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In robotic swarms, each robot in the swarm needsto know the relative locations

of its neighboring robots in order to maintain a safeand appropriate distance. The

purpose of this project is to design and implement a localization system for use

by robots in swarms. The robots will take turns \pinging" (i.e. simultaneously

transmitting a radio pulse and an ultrasonic pulse). Each robot will have three

ultrasonic sensorsplacedin di®erent locations on the robot. When a receivingrobot

detects the radio pulse, it starts three counters, each of thesebeing associated with

oneof the three ultrasonic sensors.Sincesoundtravelssigni¯cantly slower than light,

the ultrasonic sensorsdetect the pulseat sometime later, the time (or count) being

proportional to the distance between the pinging robot and the detecting sensor.

When the ultrasonic sensordetectsthe ping, it shuts o®its counter. When all three

countershaveshut o®,the receivingrobot hasthreedistancesfrom which to trilaterate

the location of the pinging robot. The location will be calculated within a CPLD

(Complex ProgrammableLogic Device) and communicated to the robot's controller.

The CPLD will alsocontrol the timing in the pinging process.
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Is \T rilaterativ e" A Word?

Is \trilaterativ e" a word? I could not ¯nd it in three di®erent dictionaries. A \Go ogle

search" found it only where I have usedit. So let us say it is not yet a word. But

pleaseremember that \rob otics" wasnot a word until Asimov madeit one. It seemed

reasonableto him that becausesomany di®erent ¯elds of study endedin \-ics" that

the study of robots must be called robotics. So it seemsto me that a systemthat

works using the principles of trilateration should be called a trilaterativ e system. If

it isn't a word yet, perhapsit soon will be.
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Part I

Lo calization
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Chapter 1

In tro duction

The modern robotics community is discovering that in many applications, it is far

better to employ a swarm of small, inexpensive robots than one large, monolithic

robot (Resnick, 1999). When many mobile robots are expected to cooperate with

each other on the sametask, it is often necessaryfor each robot in the swarm to

know the locations of its neighboring robots. This work describes a method and a

devicefor robots to discover the whereabouts of their neighbors.

1.1 The Meaning of Lo calization

The word \lo calization" is often usedin robotics to denotea robot's discovery of its

own location. The robot asks,\Where am I?" and the processof ¯nding the answer

to this question is called localization, e.g. (Betke and Gurvitis, 1994). But I usethe

word in a slightly di®erent way. My robots ask, \Where are you?" Hence,my usage

of the word \lo calization" denotesthe processof one robot discovering the location

of another robot.

Locationscan be represented in a variety of ways. A robot could be said to be at

the corner of 3rd Street and Grand Avenue. It could alsobe said to be at 41±1804000

North Latitude and 105±3503500West Longitude. Or, if I happen to be standing at

the cornerof 3rd and Ivinson, I might say that the robot is oneblock south of me. If
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I alsohappen to be facing south, I could alsosay that the robot is oneblock in front

of me.

These are four di®erent ways of representing the samelocation. The ¯rst two

ways are with respect to a global coordinate system. Street namesare with respect

to the City of Laramie, while latitude and longitude arewith respect to a globalEarth

datum. The last two representations are local and egocentric; they denote locations

with respect to an observer rather than a global or universal frame. In the ¯rst of

these,although location is local, direction is global, i.e. \south" is with respect to

the Earth's global coordinate system.

But in the ¯nal representation, I have speci¯ed the robot's location entirely with

respect to myself (provided the length of Laramie'scity blocks is known, of course)by

providing a rangeand a bearing. Likewisemy robots are interestedin the locationsof

their neighboring robots only with respect to themselves. Hence,\lo calization," as I

usethe term, is the processof onerobot discovering the location of another robot with

respect to itself. This is what Howard, et. al, call \Relativ e Localization" (Howard,

Matari¶c, and Sukhatme,2003).

1.2 Rob ot Lo cal Coordinate System

From the perspectiveof any robot in my swarm, the forward direction is at 0±, the left

side is at 90±, backward is 180±, and the right side is at 270±. In terms of Cartesian

coordinates, the front of the robot facesthe positive x-axis, and the left side of the

robot facesthe positive y-axis. The location of another robot can be represented

now in either Cartesian(x; y) or polar (r; µ) coordinates. For example,Robot A may

identify the location of Robot B as either (3; 4) in Cartesian or (5; 53:13±) in polar

coordinates,which meansthat Robot B is in front of and on the left sideof Robot A.

In the trilateration module described later in this thesis,the unit of distanceused
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is the 32nd of an inch. The reasonfor this is explainedin Part I I.

1.3 Wh y Are We Doing This?

The present research is part of a much larger picture. I am involved in a team of

researchersheadedby Dr. William Spearsof the University of Wyoming's Computer

ScienceDepartment. We are researching physicomimetic1 algorithms for keeping

swarms of mobile robots in formation while performing their assignedtask, whatever

that might be. Dr. Diana Spears, also in the Computer ScienceDepartment, is

conducting research on how to userobot swarms in chemical plume detection.

While both professorsmake liberal useof computersimulations, the preferredway

to test algorithms that are intended for useon robots is to test them on real robots.

In responseto this need, they founded the University's Distributed Robotics Labo-

ratory and stocked it with robot kits from the Kiss Institute for Practical Robotics

(http://www.kipr.org). We presently have seven robots which we useasa testbed for

our robotics research.

We successfullyprogrammedour robots with the physicomimeticsalgorithm, and

they performed correctly, but very slowly (Spears, Gordon-Spears, Hamann, and

Heil, 2004). Figure 1.1 shows the robots after they have moved into their hexagonal

formation. The method the robots wereusing to detect each other involved infrared

sensorsmounted on a servo motor. As the motor turned slowly around its vertical

axis, the robot could look around its environment to try to detect other robots. It

would take about 25 secondsfor a robot to scanaround all 360± this way. Because

it had to continuously keeptrack of its neighbors, a majorit y of the robot's time was

spent looking around, leaving little time for actually performing its task.

1Physicomimetics meansthat the robots are mimicking physics, i.e. they are using the laws of
physics to determine their behavior, just as biomimetics indicates that robots are mimicking living
creatures. For more information on physicomimetics, see(Spears, Gordon-Spears, Hamann, and
Heil, 2004).

4



Figure 1.1: Our Robots In Formation

We neededa faster localization system. Hence, the motivation for the present

work was to develop a faster localization systemthan what we had beenusing. The

goal was for all the robots to be able to detect each others' locations to an accuracy

of one inch in lessthan onesecond.

1.4 2D Versus 3D

For the most part, the localization discussedin this work occursin a two-dimensional

world. Our robots maneuver on the °oor of our laboratory, so we have only needed

two dimensionsso far. In theory the trilaterativ e localization system is extensible

to three dimensionsby the addition of a fourth ultrasonic sensor/counter, and this
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would obviously be necessaryfor unmannedaerial vehicle(UAV) applications.

1.5 A Lo ok Ahead

In Chapter 2 I summarizerobotic localization in general,and then, becausethe kind

of localization we will usedependson the measurement of distances,I explain how

our systemmeasuresdistances.In Chapters3 and 4 I show the mathematicsbehind

triangulation and trilateration, respectively, in order to show their similarities and

di®erences.Trilateration involves¯nding the intersectionsof circles,so in Chapter 5

I present a general formula for ¯nding the intersectionsof arbitrary circles. Then,

becausethe generalformula is extremely complicated, I show in Chapter 6 how we

greatly simpli¯ed the trilateration formula. In Chapter 7 I brie°y discussa very fast

localization method which could be used in someapplications, but which we found

to be too imprecisefor our applications.

Part I I examinesthe error involved in our trilateration calculations. I introduce

the problem of error in Chapter 8. Then in Chapters9 and 10 I discussquantization

error and rounding error, respectively.

Finally, in Part I I I, I discussthe trilateration deviceitself. Chapter 11providesan

overviewof the device. In Chapter 12I discussthe hardwarethat drivesthe ultrasonic

transducers.In Chapter 13 I describe the digital electronics(coded in Verilog) which

obtains the distancemeasurements and then performs the trilateration calculations

on them. In Chapter 14 I describe applications for the device. Chapter 15 shows how

the trilateration function can be implemented using a microcontroller. Chapter 16

summarizesthe work thus far and contains suggestionsfor future work.
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Chapter 2

Lo calization in General

How do robots ¯nd each other? This task could be accomplishedin a variety of

ways (Borenstein,Everett, and Feng,1996). For example,we have beenusing Sharp

GPD2D12 infrared sensorsmounted on servo motors. They have a very narrow ¯eld

of vision, and the information they provide is simply a distanceto the object at which

it is pointing. The servo motors scanaround 180±, and sincethere are two of them

on the servo facing opposite directions, this givesthem a 360± view of the world.

This method hastwo major °aws we sought to overcomewith the present project:

(1) It is very slow, taking around 20 to 25 secondsto perform the scan. (2) It is

di±cult to identify the di®erencebetween robots and other objects of roughly the

samesize and shape. We made our robots cylindrical, so that they would appear

the sameno matter which angle they were viewed from. But determining whether

something is a robot or not just from its shape is not reliable | this systemcould

easily confusea robot with a trash can.

In order to overcome(2), wedecidedthat the robots shouldemit a signal,and that

to overcome(1) this signal should be usedto locate the emitting robot. Speci¯cally,

the time of °ight (TOF) of the signal can be usedto measuredistance,and if we can

measureenoughof thesedistancesfrom variouslocations,wecanidentify the location

of the sourceof the signal. This processis called trilateration.
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Trilateration is like triangulation in that both aremethodsof locating an object or

a point. I present both becausein the popular literature there is confusionabout the

meaningsof theseterms. Someconsidertrilateration a type of triangulation. Others

do not usethe term \trilateration" at all, but use\triangulation" for both kinds of

localization. We choseto usetrilateration for our system,which involvescomputing

from distances,over triangulation, which involvescomputing from angles,becauseit

is easierto measuredistancesthan angles.

Becausetrilateration involves ¯nding the intersection points of circles, I include

a derivation of a general formula for ¯nding the intersections of arbitrary circles

and an algorithm for determining whether they intersect in the ¯rst place. But our

implementation turns out to be much simpler than the general formula becauseof

wherewe put the sensors,i.e. wherewe put the centers of the circles.

2.1 How Distances Are Obtained

Trilateration involves calculating a location from measureddistances. We measure

distance using a Di®erencein Time of Arriv al (DTOA) method. This method is

analogousto ¯guring out how far away lightning strikesbasedon the amount of time

betweenseeingthe lightning and hearing the thunder.

In our method, a robot simultaneously emits a radio frequency(RF) pulse and

an ultrasonic pulse. I call this \pinging." Another robot detects the RF pulse and

starts a counter. When the detecting robot picks up the ultrasonic pulsesometime

later (becausesound travels much slower than light), it turns o® the counter. The

resulting count is proportional to the distancebetweenthe robots.

Sincetrilateration (in 2D) requiresthreesuch measurements, each robot is equipped

with three ultrasonic receivers,placedin di®erent locations on the robot. Discussion

of the speci¯c placement of the receiverscan be found in Chapter 6.
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All the robots in the swarm take turns pinging, so that every robot can know the

locationsof all of its neighbors that arewithin rangeof the ultrasonic signal(typically

about six feet at least).
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Chapter 3

Triangulation

Triangulation is the processof locating a remote point, knowing the location of two

local points and the anglesfrom the known points to the remotepoint. In Figure 3.1,

point C is the remote point. We want to know its x and y coordinates. We can

measuredistancec and angles® and ¯ . That is, ®, ¯ , and c are known, and we wish

to ¯nd C(x,y). Geometrically, this is the problem of solving the Angle-Side-Angle

(ASA) problem.

We know that the sum of internal anglesof a triangle is 180degrees.Therefore

° = 180± ¡ ®¡ ¯ :

By the Law of Sines
sin®

a
=

sin¯
b

=
sin°

c
:

Then we know enoughto solve for a and b,

b=
csin¯
sin°

;

a =
csin®
sin°

:

To ¯nd the coordinates of C(x,y), we needto ¯nd the intersectionof two circles.

One of the circles has its center at point B and has a radius of a. The other circle
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Figure 3.1: Triangulation Step 1

is centered at A and has radius b. Point A is conveniently placedat the origin, and

point B is at (c,0).

Plot a point D at (x; 0) as in Figure 3.2. This lies directly under point C on the

x-axis. Next we recognizetwo right triangles: 4 AD C and 4 BDC. We now apply

Pythagorasto both triangles.

For 4 ADC

b2 = x2 + y2 ;

and for 4 BDC

a2 = (x ¡ c)2 + y2 ;
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Figure 3.2: Triangulation Step 2

a2 = x2 ¡ 2cx + c2 + y2 :

Then, solving both equationsfor y2, and setting them equaleach other, we obtain

b2 ¡ x2 = a2 ¡ x2 + 2cx ¡ c2 :

The x2s cancel,leaving

b2 = a2 + 2cx ¡ c2 ;

which can be solved for x,

x =
b2 ¡ a2 + c2

2c
:

12



Finally, substituting into the 4 ADC expression,

y =
p

b2 ¡ x2 :

Note that y has two solutions (if it is non-zero). The correct solution is chosen

by returning to the measuredangles® and ¯ . The polarity of theseanglesgivesthe

polarity of y.

The above derivation also appears in the discussionof trilateration, insofar as

trilateration alsousesthe intersectionsof circles.
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Chapter 4

Trilateration

Trilateration in two dimensionsmeans¯nding the location wherethree circles inter-

sect. Trilateration is basedon the principle that if you know that point P is some

distancer away from point Q, then point P must lie somewhereon a circle of radius

r whosecenter is at point Q. But we are trying to ¯nd the exact location of point P.

Knowing Q and r is not su±cient to calculate the exact location, but only narrows

it down to \somewhereon this circle."

However, if we know two basepoints Q1 and Q2 and the two distancesr 1 and r2

from those respective basepoints to point P, then we know that point P lies on the

intersection of those two circles. If Q1 = Q2 and r1 = r2, then the two circles are

identical and they intersect in an uncountable number of points. This is not useful,

sowe must be surethat Q1 6= Q2. In practice, this meansthat the ultrasonic sensors

are placedsomedistanced apart.

It is possiblefor two non-concentric circlesto intersect in zero,one,or two points.

In the present application, there will always be at least one point of intersection.

The two circleshave onepoint of intersectionwhen they sharea commonpoint on a

commontangent. This is rare. In most cases,two intersecting circles will have two

points of intersection. Therefore, if Q1, Q2, r1, and r2 are known, then the location

of point P can be narrowed down to at most two possibilities.
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Figure 4.1: How Three Circles Can Have Two Intersections

In order to narrow it down to only onepoint, we introduceQ3 and r3 and stipulate

that Q1, Q2, and Q3 must be non-colinear. If they were colinear, it would still be

possibleto obtain two intersectionpoints for the three circles. SeeFigure 4.1. If they

are non-colinear, then there can be only one point where all three circles intersect.

And that point is our point P.
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Chapter 5

In tersection(s) of Tw o Arbitrary Circles

5.1 General Form ula

In Chapter 4, I showedthat trilateration in two dimensionsis accomplishedby ¯nding

the intersectionof three circles. If the locationsand radii of thesecirclesarearbitrary,

the generalequationsfor trilateration are quite complicated. In this chapter I show

how to solve for the intersectionsof only two arbitrary circles1. The reader may

appreciate the complexity of this generalsolution and would rightly concludethat

a general solution for three circles would be proportionally more complicated. In

Chapter 6 I show how we simplify the trilateration formulae by imposingconstraints

on the locations of the centers of the circles.

The equationsare presented in Cartesian coordinates, but the solution is easier

to obtain if the equationsare ¯rst transformed into polar coordinates. Still, in order

to keepthe equationssmall enoughto ¯t on one line, I have had to substitute ±s in

a few placesfor someof the longer terms.

In Cartesian Coordinates

The problem is to ¯nd the intersection(s)of two arbitrary circlesas shown in Figure

5.1. Let the ¯rst circle have radius r 1 and center at (a1; b1), and let the secondcircle

1Material in this section is adapted from (Yeung, 2004).
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Figure 5.1: Two Arbitrary Circles

have radius r 2 and center at (a2; b2). In Cartesian coordinates, the intersectionswill

be the solutions (x; y) of the pair of equations:

(x ¡ a1)2 + (y ¡ b1)2 = r 2
1 (5.1)

(x ¡ a2)2 + (y ¡ b2)2 = r 2
2 : (5.2)

In Polar Coordinates

The problem is more easily solved in polar coordinates. Equation (5.1) becomes

x = a1 + r1 cosµ (5.3)

y = b1 + r1 sinµ (5.4)
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and equation (5.2) becomes

x = a2 + r2 cosÁ (5.5)

y = b2 + r2 sinÁ (5.6)

where0 · µ; Á < 2¼and r 1; r2 > 0.

In tersections

If the two circleshave the samecenter, i.e. (a1; b1) = (a2; b2), then the problemis easy.

They either intersect at an uncountable number of points or they do not intersect

at all, basedon whether r 1 = r2. In our practical application, no two trilateration

circles will ever have the samecenters, so we ignore this case. In the following, we

assumethat (a1; b1) 6= (a2; b2), and thereforethe ±2 de¯ned below is non-zero.

To ¯nd the intersectionpoints, we set the x terms of (5.3) and (5.5) equal to each

other

a1 + r1 cosµ = a2 + r2 cosÁ :

Similarly, setting the y terms of (5.4) and (5.6) equal to each other, we have

b1 + r1 sinµ = b2 + r2 sinÁ :

Rearrangethe terms as follows,

a1 ¡ a2 + r1 cosµ = r2 cosÁ ;

b1 ¡ b2 + r1 sinµ = r2 sinÁ :

Then squareboth sidesof the equationsand add them together,

(a1 ¡ a2 + r1 cosµ)2 + (b1 ¡ b2 + r1 sinµ)2

= (r2 cosÁ)2 + (r2 sinÁ)2

= r 2
2 cos2 Á+ r 2

2 sin2 Á

= r 2
2
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By expandingthe last result, we have

(a1 ¡ a2)2 + 2(a1 ¡ a2) r1 cosµ+ r 2
1 cos2 µ+ (b1 ¡ b2)2 + 2(b1 ¡ b2) r1 sinµ+ r 2

1 sin2 µ = r 2
2:

Collecting r 2
1 terms yields

(a1 ¡ a2)2 + 2(a1 ¡ a2) r1 cosµ + r 2
1 + (b1 ¡ b2)2 + 2(b1 ¡ b2) r1 sinµ = r 2

2 :

Then collecting cosµ and sinµ terms gives

(a1 ¡ a2) cosµ + (b1 ¡ b2) sinµ =
r 2

2 ¡ r 2
1 ¡ (a1 ¡ a2)2 ¡ (b1 ¡ b2)2

2r1
: (5.7)

Denotethe right hand sideby ±1. It is computablefrom known valuesa1; a2; b1; b2; r1

and r2. Let

±2 =
p

(a1 ¡ a2)2 + (b1 ¡ b2)2 :

±2 is alsocomputablefrom known values. Divide (5.7) by ±2,

a1 ¡ a2

±2
cosµ +

b1 ¡ b2

±2
sinµ =

±1

±2
: (5.8)

Note that
µ

a1 ¡ a2

±2

¶ 2

+
µ

b1 ¡ b2

±2

¶ 2

=
(a1 ¡ a2)2

±2
2

+
(b1 ¡ b2)2

±2
2

=
(a1 ¡ a2)2 + (b1 ¡ b2)2

±2
2

:

Since

±2
2 = (a1 ¡ a2)2 + (b1 ¡ b2)2 ;

then µ
a1 ¡ a2

±2

¶ 2

+
µ

b1 ¡ b2

±2

¶ 2

= 1

which suggeststhat the point P
³

a1 ¡ a2
±2

; b1 ¡ b2
±2

´
lies on the unit-circle2 with its center

at the origin (0; 0). SeeFigure 5.2.

2This point P is not the intersection point of the two circles. Rather, it is usedto ¯nd ³ , which
is then usedto ¯nd µ, which ¯nally leadsto ¯nding the intersection points.

19



Figure 5.2: Angle ³

Therefore,we can ¯nd some³ (zeta) with ¡ ¼· ³ · ¼such that

cos³ =
a1 ¡ a2

±2
and sin³ =

b1 ¡ b2

±2
:

Solving cos³ =
a1 ¡ a2

±2
, we have

³ = § cos¡ 1

µ
a1 ¡ a2

±2

¶
: (5.9)
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There are two valuesfor ³ . We selectthe onesuch that

sin³ =
b1 ¡ b2

±2
:

Then equation (5.8) becomes

cos³ cosµ + sin³ sinµ =
±1

±2
:

By a trigonometric identit y, we then have

cos(µ ¡ ³ ) =
±1

±2
;

and therefore

µ = ³ § cos¡ 1 ±1

±2
+ 2k¼ ;

wherek = § 1; § 2; ¢¢¢. Recall that 0 · µ < 2¼. So, selectthe µ valueslying in the

range[0; 2¼). Now, knowing µ, wecancomputethe intersections(x; y) from equations

(5.3) and (5.4). Supposewe have obtained the following points from (5.3) and (5.4)

(x1; y1) ; (x2; y2) ; ¢¢¢

Now we can substitute thesepoints into the original equations(5.1) and (5.2). Those

satisfying both (5.1) and (5.2) are the desiredintersectionpoints. If the equationhas

no solution, the circlesdo not intersect. If the equation has one solution, the circles

intersect in one place. And ¯nally , if the equation has two solutions, the circles

intersect in two places.For example,refer to Figure 5.3 There are no other options,

becausewe are ignoring the casewherethe circleshave identical centers.

