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ABSTRACT

Research has been �enerated by the desire to make the

Global Posi t.Lon tng System (GPS), a hlg;hly accurate naviga,­

tion system usin� satellites, accessible to the civilian

user at reasonable cost. Research UP to this point has

been done on developin� the al�orithms for a low cost GPS

users set which emnloys the Kalmqn Filter. This paper is

an overview of past research in the development of these

al�orithms and documentation of the software to be used to

�ive future researchers a three dimensional �raphics tool

to analyze developments in the low cost user set al�orithms.
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1. Introduction

The bas Lc principles of na.vige.tion as we know them to­

day were used many years ago with very crude means of esti­

matin� one's position on the earth. With the use of tele-

c ommun i.ca't tons in recent veaz-s , navigation techniques have

become increasingly accurate. In order to achieve this

a.ccuracy, a grea,t amount of compLext ty wa.s introduced, both

in the hardware and softwa.re of the systems. Currently, a

navigation system is being developed that employs satellites

as the fixed points in the navigation process. This navi­

gation system is known as the Global Positioning System

(GPS) •

The GPS is mqde up of three types of hardware compo­

nents, two of which will be conSidered, the satellites and

the receiver. Currently six (of the proposed 24) satel­

lites are orbiting the earth at 10898 meters. They are

constantly transmitting their ephemeris (position) and the

time in a complex digital code down to earth (1). They are

also equipped with a clock accurate to at least 976 micro­

seconds.

The receiver is capable of estimating the position of

the user by calculating the rBnge it is from each of a con­

stellation of three satellites. The output is a coordinate

reading in a convenient coordlna.te system. The system used

in this project is the Earth Centered-Earth Fixed (EC�F)

having variables x, y and z. Hyde (2] sufficiently describes
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this system. The optimal receiver has a very accurate

clock, the caoability of receivin� three streams of satel­

lite data simultaneously (multi-channeled) and a static

position (stationary). In practical usa�e, the user is

movin� and must use a low cost set which has a semi-accurate

clock end the capability of receivin� only one data stream

at a. time.

�rrors are categorized in two major sections. Errors

inherent to the system such as slight deviations in the

ephemeris, clock bias, atmospheric propagation delay and

multipath error are estimated by the system itself. How­

ever, error is introduced by the use of the low cost system.

Because of the semi-B.ccura.te clock, the correct d t stance

will not be calculated to the respective satellite. Since

the user is mobile, inaccurate measurements result because

the user has chan�ed positions by the time a coordinate

set is calculated. Introducing the sampled data require­

ment also reduces Accuracy bec�use the system does not op­

erate with the latest rAn�e measurement from each satellite.

Two major methods are used to minimize the errors in­

duced by the use of the low cost user set. In order to

estimate the clock error, a fourth ran�e measurement is

taken. This is called a bias measurement. The other

method of minimizing user errors is the employment of a

Kalman Filter in the user's set. This filter al�orithm has

the ability to estimate a user's Dosition based on the

previous position.
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It is desira.ble to test variations of the Kalman filter

to reduce the user error even more. A simulation of the

entire GPS system is the method used to analyze these �ri­

ations. Usin� R di�ita.l computer, a known trajectory can

be �enera.ted and subjected to the GPS scheme as simulated

by A computer pro�ram. Therefore, the input true trajectory

CAn then be compared to the trajectory �enerated by the sim­

ulA.tion.

In the past, graphical analysis of the comparison of

the two trajectories was limited to a two dimensional

media. Thus only the ma�nitudes of the differences could

be displayed. It is now possible to use the three dimen­

sional media of computer �raphics to aid researchers in

their attempt to an9lyze the performance of a Kalman Filter

variation. The purpose of this project was to develop the

software that enabled the comparison of two trajectories

in a three dimension media. usin� computer �rephics.
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II. GPS Simulation

As previously mentioned, it is desirable to study the

performance of revised KaLman filter algorithms using; a

di�ital computer. Boehm (3] presented an interactive sim­

ulation to test an ada trt tve Kalman Filter. Hyde (4) used

the same simulation concept to develop an interactive sim-

ulation compatible with the VAX 11/45 digital computer in

order to test an Lnnovat ron of the Kalman filter. The

following is a discussion of this simulation.

