpagken using a complicated commercial tool, like Altera’s
educational tools in a laboratory setting are well debated MAX+PLUS I, in the introductory digital design laboratory.
engineering educational literature [3]. To provide students withowever, the student must surmount this obstacle at some
the tools to be productive and innovative in today’s rapidlgoint in the curriculum. By introducing the students to a small
evolving market, academia must keep pace with industry. Bybset of tools in a systematic, controlled manner, they are
using commercial products in a controlled/limited laboratoryrovided with a comfortable environment to quickly master the
environment, students are trained to use the tools that wiols before concentrating on design concepts and theory. In
make them immediately productive in industry. They are alsaldition to the text and lecture material, two comprehensive
provided with standard training in digital design theories andtorials were developed to introduce the basic tool flow of the
practices that will equip them to challenge current technologi®AX+PLUS Il software [5]. Once the students have completed
with new discoveries [12]. In 1995, students at Georgia Tethese tutorials, they have the fundamental knowledge to design
began using commercial computer-aided design (CAD) toaisstate machine using schematic entry, to compile and simulate
in senior design classes to design, simulate, and synthesizethieir design, and to test the synthesized implementation on the
duced instruction set computer processor cores [4], [15]. Sing® 1 board.
then, similar CAD tools have been successfully introduced into Students are also taught a basic subset of the very high-speed
junior-level computer architecture courses, and now into thetegrated circuit hardware description language (VHDL).
sophomore-level digital design laboratory as well. Throughout the semester, students progress from writing
In recent years, FPLD vendors, such as Altera and Xilingescriptions of simple combinational logic circuits and basic
have offered student versions of CAD tools for a nominal fetate machines to using VHDL to synthesize simple 16-bit
or for free. These vendors also offer reasonably sized FPLEemputer models and sophisticated state machine controllers
(currently 4000 to 70000 equivalent gates) integrated onfilmr an autonomous robot.
student development boards. (Several commercial offerings aréntroducing students to VHDL at such an early stage allows
highlighted in [2].) In particular, Altera’s UP 1 board, showrlater courses to be more aggressive and thorough in their treat-
in Fig. 1, contains two independent FPLDs, pushbuttons, DiRent of HDLs since students already have a familiarity with the
switches, light-emitting diodes (LEDs), a 15-pin high-densitgoncepts. Likewise, students are able to develop more advanced
D-Sub connector for attaching a VGA monitor, a PS/2 comprojects in their senior design classes because the tools and HDL
nector, and external I/O headers. The Altera UP 1 board dse familiar to them. Students have reported that this early treat-
sufficient for both the introductory digital design laboratorynent of VHDL has allowed them to be more productive in co-
and the senior design laboratory (although the senior desigperative and intern positions and to be more marketable in
laboratory uses larger FPLDs on the new UP1-x board). obtaining full-time employment upon graduation.
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DATA_AADIX = HEX; % Enter BIM, DEC, HEX, or OLT; unless X% -l
L otherwice specified. redixes = HEX i
== Specify uvalues for addresses, which cen be single address or range
CONTENT
BEGIM
[@8. .FF] gaan . ) Bange--Euvery sddress from 00 ta FF = 0000 (Default)
| 8218; R LD AC with HMEM{10) %
o 0011 ; % ADO MEM(11) to A X
a2 8112: % STORE AC im MEM[12) T
B3 8212; I LOAD AC with MEM{1Z2) check for ned valus of FFFF T
By a3ad ; i JUMP to B (leocp Foarsusr) L =
1@ ARRA; R Dote Value R
11 5555 . % Data Usalue &
12 Lizilili [ L Data Ualue - should be FFFF after rumiing prograa X
END
_ Iiine 7 TGl 1 JmEe| | I

Fig. 4. A sample memory initialization file that contains instructions and data for testing the basic operations of the simple computer.
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Fig. 5. The waveform output from the MAX+PLUS Il simulator when the memory is initialized with the MIF file shown in Fig. 4.