A hardware implementation of the method described above would necessarilyen-

tail inclusionof °oating point arithmetic, trigonometric functions,and the squareroot

function, all of which, while certainly within the realm of possibility, are troublesome

and expensive. Wouldn't it be nicer if we could solve the sameproblem using simple

integer arithmetic? In the next chapter, I show how we arrived at a much simpler

formula by deliberate placement of our sensorson the x- and y-axes.
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Figure 5.3: Finding x and y from µ

5.2 Predetermining Whether Tw o Circles In tersect

In this sectionI present an algorithm for predeterminingwhether two circlesintersect

and if so, in how many placesthey intersect. This algorithm should be performed

prior to running the intersection calculations as it could save a lot of unnecessary

computation.

Algorithm

Giv en: The centers of two circlesand their radii: x1, y1, r1, x2, y2, r2.

Find : Do thesetwo circles intersect? If so, in how many places?

Solution :
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² Step1: Compute the distancebetweenthe centers of the circles.

d =
p

(x2 ¡ x1)2 + (y2 ¡ y1)2

² Step2: If d = 0 (i.e., the circlesare concentric) f

{ If r1 = r2, the circles are identical and overlapping, i.e. they intersect in

an uncountable number of points. SeeFigure 5.4a.

{ Else the circlesdo not intersect. SeeFigure 5.4b.

g

² Step3: Else if d + r 1 < r2 or d + r2 < r1, the circlesdo not intersect, and one

is inside the other. SeeFigure 5.4c.

² Step4: Else if d + r 1 = r2 or d + r2 = r1, the circlesintersect in onepoint, and

one is inside the other. SeeFigure 5.4d.

² Step5: Elseif r 1 + r2 > d, the circlesintersect in exactly two points. SeeFigure

5.4e.

² Step 6: Else if r 1 + r2 = d, the circles intersect in one point, and they are

adjacent. SeeFigure 5.4f.

² Step 7: Else r 1 + r2 < d. The circles do not intersect at all, and are separate

from each other. SeeFigure 5.4g.

² There are no other possibilities.

23



Figure 5.4: Ways Circles Can Intersect
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Chapter 6

Constrained Trilateration

6.1 General Form ula

Sofar I have shown that trilateration is localization by ¯nding the intersectionpoints

of circles. Then I derived the very complicated formula for ¯nding the intersections

of two arbitrary circles. If the circlesare madelessarbitrary by imposingconstraints

on the circle parameters,the formula is much simpler. In this chapter, I present the

derivation of the trilateration formula for constrainedcircles.

Conceive a circle of radius a whosecenter is at point A(0; d), whered is positive,

and another circle of radius b whosecenter is at point B(0; 0). Imagine that a, b, and

d are such that thesetwo circles intersect in two points. Thesetwo points will have

the samey-coordinate, becauseboth centers are on the y-axis. SeeFigure 6.1. We

heresolve for y, given a, b, and d.

For simplicity, imagine that a and b are such that 0 < y < d. This puts the

intersectionsof the two circlesbetweentheir centers, and so it is easierto visualize.

Mathematically, however, this is unimportant, as the formula works whether or not

this condition is satis¯ed.

One of the two intersection points is to the left of the y-axis and the other is to

the right by the samedistance. That is, one intersection point is at (¡ x; y) and the

other is at (x; y). We are not hereconcernedabout the particular value of x (which
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Figure 6.1: Calculating Y from a and b

we derive later), but we useit in the derivation of y as follows.

There is a right triangle with verticesat (0; 0), (0; y), and (x; y). The hypotenuse

is of length b, and the sidesare of lengths x and y. Henceby Pythagoras,

x2 = b2 ¡ y2 : (6.1)

There is another right triangle with vertices at (0; d), (0; y), and (x; y). The

hypotenuseof this one is a, and the sidesare of lengths x and d ¡ y. So,

x2 = a2 ¡ (d ¡ y)2 : (6.2)
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Then

b2 ¡ y2 = a2 ¡ (d ¡ y)2 :

Expandedout this becomes

b2 ¡ y2 = a2 ¡ d2 + 2dy ¡ y2 :

And now add y2 to both sidesto get

b2 = a2 ¡ d2 + 2dy ;

which can be solved for y as

y =
b2 ¡ a2 + d2

2d
: (6.3)

Now do somethingsimilar with two circleslying on the x-axis (seeFigure 6.2) to

get

x =
b2 ¡ c2 + d2

2d
: (6.4)

If a, b, c, and d areknown exactly and if computationsareperformedwith in¯nite

precision,then the point (x; y) will bean exactpoint of intersectionfor threecircles,as

shown in Figure 6.3. In the real world measurements cannot be madeexactly, neither

cancomputationsbe performedwith in¯nite precision. Thereforeit is unlikely in any

real application for thesethree circlesto intersect in exactly onepoint. We deal with

this error in Part I I.

6.2 Hardw are Implemen tation

Squaring (as well as other kinds of multiplication) and division are expensive to

implement in hardware, both in terms of time and in silicon gates required. We
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Figure 6.2: Calculating X from b and c

minimize the multiplication and division steps in the hardware implementation by

rearrangingthe formula to look like this:

x =
µ

(b+ c)(b¡ c)
d

+ d
¶

À 1

y =
µ

(b+ a)(b¡ a)
d

+ d
¶

À 1

whereÀ 1 means\righ t shift by one bit", which has the samee®ectas dividing by

two. The algorithm for actually performing thesecalculationsis in Chapter 10, where

I discussthe rounding error that occursduring thesecalculations.
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Figure 6.3: Three Circles Intersect at One Point

6.3 Summary of Constrained Metho d

Trilateration is the localization of one remote point by knowing its distance from

three local points of known location. If the three local points are placedarbitrarily ,

the trilateration calculations are extremely complicated. If instead the local points

are placedat (0; d), (0; 0), and (d;0), the trilateration formula is quite simple.

The placement of the ultrasonic sensorson the robot correspondsto the placement

of thesepoints, and we have control over wherewe placethe sensors.This L-shaped

con¯guration for sensorplacement has another advantage besidesmaking the cal-

culations easy. The condition number for the algebraicsolution of the trilateration
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equationsturns out to be 1, meaningthat the L-shaped con¯guration is the optimum

con¯guration for minimizing error (Hamann, 2002).

6.4 An Example

Wenow consideran examplewhereRobot A locatesRobot B. In Robot A's coordinate

system,its ultrasonic sensorshave beenmounted at locationsA(0; 192), B(0; 0), and

C(192; 0). (I.e. d = 192.) Also in Robot A's coordinate system,Robot B happens

to be sitting at location P(¡ 417; 394), but Robot A doesnot know this yet. (More

speci¯cally, Robot B's ultrasonic transmitter is at P(¡ 417; 394), but the transmitter

is hard mounted to the robot.) SeeFigure 6.4. The exampleassumesthat our unit

of distancecorrespondsto the distancesoundwill travel in oneperiod of the counter

clock.

Robot B simultaneously emits an RF pulse and an ultrasonic pulse. Robot A

detects the RF pulse and immediately starts the three counters associated with the

ultrasonic sensors.The soundarrivesat sensorA ¯rst, becauseit is closest.SensorA

turns o® its counter. We can calculate the distance between points A and P as

a =
p

P2
x + (Py ¡ d)2 ¼ 463:35. Then the value in the counter will be 463, because

the counter yields essentially the integer part of the distance.

Next, the soundarrivesat sensorB . Its actual distanceis b=
p

P2
x + P2

y ¼ 573:69,

but the counter will contain 573. Finally, the sound arrivesat sensorC, where the

actual distanceof c =
q

(Px ¡ d)2 + P2
y ¼ 725:34 is recordedas 725. This rounding

down of actual distancesis what I call \quantization error." It is covered in more

detail in Chapter 9.

All three counters have now stopped, so their contents are transferred to the

trilateration calculator wherethe location of Robot B is computed.

Px =
µ

(b+ c)(b¡ c)
d

+ d
¶

À 1 ¼ ¡ 417:79

30



Figure 6.4: ConstrainedTrilateration Example

Py =
µ

(b+ a)(b¡ a)
d

+ d
¶

À 1 ¼ 392:77

Actually, sincethe calculator is also limited to working with integersonly, the com-

puted valuesfor Px and Py will be rounded up or down accordingly. This is called

\rounding error" and it is discussedin more detail in Chapter 10.

In the next chapter, I present a method which involvesno calculationsat all, and

which is thereforeextremely fast. For this \Quick & Dirt y" method, the sensorsare

optimally placedin an equilateral triangle formation.
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Chapter 7

Quic k & Dirt y Metho d

Although the constrainedversionof trilateration is still much simpler and faster than

using the generalformula for intersectingcircles,it may still require tens or hundreds

of clock cyclesfor the hardware to do the computations. This chapter presents a way

of (roughly) ¯nding the location of an object in only one clock cycle. This \Quick

& Dirt y Method" might be useful on unmannedaerial vehicleswhere speed is very

important, but precisionis lessimportant.

For such cases,I proposethe Quick & Dirt y Method, which computesa rough

bearing to the beaconin only oneclock cycle.

The Quick & Dirt y Method wasnot implemented in our trilaterator CPLD (Com-

plex ProgrammableLogic Device)becausewe neededgreaterprecisionfor our physi-

comimeticsdemonstrations.

In either method, distancesare obtained using counters and Di®erencein Time

of Arriv al (DTOA) of ultrasonic signals and RF signals. In the precise method,

the output of the counters are fed into a calculating machine. The Quick & Dirt y

method needsno calculations, only comparisons. The output of the counters are

given to digital comparators. The output of the comparatorsgo to a lookup table

that gives one of 12 possibledirections to the beacon. A distance to the beaconis

chosendirectly from one of the counters. Hence, the output of the Quick & Dirt y
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machine will give the rangeand bearing to the beacon,whereasthe precisemethod

givesx and y coordinates.

How it Works

Figure 7.1 shows that if line l divides a plane into two half planes,and line segment

AB is perpendicular to and bisectedby l, and a point P lies on the samehalf plane

with A, then point P is closerto point A than to point B .

Figure 7.1: Narrowing Down the Position of P by Half plane.

So if sensorsare placedat points A and B, and if the number in counter A is less

than the number in counter B (a < b)1, indicating a shorter distanceto the beacon,

then the beacon(our point P) must lie in the samehalf plane as sensorA.

The trilaterator has three sensors,and so if they are paired up in all possible

combinations of two, it is possibleto draw three lines: l1, l2, and l3. Line l1 divides

A from B. Line l2 divides B from C. Line l3 divides A from C. Now there are six

1The variable a represents the distance from point A to the beacon,and the variable b represents
the distance from point B to the beacon.
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di®erent hextants. Refer to Figure 7.2. (If there were four such regions,I would call

them quadrants.) The beaconmust be in one and only one of thesehextants (or on

a line). Which hextant or line the beaconis on can be determinedby comparingthe

counter valuesof the three counters, as shown in Figure 7.3.

Figure 7.2: Orientation of the Lines Dependson Placement of the Sensors

The outputs of the comparatorscan be fed into a hardware versionof the lookup

table in Figure 7.4. To seehow this lookup table can be used to ¯nd out which

hextant contains the beacon,¯rst comparethe valuesof a and b. If, for example,a is

lessthan b, look in the column labeled\ a < b." Then, comparea and c to determine

which set of three rows to look at. Finally compareb and c to determinewhich row

of the three in the set to look at. Find where the column and row intersect. If the

intersectioncontains just one integer, that integer is the number of the hextant that

contains the beacon.If it contains two integersseparatedby a dash,then the beacon

lies on the line (or ray) that separatesthose two hextants. An X indicates that a
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Figure 7.3: Comparisonof Distancesa, b, and c Leadsto Unique Hextant Placement
of Point P

particular combination of inequalities and equalities is not possible. For example,if

a < b and b< c, it is not possiblefor c < a.

If the beaconlies on a ray, then the angular precisionof this trilateration is § 0±.

If, on the other hand, the beaconlies within one of the hextants, then the angular

precisionis § 30±.

For example,supposeyou know a = 55, b= 58, and c = 57. Then a < c < b. The

lookup table tells us that accordingto thesecomparisons,the beaconlies in hextant

H2. Looking at Figure 7.3, we notice that H2 coversall bearingsfrom 30± to 90±. So
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Figure 7.4: Where is the Beacon,Basedon Comparisonsof a, b, and c?

we know that the bearingto the beaconis (very) approximately 60±§ 30±. Depending

on which part of the robot you measurefrom, the distanceto the beaconis between

55 and 58 units of distance.
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Part I I

Trilateration Error
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Chapter 8

T yp es of Error

As was shown in Chapter 6, the x and y coordinates of the pinging robot can be

calculated from three variable distancesand one constant distance. Naturally, error

in the distance measurements will lead to a corresponding error in the calculated

coordinates.

Several typesof error may occur:

1. Quan tization Error results from the fact that the measurements are made

using counters. Counts are integers rather than arbitrary real numbers. An

object that is actually 14.3 units of measurement distant will be measuredto

be only 14 units of measuredistant, becausethe counter will not quite have

counted to 15 beforethe counter is stopped.

2. Rounding Error occurs in the trilateration calculations. The division step

may have a remainder that is dropped, as may the right shift operation.

3. Random Noise will be present in the system. Various factors a®ectthe speed

of sound: changesin humidit y, barometric pressure,and temperature. The

electronic hardware may behave di®erently basedon the temperature of the

components, leading to slight timing di®erences.

We expect that (3) will be minimal. Over the brief time periods during which we
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operate our robots, the weather is unlikely to changedrastically enoughto have an

immensee®ecton our robots' behavior. Moreover, for the types of experiments we

conduct with our robots, it is of no concernso long as all of the robots are a®ected

equally. Also, any error associated with the electronic hardware is expected to be

tolerable, but if it becomesa problem, we can upgrade to higher quality integrated

circuits.

In the next few chapters, I concernmyself with quantization error and rounding

error, as theseare factors over which I have somecontrol as I designthe system.
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Chapter 9

Quan tization Error

9.1 The Trouble With Quan tization Error

Ideal trilateration is depicted in Figure 6.3. The actual distancesfrom points A, B ,

and C are given as a, b, and c respectively. Sinceour counters only count integral

values, the distance measurements that are handed to the calculator module are

actually bac, bbc, and bcc. (The bc denotesthe °oor function, which returns the

integer part of its argument.)

Thus, the x and y coordinates are calculatednot from a, b, and c, but from bac,

bbc, and bcc. The x coordinate is calculated from bbc and bcc. The y-coordinate is

calculated from bac and bbc. We now have a calculatedposition P 0 located at (x; y)

which is not necessarilyin the sameplaceasthe actual location, point P. SeeFigure

9.1. There is somequantization error betweenthe actual location and the computed

location.

The ceiling (de) function for positive arguments is de¯ned as the °oor function

plus one unit of measure. The unit of measureis the distance that sound travels

during oneperiod of the clock which drivesthe counter. Sincefor positive distances

a, b, and c,

bac · a < dae

bbc · b< dbe
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Figure 9.1: The Di®erenceBetweenP and P 0

bcc · c < dce

we can make the quantization error arbitrarily small simply by driving the counter

with a fast enoughclock. In other words, as the clock becomesfaster, the di®erence

between the °oor and ceiling becomessmaller, thereby reducing the quantization

error.

The faster clock comeswith a price, however. Over the same time period, a

counter driven by a fast clock counts to a higher number than a counter driven by a

slow clock. Thus, the counter driven by the fast clock requiresmore bits. Counters

with greater bit-widths are more complex and occupy more physical spaceon the
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silicon chip. Thus, if we want to put several counters plus the calculator module all

onto onechip, we must be mindful of thesepractical limits.

We want our trilateration module to be accurateto within one inch. That is, the

distance between point P and point P 0 should not exceedone inch. The question

consideredin this chapter is: What clock frequencyis required to achievethe desired

accuracy?

9.2 De¯nition of \Region"

Becausethe actual valuesof a, b, and c lie betweentheir respective °oorsand ceilings,

we can no longer view trilateration strictly as ¯nding the intersectionsof circles. It

becomesa more di±cult problem of ¯nding the intersectionsof annuli, where the

inner diameter of each annulus is the °oor and the outer diameter is the ceiling. See

Figures9.2 and 9.3.

Sincepoint P's distancefrom point A is betweenbac and dae, it must lie some-

whereon the annulus whoseinner radius is bac and whoseouter radius is dae. Since

the sameis true for the annuli whosecenters are at B and C, then point P must

lie within the intersection of the three annuli. The area that is commonto all three

annuli is what I refer to as a \region."

The counters in the trilateration module provide us with the three distancesbac,

bbc, and bcc, and thesethree distancesde¯ne a region whereinpoint P must lie. We

do not know exactly wherein the regionpoint P lies, but only that it must be within

that region.

In reality, of course,point P will never be as closeto points A, B , and C as it is

shown in Figure 9.3, becausethat would put two robots on top of each other. Sothe

shape of the region shown in Figure 9.3 is not typical. A more typical shape for a

region is shown in Figure 9.4.
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Figure 9.2: Radius a Lies Betweenbac and dae.

Such regionsare boundedby from three to ¯v e arcs. Figure 9.5 shows a \map" of

regions. Each boundedareais a unique region. There is a wide variation in the sizes

and shapes of regions. Although they are never more than one unit \thic k", they

vary a great deal in \length."

Point P (the actual position) and point P 0 (the computed position) will always

lie in the sameregion. Therefore,if you know the maximum dimensionof the largest

region within the e®ective range of the trilateration module (in our casesix feet),

then you know the maximum error that is attributable to quantization.
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Figure 9.3: Point P Lies Within the Intersectionof Three Annuli.

9.3 Solution by Simulation

There are several possibleapproachesto solving this problem. Becauseof the great

variation in sizesand shapes of regions, both of the approaches we tried entailed

computer simulation. A computer could quickly analyzeall of the regionswithin a

particular area,identify and storethe relevant maximums,and allow the userto easily

tweakparametersuntil the overall error wassmall enoughto ¯t designrequirements.

The ¯rst simulation calculatedthe areaof each regionthrough an imageprocessing

technique that createda virtual imageof the region and then counted the number of

pixels within that region. This enabledus to make assertionssuch as, \The pinging
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Figure 9.4: A Typical Region.

robot lies somewherein a region of sizeS which contains a point (x; y)." But it did

not identify the maximum possibleerror due to quantization.

The secondsimulation did not analyzeregionsat all. Instead it virtually placed

the beaconat several locations. For each location, it simulated how the trilateration

module would perform the calculations. Then, it comparedthe actual locationsto the

computed locations to ¯nd the maximum error. Becausethe granularit y of beacon

placement was very ¯ne, the maximum error reported by the program is likely to be
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very accurate.

In this simulation, the clock frequency(or granularit y of the counter) wasadjusted

until the maximum error betweenthe actual location and the computedlocation was

under one inch. At this point, the granularit y was 1
32 of an inch. The time it takes

for sound to travel 1
32 of an inch is about 2.3 microseconds.To answer the question

asked at the end of section9.1, the clock frequencyneedsto be the reciprocal of 2.3

microseconds,or about 435 kHz. Incidentally, the program was also used to verify

that rounding error would not be a problem. Rounding error is the subject of the

next chapter.
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Figure 9.5: A RegionMap
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Chapter 10

Rounding Error

There is somerounding error in the trilateration calculations. In the division step,

the remainder, if there is one, is dropped. Also, in the right shift operation, if the

rightmost bit is 1, someinformation will be lost. The question this chapter tries to

answer is: Is the lossdue to rounding error signi¯cant?

Sincethe equation for x is similar in form to the equation for y, we look at only

one of the two equations,and we can safely assumethat the other has exactly the

sameresults in terms of error. As explainedin Chapter 6, the equation for y is

y =
µ

(b+ a)(b¡ a)
d

+ d
¶

À 1 ;

wherea, b, and d are positive integers. The À 1 is the right shift operation which is

performed last and which has the e®ectof dividing by two. But that formula is an

idealizedcase.With the rounding error, the actual formula becomes

y0 = b
b(b+ a)( b¡ a)

d c + d
2

c :

The error due to rounding is the di®erence² = jy ¡ y0j. If ² is su±ciently small,

we do not need to modify this algorithm. On the other hand, if ² is large, we will

need to store the remainder of the division operation and the rightmost bit of the

right shift operation, and use them to adjust for the rounding error. What is the

maximum value for ²?
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Let someother epsilon, ²1, be the di®erencebetweenthe idealizedquotient and

the roundedo®quotient from the division step, and let ²2 be the di®erencefrom the

right shift, or divide-by-2 step.

²1 = quo ¡ quo0

²2 = magnitude ¡ magnitude0

The algorithm implemented in the hardware for calculating y is summarizedas

follows. It may seemunnecessarilycomplicated. This is becauseI wanted to deal

with the sign bit separately. Signed multiplication and division are accomplished

by stripping o®the sign bit, doing an unsignedmultiplication or division, and then
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re-attaching the sign bit afterward.