Figure 1 (P. 5) is a diagram of the overall GPS sim-

ulation. The input to this system is a set of coordinates

labeled y (k), y (k), y (k) and y (k) which represent
ul u2 u) u4

the known trajectory coordinates. Therefore the first pro-

cedure the GPS simulation al�orithm must perform is to gen-

erate B path with specifications selected by the researcher.

The specifications are 1) velocity of vehicle (determined

by the type of vehicle), 2) angle throu�h which the vehicle

must turn, ) time between samples, 4) estimAtion of clock

drift rate and 5) estimation of clock offset. For the pur-

pose of initially setting up A �raphical analysis, specifi­

cations 4) and 5) will be set to zero so that a simple three

dimensional coordinate set is generated.

As shown in Fi�ure 1, the predicted coordinates (the

output of the system) are subtracted from the known coor-

dinates. This operation results in R coordinate difference

term that drives the rest of the system. In order to
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simulBte the receiver, the coordinate error terms are con­

verted into a set of r8n�e difference measurements, SR ,

1
JR , JR and JR. The block, labeled Y in the dia�ram, a

2:3 4
Taylor series linearization about the nosition estimate,

performs this conversion. This linearization results in

the direction of cosines matrix which is a function of the

an�les between the user and the satellites. This matrix

changes slowly due to the movement of the user and the sat-

ellites but will be considered constant to simplify the al­

gorithm. Optimally each angle should be 1200; but due to

physical limitations of satellite communication, the best

an�le obtained is 850 between all satellites and is used in

this simula.tion.

When receiving data from these satellites, the user is

also receiving; "white" noise from outer snace. This is sim-

ulRted by a noise g;enerator in the algorithm. Mathemati-

cally, the noise is modeled as a Gaussian function with the

mean of 1. Once the random number generator injects noise

terms into the range measurements, they are converted into

coordinate meausrements using the inverse of the direction

of cosine matrix.

The importance of the consequence of using a sequential

system enters in at this point. The simulation diagram

suggests dR , bR , £R and iR with noise added are known
12:3 4

at all times. If a multichannel receiver were used, this

would be correct. However, a single channel receiver is
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bein� used and only one of the ran�e plus noise measurements

is kno�m at a time. Intuition tells us that the orojection

of these sequential ran�e measurements into oosition coor-

dinates will cause the predicted oosition coordinates to be

corrected in the line of si�ht of the satellite the ran�e

data is obtained from. However, inspection of the inverse

of the direction of cosine matrix shows this is not true.

Appendix A contains a oroof of this fact based on a two

dimensional case.

The next step in the simulation is to process the

position coordinates obtained indirectly from the satel-

lites. The Kalman Filters (labeled KF , KF , KF and KF
123 4

in Fi�ure 1) use the measured position coordinates to pre-

diet the user's position. In general, the Kalman filter is

a discrete state variable controller.

The Kalman Filter is a discrete variable compensator

that estimates the true position based on the user's pre­

vious position estimate. As shown in Fi�ure 2 (p. 8), the

filter is driven by one component of the coordinate error,
A

E , to produce the estimated coordinate component - y (k/k-l).
i
Since this is a compensator, the state variables, a velocity

estimation and acceleration estimation, are accessible. How-

ever, only the position estimate is fed back to complete the

GPS simulation loop. This filter is physically realized as

a computer algorithm which processes the actual data obtained

in the user's set.
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The general result of the use of this filter on the

estimated data is a smoothing effect. Past research has

been directed toward improvin� the ability of the Kalman

filter to track the known trajectory. Boehm [31 proposed

a method to chan�e the �ains � , � And � accordin� to the
x V a.

output error. Hyde [41 proposed a nonlinear function to

further process the estimation based on the biAS error.
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I I I. GRAPHIC S sonWARE

In order to aid the GPS researcher, it is desirable to

display the input and output of the GPS simulation simul­

taneously in g, useful format. A versatile tool that will

perform this task is interactive computer �raphics. Inter­

active computer graphics is a means by which a set of data

can be displayed in three dimensions on a, CRT (cathode ray

tube) and manipulated by hardware devices accessible to the

user.

