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1. INTRODUCTION

In paraliel with a continuing active use of the AFGL Rocket Trajectory
System, improvements and extended features have been incorporated in nearly
all phases of this system. This combined report and user's guide documents
current procedures and provides the analytical background underlying develop-

ments implemented since the installation of the original system.l' 2, 3

The user is referred to the above referenced reports for details of the
scope, analysis and implementation of these programs. Major revisions
resulting in the present trajectory system include:

1) A combined editor and preprocessor program DRIVEA, which
replaces the original DRIVE1-DRIVE2.

2) A comprehensive filtering program DRIVEB, which permits
launch optimization estimation and segmented integration-
filtering-reproducing modes.

3) Substantial augmentation of TAPE4, the DRIVEB output data
file, to include residual, launcher referenced, ballistic,
and local velocity information.

4) A simplified multi-radar solving program DRIVEC, which is
based on more reliable estimation of the relative error
covariance matrices.

5) Streamlining of the processing system by elimination of
buffering and CPRS, elimination of the DRIVE1-DRIVE2 pass,
reduction and flexible interpretation of card data input,
tape processing aids in DRIVEA, standardization of common
routines, and the use of COC utilities.

This report is written so as to be maintained in ring-binder form for easy

revision and updating. Section 2 presents the input card data formats and




the tape input and output formats. This information is also commented into
each of the programs. A brief description of the various modes available
in DRIVEB is also presented.

Section 3 outlines the organization of each program. The supporting material,
which either analyzes new developments or attempts to substantiate original
procedures, is presented in the Appendices.




2. USAGE GUIDE

The AFGL Rocket Trajectory System is designed to accept raw radar data from
any rocket range on magnetic tapes in the format shown in Figure 1. It
then generates an intermediate edited file and associated print-out using
program DRIVEA. Finally, it provides a filtered best-estimate trajectory
with accompanying reports, plots and summary file using program DRIVEB in
one of a variety of optional filtering modes. In the event that multi-radar
tracking data is available, a statistically weighted final trajectory with
reports, plots, and summary file can be developed using DRIVEC. The user
outputs from DRIVEB and DRIVEC are identical, and the summary file (TAPE4) can
be used at any time to recreate the reports and plots using program REGEN.
These four programs comprise the AFGL Rocket Trajectory System. In this
section operational modes and input and output file formats are outlined
for each program. The output files with their headers also serve as the input
for the subsequent programs.

2.1 DRIVEA

Figure 2 presents the card input format. Details of calibration and
refraction correction are unchanged from Reference . A number of improve-
ments have been made over the original DRIVE1-DRIYE2 system. TOL(2) and
TOL(3) control data tolerance and modification (25%) limits are described
in Appendix A. NSKIP controls initial positioning of the raw data file,
and NOK indicates which samples in the next record are to be used as the
starting base. TLO and THI control the first and last data points to be
entered on the edited output file (Figure 3)s the actual times are recorded
on the header as TSTART and TSTOP, and are later used automatically by
DRIVEB.

Spanning of Data Gaps

An additional feature available in DRIVEA allows spanning of missing or
poor data by inputting VAR, TI, and TF for smooth polynomial substitution
of range, azimuth, and/or elevation samples. VAR = R, A, or L identifies
the variable to be replaced over the time span TI, TF. Up to two cases are




TAPE1 - RAWDAT

This tape is a standard raw data format and consists of a
20-word header followed by a series of 96-word data blocks. Each data
block contains 6 complete data samples consisting of 16 words describing
the sample. The editor does not use all of these words, and only those
shown below are required.

HEADER RECORD

WORD MODE VARIABLE
2 Floating Radar latitude in radians.
k) Floating Radar longitude in radians.
4 Floating Radar height in feet.
5 Floating Direction of flight line in radians.
- 8 Integer Launch day. {
9 Integer Launch month. 3
10 Integer Launch year.

DATA RECORD

N WORD MODE VARIABLE

1 Floating Time U.T. in milliseconds.
- 6 Floating Slant range in yards.

9 Floating Azimuth in degrees.

10 Floating Elevation in degrees.

Figure 1 Format of Raw Range Radar Data--Tape 1--Input for DRIVEA
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PROGPAM CRIVEA(INPUT,QUTPUT,RAWDATY,TAPE11,TADE1=RAWDATY
4 FAPEL O, FAFEG, FAPCA; FAPE 60U TR T FAPE ST INGYT r — o =

sasss Yy Y
e VL P A LA IC ONT N T RS TN — UG 19—
sasasn ssese

THIS EROGRAM CCMBINES FUNCTICMS PERFORMED 3Y TRAJECTONY AMNALYSIS
PEOGRANS-NRIVEL-AND -BREVEZY —FTHE-SYENAMIC FILTSR-CF ORI¥CZ HAS -ASZN - —
REPLACZID 3Y A DATA MCDIFICATICN/ INTERPOLATICN FOCCIDURE IN THE ZOITOR
APRINEL)F PHASE AN VELOCTTV—ALFFIRENCECLIFFED - D SHCCTHER EN-THE —
PREFROCISIOR(NRIYE2)Y PHASE, THREZ CARAMETZIRS (TCLI2),TCL(3),NOK)
AR EN A AR SR P ORI HE— RO N MO E I P C AT IO N/ ENF SR AT O RO ERYS Ty
YT BEFAULY VALUES ARE AVATLAAE., CRIVEA RESULTR TN FASTER
COMPUTATION FINE AN —ANET D5 SOME- 08 FHE-ORISLENS—GF —THECRIGENMAL—— -
NRIVE2 FILTER(I.Z. FILTEFR RINGING).