1. Let sum1 = b+ a

2. Let di® = jb¡ aj

3. Let sign =

8
><

>:

1; if b< a

0; otherwise

4. Let prod = sum1 ¤ di®

5. Let quo =
prod

d

6. Let sum2 =

8
>>>>><

>>>>>:

quo+ d; if sign = 0

quo ¡ d; if sign = 1 and quo ¸ d

d ¡ quo; otherwise

7. Let sign =

8
><

>:

0; if sign = 1 and d ¸ quo

sign; otherwise

8. Let magnitude =
sum2

2

9. Let y =

8
><

>:

magnitude; if sign = 0

¡ magnitude; otherwise

Roundingoccursin steps5 and 8. In order to analyzethe error, weneedto replace

steps5 and 8 with

quo0 = b
prod

d
c = quo ¡ ²1 =

prod
d

¡ ²1

and

magnitude0 = b
sum2

2
c = magnitude ¡ ²2 =

sum2

2
¡ ²2

respectively. We know that 0 · ²1 < 1 and that ²1 2 f 0
d ; 1

d ; : : : ; d¡ 1
d g. Similarly,

0 · ²2 < 1 and ²2 2 f 0; 1
2g.
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10.1 Case 1: b ¸ a

Now, we can begin a case-by-caseexamination of the problem to ¯nd the maximum

error betweenactual y and computed y0. In the ¯rst case,b ¸ a, so that di®, prod,

quo, magnitude, and y are all positive, and sign is of course0.

quo =
(b+ a)( jb¡ aj)

d
=

(b+ a)(b¡ a)
d

quo0 =
(b+ a)(b¡ a)

d
¡ ²1

sum0
2 =

(b+ a)(b¡ a)
d

+ d ¡ ²1

y0 = magnitude =
(b+ a)( b¡ a)

d + d ¡ ²1

2
¡ ²2

² = y ¡ y0 =
(b+ a)( b¡ a)

d + d
2

¡

Ã
(b+ a)( b¡ a)

d + d ¡ ²1

2
¡ ²2

!

² =
²1

2
+ ²2

To ¯nd the minimum and maximum valuesfor the total error in the calculation,

plug in the minimums and maximums of ²1 and ²2.

Minimum for Case1: ² = 0
d + 0 = 0

Maximum for Case1: ² =
d¡ 1

d
2 + 1

2 = 1 ¡ 1
2d

A typical value for d might be around 192. (We expect the transducersto be 6

inches apart, and we are measuringin 32nds of an inch.) Thus, the rounding error

for Case1 is not expected to exceed1 ¡ 1
384 which is approximately 0.997units of

measure,or just under 1
32 of an inch.
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10.2 Case 2: b< a and quo0 ¸ d

In the secondcase,b< a and quo0 ¸ d. (What if quo ¸ d, but quo0 < d? This cannot

happen becaused is an integer.)

sign = 1

quo =
(b+ a)( jb¡ aj)

d

quo0 =
(b+ a)( jb¡ aj)

d
¡ ²1

sum0
2 =

(b+ a)( jb¡ aj)
d

¡ d ¡ ²1

magnitude0 =
(b+ a)( jb¡ aj)

d ¡ d ¡ ²1

2
¡ ²2

y0 = ¡ magnitude0 =
¡ (b+ a)( jb¡ aj)

d + d
2

+
²1

2
+ ²2

Sinceb-a is negative for this case,then b¡ a = ¡j b¡ aj. Then

y0 =
(b+ a)( b¡ a)

d + d
2

+
²1

2
+ ²2

² = y ¡ y0 =
(b+ a)( b¡ a)

d + d
2

¡

Ã
(b+ a)( b¡ a)

d + d
2

+
²1

2
+ ²2

!

² = ¡ (
²1

2
+ ²2)

From the previouscase,we know the upper and lower boundsof ²1
2 + ²2. Invert them.

Minimum for Case2: ² = ¡ (1 ¡ 1
2d) ¼ ¡ 0:997

Maximum for Case2: ² = 0
d + 0 = 0
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10.3 Case 3: b< a and quo0 < d

quo =
(b+ a)( jb¡ aj)

d

quo0 =
(b+ a)( jb¡ aj)

d
¡ ²1

sum0
2 = d ¡

µ
(b+ a)( jb¡ aj)

d
¡ ²1

¶

sum0
2 = d ¡

(b+ a)( jb¡ aj)
d

+ ²1

magnitude0 =
d ¡ (b+ a)( jb¡ aj)

d + ²1

2
¡ ²2

magnitude0 =
d + (b+ a)( b¡ a)

d + ²1

2
¡ ²2

y0 = magnitude0 =
(b+ a)( b¡ a)

d + d
2

+
²1

2
¡ ²2

sign = 0

² = y ¡ y0 =
(b+ a)( b¡ a)

d + d
2

¡

Ã
(b+ a)( b¡ a)

d + d
2

+
²1

2
¡ ²2

!

= ²2 ¡
²1

2

Minimum for Case2: ² = 0 ¡ d¡ 1
d

Maximum for Case2: ² = 1
2 ¡ 0 = 1

2

All three possiblecaseshave beencovered. Looking at the extremesfrom all three

cases,we ¯nd that ¡ (1 ¡ 1
2d) · ² · 1 ¡ 1

2d . Therefore, the error due to rounding in

the calculation of y will never exceed§ (1 ¡ 1
2d). In practice this comesout to less

than 1
32 of an inch. The samemaximum error is expected for x. Thereforethe total

maximum error due to rounding between(x; y) and (x0; y0) is
p

2
32 . Sincethis is quite

acceptable,the algorithm doesnot needto be improved upon at this point.
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Part I I I

The Device
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Chapter 11

Trilateration Mo dule Overview

The robots are controlled by a handyboard controller which is limited in speedand

memory(http://www.handyb oard.com). Wethereforewanted to outsourcethe trilat-

eration function. That is, we wanted to build a separatedeviceto do the trilateration

computations and communicate its results to the handyboard.

We consideredusing a microprocessoras the coreof the trilaterator, but decided

to custom designa CPLD instead.

Figure 11.1 shows how the trilateration module ¯ts into the overall system. The

RF (radio frequency) transceiver and the ultrasonic transducerssensethe outside

world and convey information to the trilateration board. The trilateration board

performssomecalculationson the data and is then able to convey the x and y coor-

dinates of a detectedrobot to the handyboard. The \trilateration module" consists

of the trilateration board and the RF and acoustictransducers.
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Figure 11.1: SystemBlock Diagram
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Chapter 12

Acoustic Detector and Driv er

The acoustic detector and driver circuit (or module) is the interface between the

actual ultrasonic transducersthemselves and the CPLD. Figure 12.1 shows a block

diagram of the acousticmodule.

Each of the three ultrasonic transducerscan receive (or hear) ultrasonic trans-

missions,but only one of them | TransducerB, which is located at the origin |

can transmit an ultrasonic signal. The relay provides a convenient way of switching

modeson this transducerbetweentransmit and receive.

Normally, TransducerB is in receive mode. When it is time for the robot to ping,

the CPLD sendsout a 40 kHz squarewave on the ACBTx line. Sincethe CPLD uses

the LVTTL standard, this output is 2.5 volts peak-to-peak. The \Tx Detect" circuit

detectsthis squarewave, and for the duration of the squarewave, it appliespower to

the relay. This puts TransducerB into transmit mode.

When transmitting, the transducer must be driven by a 40 kHz signal. The

amplitude of this signal can vary, but greater amplitudes produce louder acoustics.

In order to obtain the loudest possiblesignal, we amplify the LVTTL signal to 18

volts peak-to-peak in the ampli¯er module.

The Detector module providesan LVTTL signal to the CPLD indicating whether

or not a 40 kHz signal is being heard by its transducer. The ACBTx signal provides

57



an LVTTL output of the CPLD which oscillates at 40 kHz when the trilaterator

module is attempting to ping. This low voltage is ampli¯ed by the ampli¯er to about

18 volts peak-to-peak. A relay separatesthe input to the transducerfrom the output

of the transducer. TransducerB is usedfor both transmitting and receiving,but not

at the sametime. The relay switchesTransducerB into transmit modewhenthe \Tx

Detect" detectsa 40 kHz signal on ACBTx.

Figure 12.1: Acoustic Detector/Driv er Block Diagram
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Chapter 13

Coun ter and Calculator

The counter/calculator is a Verilog module programmedinto the CPLD. Its purpose

is to provide the counters for the measurement of distancesand to compute from

thosedistancesthe x and y coordinatesof the \pinging" robot.

Figure 13.1: Counter/Calculator Block Diagram

Figure 13.1showsthat this module consistsof three parts. The \threetimer" mod-

ule holds the three counters (or timers) associated with the three ultrasonic trans-
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ducers. The \calc" module receivesthe counter outputs asdistancesand computesx

and y coordinates from that. The \cccont" is a controller for the other two modules.

13.1 The Coun ter/Timer

The most important part of the \threetimer" module is the set of four counters.

There are three counters (CountA, CountB, and CountC) associated with the three

ultrasonic transducers,and a fourth to measurethe pulsewidth of the RF pulse(RID).

The width of the RF pulse provides the robot identi¯cation number of the pinging

robot. Each robot hasa di®erent robot ID number. Thus, receivingrobots can know

not only the location of a robot, but alsowhich robot is in that location.

The StartCounter line is tied directly to the RF transceiver, so that when the

transceiver is receivingthis line goeshigh. It tells all four counters to begincounting.

When ultrasonic TransducerA receivesthe soundsignal, ACARx goeshigh causing

CaptureA to go high, which in turn causesCounter A to stop. The count is then

latched into CountA for output. The sameoccurs for TransducersB and C. The

¯nal counter (the one associated with the RF signal) stops counting when the RF

transceiver stopsreceiving. The result of the count is latched into RID for output.

The CountsValid signal becomesactive after all four counters have stopped. If

any of the counters fail to stop beforethey over°ow, the Over°ow signal goesactive.

The counter is driven by CClock, which runs at approximately 420 kHz. The

period of this clock is therefore 2:38¹ s. Sincesound travels at about 13000inches

per second,the distance the sound travels in one period of the clock is 13000in/s

x 2:38e¡ 6 = :031 inchesor about 1
32 of an inch. Therefore, the count divided by 32

is the distance in inches. The frequencyof CClock is adjustable with a trimp ot to

account for changesin the speedof soundbasedon altitude, humidit y, etc.
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13.2 The Calculator

When the \calc" module receivesthe CalcDosignal, it beginsoperating on the values

A, B, C, and D to calculateRXOUT and RYOUT, which are the x- and y-coordinates

of the pinging robot.

The calculator is a state machine that performsthe following two operations:

x =
µ

(b+ c)(b¡ c)
d

+ d
¶

À 1

y =
µ

(b+ a)(b¡ a)
d

+ d
¶

À 1

as discussedin Chapter 6. It ¯rst performs all the steps necessaryto calculate y

(RYOUT), and then doesthe samefor x (RXOUT). The stepsfollow the sameorder

onemight follow if onedid the calculationsby hand. First the sumand the di®erence

of b and a are computedusingbinary addersand are stored in registers(RSUM1 and

RDIFF). Then a serial multiplier ¯nds the product of RSUM1 and RDIFF. A serial

divider divides that product by D, and then D is added to the quotient. There is

no clock cycle associated with the right shift operation, becausethe rightmost bit is

simply not wired into the output lines for x and y.

The sign of y is determinedalmost entirely by (b¡ a). An internal register latches

in the sign when the subtraction operation is performed. Sinced is always positive,

this signbit only changesif the quotient is negative and its absolutevalue is lessthan

d.

When all calculations are complete,CalcFin goesactive, telling the handyboard

that a signalhasbeenreceived and processed.The handyboard then takesthe values

for RXOUT, RYOUT, XSIGN, YSIGN, and RID. Then it acknowledgesreceipt of

the valuesby taking CalcGotIt high.

Sowheredoesthe value for d comefrom? At power-up, the \calc" module causes

DRQ to becomeactive. This is a D-Request line, which asks the handyboard to
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provide a valuefor d. Recall that the valueof d represents the actual distancebetween

the ultrasonic transducers. Becausewe wanted to be able to adjust this value, we

wanted to easily change it by programming its value into the handyboard. The

handyboard placesthe d valueon the bus and activatesthe DTakeIt signal. Oncethe

\calc" module has received it, DRQ goeslow.

13.3 The Con troller

At power-up, the \cccont" module resetsthe counters in the \threetimer" and the

state machine in the \calc" module. It then waits until it either receivesa transmit

request(TXR Q) from the handyboard or receivesan Over°ow or CountsValid signal

from the \threetimer."

If it receivesthe TXRQ ¯rst, it sendsa TXDo signal to the transducercontroller

module within the CPLD, which will handle the transmit request. When the trans-

mission (a.k.a. the ping) is completed, the transducer controller module returns a

TXDone signal.

If it receives an Over°ow signal, it performs a \w arm reset" operation, which

stops and resetsall of the counters. If it receivesCountsValid, it waits a short time

for the handyboard to grab the outputs of the calculator and then resetsthe calculator

through the CalcResetline.
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Chapter 14

Applications

The trilaterativ e localization system described herein was developed for use in our

robot swarm. However, it may have other applications as well. In this chapter I

(1) describe in more detail how we will usethe trilaterator, (2) comparethis to the

localization system usedby another team of researchers (becausetheirs is similar),

and (3) discussalternative usesfor the technology.

14.1 Trilateration in Our Rob ots

We are researching a way of keepingswarms of robots in formation as they go about

their task. The robots pretend to exert spring-like forces on each other. If they

are too closetogether, the force is repulsive, and if they are too far apart, the force

is attractiv e. These robots need to detect each others' locations in order to know

whether they are too closeor too far apart, and to know the direction of the force

vector. This trilaterativ e localization system provides a quick way to gather this

information.

14.2 Trilateration in The Millib ots

Luis Navarro-Serment, et. al, have usedtrilateration with their \Millib ots" (Navarro-

Serment, Paredis, and Khosla, 1999). The Millib ots are too small to accommodate
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Figure 14.1: One of Our Robots

three ultrasonic sensorassemblies. An ultrasonic sensorassembly consistsof the

ultrasonic sensorand a comparatively large, cone-shaped re°ector. (Note that there

are three such assemblies shown in Figure 14.1.) The re°ector serves to divert the

sound from a highly directional sourceonto a plane. Our robots are larger and can

thereforeaccomodate three such assemblies.

Becausethe Millib ots only have one sensoreach, they must communicate their

information to each other or to a central computer in order to perform the trilatera-

tion computations. At the time of writing of (Navarro-Serment, Paredis,and Khosla,

1999), distance information gathered by individual robots were beamedto a cen-

64



tral computer for processing.Our robots are capableof gathering all three distance

measurements and performing the computations on-board.

The re°ective coneon the Millib ots is a straight cone. We are using a parabolic

coneon our robots asin Figure 14.1. Becauseof the re°ective propertiesof parabolas,

we believe our re°ectors will work better. Lesssoundwill be lost by being re°ected

away from the plane, and soour coneswill be more e±cient re°ectors. The designof

our conesis brie°y given in Appendix A.

14.3 Other Poten tial Uses

In general,our trilaterativ e localization system ¯nds the location of a beaconthat

simultaneouslyemits an RF pulseand an ultrasonic pulse. It is designedto be e®ec-

tiv e within six feet, but is likely to be e®ective over greaterrangesaswell. Therefore,

this systemcould be usedfor any purposethat requiresdetermination of locations:

surveying, cave mapping, underwater mapping, and any localization that must be

donein the dark, such ascovert mapping. Addition of a fourth sensorplacedorthog-

onally to the otherswould theoretically permit the deviceto work in three dimensions

instead of merely two.
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Chapter 15

Em ulating the Trilaterator Using the Handyb oard

15.1 In tro duction

The trilaterator module was designedto be separatefrom the robot's controller, (1)

to reduce the workload of the controller, and (2) in order to be used by a variety

of di®erent kinds of controllers. However, it is also possibleto implement the tri-

lateration functions entirely on the handyboard itself. This chapter shows how the

handyboard can undertake the control and position functionality of the trilaterator.

15.2 SRF04

The SRF04 is an ultrasonic range¯nder manufactured by Devantech and available

from Acroname. SeeFigure 15.1a. It includes an ultrasonic transmitter and an

ultrasonic receiver. Both face in the samedirection, so that the receiver can detect

the echo of a transmitted pulse.

There is only one input and one output. SeeFigure 15.1d. The user causes

the transmitter to ping by brie°y setting the Trigger Pulse Input (TPI) high. The

transmitter will emit an eight cycle burst of 40 kHz ultrasound, and the Echo Pulse

Output (EPO) will go high. When the echo is received, the Echo Pulse Output will

go low. Thus, the distance to the object the range¯nder is facing is determined by

timing the pulsewidth of the Echo PulseOutput.
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Figure 15.1: The SRF04Ultrasonic Range¯nder

The SRF04sare said to operate in \echo mode" becausethe receiver and trans-

mitter are at essentially the sameplace. For our purposeswe neededonetransmitter

and three receivers. SoI modi¯ed four SRF04sby desolderingthe receivers from one

of them and then desolderingthe transmitters from three of them. SeeFigures15.1b

and 15.1c.

The modi¯ed SRF04sare wired to the handyboard asshown in Figure 15.2. The

Trigger Pulse Input of all four SRF04sare connectedto the same output of the

handyboard. The receiversneedthis signal in order to start the Echo PulseOutput,

and the transmitter needsit in order to trigger the output pulse. The Echo Pulse

Output line of the transmitter is left open, becausereceiving was disabled on the

transmitter when the receivingtransducerwas removed.

Note that the RF signal that would be usedwith the CPLD trilaterator is here
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replacedwith a hard wire.

Figure 15.2: Connectingthe Modi¯ed SRF04sto the Handyboard

15.3 Handyb oard Soft ware

The software to drive this con¯guration consistsof three parts: (1) a short assembly

languageprogram to accessthe timer control featuresof the handyboard's 68HC11

microprocessor,(2) an .icb (binary) ¯le compiledfrom the assembly code, and (3) the

Interactive C code.

15.3.1 Assembly Routine

File: srf03 try .asm

****** Edited for three receivers
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* 6811 registers

ADCTLequ $1030 ; A/D Control/Status Register
ADR1equ $1031 ; A/D Result Register 1

TCTL2 equ $1021 ; Timer Control
TFLG1 equ $1023 ; Input Capture Flags
TMSK1 equ $1022 ; Input Capture Enables
TCNT equ $100e ; Free Running Counter

USERLATCHequ $5000 ; expansion board user output latch addr
USERVALequ $32 ; current value of user latch, used in
* libexpbd.icb (since we can't read it directly from hardware)

org MAIN_START

* take analog reading with interrupts disabled
subroutine__trigger_srf03

* turn off interrupts
sei

****** Disable input capture interrupt on TIC3, TIC2, and TIC1
* bit_clear(TMSK1, 0b00000111);
ldaa TMSK1
anda #%11111000
staa TMSK1

***** Disable input capture recording on TIC3, TIC2, and TIC1
* bit_clear(TCTL2, 0b00111111);
ldaa TCTL2
anda #%11000000
staa TCTL2

****** Clear past input capture on TIC3, TIC2, and TIC1
* poke(TFLG1, 0b00000111);
ldaa #%00000111
staa TFLG1

***** Enable falling edge input capture on TIC3, TIC2, and TIC1
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* bit_set(TCTL2, 0b00101010);
ldaa TCTL2
ora #%00101010
staa TCTL2

* Set trigger output high
* clear_digital_out(0);
ldaa USERVAL
ora #%00000001
staa USERLATCH
****** Not Changed

* Delay for 10 microseconds, or 20 e-clocks
mul * delay 10 clocks
mul * delay 10 clocks

* Set trigger output low
* clear_digital_out(0);
ldaa USERVAL
anda #%11111110
staa USERLATCH
staa USERVAL

ldd TCNT

* Turn interrupts back on
cli
rts ; d contains timer start value

Explanation

The assembly languagesubroutine utilizes the 68HC11'smain timer and speci¯cally

the input-capture feature. The subroutine is implemented in assembly languagein-

stead of in Interactive C becauseInteractive C does not provide a way to disable

interrupts during the timer setup process. This is important to make sure that no

interrupts occur between steps, which would result in inconsistent times being re-
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ported.

Basically, this subroutine sets up the timer to capture the contents of a free-

running counter into registersTIC1, TIC2, and TIC3 and pulsesthe Trigger Pulse

Input. The value of the free running counter at start time becomesthe value re-

turned by the subroutine. As each Echo Pulse Output goes low, the value of the

free-runningcounter is latched into its associated register. The calling program con-

tinuously polls some°ags to seewhether all three timers have latched. When they

have, the timer registerswill contain the stop times of all three sensors.The overall

processis explainedin greater detail in the explanation of the Interactive C ¯le.

15.3.2 The Binary File

File: srf03 try .icb

S12380200FB6102284F8B71022B6102184C0B(omit carriage return)
710218607B71023B610218A2AB7102196320B

S11880408A01B750003D3D963284FEB750009732FC100E0E39A0
S9030000FC
S123872B0FB6102284F8B71022B6102184C0B(omit carriage return)

710218607B71023B610218A2AB710219632F9
S118874B8A01B750003D3D963284FEB750009732FC100E0E398E
S9030000FC
6811 assembler 10-Aug-91

original program by Motorola.
a few modifications by Randy Sargent (rsargent@media.mit.edu)

ADCTL 1030 *0004
ADR1 1031 *0005
TCNT 100e *0010 0065
TCTL2 1021 *0007 0032 0034 0043 0045
TFLG1 1023 *0008 0039
TMSK1 1022 *0009 0026 0028
USERLATCH5000 *0012 0051 0062
USERVAL 0032 *0013 0049 0060 0063
subroutine__trigger_srf03 872b *0019
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Explanation

Interactive C is not able to directly interpret an assembly languageprogram. Thus,

the assembly languagesubroutine must be put into a form that is useableby Inter-

active C. The .icb ¯le is the result of that translation.