IV. L ABORATORY PROJECTS B. State Machines

The treatment of state machines provides the transition be-
tween protoboard-based design and FPLD-based design. Ini-
While adopting top-down pedagogy for the overall curtially, students use the schematic entry tool in MAX+PLUS Il to
riculum, the authors did not want to overlook the fundamentedksign a discrete implementation for the provided state machine.

concepts within ECE. During the first quarter of the semesteéfter simulating their design to verify its accuracy, they build it
students are introduced to TTL protoboard-based design usomga protoboard using TTL logic ICs. Finally, they design the
7400-series TTL logic integrated circuits (ICs). These earBame state machine in VHDL and simulate its operation. Sim-
laboratory assignments are designed to introduce basic logiation waveforms are compared for the two implementations
gates, counters, decoders, multiplexers, classic state mackind with the original state diagram to verify the correctness of
design, and more. The laboratory assignments in the secaaath implementation. After being introduced to VHDL in this
guarter of the semester center on instrumentation and cirami&inner, students can easily make direct comparisons between
characteristics. Students become familiar with digital oscilldhese two design methodologies.

scopes and logic analyzers and learn how to measure circuit this point in the semester, the transition from proto-
characteristics, such as rise/fall time, propagation delay, anoard-based design to FPLD-based design is completed by
duty cycle. requiring students to implement a more complicated state

A. Traditional Protoboard Approach
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Fig. 6. The UP1bot is controlled with the FLEX 10K20 FPLD on Altera’s UP 1 board.

an intellectual property (IP) core that is given to the students
and utilizes the video display capabilities (on a VGA monitor)
of the UP 1 board to generate the simulator output that is shown
in Fig. 2 [5], [6]. Through this interactive implementation,
student interest is kept high.

C. Simple Computer Synthesis

1) Architecture: In the second half of the semester, the em-
phasis is shifted toward computer architecture. As their first
hands-on experience with processor architecture, students com-
plete a state machine model of a 16-bit computer written in
VHDL (see Fig. 3). This basic architecture uses a multicycle
fetch, decode, and execute sequence; a 256-entry combined in-
struction/data memory; and a single accumulator [2], [5], [6].
After the students have modeled the required instruction set in-
cluding Boolean logic, conditional branch, and I/O instructions,
Fig. 7. Some of the sensors currently used with the UP1bot. The digithley Write assembly programs to test their design. Finally, stu-
compass on the upper left is mounted on a PC board designed in-houselénts change the original design to implement a Harvard ar-

interface it directly to the header pins on the UP 1 board. The IR proximityp; ; i ; i
detector with two IR LEDs and one IR receiver is shown on the bottom, ar?yltecwre by separating the instruction and data memory into

the IR distance detector with offset IR LED and receiver is shown in the upp®/0 distinct memory blocks. This final step not only dOUble's
right. the memory resources for the simple computer but also requires

students to demonstrate a proficiency in the understanding of
machine in VHDL alone. This laboratory assignment is writtethis architecture. It has been the authors’ experience that this
within the framework of an HO-model train control problemfinal project with the simple computer requires students to have
The state machine students write must control a simulation timadre than a superficial understanding of the architecture.
includes four interconnected tracks, five sensors, two powerThe simple computer laboratory assignments provide an ex-
supplies, four switches, and two model trains. The controlleellent opportunity to distinguish between the hardware syn-
must successfully guide the trains in a defined pattern whilleesis of the computer model and the software that runs on it.
avoiding collisions. The train simulator is encapsulated withi@ne of the disadvantages of introducing VHDL at such an early
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Fig. 8. The IR proximity detector has two infrared LEDs and a central infrared detector with an obstacle detection range of 8 to 26 in from the r8yot body.
only turning on one LED at a time, obstacles can be detected on the left or the right. If an obstacle is detected in both directions, it is assumetytanbe dire
front of the sensor.

stage is that students often fail to recognize the difference beachine to control movement. The digital compass and infrared
tween describing hardware in an HDL and writing software i(iR) proximity detector are typically used during this introduc-

a programming language. Great lengths are taken to make tois/ week. In the final two weeks of the semester, students work
difference clear throughout the semester; however, the simpiegroups of three or four to complete a design project using the
computer laboratory assignments provide the most explicit edtonomous robot. All design projects are required to use the
ample of this difference, since the student is required to desigimple computer students designed earlier in the semester as the
both the hardware and the software. robot controller.