AR NP REGHREREN Yo — ™ — —————————

NO, VAPIABLE  NESCRIFTION FCRWAT

e g OATEy - RUN—PATEr 20— CHARAE S . S
FLIGHT  FLIGHT IOENTIFTCATION, 20 CHARS.

-———— SN wa____,_w.

APPEAR ON THE PRINTEO OUTPUT.

RUN IOENTIFICATICN. WILL APPEAR
e e AN PR NS GFP LT CNE Y —
3 IC00& RANGE IDENOIFICATICN CODE. 15
e e A PR EGEEN—hy Py ———— —————
2 FOR WALLOFS IS,

B O OB A-TE
O CHURCHIL LS

" ~T, DATA SAMPLING TIME INTERVAL LFL§.1,215
SO SN TYRUSL TG Y 771 1V ¥ S - .
Twpx , MAXIMUM SDITING TIME IN SECONDS, _
MEASURED AS A DITPLACEMENT F=C» -
T e e e FHEFIRS T OATFA—FOENTFT AN- AN e

TOL(2), TOLERANCE LIPIT- OQEFAULY VALUT(J.0)= Ew»,
T T RO RO ER AN L IMEF RS AU T st e Ay SR ———
NOX, POINTS 6-NOK L S5-NOK ARE TAKIN A4S vaLIrm

- e

NSKIP HUMB'R oF IN*T*AL ‘UFF R RECOROS TO se °K F°;D.

NQTEZ, THE FCLLCWING T QATA CARDS ARE NOT SZQUISEN UNLESS THE
T RINGECCOESPECIFIES HUREHIt Lt I & 1000 =3

N e T O URE ML BRI RAINE A RANG L ORI S S
RECTICN IS REQUIREST,

FEON FAOAR- NIyt =P JROAR MGy By~
= g SETS RANFE CCRRECTION TO 738,

CORREC
REMAINING FIELRS MaY BT ZEROS,

SCR,y RANG: CALIFRAYIOh :ranznc IN vA:rg.

e AR . O ACEN-BELAE-IN IO EONI S
jred, AEACCN TRANSMITTIR PULSE WINTW I

e ——— - L SRS ECON S ———— -
FTEN RANDAR TRANMYTTER D((SE MINTW IN

PR PP PP PP
LA LGRLTTTTUNTST

Figure 2a- Card Input Format for DRIVEA
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) NCOOE, =1 FOR AZIMUTHAL COSRECTION, 18,EF10,3
SETS AZIMUFM-GORRECTIONT0— 2839 —
aze, A7THUTF OLUNGE READING IN CEGREZS.

AN — AR MU T REAG ING N NERMML PSR EN— —————
IN DEGEEES.

29 SETS ELEVATION CORRECTION 19 o

LR, ELEVATION READING IN THE PLUNGE ©9-
s
ELN ELEVATION READING IN THE NOR¥AL FO-
SEFEON-EN-AERETSY
L] KEYQPT OPTION KEY, I5

22 FOR GEOCENTRIC RONVERSION.

1ve, ANG U.T. (HOURS, MINLTES,SECONTS) OF LAUNCH,
Ty
THES,
IMEN-y
TeEC
10— MEIGHT— HEIGHTOF-SAGAR BBQVEFWE—— ——  Frg .z

SPHE®QID IN METERS,

CLCMIN, AND SECONDS. NEGATIVE IF EAST.

YWY X Y]
"EeTTTY

12 SLBDEG, RADAR LATITUDE IN CEGOSES,MIN.,  313.4
BLAS EC ) . )
By P ENE I IR DN S IO NSty TR 3R gyl

THE GEOCENTRIC CNVERSTON.

mnnn k d mnzenn O\
G-\

YL0=TIN€ QF 9IRSY RAW "NATA FQINT,

THI=TIME OF LASYT RAW DATA AGINT FRCCEISSIC
2y-BRG-R A5 - -
16 IREF REFFACTION CORRECTION KEV, 1s
IR EF ST TN SRECIFIET NG — —

K:FRACTICN NE‘D::.I--., THE "ATA
ID IL".-' v uV\'\'*—L!-'J.