The .icb ¯le is obtained by cutting and pasting the text of the assembly language

subroutine into a text box at http://www.newtonlabs.com/ic/icb.html . This webpage

translatesthe assembly languageinto the binary data. The userthen cuts and pastes

the binary data into a blank document and savesit with the .icb extension.

15.3.3 The In teractiv e C Program

File: ro dsrf03h.ic

#define TFLG10x1023
#define TIC1 0x1010
#define TIC2 0x1012
#define TIC3 0x1014

#define TRIES50

#use "srf03_try.icb"

// Returns approximate distance in mm
// (actually closer to units of 1.04 mm)

int resultA,resultB,resultC; // counts
int offsetA=715 ,offsetB=796 ,offsetC=818;
//int offsetA=750 ,offsetB=750 ,offsetC=750;

// Individual sensor offsets account for the time it takes
// for sound to travel from transducer to cone, and
// for setup time in the electronics.

int triesA[TRIES];
int triesB[TRIES];
int triesC[TRIES];
float sleeptime = 0.25;
float x,y;
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int noise = 0;
int signal;
int display = 1;

int sonar3()
{

int starttime;
long begintime;

hog_processor();
starttime = _trigger_srf03(0);
begintime= mseconds();
defer();

// wait for input capture
while ( ( peek(TFLG1) & 0b00000111) != 0b00000111) {

if (mseconds() - begintime > 6L) break;
// don't count longer than 6 milliseconds (~78")

defer();
}
if ( ( peek(TFLG1) & 0b00000111) != 0b00000111) {

// No return from sonar
// This may meanthat no sonar is connected, or that
// there was simply no echo return. Since we can not tell
// the difference, just return a large number
return -2; // fail

}

resultA = peekword(TIC1) - starttime;
resultB = peekword(TIC2) - starttime;
resultC = peekword(TIC3) - starttime;
// Reject reported counts that are inconsistent with
// geometry of L-shape.
if( ((resultA - resultB) > 960) || ((resultB - resultA) > 960 ))

return -3;
if( ((resultB - resultC) > 960) || ((resultC - resultB) > 960 ))

return -3;
if( ((resultA - resultC) > 1360) || ((resultC-resultA) > 1360 ))

return -3;
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//if( resultA < 0 || resultB < 0 || resultC < 0 ) return -1;
if( (resultA < 158) || (resultB < 158) || (resultC < 158) )

return -1; // Reject measurementsunder one inch.
else return 1; // success

}

float round2tenths(float in) {
in = in * 10.0;
in = (float)((int)(in));
in = in / 10.0;
return in;

}

float counts2inches(int counts) {
return (float)( counts ) / 158.3;
// # of counts of clock for sound to travel one inch ~= 158.

}

void main() {
int i,aveA,aveB,aveC;
float sumA,sumB,sumC;
float distA,distB,distC;

// initialize
sumA= 0.0; sumB= 0.0; sumC= 0.0;
i=0;

// always
while(1) {

// get new value
signal = 1; // necessary before entering while loop
while( sonar3() != 1 ) {

signal = sonar3();
if( signal == -2 && noise) tone(2000.0,0.2);
if( signal == -1 && noise) tone(4000.0,0.2);
if( signal == -3 && noise) beep();

}
// subtract offsets
resultA -= offsetA;
resultB -= offsetB;
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resultC -= offsetC;
// handle A
sumA-= (float)triesA[i];
sumA+= (float)resultA;
triesA[i] = resultA;
// handle B
sumB-= (float)triesB[i];
sumB+= (float)resultB;
triesB[i] = resultB;
// handle C
sumC-= (float)triesC[i];
sumC+= (float)resultC;
triesC[i] = resultC;
// handle i
i++;
if( i == TRIES) i = 0;
// calculate averages
aveA = (int)( sumA/ (float)TRIES );
aveB = (int)( sumB/ (float)TRIES );
aveC = (int)( sumC/ (float)TRIES );
// convert to distances
distA = counts2inches(aveA);
distB = counts2inches(aveB);
distC = counts2inches(aveC);
// calculate (x,y)
x = ( distB * distB - distC * distC + 37.52 ) / 12.25;

// d = 6.125
y = ( distB * distB - distA * distA + 36.75 ) / 12.125;

// d = 6.0625
// round everything for display
x = round2tenths(x);
y = round2tenths(y);
distA = round2tenths(distA);
distB = round2tenths(distB);
distC = round2tenths(distC);

// display // Choose One // CommentOut the Others
if( display == 1)

printf("%f %f %f %d\n",distA,distB,distC,i); // Inches
if( display == 2) printf("(%f,%f) %d\n",x,y,i); // (x,y)
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if( display == 3)
printf("%d %d%d\n",aveA,aveB,aveC); // Counts

if( stop_button() ) while( !start_button() );
// optional pause

sleep(sleeptime);
}

}

Explanation

This Interactive C program repeatedly activates the transmitter and obtains timing

information from the three receivers. It keepsrunning averagesof the distances

it measuresto compensate for noise. Then it displays either the three distances

themselves(in counts or in inches)or the (x; y) position of the transmitter, assuming

the receiversare con¯gured in the L-shaped pattern described in Chapter 6.

The sonar3()function callsthe assembly languagesubroutinecalled\ trigger srf03,"

which wasde¯ned in srf03 try.asm,to initialize the timers and to obtain a start time.

It then waits until either all three timers have latched or until six millisecondshas

elapsed,whichever comes̄ rst. Six millisecondswaschosenbecausethis is the amount

of time it takessoundto travel about six feet, the maximum distancewe ever expect

to measure.

If all three timers successfullylatch, then the pulsewidths, in counts, of the Echo

PulseOutputs (the di®erencesbetweentheir stop times and their commonstart time)

are stored in the global variables ResultA, ResultB, and ResultC. The di®erences

betweenthesecounts are tested. Sincethe sensorsare known to be about six inches

apart (equivalent to about 960counts), if the absolutevalueof the di®erencebetween

ResultA and ResultB, for example,exceeds960, the triplet is rejectedas invalid.

An o®setis subtracted from each ResultX to account for the time delay between
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Trigger PulseInput goinghigh and the ultrasound signalactually beingcreated. This

also accounts for the extra time it takesfor the soundto get from the transducer to

the conewhere it is re°ected. Becauseof slight di®erencesbetween the SRF04s,a

di®erent o®setis provided for each receiver.

Interactive C allows the user to changethe valuesof global variables\on the °y"

or while the program is running. The usercan choosewhat type of data is displayed

on the LCD by setting the \display" variable. It is alsopossibleby setting the \noise"

variable to have the handyboard report each of three di®erent error typesby emitting

three di®erent pitches of tone. The time betweenpings (\sleeptime") is set at 250

millisecondsin order to allow the ultrasound to die out completely between pings,

but this is alsoadjustable by the user.

15.4 Defense Time Hardw are Results

In order to test this design, the receiving transducerswere mounted to a plywood

board (see Figure 15.3) with the parabolic conesdescribed in Appendix A. The

vertical distance between the tip of the cone and the face of the transducer was

seven-eighths of an inch. This shouldhave placedthe transducerroughly at the focal

point of the parabola. The horizontal distancebetweenreceiver A and receiver B and

betweenreceiver B and receiver C wasnominally six inches. The actual distancewas

measured,and correctionswere entered into the Interactive C program where (x,y)

is calculated. The transmitter was attached with a conein the samefashion,but on

a di®erent board, so that it could be moved around with respect to the receivers.

The transmitter was placedat each of 24 locations on the laboratory °oor while

the board with the receivers remained in the sameplace. The handyboard display

wasset to show (x,y). At each location, ten readingsweretaken,and the ten readings

wereaveragedto arrive at the results.
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Figure 15.3: Transducerswith Re°ector Conesin L-Shaped Con¯guration

Figure 15.4 shows that it is possibleto obtain \ballpark" location information

with the hardware and software described in this chapter when the transmitter is

within about two or three feet of the receivers. Beyond that distance, it becomes

increasinglydi±cult for the receivers to pick up the ultrasonic signal.

Speci¯cally, the averagedistancebetweenthe actual beaconlocation and its per-

ceived location is 4.8". If all locations are expressedin polar coordinates (range and

bearing), the averagedi®erencebetweenthe actual rangeand the perceived rangeis

3.5", and the di®erencebetweenactual bearingand perceived bearingis 0.25radians,

or 14:5±.

If the parabolic conesareremoved from the systemand the transducerspointed at

each other, distancescanbe measuredvery accuratelyout to six or seven feet instead
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Figure 15.4: Actual vs. Perceived Location of Beacon

of only two or three. This suggeststhat there is someproblem with the re°ecting

conesand/or the total acoustic signal strength. Possibly, the transducersare not

positioned precisely at the focal point. Much more experimentation is required to

determinethe optimal placement of the transducerswith respect to the cones.

Other possibleproblemsinclude occlusions,slight tilting of the coneswith respect

to level, and slight tilting of the transducerswith respect to the cones.The vertical

rods that hold the transducersmay occlude or block sound if one or more of them

is betweenthe transmitter and a receiver. Tilting of the transmitter's conechanges

the orientation of the plane of sound and may redirect sound to go under or over a

receiver. Tilting of a receiver's conemeansthat the soundis not arriving at the cone

at the optimal angle and may be re°ected to someplace other than the receiving

transducer. If the transmitter's transduceris tilted with respect to the cone,i.e. it is
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not pointed directly at the tip of the cone,then the sound is unevenly re°ected and

thereforeweaker in somedirections than in others.
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Chapter 16

Summary and Future Work

16.1 Summary

I began this thesis by describing the need for a faster localization system for our

robots. Then I showed how trilateration can be usedto pinpoint remote locations,

and I contrasted trilateration with triangulation. I discussedhow trilateration works

by ¯nding the intersection points of circles and how the calculations to ¯nd these

intersectionsare greatly simpli¯ed by controlling wherethe circlesare centered.

I exploredtwo main kinds of error associated with the clock/counter basedtrilat-

eration system: quantization error and rounding error. I showed that the rounding

error was negligibly small and that quantization error can be madearbitrarily small

by controlling the counter clock frequencyin the proposedtrilateration systemarchi-

tecture.

I presented the trilateration formulasfor calculating the locationsof remoterobots

from three distances.I transformedtheseformulas into an algorithm (seeChapter 10)

and then implemented the algorithm into a Verilog state machine (seeAppendix C).

I included a discussionof the Quick & Dirt y Method which could use the same

hardwareasthe trilateration systembut in a slightly di®erent way, and I showed that

it could provide much faster but lesspreciselocation information.

Finally, I showed how the deviceis usedby our robots and brie°y exploredhow
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it could be usedin other applications. I alsocomparedtrilateration in our robots to

trilateration in the Millib ots.

16.2 Future Work

At the time of this writing, the printed circuit board for our trilateration module is

in the designphase. The most important future work, therefore, involvesobtaining

the circuit board, loading it with components, programming the CPLD, and testing

it. Then, several such moduleswould be producedand installed on the robots.

There remain someimprovements to the module that would make it more valu-

able and easier to use. For example, a self-calibration cycle on the device could

automatically detect changesin the speedof sounddue to environmental conditions

and adjust the clock frequencyappropriately. Also, the Quick & Dirt y Method should

be implemented on the CPLD in addition to the more precisemethod, allowing the

handyboard or other controller to choosewhich method it wanted to use. Finally, the

communication sub-module for the trilateration module could be improved, enabling

it to communicate with other typesof controllers (besidesthe handyboard) using a

standard communication protocol, e.g. SPI, RS-232,USB, etc.

The optimal gap between the tip of the parabolic cone and the face of the

transducer remains to be determined. There may be an optimal height for each

cone/transducerin order to reduceor eliminate occlusionsbetweenthem. It may be

possible,even desirable,to have all of the conesat the sameheight. Experimentation

is required to determinethesephysical placements.

At present, the trilaterator designutilizes an o®-the-shelfRF transmitter 1 to (1)

tell the receiver when to start counting, and (2) to broadcast the identi¯cation of

the pinging robot. It may be possibleto modify the control of the RF transmitter

1Speci¯cally, we plan to usean Abacom AM-RTD-315 RF transceiver, although there are many
o®-the-shelftransceivers that will work.
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to enablethe robots to exchangeeven more information with each other. In swarms

in which the swarm sizeexceedsthe sensorrange of the robots, this would allow a

sensingrobot to relay the location of a sensedrobot to a distant robot (seeAppendix

B). Alternativ ely, this functionality could be achieved by a±xing to each robot an

additional RF transmitter (on a di®erent frequencythan the ¯rst one).

If a way can be found to transmit ultrasound equally in all three dimensions

instead of merely two, then it would be interesting to add a fourth receiver placed

above the other three, thereby making it possibleto localizethe beaconor transmitter

in three dimensions.

Trilateration may also be possibleusing the sameequipment except without the

RF transceiver, as in (MacArth ur, 2003). This method localizesbasedon the di®er-

encesbetweendistancesrather than the distancesthemselves. This method should

be tested against my trilateration method to seewhat potential bene¯ts it might

have. It could supplement my method as a kind of \backup system" in casethe RF

circuitry fails.

To facilitate testing of ultrasonic components, future work should include acquir-

ing (whether by purchasingor by designingand building) an ultrasonic level meter to

measurethe intensity of ultrasound. Such a devicecould be usedto measuresignal

strength at variousplacesto diagnosethe e®ectof echoes,the re°ection of the cones,

and the sensitivity of the receivers.

Other lab equipment that might prove usefulin the testing and troubleshooting of

the trilaterator include: a digital multimeter, a digital oscilloscope, a solderingiron,

a desolderingiron, and a logic probe.
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Part IV

App endices
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App endix A

Parab olic Re°ector Cone

This appendix describesthe parabolic re°ector conesthat areusedwith the ultrasonic

transducersin the trilateration system.

Ultrasonic transducersarenot omnidirectional. That is, they transmit (or receive)

soundmuch better in one direction than in all other directions. This would suggest

that a transmitting transducer and a receiving transducer should always point di-

rectly at each other for optimum performance.But that would be impractical in our

application, becausethe transmitter and receiver do not know each others' locations

until after the trilateration processis complete.

In order to re-direct the soundpressurewavesin all directions(in two dimensions),

we point the transducer at a cone-shaped re°ector. Soundwavesstriking the north

sideof the coneare re°ected northward, and soundwavesstriking the south sideare

re°ected southward, etc.

Whereasthe Millib ots use a straight cone, our robots use parabolic cones. We

decidedto take advantage of the re°ective properties of the parabola. Parabolasare

usedin many placeswherea wide beammust be concentrated to a small focal point,

or vice versa. Automotiv e headlights and dish antennas are two examples. In the

caseof the dish antenna, many parallel rays of radio signal strike the dish, and they

are all re°ected toward the receiver at the focal point.
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Figure A.1: Rays Re°ectedO® Parabola Are Parallel

To obtain the shape of our cone,a paraboloid, we rotate a part of the parabola

about an axis that passesthrough the focal point. The focal point is oneinch from the

apex of the cone,and this is wherewe placethe ultrasonic transducer. The maximum

diameter of the coneis about two and a half inches,in order to capture most of the

soundoutput of the transducerwithout contributing too much weight to the robot.

The coneand its focal point are depicted in Figure A.1 to show how rays that

originate at the focal point becomeparallel after being re°ected. If the direction of

travel is reversedso that incoming horizontal rays strike the cone,they all re°ect to

the focal point no matter which part of the conethey contact.

Speci¯cally, the contour of the coneis described by the equation

r =
z2

2000
¡ 500

wherer is the radius of a crosssectionof the coneat distancez from the focal point,
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and

1000· z · 1871 ;

0 · r · 1250 :

Units are thousandths of an inch. This equation was fed into a milling machine to

producethe actual coneshown in Figure A.2 from aluminum stock.

Figure A.2: One of Our Re°ector Cones
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App endix B

Multirob ot Lo calization without a Global Coordinate System

What follows is the text of a paper I wrote for a classin Distributed Robotics. The

paper describesa situation in which robots are only able to directly detect the loca-

tions of their nearestneighbors (due to sensorlimitations), but not necessarilyevery

robot in the swarm. How is it possiblefor robots to communicate the information

(locations of neighboring robots) they have directly sensedto more distant robots

that cannot themselves directly obtain the information? This problem is especially

interesting in light of the fact that there is no global coordinate system.

This paper is included here in the hopes that it might be useful to anyone em-

ploying the trilateration schemedescribed in the main body of the thesis.

B.1 In tro duction

Robots in a swarm needto know each other's locations in order to maintain safeand

appropriate distancesfrom one another, or to stay in a formation. They might also

needto know each other's locations if they are combining data, for exampleif they

are following a gradient basedon environmental data gatheredby each robot.

Much has beenwritten about robotic localization, but in most cases,the robots'

locations are represented in someglobal coordinate system. For example, if each

robot wereequipped with a GPS, they would each know their latitude and longitude,
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and they could communicate that information to each other.

In this appendix, I describe a novel distributed perspective. Each robot viewsthe

world through its own eyes(sensors)and in its own local coordinate system. There-

fore, when onerobot learnsthe location of another, it should record that location in

its own system.

Usinglocal-onlycoordinate systemshasat leasttwo advantages:1) It moreclosely

emulates life. Mosquitosin a swarm do not understandglobal or universalcoordinate

systems.Each caresonly about the locationsof other mosquitoswith respect to itself.

2) It enablese®ective systemswithout a central point of failure. If, for example,all

robots use the samemap, but the map itself is defective, the swarm has no way to

correct the problem.

I assumethat the robots have sensorsfor detecting nearby objects (and especially

for detecting other robots), but that thesesensorshave a useful range that is much

smallerthan the sizeof the swarm itself. Any onerobot cansenseits closestneighbors

directly, but to learn the locations of more distant robots, it must be told those

locations by one of its neighbors. Thus location information is propagatedthrough

the swarm.

In the following sectionsI demonstratehow this is accomplishedand present the

mathematicsof this method. I start with the simplestcaseof Robot B communicating

the location of Robot C to Robot A. For contrast, I ¯rst show how this would be

accomplishedusing a global coordinate system. Then I explain how to do the same

thing using local-only coordinate systems.

Having shown how one robot can communicate the location of another robot to

a third robot, I discussthe problemsencountered in a large swarm when every robot

is communicating all of its information to all of the other robots. I present some

possiblesolutions to theseproblemsand show how a simulator I developed could be

usedto test and comparethesesolutions.
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Figure B.1: Robots and Their Locations Expressedin a Global Coordinate System.

B.2 Example Problem

Imagine there are three robots on a two-dimensionalplaying ¯eld. Let us say that

the playing ¯eld is graduatedin meters. Each robot location is given by an x and a y

coordinate. Robot A is at location (4; 8). Robot B is at location (¡ 8; ¡ 8). Robot C

is at location (4; ¡ 17). SeeFigure B.1.

Let us also say that the robots have a limited rangeof vision such that they can

only seeeach other when they are lessthan 24 metersapart, a measurewe refer to as

the scanradius. Recall from analytical geometrythat the distancebetweenpoints is
p

(x1 ¡ x2)2 + (y1 ¡ y2)2. Using this, we can ¯nd that Robots A and B are 20 meters

apart. Robots B and C are 15 meters apart. And Robots A and C are 25 meters

apart. Therefore,Robots A and C cannot seeeach other, but Robot B can seeboth
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Robot A and Robot C.

Our robots are equipped with radio transceivers, so they can broadcastinforma-

tion to each other. The rangeof transmissionis su±ciently large that we can assume

any robot in the swarm can communicate with any other robot in the swarm, re-

gardlessof how far apart they are from each other. Robot B must broadcastwhat it

knows about the location of Robot C so that Robot A can know whereRobot C is.

The problem is to determine speci¯cally what information must be transmitted

by Robot B, and how it is to be usedby Robot A. In the caseof the global coordinate

system, the Robot A will calculate Robot C's position within the global coordinate

system. But when there are only the individual robots' local coordinate systems,

Robot A's calculationsmust result in a location relative to its own local coordinate

system.

B.3 Solution Using a Global Coordinate System

Each robot is oriented in somedirection, and wewill call this its heading. The heading

is the counter-clockwise anglebetweena line running from the front of the robot to

the rear of the robot and a line parallel to the global x-axis. SeeFigure B.2. In this

solution of the sampleproblem, the headingof Robot B is the only relevant heading,

and the headingsof the other two robots can be ignored.

When the robot scansaround, looking for other robots, it acquiresdata in the

following form: (range, bearing). That is, the scan function returns a range and

bearing to each of its neighboring robots. A neighboring robot is any other robot

within its range of vision, which in our exampleproblem is 24 meters. Bearing is

de¯ned as the counter-clockwise angle betweena line running from the front of the

sensingrobot to the rear of the sensingrobot and a line running from the sensing

robot to the sensedrobot. SeeFigure B.2.
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Figure B.2: De¯nitions for Bearing and Heading.

If Robot B's heading hb is 0±, the bearing from Robot B to Robot C (denoted

as bB C ) is calculated as atan2(xC ¡ xB ; yC ¡ yB ) = ¡ 36:9±. (The atan2 function is

similar to the atan function. Both return an angle. But atan2 can return any angle

from 0± to 360± (or sometimes¡ 180± to 180±), whereasatan can only return values

ranging from ¡ 90± to 90±. In somesoftware packages,the input parametersof atan2

are swapped, i.e. with the y component ¯rst, then the x.) Note that the robots are

not performing this calculation. Rather, we, as global observers are computing this

value so that we know what value for bearing Robot B's sensorsare going to report.