2) Modeling: The simple computer design fits easily into a Students are provided with three basic sensors for their de-
FLEX 10K20 device. The computer’s random-access memasign project: digital compasses, IR proximity detectors, and IR
(RAM) is implemented using a RAM module found in Altera’sdistance detectors. Depending on the specified goal, teams can
Library of Parameterized Modules. The remainder of the comase any combination of sensors, including multiple sensors of
puter model is basically a VHDL-based state machine that imane type. Although students are given the flexibility to propose
plements the fetch, decode, and execute cycles. their own design projects and use any extra hardware they wish

The machine language program shown in Fig. 4 is loaded irttopurchase, experience has shown that this set of sensors proves
memory using a memory initialization file (*.mif). This pro-sufficient for a wide variety of projects, and only occasionally
duces 256 words of 16-bit memory for instructions and dataill students bring in additional sensors.

The memory initialization file, program.mif, can be edited to

change the loaded program. The computer model is then sinfy- Robot Platform

lated using the program.mif file as the initial memory values. The current UP1bot is equipped with an infrared proximity
Fig. 5 shows the output from Altera’s MAX+PLUS Il simu-detector and a digital compass (see Fig. 7). A rechargeable
lator. Once the accuracy of the computer model and the INiCAD battery is attached to the bottom of the platform to
struction/data file has been verified, the design is synthesizevide the robot with power during mobile operation. The
and programmed to the FLEX 10K20 FPLD. Students are givesbot is constructed using the Altera UP 1 development board
an IP core that encapsulates their processor design in a delj@j-For this project, only the 20000 gate FLEX 10 K series
ging module, which outputs the internal registers of their simplEPLD is used.

computer to the VGA display [5], [6], [13], [16]. Students step Two modified, low-cost servo motors provide the mobility for
through their programs by clocking the synthesized processhe robot, and Teflon skids attached to the NiCAD battery act as
with a pushbutton on the UP 1 board. a third wheel for the robot. The internal potentiometers on the
servo motors are adjusted to a 1.5-ms dead spot and locked in
place. Thus, the servo motors are controlled using a pulse-width
modulated signal from the FPLD: a 1-ms pulse to turn clockwise

In the final three weeks of the semester, students work wiéimd a 2-ms pulse to turn counterclockwise. A detailed parts list
an autonomous robot like the one shown in Fig. 6, which crand assembly instructions can be found in [5].
ates an enthusiasm among the students and provides a valuabl#hen the robot was designed, the two primary goals
learning tool [1]. During the first week, students are introducedere simplicity and cost. Simplicity was achieved by not
to the robot and must complete several simple tasks using a statack-boxing” any component. Whenever possible, sensor and

V. RoBOT DESIGN PROJECT
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Fig. 9. Operation of sharp IR distance detector.

motor controls are plugged directly into the header on the UP2) IR Proximity Detector:The robot is introduced to stu-
1 board, and any digital interfacing logic, such as pulse-widttents with the provision of an example design using an IR prox-
modulation for the motor control, is synthesized on the FPLImity sensor available from Lynxmotion for about $30 [11]. As
The cost of building the robot was kept to about the same agdllastrated in Fig. 8, this sensor has two infrared LEDs and a
textbook (excluding the UP 1 board), so that building their owgentral infrared detector with an obstacle detection range of 8 to
robots was a viable option for students. (Students can purch@sen from the robot body. Blinders are attached to the diodes to
the UP 1 board from Altera at a reduced student rate [8].)  reduce detection errors (particularly from reflections from the
floor). The detector responds to a modulated carrier of 38 kHz
B. Robot Sensors that filters background noise such as sunlight and external light
_fixtures.