Interactive computer graph1cs systems differ from model

to model but most consist of three basic parts--a host com-

puter, the graphics control unit and external hardware de­

vices r. 51. The host computer functions es a data generator

that performs most data processing tasks. The gra,phics con­

trol unit is a semi-independent processor that stores data

from the host and carries out the graphical transformations

of the data based on user commands. The external hardware

devices such as dials, light pens or d1�itizers provide

means by which transformation commands can be made by the

user.

Initially this project was to be done on a Vector Gen­

eral (VG) graphics system managed by the Biochemistry De­

par tmerrt at Texas A&M Universi ty. The software that linked

the hardware devices to the d t spLay has been developed and

used successfully for several years. However, the computing

power of the host computer was limited because of its lack
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of available memory. rrherefore a program was developed to

convert data genera.ted by the VAX into a format compatible

with the VG. This program is found in Appendix B. The two

systems were not linked for direct data transfer, therefore

the process was slowed down considerably.

In January 1982, an Evans and Sutherland PS 300 was ob­

tained by the College of Engineerin� at Texas A&M University

and linked to the VAX of the Department of Electrical ti;ngi­

neering. It was then considered feasible to develop the

software required to display GPS data on the PS 300 instead

of the VG and thus eliminate the host computer limitations

imposed and the direct data transfer obstacles. The PS 300

is considered 8. superior graphics tool to the VG because of

the versatile interaction system and the larger storage

capaCity, which reduces its dependence on the host computer.

Some of the features of the PS 300 system itself made

it attractive for use in displayin� GPS trajectories. The

modeling of the trajectories could be approximated by the

PS 300 by setting up a series of small vectors with GPS

data points as vector endpOints. The PS 300 also provides

library control functions that allow the displayed data to

be rotated around any of the three axes and varied in scale

using dial inputs. LED readouts are provided in order to

inform the user of the degree of rotation and scaling factor

being used.

Due to the structured format of the PS 300 control

language, the host computer must be programmed to convert
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the output files of the GPS simulation to R structure com­

patible with the graphics computer. It is desirable to re­

tain q set of conversion pro�rams to perform the tasks of

selectin� data points to be �raphed, scaling them nroperly

�nd formin� a vector list to be tr�nsferred to the PS 300

system without requirin� redundant pro�rammin� steps by the

user. Al�orithms th�t initi8te the hardwqre assi�nments can

also be stored in the host computer �nd transferred to the

PS )00 at the time the trajectories are to be plotted.

In order to preserve the �enerality of the simulation

pro�rams, they are not to be revised for the exclusive use

of the PS 300. Therefore � pro�ram to read the two output

files into one file end assign variable names to each data

point for future manipulation must be formulated. It is also

desirable to plot a selected number of data points. The GPS

simul�tion allows the user to specify the number of samples

needed. As st�ted in the path �enerator section of the

simulation, eighty samples are required to initiate a turn

and .q_ variAble number of points required to complete the

turn, dependin� on the an�le throu�h which the vehicle trav­

els. In order to increase the resolution between the two

trajectories, the fewest number of pOints need to be plotted.

It is unnecessary to plot all ei�hty initial pOints, there­

fore this program can delete some of the initialization

points. The lar�est an�les will require the most data pOints,

therefore a 1800 turn is considered the worst case. The



13

total number of pOints is then determined by the number of

points generated in the complete 1800 turn.

'I'he most difficult conversion step is transforming the

dAtf.3. zene r-at ed by the GPS simulation into the coord inave

system specified by the PS 300 [6]. The GPS simulation

assumes an tmt t.a L va.lues of x , Y And z to be zero and com­

putes coordinates relative to this ori�in in real space

(with dimensional units of meters). The center of the

graphics display is assi�ned to be the ori�in with the three

Cartesian coordinates axes intersecting at this point. The

axes only extend one unit in the positive and ne�ative di­

rection, thus data points with magnitude greater than 1 are

not displayed on the screen. The maximum value of any coor­

dinate must be found and transformed to be located near the

ed�e of the screen. Therefore all data must be scaled by a

factor determined by the maximum datapoint value, so the

display limits of the PS 300 are not exceeded. The entire

data set must also be translated so the ori�in of the �en­

erated data corresponds with the ori�in of the display.