At this point in the process,Robot B's sensorshave reported to it that Robot C

is located 15 meters away (denoted as dB C ) at a bearing of ¡ 36:9±. If we assume

that Robot B also knows that its own position within the global coordinate system
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is (-8,-8), then Robot B calculatesthe global position of Robot C using the following

equations.

xC = dB C cosbB C + xB = 15cos(¡ 36:9±) ¡ 8 = 4

yC = dB C sinbB C + yB = 15sin(¡ 36:9±) ¡ 8 = ¡ 17

Robot B now proceedsto broadcast a packet containing the values of xC and yC

along with their labels. Upon receiving the transmission,Robot A knows the loca-

tion of Robot C.

There remainsone issueto resolve beforepresenting the generalsolution: What

if Robot B's headingwere not 0±? The bearing would be the sameas beforeminus

Robot B's heading. That is, bB C = atan2(xC ¡ xB ; yC ¡ yB ) ¡ hB . But again this

computation is not performedby any robot but is merelya way for the globalobserver

to know what bearing is reported by the sensors.

Hence, in general if Robot A and Robot C are too far apart to seeeach other,

but Robot B is within rangeof Robot C, Robot B can tell Robot A whereRobot C

is. By letting A, B, and C represent di®erent robots in the swarm, the location of

every robot can be known by all other robots, so long as the swarm is contiguous.

If Robot B sensesRobot C directly, it must compute xC and yC with the following

formula beforetransmitting.

xC = dB C cosbB C + xB (B.1)

yC = dB C sinbB C + yB (B.2)

B.4 Lo cal-Only Solution

Without a global coordinate system,each robot has its own coordinate system. The

front of the robot points toward its positive x-axis, and its left sidepoints toward its
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Figure B.3: The samepoint represented in two di®erent coordinate systems. A P =
(5; 5) and B P = (5; 10).

positive y-axis. Of course,no two robots are in exactly the samelocation, and hence

no two origins are in the sameplace(the origin being the center of the robot). Also,

it is likely that no two robots will be oriented in exactly the samedirection. When

Robot B reports the location of Robot C to Robot A, it must do so in such a way

that Robot A will know the location of Robot C in Robot A's coordinate system. See

Figure B.3 for an exampleof onelocation beingrepresented in two di®erent coordinate

systems.

This is a morecomplicatedprocess,requiring more information and morecompu-

tation. Robot A must know the location of Robot C in Robot B's coordinate system

(B PC ) and the location of Robot A in Robot B's coordinate system (B PA ). It will

have received this information in a broadcastfrom Robot B. Robot A must alsoknow
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the location of Robot B in its own coordinate system(A PB ), which it will have ob-

tained from scanning. I next show how Robot A usesthis information to ¯nd the

location of Robot C in its own coordinate system.

We can represent points as matrices containing an x and a y component. For

example,B PC =

2

4
B X C

B YC

3

5 meansthat Robot C is located at (B X C ,B YC ) in Robot B's

coordinate system. Robot B will have obtained B X C and B YC by converting the

polar coordinates(rangeand bearingobtainedby scanning)to Cartesiancoordinates.

Our goal is to compute A PC , which requirescoordinate systemtransformation. The

location of Robot C (PC ) doesnot change,but A PC 6= B PC unlessRobots A and B

are in the sameplace.

We continue to use the exampleproblem of Figure B.1, but we needto impose

orientations (headings)on Robots A and B. Again, let us assumethat Robot B has

a headingof 0±, and let us say that Robot A has a headingof 90±. This meansthat

in Robot A's perspective, Robot B is located at (-16,12), i.e. A PB =

2

4
¡ 16

12

3

5. See

Figure B.4.

Now in Robot B's coordinate system, Robot A is located at B PA =

2

4
12

16

3

5, and

Robot C is at B PC =

2

4
12

¡ 9

3

5. SeeFigure B.5. We now have su±cient information for

computing A PC .

The fundamental equation for coordinate systemtransformation is equation 2.17

from Craig (Craig, 1989):
A P = A

B R B P + A PB (B.3)

where:
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Figure B.4: The World According to Robot A.

A P is somepoint P as represented in the A coordinate system,

B P is the samepoint represented in the B coordinate system,

A PB is the origin of the B systemrepresented in the A system,and

A
B R is the rotation matrix rotating B into A.

We are trying to solve for A PC , so we will let A P = A PC and B P = B PC to get

A PC = A
B R B PC + A PB (B.4)

B PC and A PB are known, but A
B R is not. Therefore,we ¯rst needto apply equation

B.3 in a di®erent way in order to solve for the rotation matrix, and afterward we

return to equation B.4 to get our ¯nal answer.

There is another pieceof information that we know | we know that in Robot A's
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Figure B.5: The World According to Robot B.

coordinate system, Robot A is located at A PA =

2

4
0

0

3

5. So that in the following

equation the only unknown is the rotation matrix:

A PA = A
B R B PA + A PB (B.5)

The rotation matrix is a 2 £ 2 matrix of the form
2

4
cosµ ¡ sinµ

sinµ cosµ

3

5

becausethe rotation is about the Z-axis. SeeCraig for a complete derivation. We

solve for the individual elements of A
B R by expandingequation B.5:
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2

4
A X A

A YA

3

5 =

2

4
cosµ ¡ sinµ

sinµ cosµ

3

5

2

4
B X A

B YA

3

5 +

2

4
A X B

A YB

3

5 (B.6)

0 = A X A = B X A cosµ ¡ B YA sinµ + A X B (B.7)

0 = A YA = B X A sinµ + B YA cosµ + A YB (B.8)

This is solved astwo equationswith two unknowns, the unknownsbeingcosµ and

sinµ. Start by solving equation B.7 for cosµ, and then plugging that into equation

B.8.

cosµ =
B YA sinµ ¡ A X B

B X A
(B.9)

0 = A YA = B X A sinµ + B YA (
B YA sinµ ¡ A X B

B X A
) + A YB

0 = B X A sinµ +
B Y 2

A sinµ
B X A

¡
B YA

A X B
B X A

+ A YB

sinµ(B X A +
B Y 2

A
B X A

) =
B YA

A X B
B X A

¡ A YB

sinµ =

B YA
A X B

B X A
¡ A YB

B X A +
B Y 2

A
B X A

=
B YA

A X B ¡ A YB B X A
B X 2

A + B Y 2
A

(B.10)

Equations B.9 and B.10 provide values for the elements in the rotation matrix.

Plugging in known valuesfor the independent variablesresultsin a valueof 0 for cosµ,

and a valueof ¡ 1 for sinµ. If we wereinterestedin the angulardi®erencebetweenthe
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headingsof Robots A and B, we could solve for µ using atan2(cosµ,sinµ), but that is

not necessaryfor our purposes.We now return to equation B.4 in an expandedform

to solve for A X C and A YC .

A X C = B X C cosµ ¡ B YC sinµ + A X B

A YC = B X C sinµ + B YC cosµ + A YB

or more speci¯cally

A X C = (12)(0) ¡ (¡ 9)(¡ 1) + (¡ 16) = ¡ 25

A YC = (12)(¡ 1) + (¡ 9)(0) + (12) = 0

The above method is not the only one, and it will not work in every situation.

An alternate solution could be obtained by solving eq. (B.7) for sinµ insteadof cosµ

and then substituting.

The method shown above allows Robot A to determine the x and y coordinates

(in A's coordinate system)of Robot C from information given it by Robot B, which

is what we set out to do.

B.5 Assumptions and Questions

Having shown how it is possiblefor one robot to communicate to another robot the

location of a third onewithout a global coordinate system,I now turn to the situation

whereall of the robots in a swarm must know the locationsof all the other robots in

the swarm, regardlessof the sizeof the swarm. Usingthe method demonstratedabove,
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information about the location of any particular robot canbe propagatedthroughout

the swarm to the most distant members, provided the swarm is contiguous, i.e. no

robot or group of robots is separatedfrom the rest of the swarm by a distancegreater

than the scanradius.

Besidesother assumptionsI have stated earlier in this appendix, I also assume

that every robot in the swarm is executingthe following generalalgorithm:

1. Stop

2. Scan

3. Transmit, Receive, and Process

4. Move to New Location

5. GOTO 1

Starting from a stopped position, all robots scantheir immediate vicinit y looking for

other robots. Then all robots enter the Transmit phase. Not all robots transmit at

the sametime, of course,but none of them move to a new location before all the

robots are ¯nished transmitting and processingthe transmitted data. (When I speak

of data or information here, I meaninformation regarding the location of a robot.)

I am primarily concernedwith the transmissionof the data and its processing.

Several questionsarise, including:

1. Speci¯cally what information doeseach robot needto transmit?

2. What doesthe receivingrobot do with the transmitted information?

3. If all of the robots are not transmitting at the sametime, how is the order of

transmissiondecided?

4. How is error represented?
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5. How do the robots account for sensorerror?

B.6 The Simulator

To assist in answering these questions, I have written a simulator program. The

simulator is written in C++ usingOpenGL. A screenshotfrom the program is shown

in Figure B.6. Each robot is represented by a greenarrowheadshape in order to show

which direction it is facing; the point of the arrowheadis, of course,the front of the

robot. By default, there are ¯v e robots placed randomly on the playing ¯eld. The

program allows the user to changethe quantit y of robots, their placement, and their

orientations.

Although the user seesa global view of robot placement, internally each robot

views the world accordingto its own local coordinate system. One of the data mem-

bers in the class \Rob ot" is a list of other robots whoselocations are known and

their locations. This is called the robot's \lo cationlist." A robot may cometo \know

about" another robot either by scanningor by interpreting a transmissionfrom an-

other robot.

A usercan selectoneof the robots on the screen,which will be highlighted in red

when selected.The selectedrobot's x and y axesare plotted, and its scanradius is

indicated with a large red circle. Any other robot that is within that circle can be

seenby the selectedrobot's sensors.

When the user enters the \scan" command,each of the robots detects the other

robots within its scanradius and recordsthis information on its list. Then, the user

can enter the \transmit" commandwhich causesall of the robots to transmit all of

their information to all of the other robots. At this point, then, all of the robots in

the swarm know the locations of all of the other robots in the swarm, even the ones

that are farthest away.
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Figure B.6: The Simulator.
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By default, the simulator includessomerandom error in the sensors.There is a

random error associated with the rangereported by a sensorand a di®erent random

error for the bearing. Statistics of theseerrorscanbeadjustedby the user. The actual

location and headingof a robot is shown with the arrowhead,whereasits perceived

location (i.e. perceived by the selectedrobot) is denotedwith a small red circle. This

allows the user to visually evaluate the error and to seehow it propagatesacrossthe

swarm.

In the next few sections,I discusssomepossiblesolutions to the problemsposed

in the previoussection. Only a few of the possiblesolutions have beenimplemented

in the current versionof the simulator. I discussthe implemented solutionsand how

they might be improved in future versions.

B.7 Transmitted Data

A transmitting robot starts by transmitting its own RID (Robot IDenti¯cation num-

ber). Then, for each robot on the locationlist, it transmits the RID of that robot, its

(x,y) coordinates in the transmitter's coordinate system,and a \doubt level" which

is intended to be an indication of the reliabilit y of the information.

In the simulator, the doubt level (reciprocal of con¯dencelevel) is the quantit y of

robots the information has propagatedthrough. If Robot A scansRobot C directly,

then Robot A's information about the location of Robot C hasa doubt level of 1. If

on the other hand Robot A hasheard about the location of Robot C from Robot B,

then the information hasa doubt level of 2, and so on.

The useof a doubt level variableallowsthe receiver of the transmitted information

to weigh it againstother information it might already have about a particular robot.

The simulator rejectsinformation with a higheror equaldoubt level to what it already

has.
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Doubt level could, however, be represented in a variety of di®erent ways. For

example,considera situation whereRobot A receivesinformation about the location

of Robot D from Robots B and C, both of which scannedRobot D directly. In

the current simulation, Robot A will accept whichever data packet it receives ¯rst.

The other packet is rejected,becauseit's doubt level is no lessthan that of the ¯rst

packet. If Robot B's packet arrives ¯rst, but Robot C's sensorreadingsare more

accurate(either by virtue of the sensorsthemselvesor just becauseRobot C is closer

to Robot D than Robot B is), then Robot A's information is not as accurate as

it could be. An alternate valuation for doubt level would include reliabilit y of the

particular sensorson a robot and the perceived distancethey are reporting.

A receivingrobot also discardspackets from robots whoselocation is not known

by it. I choseto do this in the simulator becausethe formula discussedin the example

problemrequiresthat the location of the senderbeknown. However, a moreintelligent

robot could storeall of the information it receivessothat if it later learnsthe location

of a sender,it could recall the sender'sinformation for subsequent processing.

B.8 Error

In the current simulator, a robot's sensorshave a random rangeerror and a random

bearing error. That is, if the actual range to an observed robot is 35 meters, the

sensormight return any valuebetween35¡ ²d and 35+ ²d, and the error is distributed

randomly. The bearing may be reported as 90§ ²b. The valuesof ²d and ²b are the

samefor all sensorson all robots. This approach was chosenbecauseit was easy

to implement, but it is probably not the most real-world accuraterepresentation of

sensorerror.

Other representations would include Gaussianerror distribution, gross(or occa-

sional) error, and perhapssystematicerror. In real life a sensoris likely to have some
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combination of all of theseerrors. Future versionsof the simulator could allow the

userto selectwhat kinds of errorsare associated with the sensors.The most realistic

improvement that could be made would allow each sensorto have a di®erent error

representation.

Errors not associated with the sensorscould be simulated to observe the e®ects.

For example,I have assumedcleancommunications, but what if information is man-

gledin the transmission?It would beinterestingto seeto what degreeswarm behavior

is a®ectedby an occasionaltoggled bit in a transmitted packet.

B.9 Data Fusion

Error makes data fusion necessary. Recall the example wherein Robot A receives

information about Robot D from both Robots B and C. Due to someerror, Robots B

and C will report slightly di®erent locations for Robot D. How does the receiving

robot reconcilethe di®erence?

At present the simulator takes the ¯rst information with the lowest doubt level.

Several other methodsarepossible.For example,Robot A could takea simpleaverage

or even a weighted averageof the information from Robots B and C. The weighting

could be accordingto the doubt level, however it may be de¯ned.

A Bayesian method similar to that used by Tin¶os could also be used (Tin¶os,

Navarro-Serment, and Paredis, 2001). In this method, the probability of a robot

beingin a particular location is evaluatedby combining the respectiveprobabilities as

computedby the other robots that perceiveit. If a grid of such locationsis constructed

and the associated probabilities are mapped to it, the peak probability value is the

most likely location for the perceived robot. Such a method is very computationally

expensive. It is unknown whether the additional expenseyields signi¯cantly more

accurateresults.
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B.10 When and How Often to Transmit

It may be possibleusing very expensive radio transceiver systemsfor every robot to

transmit and receive at exactly the sametime. In reality, this is unlikely to happen.

In a real system,the swarm would probably have only oneradio frequencythat all of

the robots are expected to share. The implication is that only one robot may speak

at a time. How do robots in a distributed system(i.e. with no global control) decide

when it is their turn to speak?

In the simulator code, it was easy to write nested for loops where each robot

transmits its data to all the other robots. This results in Robot 1 transmitting to

Robot 2 ¯rst, then to 3, and soon, followed by Robot 2 transmitting to 1, then to 3,

and so on. This is not very realistic.

In reality, a protocol shouldbe developed or adaptedfor determining which robot

has control of the airwaves at any point in time. Two possibilities include a token

passingschemeor CSMA/CD. There may be other possibilitiesas well.

If, as in the present simulator, receivingrobots ignorecertain transmissions,then

each robot may need to broadcast more than once during the transmit phase of

the algorithm. In a swarm containing n robots, to insure that all robots obtain all

information, every robot should transmit n ¡ 1 times.

B.11 Conclusion

I have shown how it is possiblefor every robot in a swarm to know the locations

of all the other robots without a global coordinate system. I have discussedsome

problemsthat ariseparticularly in the communication of all of theselocations,and I

have presented somepossiblesolutions to theseproblems.

I have developed a simulator to explore these problems and their possibleso-

lutions. Although the simulator is currently programmed with only one possible
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solution (which incidentally works quite well), future work could include trying to

¯nd an optimum solution to the problem of multirob ot localization without a global

coordinate system.

Readerswishing to experiment with the simulator can ¯nd it at

http://www.cs.uwyo.edu/» rodheil/play¯eld.exe.
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App endix C

CPLD Design Code

This appendix catalogsthe organization of the various modules within the CPLD.

Refer to Figure C.1. The \cntncalc" module is explainedin Chapter 13. The \ducer-

module" providesall of the control circuitry for the RF transceiver and the ultrasonic

transducers,enablingthem to both transmit and receive. The \alth bi" is the interface

betweenthe trilaterator and the handyboard. The communication protocol is coded

within the \alth bi." A module called \delay," which is not shown in the diagram, is

usedby \alth bi" and \ducermodule" to (as the namesuggests)induce a small delay

betweensignals. Together,all of thesemodulesmake up the \trilaterator." The \tri-

laterator" wasdesignedwith someredundant lines, especially in the \alth bi" section,

so the \tm casing" was wrapped around it with some\glue logic" to deal with these

lines. The \trilaterator" would work without the \tm casing"but would requiremore

circuitry external to the CPLD.

The Verilog code for each of the modules follows.
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Figure C.1: Block Diagram of CPLD

109



C.1 File: casing.v

`include "defines.v"
`include "trilaterator.v"

module tm_casing(TMMS,TMD,TMR,HBR,HBD,// HBI
MClock,CClock,SClock,Reset, // Clocks
RFRx,RFDIR,RFTx,// RF
MYRID,ACPW,DELAY,DELAYDIR,// DIPs
ACARx,ACBRx,ACBTx,ACCRx// Acoustic
);

output TMMS,TMR;
output [3:0] TMD;
input HBR;
input [3:0] HBD;
input [3:0] MYRID;
input [3:0] ACPW;
input [2:0] DELAY;
input DELAYDIR;
input RFRx,ACARx,ACBRx,ACCRx;
output RFDIR,RFTx,ACBTx;
input MClock,CClock,SClock,Reset;

wire TMMS,TMR;
wire [3:0] TMD;
wire HBR;
wire [3:0] HBD;
wire [3:0] MYRID;
wire [3:0] ACPW;
wire [2:0] DELAY;
wire DELAYDIR;
wire RFRx,ACARx,ACBRx,ACCRx;
wire RFDIR,RFTx,ACBTx;
wire MClock,CClock,SClock,Reset;

wire TMTAKEIT,TMGOTIT;
wire HBTAKEIT,HBGOTIT;
wire ACBTRANSMIT,ACBDATA;
wire TXRX;
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wire TMDATA4;// unused

assign RFDIR= TXRX;
assign ACBTx= ACBTRANSMIT& ACBDATA& SClock;
assign HBTAKEIT= HBR;
assign HBGOTIT= HBR;
assign TMR= TMTAKEIT| TMGOTIT;

trilaterator tr1(.TMMS(TMMS),
.TMDATA({TMDATA4,TMD[3:0]}),
.TMTAKEIT(TMTAKEIT),
.TMGOTIT(TMGOTIT),
.HBTAKEIT(HBTAKEIT),
.HBGOTIT(HBGOTIT),
.HBDATA({1'b0,HBD[3:0]}),
.MClock(MClock),
.CClock(CClock),
.Reset(Reset),
.TXRX(TXRX),
.TXDATA(RFTx),
.ACBTX(ACBTRANSMIT),
.ACBDATA(ACBDATA),
.MYRID(MYRID),
.ACPW(ACPW),
.DELAY(DELAY),
.DELAYDIR(DELAYDIR),
.ACBRx(ACBRx),
.ACARx(ACARx),
.ACCRx(ACCRx),
.RFRx(RFRx)

);
endmodule

C.2 File: de¯nes.v

/////// CALCULATORMODULE///////

`define D_SIZE8

`define CNTR_SIZE12
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`define RDIFF_SIZE(`CNTR_SIZE+1)

`define RSUM1_SIZE(`CNTR_SIZE+`RDIFF_SIZE)

`define RPROD_SIZE(`RDIFF_SIZE+`RSUM1_SIZE-1+`D_SIZE-1)

`define RQUO_SIZE(`RDIFF_SIZE+`RSUM1_SIZE-1)

`define RCOUNT_SIZE7
// size of division counter
// provide sufficient bits to encode value of
//

`define SUM2_SIZE(`CNTR_SIZE*2)
// depends on both CNTR_SIZEand D_SIZE
// Since (B-A)(B+A) never > 2A in size,
// start with SUM2_SIZE= CNTR_SIZE*2,
// and see if that can accomodate greatest D

`define VALOUT_SIZE(`SUM2_SIZE-1)
// SUM2is right-shifted, so size of VALOUT= size of
// SUM2- 1
// RYOUTand RXOUTare of size VALOUT_SIZE
// base on highest possible value
// = sizeof([((2^CNTR_SIZE)-1)^2-((2^DSIZE)-1)^2]/[2*(DSIZE-1) ])