1 Compass:Thg digital compass shown in Fig. 7 is The students are provided with a sample state machine, which
manufactured by Dinsmore Instrument Company (model 149|m

4 cost imately $12 [10]. Th id lements a simple obstacle avoidance pattern. There are five
and costs approximately [ . ]. The comp?ss Provides €iqilies in the design with an internal timer that is used to deter-
heading directions by measuring the earth’s magnetic fie i

. ) . e how far the robot has moved or turned.
using a hall-effect sensor. The sensor is designed to respon ) IR Distance DetectorThe IR distance detector shown
to directional change in a manner similar to a liquid-filled '

compass. If the compass is displaced,%h accurate headingIn Fig. 7 IS mlanufactured by Sharp (model GP2D02) and costs
is available in 2.5 s with no overshoot. The compass outpLﬁ proximately $20 [10].
his sensor has a range of 10 to 80 ca¥(to 32 in). The

four active-low directional signals, N, S, E, and W, which can. X ) . - .
be interfaced to the FPLD using pullup resistors to provi stance is output by the sensor on a single pin as a digital 8-bit
sﬁerial stream.

standard TTL signal levels. (NE, SE, SW, and NW are al o )
indicated by two simultaneously low outputs.) A small printed_ AS ShowninFig. 7, the GP2D02 contains an IR LED and a po-
circuit board was designed in-house to distribute power afjifion-sensitive IR detector. The IR LED transmits a modulated
ground connections to the compass unit, mount the pull@ﬁar_n ofm_frared light. When the light strlkes_an object, most pf
resistors in place, and connect the compass to the UP 1 boati&!ight will be reflected back to the LED. Since no surface is
header connector. Except for the pullup resistors, no additiofaPerfect optical reflector, scattering of the IR beam occurs at
hardware was used to interface the digital compass. Implem&f#g Surface of the object, and some of the light is reflected back
tation of any signal conditioning and/or reading delays is |clp the position sensitive detector. By comparing the near and far
to the students as an exercise. object beams shown in Fig. 9, the position at which the reflected
Students are provided with a sample FPLD design that di& beam hits the detector is a function of the reflection angle.
p|ays the heading ofthe compass on the UP 1 board’s Seven_sed—he 8-bit integer value reported by the sensor in centimeters
ment display to demonstrate the output of the sensor interfatseapproximately
From this example, students are expected to design their own
state machine to move their robot in a predefined pattern using
the compass for direction and internal counters for timing/dis-
tance since the servo motors are not encoded.

1.9

1000  tan ™t | o
T ran <DISTANCE

) + of fset.
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The 1.9-cmterm is the distance between the lenses. The offset
is the no-object present value returned by the sensor. This offse[bI
constant can vary by as much as 17 between different senstor

. ; a
and has a typical value of 25. A close object reports a larger
value, and a distant object reports a smaller value. Objects closer
than 10 cm will report an incorrect value and should be avoidvﬁ%f

. e
by placing the sensor away from the edge of the robot.
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The robot is controlled using either a state machine controllgi
or the simple computer designed earlier in the semester. Stu-
dents are required to design both types; however, the emphasis
is placed on the simple computer controller since students are
required to use it during their concluding design project. [1]

Students are required to make minimal changes to their
simple computer model by adding support for multiple 1/0 2]
devices (using a memory-mapped 1/O space). They are alsé
encouraged to consider the tradeoffs between hardware anis]
software implementations and to modify their simple com-
puter accordingly. In the past, students have reduced their
instruction space requirements by adding more advanced4]
instructions to handle indirect memory addressing and decre-
ment-and-jump-if-zero cases. In contrast, other students have;
optimized their hardware by removing convenient yet unneces-
sary instructions at the expense of larger code sizes. [6

Many students find their designs too large for either the FPLD [7;
or the instruction space and are forced to reconsider their ap-
proach. During the last week of the semester, the student team[a]
optimize their hardware implementations and software algo-
rithms to fit in the given space. In the end, the vast majority of [9]
groups succeed in correctly controlling a robot, and the variety
of solutions is as diverse as the students themselves. [10]

(11]

[12]
VI. CONCLUSION

In the first digital design laboratory, electrical and computer[13]
engineering undergraduate students at Georgia Tech are taken
from the traditional TTL protoboard-based approach to digitall4]
design through the design of their own simple computer core t?ls
a cumulative team design project using a low-cost autonomous
robot. They are taken from considering basic logic functions
state machines, and their implementations to exploring thQG]
tradeoffs between software and hardware solutions.

The low-cost autonomous robot is an interactive platform that
provides the students with a hands-on environment to develop
fundamental skills in digital design and implementation. It is
used to demonstrate the capabilities of digital design and pro-
vide the students with an interesting design project. Robotic lab-

leorgia Tech during the first two years of implementation.
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