Two files must be formulated by the host computer to

be used by the PS 300 to display the data and provide exter­

nal means to alter the display. The first pro�rAm sequence

defines how the hardware devices are to be connected to pro­

vide the user with the most beneficial transformations of

his application. It also specifies the vector list (the

second file mentioned above) for which these connections

s.r'e valid. In the GPS application, the sbili ty to rotate
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the �raph around each axis and sc�le it usin� dials would be

needed to give the researcher the ability to focus on any

fr�3f{ment of the trajectory for closer exam1na.tion. The vec­

tor 11st 1s cre�ted by load1n� the data that has been scaled

and translated 1nto a formatted f1le wh1ch can be referenced

by the f1rst command sequence.

Software must be wr1tten to transfer th1s data from the

VAX to the PS 300. For debu��1n� purposes, a 11ne by 11ne

transfer would be des1rable due to the lack of error d1ag­

nost1cs produced by the PS 300. Otherw1se a bulk load1ng

program would be faster And eas1er to use 1f debugg1n� 1s

unnecessary.
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IV. RESULTS AND CONCLUSIONS

At this time the d1spla.y software package is not com­

plete, therefore no final conclusions can be drawn. Some

sections of the software packa�e have been completed and

tested.

'rhe program that WB.S used initially to t rans rer data

from the VAX to the VG is included in Appendix B. It was

not used directly in the project but included for future

reference.

Appendix C contains the main command sequence used by

the PS 300 to link the hardware devices to the graphics soft­

ware. Rotation around the x, y and z axes and a scalin�

function are enabled by four continuous dials with LED read­

outs indicating the de�ree of rotation and scaling factor

respectively. Appendix C also contains the programs used to

transfer the PS 300 command sequences from the VAX incre­

mentally and in bulk.

The programs yet to be completed are the conversion

programs that transform the GPS formatted data to PS 300

compatible data.

The two characteristics that will determine the power

of this tool in plotting GPS data is its minimization of user

interaction and its ability to resolve the two similar tra­

jectories enough to adequately analyze them. The approach

presented here has emphasized the ease in which data can be

transformed for use on the PS 300 from a user standpoint.

The resolution quality of this approach has not been verified.



REFERENCES

[1J A.J. Van Dierendonck, 8.8. Russel, �.R. Kopitzke and
M. Birnbaum, "Irhe GPS Navig;ation Messa�e," Global
Positioning System, PP. 55-73, 1980.

S.B. Hyde, "A Non-linear Technique to Compensate for
Ran&?;e Bies Error in a. Low-Cost GPS Set," TCSL Memo
#80-09, Au�ust 1980, P. 2.

[3J R.J. Boehm, "Simulation of a Ka Iman Filter for GPS,"
TCSL Research Memo 79-13, June 1979.

[4J s. B. Hyde, "A Non-linea.r Technique to Compensa.te for
Bange Bias Error in a Low-Cost GPS Set," TCSL Memo

#80-09, August 1980.

[5J J • F. Callan, "Archit e c tura), Overview of the Evans and
Sutherland PS 300," t:va.ns and Sutherland Computer
Corporation, July 1981.

[6J Evens and Sutherland Computer cor-oorat ton , "PS 300
User's Manue.l--Preliminary Ed1 tion," Document �&S
#901172-007 PI, September 1981.

16



APPENDIX A

Ai



Consider the following �raph:

Y

y
i
______________

. s

I
i

I
I
I
I
1
I
I
I
I

y
u

x

x

u

x

i

Figure Al

Assume the user's coordinates a.re (x ,y ) and the predicted
u u

Assume two satellites, labeled

A A

and ran�es Rand R
1 2

(x ,1). The relationship between the two range
u U,. A

differentials, R -R and R -R ,can be expressed as follows:
1 1 2 2

S
i
(x ,Y
u u

d.Lnat e s

coordinates are (x ,y ).
u u

in the fi�re, have ra,nges R arid R from the user at
1 2

from the predicted user coor-

" "

(y -yR -R = (x -x cos 0( + ) cos r-.
1

"
1 u u 1 u u

.

1
R -R = (x -x ) cos fA + (y -y ) cos f> .

2 2 u u 2 u u
'

2

t:;xpressed as a vector equation:

[R
-R

[
co s «

COSP11 [Xu-�u 11 1 = 1 (Al)A.

R -R coso(. cos� Y -y
2 2 2 2 u u

A2



where

cos(.\]cos�
2

is the direction of cosines matrix, H.