`define STATE_SIZE6
// based on how manystates in the state machine

// STATES
`define RESET0
`define GETD1
`define WAITDO2
`define SUMDIFFA3
`define GETSIGNA4
`define INVDIFFA5
`define TSTDONEMA6
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`define RSHMA7
`define TSTCARRYMA8
`define ADDMA9
`define LSHMA10
`define STARTDIVDA11
`define CMPDENDDA12
`define SETQUOZERODA13
`define SETQUOONEDA14
`define SUBDENDDA15
`define LSHDENDDA16
`define COUNTERINCDA17
`define TESTRCOUNTDA18
`define LSHRQUODA19
`define MODTESTDA20
`define ROUNDUPDA21
`define TESTYSIGNDA22
`define ADDDA23
`define TESTYRQUORDA24
`define RQUOMINRDDA25
`define RDMINRQUODA26
`define RSHSUMDA27
`define MODTESTRA28
`define ROUNDUPRA29
`define SUMDIFFC30
`define GETSIGNC31
`define INVDIFFC32
`define TSTDONEMC33
`define RSHMC34
`define TSTCARRYMC35
`define ADDMC36
`define LSHMC37
`define STARTDIVDC38
`define CMPDENDDC39
`define SETQUOZERODC40
`define SETQUOONEDC41
`define SUBDENDDC42
`define LSHDENDDC43
`define COUNTERINCDC44
`define TESTRCOUNTDC45
`define LSHRQUODC46
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`define MODTESTDC47
`define ROUNDUPDC48
`define TESTYSIGNDC49
`define ADDDC50
`define TESTYRQUORDC51
`define RQUOMINRDDC52
`define RDMINRQUODC53
`define RSHSUMDC54
`define MODTESTRC55
`define ROUNDUPRC56

`define FINISHED62
`define WAITGOTIT63

/////// end calculator module ///////

/////// DELAYMODULE///////

`define DELAY_SIZE12

/////// end delay module ///////

`define RODSDEFINES

C.3 File: trilaterator.v

`include "althbi.v"
`include "cntncalc.v"
`include "transducer.v"

module trilaterator(TMMS,TMDATA,TMTAKEIT,TMGOTIT,HBTAKEIT,HBGOTIT,
HBDATA,// HBI
MClock,CClock,Reset, // Clocks
TXRX,TXDATA,ACBTX,ACBDATA,// Transmission
MYRID,ACPW,DELAY,DELAYDIR,// DIPs
ACBRx,ACARx,ACCRx,RFRx// Sensor Inputs
);
// PORTS

/// To HandyBoard
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//// TMMS:0=HBis sender, 1=TMis sender
output TMMS;
wire TMMS;
//// TMDATA
output [4:0] TMDATA;
wire [4:0] TMDATA;
//// TMHandshaking
output TMTAKEIT,TMGOTIT;
wire TMTAKEIT,TMGOTIT;
//// HBDATA
input [4:0] HBDATA;
wire [4:0] HBDATA;
//// HB Handshaking
input HBTAKEIT,HBGOTIT;
wire HBTAKEIT,HBGOTIT;

/// Control Lines
//// Machine Clock ~16 MHz(?)
input MClock;
wire MClock;
//// Counter Clock ~460 kHz
input CClock;
wire CClock;
//// System Reset
input Reset;
wire Reset;

/// To RF
//// sets data direction for RF
output TXRX;
wire TXRX;
//// RF bit to transmit
output TXDATA;
wire TXDATA;
//// Input from RF transceiver
input RFRx;
wire RFRx;

/// To Acoustic Transducer B
//// acoustic xducer B transmit enable
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output ACBTX;
wire ACBTX;
//// acoustic xducer B bit to send
output ACBDATA;
wire ACBDATA;
//// input from acoustic transducer B
input ACBRx;
wire ACBRx;

/// From other Acoustic Transducers
//// input from acoustic transducer A
input ACARx;
wire ACARx;
//// input from acoustic transducer C
input ACCRx;
wire ACCRx;

/// From DIP switches
//// robot identification number of this unit
input [3:0] MYRID;
wire [3:0] MYRID;
//// width of acoustic pulse
input [3:0] ACPW;
wire [3:0] ACPW;
//// time of delay between RF and Acoustic transmit
input [2:0] DELAY;
wire [2:0] DELAY;
//// which goes first? 0=RF1=Acoustic
input DELAYDIR;
wire DELAYDIR;

// Internal Wires
wire [22:0] RIDL,RXOUT,RYOUT;
wire XSIGN,YSIGN;
wire DRQ,DTakeIt;
wire [7:0] D;
wire CalcFin,CalcGotIt;
wire TXRQ,TXDone;
wire Overflow,Timeout;
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// Instantiated Modules

althbi interface(.RIDL(RIDL),
.RXOUT(RXOUT),
.RYOUT(RYOUT),
.XSIGN(XSIGN),
.YSIGN(YSIGN),
.DRQ(DRQ),
.D(D),
.DTakeIt(DTakeIt),
.CalcFin(CalcFin),
.CalcGotIt(CalcGotIt),
.TXRQ(TXRQ),
.TXDone(TXDone),
.Overflow(Overflow),
.Timeout(Timeout),
.MYRID(MYRID),
.HBDATA(HBDATA),
.TMDATA(TMDATA),
.TMMS(TMMS),
.HBTAKEIT(HBTAKEIT),
.HBGOTIT(HBGOTIT),
.TMTAKEIT(TMTAKEIT),
.TMGOTIT(TMGOTIT),
.MClock(MClock),
.CClock(CClock),
.Reset(Reset)

); // althbi interface

cntncalc countercalculator(.RFRx(RFRx),
.ACARx(ACARx),
.ACBRx(ACBRx),
.ACCRx(ACCRx),
.CClock(CClock),
.MClock(MClock),
.Reset(Reset),
.TXDone(TXDone),
.TXRQ(TXRQ),
.CalcGotIt(CalcGotIt),
.D(D),
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.DTakeIt(DTakeIt),

.TXDo(TXDo),

.TimeOut(Timeout),

.Overflow(Overflow),

.CalcFin(CalcFin),

.DRQ(DRQ),

.RXOUT(RXOUT),

.RYOUT(RYOUT),

.XSIGN(XSIGN),

.YSIGN(YSIGN),

.RID(RIDL)
);

ducermodule transducers(.TXRX(TXRX),
.TXDATA(TXDATA),
.ACBTX(ACBTX),
.ACBDATA(ACBDATA),
.MYRID(MYRID),
.ACPW(ACPW),
.DELAY(DELAY),
.DELAYDIR(DELAYDIR),
.TXDo(TXDo),
.TXDone(TXDone),
.Reset(Reset),
.MClock(MClock),
.CClock(CClock)

);

endmodule

C.4 File: alth bi.v

`include "delay.v"

// WaitTimes
`define waittime1 8'b00001001
`define waittime2 8'b00001001
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// States
`define ML_RESET0 /* Reset the delays */
`define ML_UNRESET1 /* Unreset the delays */
`define ML_TMMS12 /* Set TMMS=1and start delay1 */
`define ML_T1NUL3 /* See if TMneeds to send info to HB */
`define ML_TMMS04 /* Set TMMS=0and start delay2 */
`define ML_T0NUL5

/* Occasionally poll HB to see if it has info for TM*/
`define SL_HBREQ_MS06
`define SL_HBREQ_HTT7
`define SL_HBREQ_GHD8
`define SL_HBREQ_TG19
`define SL_HBREQ_TG010
`define SL_RQNUL11
`define SM_MS_MS112
`define SM_MS_TMD13
`define SM_MS_TT114
`define SM_MS_TT015
`define SM_MM_TMD16
`define SM_MM_TT117
`define SM_MM_TT018
`define ST_TXRQ119
`define ST_TXRQ020
`define SD_MS_MS121
`define SD_MS_TMD22
`define SD_MS_TT123
`define SD_MS_TT024
`define SD_D2_MS025
`define SD_D2_HTT26
`define SD_D2_GHD27
`define SD_D2_TG128
`define SD_D2_TG029
`define SD_D1_HTT30
`define SD_D1_GHD31
`define SD_D1_TG132
`define SD_D1_TG033
`define SD_DTI134
`define SD_DTI035
`define SE_MS_MS136
`define SE_MS_TMD37
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`define SE_MS_TT138
`define SE_MS_TT039
`define SE_OT_TMD40
`define SE_OT_TT141
`define SE_OT_TT042
`define SC_MS_MS143
`define SC_MS_TMD44
`define SC_MS_TT145
`define SC_MS_TT046
`define SC_I6_TMD47
`define SC_I6_TT148
`define SC_I6_TT049
`define SC_I5_TMD50
`define SC_I5_TT151
`define SC_I5_TT052
`define SC_I4_TMD53
`define SC_I4_TT154
`define SC_I4_TT055
`define SC_I3_TMD56
`define SC_I3_TT157
`define SC_I3_TT058
`define SC_I2_TMD59
`define SC_I2_TT160
`define SC_I2_TT061
`define SC_I1_TMD62
`define SC_I1_TT163
`define SC_I1_TT064
`define SC_X6_TMD65
`define SC_X6_TT166
`define SC_X6_TT067
`define SC_X5_TMD68
`define SC_X5_TT169
`define SC_X5_TT070
`define SC_X4_TMD71
`define SC_X4_TT172
`define SC_X4_TT073
`define SC_X3_TMD74
`define SC_X3_TT175
`define SC_X3_TT076
`define SC_X2_TMD77
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`define SC_X2_TT178
`define SC_X2_TT079
`define SC_X1_TMD80
`define SC_X1_TT181
`define SC_X1_TT082
`define SC_Y6_TMD83
`define SC_Y6_TT184
`define SC_Y6_TT085
`define SC_Y5_TMD86
`define SC_Y5_TT187
`define SC_Y5_TT088
`define SC_Y4_TMD89
`define SC_Y4_TT190
`define SC_Y4_TT091
`define SC_Y3_TMD92
`define SC_Y3_TT193
`define SC_Y3_TT094
`define SC_Y2_TMD95
`define SC_Y2_TT196
`define SC_Y2_TT097
`define SC_Y1_TMD98
`define SC_Y1_TT199
`define SC_Y1_TT0100
`define SC_CGI1101
`define SC_CGI0102

// Messages
`define MS_MYRIDRQ0
`define MS_CFN1
`define MS_ERR2
`define MS_DVL3
`define MS_MYRID4
`define MS_TXRQ5

module althbi(RIDL,RXOUT,RYOUT,XSIGN,YSIGN,DRQ,D,DTakeIt,CalcFin,
CalcGotIt,TXRQ,TXDone,Overflow,Timeout,MYRID,HBDATA,TMDATA,TMMS,
HBTAKEIT,HBGOTIT,TMTAKEIT,TMGOTIT,
MClock,CClock,Reset);
// PORTS
/// On TMSide
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//// Calculator Data
///// Robot ID of Pinging Robot
input [22:0] RIDL;
wire [22:0] RIDL;
///// X-Coordinate of Pinging Robot in 32nths of an inch
input [22:0] RXOUT;
wire [22:0] RXOUT;
///// Y-Coordinate of Pinging Robot in 32nths of an inch
input [22:0] RYOUT;
wire [22:0] RYOUT;
///// Sign of X-Coordinate
input XSIGN;
wire XSIGN;
///// Sign of Y-Coordinate
input YSIGN;
wire YSIGN;
//// Regarding D
///// D-Request Comesfrom TM
input DRQ;
wire DRQ;
///// Value of D madeavailable to TM
output [7:0] D;
reg [7:0] D;
///// Signals that D is available for TMto take
output DTakeIt;
reg DTakeIt;
//// Regarding Calculation Data
///// Signals that Calculation Data is available for HB
input CalcFin;
wire CalcFin;
///// Tells Calculator that Calculation Data has been taken
output CalcGotIt;
reg CalcGotIt;
//// Regarding Transmit Requests
///// Transmit Request to Ducer Module
output TXRQ;
reg TXRQ;
///// Signals that Ducer Module finished Transmitting
input TXDone;
wire TXDone;
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//// Error Lines from cccont
///// Overflow
input Overflow;
wire Overflow;
///// Timeout
input Timeout;
wire Timeout;
//// My Robot Identification Numbersupplied by DIPS
input [3:0] MYRID;
wire [3:0] MYRID;
/// On HB Side
//// Data Lines
///// Data from HB to TM
input [4:0] HBDATA;
wire [4:0] HBDATA;
///// Data from TMto HB
output [4:0] TMDATA;
reg [4:0] TMDATA;
//// Handshaking
///// TMMS. TMis sender when high. HB is sender when low.
output TMMS;
reg TMMS;
///// HBTAKEITtells TMto take data from HB
input HBTAKEIT;
wire HBTAKEIT;
///// HBGOTITtells TMthat HB has taken data
input HBGOTIT;
wire HBGOTIT;
///// TMTAKEITtells HB to take data from TM
output TMTAKEIT;
reg TMTAKEIT;
///// TMGOTITtells HB that TMhas taken data
output TMGOTIT;
reg TMGOTIT;
/// Control and Timing
//// MClock to drive state machine
input MClock;
wire MClock;
//// CClock to time the delays
input CClock;
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wire CClock;
//// Reset line to reset state machine
input Reset;
wire Reset;

// INTERNALWIRES& REGS
wire delay1act,delay2act;
reg delayreset,delay1trig,delay2trig;
reg [6:0] PS,NS;
reg [3:0] REQ;
reg OFL,TOL; // Overflow Latch, TimeOut Latch

wait8 d1(MClock,CClock,delayreset,delay1trig,`waittime1,delay1act) ;
wait8 d2(MClock,CClock,delayreset,delay2trig,`waittime2,delay2act) ;

always @(posedgeMClock) begin
if( Reset )

NS = `ML_RESET;
else begin

case( PS )

// MAINLOOP

`ML_RESET:begin // request a value for D
delayreset <= 1;
delay1trig <= 0;
delay2trig <= 0;
REQ<= 4'b0000;
TMGOTIT<= 0;
TMTAKEIT<= 0;
TMMS<= 0;
TMDATA<= 4'b0000;
TXRQ<= 0;
CalcGotIt <= 0;
DTakeIt <= 0;
D <= 8'b00000000;
OFL= 0;
TOL= 0;
NS = `ML_UNRESET;

end // RESET
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`ML_UNRESET:begin
delayreset <= 0;
NS = `ML_TMMS1;

end

`ML_TMMS1:begin
TMMS<= 1;
delay1trig <= 1;
NS = `ML_T1NUL;

end

`ML_T1NUL:begin
if( DRQ) NS = `SD_MS_MS1;
else if( CalcFin ) NS = `SC_MS_MS1;
else if( Overflow || Timeout ) begin

OFL= Overflow;
TOL= Timeout;
NS = `SE_MS_MS1;

end // if
else if( delay1act ) NS = `ML_TMMS0;
else NS = `ML_T1NUL;

end

`ML_TMMS0:begin
TMMS<= 0;
delay2trig <= 1;
NS = `ML_T0NUL;

end

`ML_T0NUL:begin
if( HBTAKEIT) NS = `SL_HBREQ_MS0;
else if( delay2act ) NS = `ML_RESET;

end

// SIDE LOOP

/// GETREQ

`SL_HBREQ_MS0:begin
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TMMS<= 0;
NS = `SL_HBREQ_HTT;

end

`SL_HBREQ_HTT:begin
if( HBTAKEIT)

NS = `SL_HBREQ_GHD;
else

NS = `SL_HBREQ_HTT;
end

`SL_HBREQ_GHD:begin
REQ<= HBDATA[3:0];
NS = `SL_HBREQ_TG1;

end

`SL_HBREQ_TG1:begin
TMGOTIT<= 1;
if( HBTAKEIT)

NS = `SL_HBREQ_TG1;
else

NS = `SL_HBREQ_TG0;
end

`SL_HBREQ_TG0:begin
TMGOTIT<= 0;
NS = `SL_RQNUL;

end

/// INTERPRETREQ

`SL_RQNUL:begin
if( REQ== `MS_MYRIDRQ)

NS = `SM_MS_MS1;
else begin

if( REQ== `MS_TXRQ)
NS = `ST_TXRQ1;

else
NS = `ML_RESET;

end // else
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end

// SMLOOP(Send MYRID)

/// Send MS_MYRID

`SM_MS_MS1:begin
TMMS<= 1;
NS = `SM_MS_TMD;

end

`SM_MS_TMD:begin
TMDATA<= `MS_MYRID;
NS = `SM_MS_TT1;

end

`SM_MS_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SM_MS_TT0;
else

NS = `SM_MS_TT1;
end

`SM_MS_TT0:begin
TMTAKEIT<= 0;
NS = `SM_MM_TMD;

end

/// Send MYRID

`SM_MM_TMD:begin
TMDATA<= MYRID;
NS = `SM_MM_TT1;

end

`SM_MM_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SM_MM_TT0;
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else
NS = `SM_MM_TT1;

end

`SM_MM_TT0:begin
TMTAKEIT<= 0;
NS = `ML_RESET;

end

// ST LOOP(Handle Transmit Request)

`ST_TXRQ1:begin
TXRQ<= 1;
if( TXDone) NS = `ST_TXRQ0;
else NS = `ST_TXRQ1;

end

`ST_TXRQ0:begin
TXRQ<= 0;
NS = `ML_RESET;

end

// SD LOOP(Get Value of D)

/// Send MS_DVL

`SD_MS_MS1:begin
TMMS<= 1;
NS = `SD_MS_TMD;

end

`SD_MS_TMD:begin
TMDATA<= `MS_DVL;
NS = `SD_MS_TT1;

end

`SD_MS_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SD_MS_TT0;
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else
NS = `SD_MS_TT1;

end

`SD_MS_TT0:begin
TMTAKEIT<= 0;
NS = `SD_D2_MS0;

end

/// Get D2

`SD_D2_MS0:begin
TMMS<= 0;
NS = `SD_D2_HTT;

end

`SD_D2_HTT:begin
if( HBTAKEIT)

NS = `SD_D2_GHD;
else

NS = `SD_D2_HTT;
end

`SD_D2_GHD:begin
D[7:4] <= HBDATA[3:0];
NS = `SD_D2_TG1;

end

`SD_D2_TG1:begin
TMGOTIT<= 1;
if( HBTAKEIT)

NS = `SD_D2_TG1;
else

NS = `SD_D2_TG0;
end

`SD_D2_TG0:begin
TMGOTIT<= 0;
NS = `SD_D1_HTT;

end
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/// Get D1

`SD_D1_HTT:begin
if( HBTAKEIT)

NS = `SD_D1_GHD;
else

NS = `SD_D1_HTT;
end

`SD_D1_GHD:begin
D[3:0] <= HBDATA[3:0];
NS = `SD_D1_TG1;

end

`SD_D1_TG1:begin
TMGOTIT<= 1;
if( HBTAKEIT)

NS = `SD_D1_TG1;
else

NS = `SD_D1_TG0;
end

`SD_D1_TG0:begin
TMGOTIT<= 0;
NS = `SD_DTI1;

end

/// Notify Calculator Module

`SD_DTI1: begin
DTakeIt <= 1;
if( DRQ) NS = `SD_DTI0;
else NS = `SD_DTI1;

end

`SD_DTI0: begin
DTakeIt <= 0;
NS = `ML_RESET;

end
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// SE LOOP(Send Error Flags)

/// Send MS_ERR

`SE_MS_MS1:begin
TMMS<= 1;
NS = `SE_MS_TMD;

end

`SE_MS_TMD:begin
TMDATA<= `MS_ERR;
NS = `SE_MS_TT1;

end

`SE_MS_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SE_MS_TT0;
else

NS = `SE_MS_TT1;
end

`SE_MS_TT0:begin
TMTAKEIT<= 0;
NS = `SE_OT_TMD;

end

/// Send Overflow and Timeout

`SE_OT_TMD:begin
TMDATA<= {2'b00,OFL,TOL};
NS = `SE_OT_TT1;

end

`SE_OT_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SE_OT_TT0;
else
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NS = `SE_OT_TT1;
end

`SE_OT_TT0:begin
TMTAKEIT<= 0;
NS = `ML_RESET;

end

// SC LOOP(Send Calculator Data)

/// Send MS_CFN

`SC_MS_MS1:begin
TMMS<= 1;
NS = `SC_MS_TMD;

end

`SC_MS_TMD:begin
TMDATA<= `MS_CFN;
NS = `SC_MS_TT1;

end

`SC_MS_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_MS_TT0;
else

NS = `SC_MS_TT1;
end

`SC_MS_TT0:begin
TMTAKEIT<= 0;
NS = `SC_I6_TMD;

end

/// Send I6

`SC_I6_TMD:begin
TMDATA<= {1'b0,RIDL[22:20]};
NS = `SC_I6_TT1;
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end

`SC_I6_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I6_TT0;
else

NS = `SC_I6_TT1;
end

`SC_I6_TT0: begin
TMTAKEIT<= 0;
NS = `SC_I5_TMD;

end

/// Send I5

`SC_I5_TMD:begin
TMDATA<= RIDL[19:16];
NS = `SC_I5_TT1;

end

`SC_I5_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I5_TT0;
else

NS = `SC_I5_TT1;
end

`SC_I5_TT0: begin
TMTAKEIT<= 0;
NS = `SC_I4_TMD;

end

/// Send I4

`SC_I4_TMD:begin
TMDATA<= RIDL[15:12];
NS = `SC_I4_TT1;
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end

`SC_I4_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I4_TT0;
else

NS = `SC_I4_TT1;
end

`SC_I4_TT0: begin
TMTAKEIT<= 0;
NS = `SC_I3_TMD;

end

/// Send I3

`SC_I3_TMD:begin
TMDATA<= RIDL[11:8];
NS = `SC_I3_TT1;

end

`SC_I3_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I3_TT0;
else

NS = `SC_I3_TT1;
end

`SC_I3_TT0: begin
TMTAKEIT<= 0;
NS = `SC_I2_TMD;

end

/// Send I2

`SC_I2_TMD:begin
TMDATA<= RIDL[7:4];
NS = `SC_I2_TT1;
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end

`SC_I2_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I2_TT0;
else

NS = `SC_I2_TT1;
end

`SC_I2_TT0: begin
TMTAKEIT<= 0;
NS = `SC_I1_TMD;

end

/// Send I1

`SC_I1_TMD:begin
TMDATA<= RIDL[3:0];
NS = `SC_I1_TT1;

end

`SC_I1_TT1: begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_I1_TT0;
else

NS = `SC_I1_TT1;
end

`SC_I1_TT0: begin
TMTAKEIT<= 0;
NS = `SC_X6_TMD;

end

/// Send X6

`SC_X6_TMD:begin
TMDATA<= {XSIGN,RXOUT[22:20]};
NS = `SC_X6_TT1;
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end

`SC_X6_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X6_TT0;
else

NS = `SC_X6_TT1;
end

`SC_X6_TT0:begin
TMTAKEIT<= 0;
NS = `SC_X5_TMD;

end

/// Send X5

`SC_X5_TMD:begin
TMDATA<= RXOUT[19:16];
NS = `SC_X5_TT1;

end

`SC_X5_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X5_TT0;
else

NS = `SC_X5_TT1;
end

`SC_X5_TT0:begin
TMTAKEIT<= 0;
NS = `SC_X4_TMD;

end

/// Send X4

`SC_X4_TMD:begin
TMDATA<= RXOUT[15:12];
NS = `SC_X4_TT1;
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end

`SC_X4_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X4_TT0;
else

NS = `SC_X4_TT1;
end

`SC_X4_TT0:begin
TMTAKEIT<= 0;
NS = `SC_X3_TMD;

end

/// Send X3

`SC_X3_TMD:begin
TMDATA<= RXOUT[11:8];
NS = `SC_X3_TT1;

end

`SC_X3_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X3_TT0;
else

NS = `SC_X3_TT1;
end

`SC_X3_TT0:begin
TMTAKEIT<= 0;
NS = `SC_X2_TMD;

end

/// Send X2

`SC_X2_TMD:begin
TMDATA<= RXOUT[7:4];
NS = `SC_X2_TT1;
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end

`SC_X2_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X2_TT0;
else

NS = `SC_X2_TT1;
end

`SC_X2_TT0:begin
TMTAKEIT<= 0;
NS = `SC_X1_TMD;

end

/// Send X1

`SC_X1_TMD:begin
TMDATA<= RXOUT[3:0];
NS = `SC_X1_TT1;

end

`SC_X1_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_X1_TT0;
else

NS = `SC_X1_TT1;
end

`SC_X1_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y6_TMD;

end

/// Send Y6

`SC_Y6_TMD:begin
TMDATA<= {YSIGN,RYOUT[22:20]};
NS = `SC_Y6_TT1;
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end

`SC_Y6_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y6_TT0;
else

NS = `SC_Y6_TT1;
end

`SC_Y6_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y5_TMD;

end

/// Send Y5

`SC_Y5_TMD:begin
TMDATA<= RYOUT[19:16];
NS = `SC_Y5_TT1;

end

`SC_Y5_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y5_TT0;
else

NS = `SC_Y5_TT1;
end

`SC_Y5_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y4_TMD;

end

/// Send Y4

`SC_Y4_TMD:begin
TMDATA<= RYOUT[15:12];
NS = `SC_Y4_TT1;

139



end

`SC_Y4_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y4_TT0;
else

NS = `SC_Y4_TT1;
end

`SC_Y4_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y3_TMD;

end

/// Send Y3

`SC_Y3_TMD:begin
TMDATA<= RYOUT[11:8];
NS = `SC_Y3_TT1;

end

`SC_Y3_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y3_TT0;
else

NS = `SC_Y3_TT1;
end

`SC_Y3_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y2_TMD;

end

/// Send Y2

`SC_Y2_TMD:begin
TMDATA<= RYOUT[7:4];
NS = `SC_Y2_TT1;

140



end

`SC_Y2_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y2_TT0;
else

NS = `SC_Y2_TT1;
end

`SC_Y2_TT0:begin
TMTAKEIT<= 0;
NS = `SC_Y1_TMD;

end

/// Send Y1

`SC_Y1_TMD:begin
TMDATA<= RYOUT[3:0];
NS = `SC_Y1_TT1;

end

`SC_Y1_TT1:begin
TMTAKEIT<= 1;
if( HBGOTIT)

NS = `SC_Y1_TT0;
else

NS = `SC_Y1_TT1;
end

`SC_Y1_TT0:begin
TMTAKEIT<= 0;
NS = `SC_CGI1;

end

/// Notify Calculator Module

`SC_CGI1: begin
CalcGotIt <= 1;
if( CalcFin ) NS = `SC_CGI0;

141



else NS = `SC_CGI1;
end

`SC_CGI0: begin
CalcGotIt <= 0;
NS = `ML_RESET;

end

// Default

default: begin
NS = `ML_RESET;

end // default

endcase
end // else
PS <= NS;

end // always

endmodule

C.5 File: cntncalc.v

// `include "defines.v"
`include "calc.v"
`include "threetimer.v"
`include "cccont.v"

module cntncalc(RFRx,ACARx,ACBRx,ACCRx,CClock,MClock,Reset,TXDone,
TXRQ,CalcGotIt,D,DTakeIt,TXDo,TimeOut,Overflow,CalcFin,DRQ, RXOUT,
RYOUT,XSIGN,YSIGN,RID);
input RFRx,ACARx,ACBRx,ACCRx,CClock,MClock,Reset,TXDone,TXRQ,

CalcGotIt,DTakeIt;
input [`D_SIZE-1:0] D;
output TXDo,TimeOut,Overflow,CalcFin,DRQ,XSIGN,YSIGN;
output [`VALOUT_SIZE-1:0] RXOUT,RYOUT;
output [`VALOUT_SIZE-1:0] RID;

wire ClearCounter,StopCounter,ClearRecd,ClearABC,CountsValid,
CalcDo,CalcReset;
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wire [`CNTR_SIZE-1:0] CountA,CountB,CountC;
wire [`VALOUT_SIZE-1:0] RID;

threetimer Timer(.CClock(CClock),
.ClearCounter(ClearCounter),
.StopCounter(StopCounter),

.StartCounter(RFRx),
.CaptureA(ACARx),
.CaptureB(ACBRx),
.CaptureC(ACCRx),

.ClearRecd(ClearRecd),
.ClearABC(ClearABC),

// .Count(),
.CountA(CountA),
.CountB(CountB),
.CountC(CountC),

.RID(RID),
.Overflow(Overflow),

.CountsValid(CountsValid)
// .RecdA(),
// .RecdB(),
// .RecdC(),
// .Active()
);

calc Calculator( .A(CountA),
.B(CountB),
.C(CountC),
.D(D),

.DTakeIt(DTakeIt),
.CalcDo(CalcDo),

.CalcGotIt(CalcGotIt),
.MClock(MClock),
.Reset(CalcReset),
.RXOUT(RXOUT),
.RYOUT(RYOUT),
.XSIGN(XSIGN),
.YSIGN(YSIGN),

.DRQ(DRQ),
.CalcFin(CalcFin)
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// .PS()
);

cccont Controller(.MClock(MClock),
.Reset(Reset),

.StartCounter(RFRx),
.Overflow(Overflow),

.CountsValid(CountsValid),
.TXRQ(TXRQ),

.CalcFin(CalcFin),
.TXDone(TXDone),

.ClearCounter(ClearCounter),
.StopCounter(StopCounter),

.ClearRecd(ClearRecd),
.ClearABC(ClearABC),

.CalcDo(CalcDo),
.CalcReset(CalcReset),

.TimeOut(TimeOut),
.TXDo(TXDo)

);

endmodule

C.6 File: calc.v

// `include "defines.v"

module calc(
A, // INPUTcounter#1 at coords (0,d)
B, // INPUTcounter#2 at coords (0,0)
C, // INPUTcounter#3 at coords (d,0)
D, // INPUTdistance A and C are from B
DTakeIt, // INPUTtelling calc that the value at D is valid
CalcDo,

// INPUTtelling calc that the values at A,B, and C are valid
CalcGotIt,

// INPUTtelling calc that RXOUTand RYOUThave been received
MClock, // INPUTmachine clock
Reset, // INPUTto reset calculator
RXOUT, // OUTPUTcalculated X coordinate of beacon
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RYOUT, // OUTPUTcalculated Y coordinate of beacon
XSIGN, // OUTPUTsign of RXOUT
YSIGN, // OUTPUTsign of RYOUT
DRQ, // OUTPUTrequesting value for D
CalcFin, // OUTPUTtelling HB that RXOUTand RYOUTare valid
PS // TROUBLESHOOTINGOUTPUTpresent state

// RD, // TROUBLESHOOTINGOUTPUTRDregister
// RSUM1, // TROUBLESHOOTINGOUTPUTRSUM1register
// RDIFF, // TROUBLESHOOTINGOUTPUTRDIFF register
// RPROD, // TROUBLESHOOTINGOUTPUTRPRODregister
// RQUO, // TROUBLESHOOTINGOUTPUTRQUOregister
// RCOUNT // TROUBLESHOOTINGOUTPUTRCOUNTregister

);
// PORTS
input [`CNTR_SIZE-1:0] A,B,C;
input [`D_SIZE-1:0] D;
input DTakeIt,CalcDo,CalcGotIt,MClock,Reset;
output [`VALOUT_SIZE-1:0] RXOUT,RYOUT;
output XSIGN,YSIGN;
output DRQ,CalcFin;
output [`STATE_SIZE-1:0] PS;

wire [`CNTR_SIZE-1:0] A,B,C;
wire [`D_SIZE-1:0] D;
wire DTakeIt,CalcDo,CalcGotIt,MClock,Reset;
reg [`VALOUT_SIZE-1:0] RXOUT,RYOUT;
reg XSIGN,YSIGN;
reg DRQ,CalcFin;
reg [`STATE_SIZE-1:0] PS;

// Troubleshooting Outputs
// output [`D_SIZE-1:0] RD;
// output [`RSUM1_SIZE-1:0] RSUM1;
// output [`RDIFF_SIZE-1:0] RDIFF;
// output [`RPROD_SIZE-1:0] RPROD;
// output [`RQUO_SIZE-1:0] RQUO;
// output [`RCOUNT_SIZE-1:0]RCOUNT;

// Next-State Register
reg [`STATE_SIZE-1:0] NS;
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// Internal Registers
reg [`D_SIZE-1:0] RD;
reg [`RSUM1_SIZE-1:0] RSUM1;
reg [`RDIFF_SIZE-1:0] RDIFF;
reg [`RPROD_SIZE-1:0] RPROD;
reg [`RQUO_SIZE-1:0] RQUO;
reg RCARRY;
reg [`RCOUNT_SIZE-1:0]RCOUNT;

// instantiated modules

// assignments

// synchronous register transfers
always @(posedgeMClock) begin

if( Reset )
NS = `RESET;

else begin
case( PS )

// HANDSHAKING

`RESET: begin // request a value for D
DRQ<= 1; // assert

if( DTakeIt )
NS = `GETD;

else
NS = `RESET;

end // RESET

`GETD: begin // get D
RD<= D; // STORED IN RD
DRQ<= 0; // de-assert
NS = `WAITDO;
end // GETD

`WAITDO:begin // wait for CalcDo signal
CalcFin <= 0; // reset
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if( CalcDo )
NS = `SUMDIFFA;

else
NS = `WAITDO;

end // WAITDO

// GRABA ANDB, FIND THEIRSUMANDDIFFERENCE,SIGN(A)

`SUMDIFFA:begin // calc b+a and b-a
RSUM1<= B + A;

RDIFF<= B - A;
NS = `GETSIGNA;
end // SUMDIFFA

`GETSIGNA:begin
// extract the sign bit and clear RPROD

RPROD<= 0;
YSIGN<= RDIFF[`RDIFF_SIZE-1];
if( RDIFF[`RDIFF_SIZE-1] == 1 ) // negative

NS = `INVDIFFA;
else // positive

NS = `TSTDONEMA;
end // GETSIGNA

`INVDIFFA: begin // 2's compof RDIFF
RDIFF<= ~RDIFF+ 1;

NS = `TSTDONEMA;
end // INVDIFFA

// BEGINMULTIPLICATION(A)

`TSTDONEMA:begin // are we finished multiplying yet?
if( RDIFF == 0 || RSUM1== 0 )

NS = `STARTDIVDA;
else

NS = `RSHMA;
end // TSTDONEMA
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`RSHMA:begin // right shift RDIFF
{RDIFF,RCARRY}<= {1'b0,RDIFF};

NS = `TSTCARRYMA;
end // RSHMA

`TSTCARRYMA:begin
// do we need to add RSUM1to RPROD

if( RCARRY)
NS = `ADDMA;

else
NS = `LSHMA;

end // TSTCARRYMA

`ADDMA:begin // add RSUM1to RPROD
RPROD<= RPROD+ RSUM1;

NS = `LSHMA;
end // ADDMA

`LSHMA:begin // left shift RSUM1
{RCARRY,RSUM1}<= {RSUM1,1'b0};

NS = `TSTDONEMA;
end // LSHMA

// BEGINDIVISION (A)

`STARTDIVDA:begin
// left shift the product, begin to divide

RQUO<= 0;
RCOUNT<= 0;
NS = `CMPDENDDA;
end // STARTDIVDA

`CMPDENDDA:begin
// compare the dividend and the divisor

if( RD> RPROD[`RPROD_SIZE-1:
`RPROD_SIZE-`D_SIZE-1])

NS = `SETQUOZERODA;
else

NS = `SETQUOONEDA;
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end // CMPDENDDA

`SETQUOZERODA:begin // set lsb of RQUOto zero
RQUO<= {RQUO[`RQUO_SIZE-1:1],1'b0};

NS = `LSHDENDDA;
end // SETQUOZERODA

`SETQUOONEDA:begin // set lsb of RQUOto one
RQUO<= {RQUO[`RQUO_SIZE-1:1],1'b1};

NS = `SUBDENDDA;
end // SETQUOONEDA

`SUBDENDDA:begin
// subtract D from left side of RPROD

RPROD<= {RPROD[`RPROD_SIZE-1:
`RPROD_SIZE-`D_SIZE-1]-{1'b0,RD},

RPROD[`RPROD_SIZE-`D_SIZE-2:0]};
NS = `LSHDENDDA;
end // SUBDENDDA

`LSHDENDDA:begin // left shift RPROD
RPROD<= {RPROD[`RPROD_SIZE-2:0],1'b0};

NS = `COUNTERINCDA;
end // LSHDENDDA

`COUNTERINCDA:begin // increment counter
RCOUNT<= RCOUNT+ 1;

NS = `TESTRCOUNTDA;
end // COUNTERINCDA

`TESTRCOUNTDA:begin // are we done yet?
if ( RCOUNT>= `RQUO_SIZE-1)

NS = `MODTESTDA;
else

NS = `LSHRQUODA;
end // TESTRCOUNTDA

`LSHRQUODA:begin // left shift quotient
RQUO<= {RQUO[`RQUO_SIZE-2:0],1'b0};

NS = `CMPDENDDA;
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end // LSHQUODA

// POST-DIVIDE-BY-DROUNDUPIF NECESSARY(A)

`MODTESTDA:begin
if( RD> RPROD[`RPROD_SIZE-1:`RPROD_SIZE-`D_SIZE])

NS = `TESTYSIGNDA;
else

NS = `ROUNDUPDA;
end // MODTESTDA

`ROUNDUPDA:begin
RQUO<= RQUO+ 1;

NS = `TESTYSIGNDA;
end // ROUNDUPDA

// ADD(OR SUBTRACT)D ANDTOGGLESIGNBIT AS NEEDED(A)

`TESTYSIGNDA:begin
if( !YSIGN )

NS = `ADDDA;
else

NS = `TESTYRQUORDA;
end // TESTYSIGNDA

`ADDDA:begin
RQUO<= RQUO+ RD;

NS = `RSHSUMDA;
end // ADDDA

`TESTYRQUORDA:begin
if( RQUO> RD)

NS = `RQUOMINRDDA;
else

NS = `RDMINRQUODA;
end // TESTYRQUORDA

`RQUOMINRDDA:begin
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RQUO<= RQUO- RD;
NS = `RSHSUMDA;
end // RQUOMINRDDA

`RDMINRQUODA:begin
YSIGN<= 0;

RQUO<= RD- RQUO;
NS = `RSHSUMDA;
end // RDMINRQUODA

// PUTRQUODIVIDEDBY TWOINTO RYOUT(A)

`RSHSUMDA:begin
{RYOUT,RCARRY}<= RQUO[`RQUO_SIZE-1:0];

NS = `MODTESTRA;
end // RSHSUMDA

// POST-DIVIDE-BY-2ROUNDUPIF NECESSARY(A)

`MODTESTRA:begin
if( RCARRY)

NS = `ROUNDUPRA;
else

NS = `SUMDIFFC;
end // MODTESTDA

`ROUNDUPRA:begin
RYOUT<= RYOUT+ 1;

NS = `SUMDIFFC;
end // ROUNDUPDA

// GRABC ANDB, FIND THEIRSUMANDDIFFERENCE,SIGN(C)

`SUMDIFFC:begin // calc b+c and b-c
RSUM1<= B + C;

RDIFF<= B - C;
NS = `GETSIGNC;
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end // SUMDIFFC

`GETSIGNC:begin
// extract the sign bit and clear RPROD

RPROD<= 0;
XSIGN<= RDIFF[`RDIFF_SIZE-1];
if( RDIFF[`RDIFF_SIZE-1] == 1 ) // negative

NS = `INVDIFFC;
else // positive

NS = `TSTDONEMC;
end // GETSIGNC

`INVDIFFC: begin // 2's compof RDIFF
RDIFF<= ~RDIFF+ 1;

NS = `TSTDONEMC;
end // INVDIFFC

// BEGINMULTIPLICATION(C)

`TSTDONEMC:begin // are we finished multiplying yet?
if( RDIFF == 0 || RSUM1== 0 )

NS = `STARTDIVDC;
else

NS = `RSHMC;
end // TSTDONEMC

`RSHMC:begin // right shift RDIFF
{RDIFF,RCARRY}<= {1'b0,RDIFF};

NS = `TSTCARRYMC;
end // RSHMC

`TSTCARRYMC:begin
// do we need to add RSUM1to RPROD

if( RCARRY)
NS = `ADDMC;

else
NS = `LSHMC;

end // TSTCARRYMC
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`ADDMC:begin // add RSUM1to RPROD
RPROD<= RPROD+ RSUM1;

NS = `LSHMC;
end // ADDMC

`LSHMC:begin // left shift RSUM1
{RCARRY,RSUM1}<= {RSUM1,1'b0};

NS = `TSTDONEMC;
end // LSHMC

// BEGINDIVISION (C)

`STARTDIVDC:begin
// left shift the product, begin to divide

RQUO<= 0;
RCOUNT<= 0;
NS = `CMPDENDDC;
end // STARTDIVDC

`CMPDENDDC:begin
// compare the dividend and the divisor

if( RD> RPROD[`RPROD_SIZE-1:
`RPROD_SIZE-`D_SIZE-1])

NS = `SETQUOZERODC;
else

NS = `SETQUOONEDC;
end // CMPDENDDC

`SETQUOZERODC:begin // set lsb of RQUOto zero
RQUO<= {RQUO[`RQUO_SIZE-1:1],1'b0};

NS = `LSHDENDDC;
end // SETQUOZERODC

`SETQUOONEDC:begin // set lsb of RQUOto one
RQUO<= {RQUO[`RQUO_SIZE-1:1],1'b1};

NS = `SUBDENDDC;
end // SETQUOONEDC

`SUBDENDDC:begin
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// subtract D from left side of RPROD
RPROD<= {RPROD[`RPROD_SIZE-1:

`RPROD_SIZE-`D_SIZE-1]-{1'b0,RD},
RPROD[`RPROD_SIZE-`D_SIZE-2:0]};

NS = `LSHDENDDC;
end // SUBDENDDC

`LSHDENDDC:begin // left shift RPROD
RPROD<= {RPROD[`RPROD_SIZE-2:0],1'b0};

NS = `COUNTERINCDC;
end // LSHDENDDC

`COUNTERINCDC:begin // increment counter
RCOUNT<= RCOUNT+ 1;

NS = `TESTRCOUNTDC;
end // COUNTERINCDC

`TESTRCOUNTDC:begin // are we done yet?
if ( RCOUNT>= `RQUO_SIZE-1)

NS = `MODTESTDC;
else

NS = `LSHRQUODC;
end // TESTRCOUNTDC

`LSHRQUODC:begin // left shift quotient
RQUO<= {RQUO[`RQUO_SIZE-2:0],1'b0};

NS = `CMPDENDDC;
end // LSHQUODC

// POST-DIVIDE-BY-DROUNDUPIF NECESSARY(C)

`MODTESTDC:begin
if( RD> RPROD[`RPROD_SIZE-1:`RPROD_SIZE-`D_SIZE])

NS = `TESTYSIGNDC;
else

NS = `ROUNDUPDC;
end // MODTESTDC

`ROUNDUPDC:begin
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RQUO<= RQUO+ 1;
NS = `TESTYSIGNDC;
end // ROUNDUPDC

// ADD(OR SUBTRACT)D ANDTOGGLESIGNBIT AS NEEDED(C)

`TESTYSIGNDC:begin
if( !XSIGN )

NS = `ADDDC;
else

NS = `TESTYRQUORDC;
end // TESTYSIGNDC

`ADDDC:begin
RQUO<= RQUO+ RD;

NS = `RSHSUMDC;
end // ADDDC

`TESTYRQUORDC:begin
if( RQUO> RD)