To find the coordinate differentials from the ran�e difer-

entials, the inverse of the direction of cosines matr1x is

mult1plied to both sides of equation Ai. Thus:

[
·

1 [R
-R

1
x -x 1

[cos � =co s �1 1u u =

-cos�2
1

...
1

y -y cos 0( cosr -cos..;. cos(> coso< R -R
u u 1 2 2 1 1 2 2

The coordinates are counled, that is, each coordinate

component depends on both range measurements and their

corresponding angles. This illustrates that the range to

coordina.te conversion does not preserve the direction of

the differential range.

A3
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C IrHIS IS rrHE MAIN PROGRAM WHICH Rt£ADS DATA AND CALLS
C SUBROtyl'IN�S TO rrRANSFORM THE DATA TO AN lMAG� JrHAT THf£
C Vf£CTOR GENERAL CAN USE.

INTEGER*2 JBUF(60),ITcM
COMMON /VGDATA/ S, sr (3) ,LU ,LA sirEL,JPO, JBUF
CALL ASSIGN(2, 'PICTURE.DNr')
CALL ASS IGN ( 3, 'TRA J • DAT ' )
LUN=2
CALL INITVG( LUN)
R�AD(3,300) X,Y,Z
CA LL MOVC ( x, Y , Z )

C THIS IS SeT FOR 122 DATA POINTS
DO 10 INC=1,122
REA D( 3,300) x, Y, Z
CALL DRAW(X,Y,Z)

10 CONT INUE
300 FORMAT (JF10.5)

END
SUBROUTINE VGLIST(ITEM)

C MANAGE BUFFER OF 60 1*2 INTEGERS
INT EGER*2 JBUF, IT EM
COMMON /VGDATAI S, ST (3), LU, LAST�L,JPO,JBUF( 60)
IF (JPO.LT.60) GO TO 100
WRITE (LU) JBUF
DO 50 J=1,60

50 JBUF(J)=O
JPO=O

100 JPO=JPO+l
JBUF(JPO )=IT EM
LA ST .EL=IT EM
RB:rURN
END
FUNCT ION LIST EL( VALUE, MODE)

C SCALES VALUE BETWEEN 0.0 AND 1.0 TO INTEGER RANGE
C -2048 TO 2047 ; SHIFrS LEFT 4 BITS AND ADDS VG CONTROL
C FIELD MODE

L=AMAX1(-2048.,AMIN1(4096.*(VALUE-0.5),2047.»
LIST EL=16+MODE
RETURN
END
SUBROUTINE MOVE(X,Y,Z)
INT EGER MCF( 3)
DATA MCF /1,2,11/
CALL VGLIST(LISTEL(X,MCF(l»)
CALL VGLIST(LISTEL(Y,MCF(2»)
CALL VGLIST(LISTEL(Z,MCF(3»)
RETURN
END
SUBROUT INE DRAW (X, Y ,Z)
INT EGER LCF( 3)
DA'r A LC F11 t 2 t 7 /
CALL VGLIST(LISTEL(X,LCF(l»)
CALL VGLIS'r (LIST EL( Y ,LCF( 2) ) )
CALL VGLIST(LISTEL(Z,LCF(3»)

B2



R�(rURN
END

C THES.t£ PRODUCE VG DISPLAY DATA FOR 3D VECTOR ABSOLUT�
C MOVE/DRAW

SUBROUTINE 1NITVG(LUN)
C IN1T IAL1ZE PIX FORMAT DISPLAY LIST FOR BIOCHEMISrrRY VG

INT EGER*2 JBUF
COMMON IVGDATAI S,31 (3), LU, LAST EL,JPO,JBUF( 60)
R�AL SST (4)
DATA Ssr 11 • 0 , 3* 0 • 0I
DATA NOOP,IVABS 10, '10004'01
LU=LUN
WRIT E( LU) SST
DO 50 J=1,60