NS = `RQUOMINRDDC;
else

NS = `RDMINRQUODC;
end // TESTYRQUORDC

`RQUOMINRDDC:begin
RQUO<= RQUO- RD;

NS = `RSHSUMDC;
end // RQUOMINRDDC

`RDMINRQUODC:begin
XSIGN<= 0;

RQUO<= RD- RQUO;
NS = `RSHSUMDC;
end // RDMINRQUODC

// PUTRQUODIVIDEDBY TWOINTO RYOUT(C)
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`RSHSUMDC:begin
{RXOUT,RCARRY}<= RQUO[`RQUO_SIZE-1:0];

NS = `MODTESTRC;
end // RSHSUMDC

// POST-DIVIDE-BY-2ROUNDUPIF NECESSARY(C)

`MODTESTRC:begin
if( RCARRY)

NS = `ROUNDUPRC;
else

NS = `FINISHED;
end // MODTESTDC

`ROUNDUPRC:begin
RXOUT<= RXOUT+ 1;

NS = `FINISHED;
end // ROUNDUPDC

// MOREHANDSHAKING

`FINISHED: begin // asser CalcFin
CalcFin <= 1;

NS = `WAITGOTIT;
end // FINISHED

`WAITGOTIT:begin
// wait until calculated values are transferred

if( CalcGotIt )
NS = `WAITDO;

else
NS = `WAITGOTIT;

end // WAITGOTIT

default: begin
NS = `RESET;

end // default
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endcase
end // else
PS <= NS;
end // always

endmodule

C.7 File: threetimer.v

// `include "defines.v"

module threetimer(CClock,ClearCounter,StopCounter,StartCounter,
CaptureA,CaptureB,CaptureC,RID,ClearRecd,ClearABC,Count,Cou ntA,
CountB,CountC,Overflow,CountsValid,RecdA,
RecdB,RecdC,RecdR,Active);
input CClock,ClearCounter,StopCounter,StartCounter,

CaptureA,CaptureB,CaptureC,ClearRecd,ClearABC;
output [`CNTR_SIZE-1:0] CountC,CountA,CountB;
output [16:0] Count;
output Overflow,CountsValid,RecdA,RecdB,RecdC,RecdR,Active;
output [`VALOUT_SIZE-1:0] RID;

wire CClock,ClearCounter,StopCounter,StartCounter,
CaptureA,CaptureB,CaptureC,ClearRecd,ClearABC;

reg [`CNTR_SIZE-1:0] CountC,CountA,CountB;
reg [16:0] Count;
reg Overflow,RecdA,RecdB,RecdC,RecdR,Active;
wire CountsValid;
reg [`VALOUT_SIZE-1:0] RID;

assign CountsValid = RecdA& RecdB& RecdC& RecdR& !Overflow;

// What to do with {Overflow,Count}
always @(posedgeClearCounter or posedge CClock) begin

if( ClearCounter ) {Overflow,Count} = 0;
else if( Active ) {Overflow,Count} = {Overflow,Count} + 1;
else {Overflow,Count} = {Overflow,Count};
end

// What to do with Active
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always @(posedgeStopCounter or posedge StartCounter) begin
if( StopCounter ) Active <= 0;

else if( StartCounter ) Active <= 1;
else Active <= Active;
end

// What to do with CountA
always @(posedgeClearABC or posedge CaptureA) begin

if( ClearABC ) CountA <= 0;
else if( CaptureA ) CountA <= Count;
else CountA <= CountA;
end

// What to do with CountB
always @(posedgeClearABC or posedge CaptureB) begin

if( ClearABC ) CountB <= 0;
else if( CaptureB ) CountB <= Count;
else CountB <= CountB;
end

// What to do with CountC
always @(posedgeClearABC or posedge CaptureC) begin

if( ClearABC ) CountC <= 0;
else if( CaptureC ) CountC <= Count;
else CountC <= CountC;
end

// What to do with RID
always @(posedgeClearABC or negedge StartCounter) begin

if( ClearABC ) RID <= 0;
else if( !StartCounter ) RID <= Count;
else RID <= RID;
end

// What to do with RecdA
always @(posedgeClearRecd or posedge CaptureA) begin

if( ClearRecd ) RecdA<= 0;
else if( CaptureA ) RecdA<= 1;
else RecdA<= RecdA;
end
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// What to do with RecdB
always @(posedgeClearRecd or posedge CaptureB) begin

if( ClearRecd ) RecdB<= 0;
else if( CaptureB ) RecdB<= 1;
else RecdB<= RecdB;
end

// What to do with RecdC
always @(posedgeClearRecd or posedge CaptureC) begin

if( ClearRecd ) RecdC<= 0;
else if( CaptureC ) RecdC<= 1;
else RecdC<= RecdC;
end

// What to do with RecdR
always @(posedgeClearRecd or negedge StartCounter) begin

if( ClearRecd ) RecdR<= 0;
else if( !StartCounter ) RecdR<= 1;
else RecdR<= RecdR;
end

endmodule

C.8 File: cccont.v

`define UNRESET0
`define WAITRFRX1
`define TRANSMIT2
`define UNTRANSMIT3
`define WAITCOUNTSVALID4
`define WARMRESET5
`define WARMUNRESET6
`define SHORTPAUSE17
`define INITCALCDO8
`define UNSTOPCOUNTER9
`define UNCALCDO10
`define CLEARSTUFF11
`define UNCLEARSTUFF12
`define WAITHBGOTIT13

159



`define TIMEOUT14
`define UNTIMEOUT15
`define CRESET16

`define TIMESUP0

module cccont(MClock,Reset,StartCounter,Overflow,CountsValid,TXRQ,
CalcFin,TXDone,ClearCounter,StopCounter,ClearRecd,ClearABC, CalcDo,
CalcReset,TimeOut,TXDo);

input MClock,Reset,StartCounter,Overflow,CountsValid,TXRQ,CalcFin,
TXDone;

output ClearCounter,StopCounter,ClearRecd,ClearABC,CalcDo,
CalcReset,TimeOut,TXDo;

wire MClock,Reset,StartCounter,Overflow,CountsValid,TXRQ,CalcFin ,
TXDone;

reg ClearCounter,StopCounter,ClearRecd,ClearABC,CalcDo,CalcReset ,
TimeOut,TXDo;

reg [4:0] PS,NS;

always @(posedgeMClock) begin
if( Reset )

NS = `CRESET;
else begin

case( PS )

`UNRESET:begin // UNRESET
CalcReset <= 0;
ClearABC <= 0;
ClearRecd <= 0;
StopCounter <= 0;
ClearCounter <= 0;

NS = `WAITRFRX;
end // UNRESET

`WAITRFRX:begin // WAITRFRX
if( StartCounter ) // StartCounter = RFRx

NS = `WAITCOUNTSVALID;
else if( TXRQ)

NS = `TRANSMIT;
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else
NS = `WAITRFRX;

end // WAITRFRX

`TRANSMIT:begin //
TXDo<= 1;
if( TXDone)

NS = `UNTRANSMIT;
else

NS = `TRANSMIT;
end // TRANSMIT

`UNTRANSMIT:begin
TXDo<= 0;
NS = `WAITRFRX;

end // UNTRANSMIT

`WAITCOUNTSVALID:begin //
if( Overflow )

NS = `WARMRESET;
else if( CountsValid )

NS = `SHORTPAUSE1;
else

NS = `WAITCOUNTSVALID;
end // WAITCOUNTSVALID

`WARMRESET:begin //
StopCounter <= 1;

ClearCounter <= 1;
NS = `WARMUNRESET;
end // WARMRESET

`WARMUNRESET:begin //
StopCounter <= 0;

ClearCounter <= 0;
NS = `WAITRFRX;
end // WARMUNRESET

`SHORTPAUSE1:begin
NS = `INITCALCDO;
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end // SHORTPAUSE1

`INITCALCDO:begin
StopCounter <= 1;

CalcDo <= 1;
NS = `UNSTOPCOUNTER;
end // INITCALCDO

`UNSTOPCOUNTER:begin
StopCounter <= 0;

NS = `UNCALCDO;
end // UNSTOPCOUNTER

`UNCALCDO:begin
CalcDo <= 0;

NS = `CLEARSTUFF;
end // UNCALCDO

`CLEARSTUFF:begin
ClearRecd <= 1;

ClearCounter <= 1;
NS = `UNCLEARSTUFF;
end // CLEARSTUFF

`UNCLEARSTUFF:begin
ClearRecd <= 0;

ClearCounter <= 0;
NS = `WAITHBGOTIT;
end // UNCLEARSTUFF

`WAITHBGOTIT:begin
if( CalcFin )

NS = `WAITRFRX;
else if( `TIMESUP)

NS = `TIMEOUT;
else

NS = `WAITHBGOTIT;
end // WAITHBGOTIT

`TIMEOUT:begin
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TimeOut <= 1;
NS = `UNTIMEOUT;
end // TIMEOUT

`UNTIMEOUT:begin
TimeOut <= 0;

NS = `WARMRESET;
end // UNTIMEOUT

default: begin // CRESET
CalcReset <= 1;

CalcDo <= 0;
ClearABC <= 1;
ClearRecd <= 1;
StopCounter <= 1;
ClearCounter <= 1;

TimeOut <= 0;
NS = `UNRESET;
end // CRESET

endcase
end // else
PS <= NS;
end // always

endmodule

C.9 File: transducer.v

// `include "delay.v"

// define states
`define ResetDucers 0
`define WaitDucers 1
`define EnableXmit 2
`define ASTART3
`define AOFF14
`define AOFF25
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`define ARSTART16
`define ARSTART27
`define AROFF8
`define RSTART9
`define ROFF110
`define ROFF211
`define RASTART112
`define RASTART213
`define RAOFF14
`define XmitDone 15

`define troubleshoot

module ducermodule(TXRX,TXDATA,ACBTX,ACBDATA,MYRID,ACPW,DELAY,
DELAYDIR,TXDo,TXDone,Reset,MClock,CClock

`ifdef troubleshoot
,PS

`endif

);

// BEGINPORTLIST

// to and from the transducers themselves

output TXRX; // sets data direction for RF
reg TXRX;

output TXDATA;// RF bit to transmit
reg TXDATA;

/* apparently these do not need to connect to the ducermodule
input RXDATA;// RF incoming bit
wire RXDATA;

input ACA; // acoustic xducer A signal
wire ACA;

input ACB; // acoustic xducer B signal
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wire ACB;

input ACC; // acoustic xducer C signal
wire ACC;

*/

output ACBTX;// acoustic xducer B transmit enable
reg ACBTX;

output ACBDATA;// acoustic xducer B bit to send
reg ACBDATA;

// from DIP switches

input [3:0] MYRID;// robot identification number of this unit
wire [3:0] MYRID;

input [3:0] ACPW;// width of acoustic pulse
wire [3:0] ACPW;

input [2:0] DELAY;
// time of delay between RF and Acoustic transmit

wire [2:0] DELAY;

input DELAYDIR;// direction of delay between RF and Acoustic
wire DELAYDIR;

// 0 meansRF goes first, 1 meansAcoustic goes first

// to and from cccont

input TXDo; // tells ducermodule to begin a ping
wire TXDo;

output TXDone; // tells cccont that ping has started
reg TXDone;

input Reset; // resets the ducermodule
wire Reset;

165



// clocks

input MClock; // machine clock
wire MClock;

input CClock; // counter clock
wire CClock;

// troubleshooting outputs

`ifdef troubleshoot
output [3:0] PS;

`endif

// ENDPORTLIST

// INTERNALREGISTERS
reg StartDelayACT;

// delay btwn enabling xmit and actually xmitting
reg StartDelayRID; // pulse width for RF
reg StartDelayACPW; // pulse width for acoustic
reg StartDelayBTWN;

// delay btwn turning on RF and turning on acoustic
reg DelayReset; // reset all delays
reg [3:0] PS,NS; // state registers

// INTERNALWIRES
wire DoneACT;

// time to turn on RF or acoustic, whichever goes first
wire DoneRID; // time to turn off RF
wire DoneACPW;// time to turn off acoustic
wire DoneBTWN;

// time to turn on RF or acoustic, whichever goes second

// BEGININSTANCESOF OTHERMODULES

wait15 DelayACT(MClock,CClock,DelayReset,StartDelayACT,
15'b000000000000000,DoneACT);
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wait8 DelayBTWN(MClock,CClock,DelayReset,StartDelayBTWN,
{DELAY,5'b00000},DoneBTWN);

wait15 DelayRID(MClock,CClock,DelayReset,StartDelayRID,
{MYRID,11'b10000000000},DoneRID);

//wait18 DelayACPW(MClock,CClock,DelayReset,StartDelayACPW,
// {ACPW,14'b00000000000000},DoneACPW);
wait15 DelayACPW(MClock,CClock,DelayReset,StartDelayACPW,

{ACPW,11'b00000000000},DoneACPW);

// ENDINSTANCESOF OTHERMODULES

// BEGINSTATEMACHINE
always @( posedge MClock ) begin

if( Reset ) NS = 0;
else begin

case( PS )

`ResetDucers: begin // the RESETstate
TXRX<= 0; // disable transmitting RF

TXDATA<= 0; // transmit a zero RF
ACBTX<= 0;

// disable acoustic transmitting
ACBDATA<= 0; // transmit a zero acoustic
TXDone<= 0;

// we're not done 'cause we haven't started
StartDelayACT <= 0;

// we're not triggering any delays
StartDelayBTWN<= 0;

// we're not triggering any delays
StartDelayRID <= 0;

// we're not triggering any delays
StartDelayACPW<= 0;

// we're not triggering any delays
DelayReset <= 1; // reset all the delays
NS = `WaitDucers; // wait for start signal
end // ResetDucers

`WaitDucers: begin // unreset and wait for TXDo
DelayReset <= 0;

if( TXDo) NS = `EnableXmit;
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else NS = `WaitDucers;
end // WaitDucers

`EnableXmit: begin
// enable transmit modeand wait for DelayACT

TXRX<= 1;
ACBTX<= 1;
StartDelayACT <= 1;
if( !DoneACT) NS = `EnableXmit;
else if( DELAYDIR) NS = `ASTART;
else NS = `RSTART;
end // EnableXmit

`ASTART:begin // start acoustic first
ACBDATA<= 1; // enable acoustic transducer

StartDelayACPW<= 1;
// start acoustic pulse width timer

StartDelayBTWN<= 1;
// start delay before turning on RF xmitter

if( DoneACPW) NS = `AOFF1;
else if( DoneBTWN) NS = `ARSTART2;
else NS = `ASTART;
end // ASTART

`AOFF1: begin // turn off acoustic
ACBDATA<= 0; // disable acoustic

if( DoneBTWN) NS = `ARSTART1;
else NS = `AOFF1;
end // AOFF1

`ARSTART1:begin // turn on RF
TXDATA<= 1;

StartDelayRID <= 1;
if( DoneRID) NS = `XmitDone;
else NS = `ARSTART1;
end // ARSTART1

`ARSTART2:begin // turn on RF
TXDATA<= 1;

StartDelayRID <= 1;
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if( DoneRID) NS = `AROFF;
else if( DoneACPW) NS = `AOFF2;
else NS = `ARSTART2;
end // ARSTART2

`AROFF:begin // turn off RF
TXDATA<= 0;

if( DoneACPW) NS = `XmitDone;
else NS = `AROFF;
end // AROFF

`AOFF2: begin // turn off acoustic
ACBDATA<= 0;

if( DoneRID) NS = `XmitDone;
else NS = `AOFF2;
end // AOFF2

`RSTART:begin // RF goes first
TXDATA<= 1;

StartDelayRID <= 1;
StartDelayBTWN<= 1;
if( DoneRID) NS = `ROFF1;
else if( DoneBTWN) NS = `RASTART2;
else NS = `RSTART;
end // RSTART

`ROFF1: begin // turn off RF
TXDATA<= 0;

if( DoneBTWN) NS = `RASTART1;
else NS = `ROFF1;
end // ROFF1

`RASTART1:begin // turn on acoustic
ACBDATA<= 1;

StartDelayACPW<= 1;
if( DoneACPW) NS = `XmitDone;
else NS = `RASTART1;
end // RASTART1

`RASTART2:begin // turn on acoustic
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ACBDATA<= 1;
StartDelayACPW<= 1;
if( DoneACPW) NS = `RAOFF;
else if( DoneRID) NS = `ROFF2;
else NS = `RASTART2;
end // RASTART2

`RAOFF:begin // turn off acoustic
ACBDATA<= 0;

if( DoneRID) NS = `XmitDone;
else NS = `RAOFF;
end // RAOFF

`ROFF2: begin // turn off RF
TXDATA<= 0;

if( DoneACPW) NS = `XmitDone;
else NS = `ROFF2;
end // ROFF2

`XmitDone: begin // disable transmitting and notify
TXDATA<= 0;

TXRX<= 0;
TXDone<= 1;
ACBTX<= 0;
ACBDATA<= 0;

if( TXDo) NS = `XmitDone;
else NS = `ResetDucers;
end // XmitDone

default: begin
NS = `ResetDucers;

end

endcase
end // else
PS <= NS;

end // always
// ENDSTATEMACHINE
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endmodule

C.10 File: delay.v

module wait8(FastClock,SlowClock,Reset,Start,StopVal,Done);
input FastClock,SlowClock,Reset,Start;
input [7:0] StopVal;
output Done;
wire FastClock,SlowClock,Reset,Start;
wire [7:0] StopVal;
reg Done;

reg [7:0] Counter;
reg [2:0] NS,PS;

always @( posedge FastClock ) begin
if( Reset ) NS = 0;
else begin

case( PS )

0: begin // Reset Counter <= 0
Done <= 0;
Counter <= 0;
if( Start ) NS = 1;
else NS = 0;

end // Reset State

1: begin // wait for negedge SlowClock
if( SlowClock ) NS = 1;

else NS = 2;
end // wait for negedge

2: begin // wait for posedge SlowClock
if( SlowClock ) NS = 3;

else NS = 2;
end // wait for posedge

3: begin // count
Counter <= Counter + 1;
if( Counter < StopVal ) NS = 1;
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else NS = 4;
end // Count State

4: begin // Set Done
Done <= 1;
NS = 4;

end // SetDone State

default: begin
NS = 0;
end

endcase
end // else
PS <= NS;

end // always

endmodule

module wait9(FastClock,SlowClock,Reset,Start,StopVal,Done);
input FastClock,SlowClock,Reset,Start;
input [8:0] StopVal;
output Done;
wire FastClock,SlowClock,Reset,Start;
wire [8:0] StopVal;
reg Done;

reg [8:0] Counter;
reg [2:0] NS,PS;

always @( posedge FastClock ) begin
if( Reset ) NS = 0;
else begin

case( PS )

0: begin // Reset Counter <= 0
Done <= 0;
Counter <= 0;
if( Start ) NS = 1;
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else NS = 0;
end // Reset State

1: begin // wait for negedge SlowClock
if( SlowClock ) NS = 1;

else NS = 2;
end // wait for negedge

2: begin // wait for posedge SlowClock
if( SlowClock ) NS = 3;

else NS = 2;
end // wait for posedge

3: begin // count
Counter <= Counter + 1;
if( Counter < StopVal ) NS = 1;
else NS = 4;

end // Count State

4: begin // Set Done
Done <= 1;
NS = 4;

end // SetDone State

default: begin
NS = 0;
end

endcase
end // else
PS <= NS;

end // always

endmodule

module wait18(FastClock,SlowClock,Reset,Start,StopVal,Done);
input FastClock,SlowClock,Reset,Start;
input [17:0] StopVal;
output Done;
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wire FastClock,SlowClock,Reset,Start;
wire [17:0] StopVal;
reg Done;

reg [17:0] Counter;
reg [2:0] NS,PS;

always @( posedge FastClock ) begin
if( Reset ) NS = 0;
else begin

case( PS )

0: begin // Reset Counter <= 0
Done <= 0;
Counter <= 0;
if( Start ) NS = 1;
else NS = 0;

end // Reset State

1: begin // wait for negedge SlowClock
if( SlowClock ) NS = 1;

else NS = 2;
end // wait for negedge

2: begin // wait for posedge SlowClock
if( SlowClock ) NS = 3;

else NS = 2;
end // wait for posedge

3: begin // count
Counter <= Counter + 1;
if( Counter < StopVal ) NS = 1;
else NS = 4;

end // Count State

4: begin // Set Done
Done <= 1;
NS = 4;

end // SetDone State

174



default: begin
NS = 0;
end

endcase
end // else
PS <= NS;

end // always

endmodule

module wait15(FastClock,SlowClock,Reset,Start,StopVal,Done);
input FastClock,SlowClock,Reset,Start;
input [14:0] StopVal;
output Done;
wire FastClock,SlowClock,Reset,Start;
wire [14:0] StopVal;
reg Done;

reg [14:0] Counter;
reg [2:0] NS,PS;

always @( posedge FastClock ) begin
if( Reset ) NS = 0;
else begin

case( PS )

0: begin // Reset Counter <= 0
Done <= 0;
Counter <= 0;
if( Start ) NS = 1;
else NS = 0;

end // Reset State

1: begin // wait for negedge SlowClock
if( SlowClock ) NS = 1;

else NS = 2;
end // wait for negedge
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2: begin // wait for posedge SlowClock
if( SlowClock ) NS = 3;

else NS = 2;
end // wait for posedge

3: begin // count
Counter <= Counter + 1;
if( Counter < StopVal ) NS = 1;
else NS = 4;

end // Count State

4: begin // Set Done
Done <= 1;
NS = 4;

end // SetDone State

default: begin
NS = 0;
end

endcase
end // else
PS <= NS;

end // always

endmodule
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