50 JBUF(J)=O
JPO=O
CALL VGLI ST ( NOOP)
CALL VGLIST(NOOP)
CALL VGLIST (IVABS)
RErrURN
�ND
SUBROUTINE FINVG

C FINISH UP AND CLOS� DISPLAY LIS1
1NT EGER*2 JBUF
COMMON IVGDArI'AI S, ST (3), LU, LAS1�L,JPO,JBUF( 60)
DATANOOP , IPR� , lor 10,' i)000 0 '0, '14' 0I
CALL VGLIST (IIJr )
CALL VGLIS'r (IPRET )
CALL VGLIST(NOOP)
IF(JPO.NE.1) WRITE(LU) JBUF
CALL CLOSE(LU)
REirURN
END

BJ
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WORLD := INSTANCE OF MAIN 1;
MAIN 1 := BEGIN STRUCTURE-

xaof : =ROTA'r E IN X 0;
YROT := ROTATE IN Y 0;
ZROT : = ROTAT t!: IN Z 0;
SCALE := SCALE BY 1;

DOROT X : = F: DXRorATE;
DOROTY := F:DYROTATE;
DOROTZ r = F: DZRarATE;
DOSCALE := F:SCALE;
CONNECrr DIALS( 1): (1 ) DOROTX;
CONNECT DIALS( 2) : (1) DOROTY;
CONNECT DIALS ( J) : (1 )DOROTZ;
CONNECT DIALS (4 ) : ( 1 ) DOBCALE;
CONNECT DOROTX(l):(l)MAIN 1.XROT;
CONNECT oonor rt 1) : (1 )MAIN-1. YRor;
CONNECT DOROTZ( 1 ) : (1 )MAIN-1 • zaor ,
CONNECT DOSCALE(l):(l)MAIN 1.SCAL�;
PD1:= F:PRINT;

-

PD2:= F:PRINT;
PDJ:= F:PRINT;
PD4:= F: PRINT;
CONNEC'r DORar X( 2 ) : (1 )PDl ;
CONNECT PDl ( 1 ) : ( 1 ) DLABEL1 ;
CONNECT DOROTY(2):(1)PD2;
CONNECT PD2(1):(1)DLABEL2;
CONNECT DOROTZ(2):(1)PDJ;
CONNECT PD) (1) : (1 ) DLABELJ;
CONNECT DOSCALE(2):(1)PD4;
CONNECT PD4(1):(1)DLABEL4;
SEND 0 TO (2) DORCYI'X;
SEND 0 TO (2)DOROTY;
SEND 0 TO (2)DOROTZ;
S�ND 0 TO (2)DOSCALE;
SEND 1 TO (J)DOSCALE;

C2



C THIS

2002

2000

10
1000

1005

1006

1007

9999

PROGRAM INCREMENTALLY TRANSF�RS DATA TO 'l'HE
PROGRAM sssr RANS
CHARACTER FILE NAME*J2, RECORD*80, GO*l
OPEN(UNIT=2,FILE='TT t ',STATUS='UNKNOWN')
CALL A SS IGN (1 0 , 'TTD4: ')
WR IT E (2, 2002 )
FORMA'r (' " 'TYPE FILE NAMg ',:$)
READ (2,2000) FILE NAME
FORMAT (A32)

-

OPEN (UNIT=l, FILE=FILE NAME,STATUS='OLD')
READ (1,1000,END=9999) RECORD
FORMAT (A80)
�RITE (10,1005) RECORD
WRITE (2,1005) RECORD
FORMAT (' ',A80)
WRITB.; (2,1006)
FORMAT (' ',' * ,

, $ )
READ (2,1007) GO
FORMA1r ( A 1 )
GOTO 10
CONTINUE
STOP
END

CJ

E&S PS300



C THIS PROGRAM TRANSFERS DATA TO THE E&S PS )00 IN BULK
PROGRAM ENSTRANS
CHARACTER FILE NAMEof'o)2,RECORD*80, GO*l
OPEN (UNIT=2, FILE= 'TT: " STATUS=' UNKNOWN' )
CALL ASSIGN (10, ''t'ti])4: ' )
WR IT E (2 , 2002 )

2002 FORMAT (' " 'TYPE FILE NAME '$)
READ (2,2000) FILE NAME;

2000 FORMAT (A)2)
OPEN (UNI'r =1 ,FILE=FlLE- NAMe, STATUS='OLD' )

10 READ (1,1000,END=9999)-RECORD
1000 FORMNf (A80)

WRITE (10,1005) RECORD
1005 FORMAT (' ',A80)

GO TO 10
9999 CONT INUE

STOP
END

c4