15 FROGID THREE “ORN FROGFAM INENTIFIER 3848

1502 EIN2SC ™IvaA -
—the——V ARy 7 Ay PR B L ] 2aa
SYCCTH FOLYNGMIAL SU3STITUTION IS MESIREC,
T1, START 8ND ENC DF TIMES FROW LAUN&H_(<EC< )
T T TR ORISANNING RSO0 THE A T

TAPE 11 TS A SEQUENTIAL FILE CF TWE ENITED S4W 72Ta, IND SE3VES 3¢ 3
TN TN N R LY T ANG O S S P A B AT - AN AR ——
SINARY CILES HCLLCING TWE FINAL SECCENTRIC VELOCITIZS, 5SCCENTRIN

F CLABIMARES v ANE-CBLTEL—HN- T4 -RETPEA FEVEL ¥ —— -

FIGURE 2b. CARD INPUT FOR DRIVEA
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TAPE 10 INCLUDES A HEADER RECORD.
WORDISI—SYMEOL - -DESCRIFFICN- — cem L - o

1-2 natz RUN NATE, ELANK

3-4  —-NBT t3=&) - FLIGH—FOENFIFICATION- - - e

5 LDAT L AUNCF CATE (MO/DA/YEAR)

6 = TUNGH——~ - LAUNGF~FEME YT~ (SEFS) :

7-9 PROGIC(1-3PROGRAM I0 FOP PLOTTEN ouTPUT

16 - - -HRAB—— - --RADAR—ALTFETUBE - (KM - I
11 RLOCEG  PADAR LCNCITUDE (CEG)

12 - -RLOHIMN-- - 2ADAR-LCNGITUDE (BIMY - - - e fmee
13 ALOSEC  RAPAR LCNGITUDE (SEC)

11 RLATZG- - RACAR LATITUPE ({DZG) e

15 RLAPIN  2ADAR LATITUDE (MIN)

1€ -~ PRHSEC- — RADAR-LATIFUDE (SEE)--- -

17 TSTART  DATA STARTING TIME UT (SECS)
18————FSFOF— - FINAE—B4FA- FEME- UF-ASEESI——- © - oo o o o s
19 DY SAMFLING TIME INTERVAL (SEC)

20- - ———YCO-EE—— 1 FOR—EGLINy- 2 FOR-WALEOPS, - 2 FOR CHURCHILL -—- -
z1 IFEF IF .GT. 8 OATA WAS CORRSCTEM FCR REFRACTION

FOLLOWED BY RANGE, AZ, EL (KM,RAD) LOGICAL RECORDS.

Figure 3

FORMAT OF DRIVEA OUTPUT FILE, TAPE 10.

TH'S 1S A BINARY FILE GENERATED BY DRIVEA
WH'CH HOLDS THE EDITED RAW DATA USED AS INPUT
FUR DRIVEB.
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allowed for each. Good samples at TI-5, TI, TF and TF+5 seconds are used
to define the spanning cubic. If samples are unavailable at TI-5 or at
TF+5, all times are readjusted so that at least 2-second separations are
maintained. Special care is required in selecting each TI, TF pair, as
described in Appendix A.3.

2.2 DRIVEB

Before the most satisfactory best-estimate trajectory can be determined,
the multi-option filtering program, DRIVEB, is usually run on the edited
radar data file, TAPE 10, for a variety of choices of filtering time limits
and radar parameters. Figure 4 presents the card input format.

Radar Parameters

Radar parameters are generally prescribed for any given radar, but the
investigator's knowledge of the evident quality of the raw radar data may
be imparted through adjusted values (see Appendix G) to more appropriately
influence the statistical filtering equations.

Ballistic Parameters

Rocket drag, thrust factor and delay time may be input to override nominal
values which are built into rocket models in the THRUST routine. Rocket
models presently included are shown in Table 1; the key is the identification
number contained in DAT(5). Interpretation of filter time limits TB...TX,

KEYOPT, and the geocentric position and velocity P1(1-6), are described
with the aid of Figure 5.

Run Options

Except in the pure integration mode (KEYOPT=0), TSTART is redefined by the
TAPE10 header. The type of DRIVEB run determined by KEYOPT refers to the main
filtering segment TC to TE. The geocentric position and velocity values refer
to time TC and may initially be obtained as the rough estimates from the
DRIVEA print-out. The exception to this is for KEYOPT=1 or -1 when launch

-14-
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PROGPAM ORIVEB(INPUT, QUTPUT,TaPC10, TAPEL, TAPEY
1, [APEG20UTPUT, TAPESEINAUT)

evows sases
JRIVEY JEVELOPED BY LOGIZON, INC, VEPSION SEP.) 19738
sasas. . ..essss

I/0 DESINITIONS.
TAEL10 RAW DATA INPUT TAPE, INCLUIIN> HEADER.
THIS TAPE IS GENERATED 3IvY NRIVEA,
TAPE4L  PRINTED. AND PLOFTED QUTPUT UATA CONTAINS
SELECTED POINTS IF TYOPT=0, ALL POINTS TF TOoPT=g
- TARF?.. FILTERED- AND- RAW DATA OUT®JT-vASS STORAGE ACCESS
ORGANIZATION FOR FILE MANIPULATION
TAPES.. SYSTEM PRINTER.
TARES SYSTEM CARO WAIER.
DRIVE3 FTLTER CAR3 INPUT DATA,

5 ic 21 S8
CARN . [TEM- - - . DESCRIPTION FEOMAT
DATE AND TITLE INFOPMATION, Aaic

1 TITLEYL - ANY 80 CHARACTER FITLZ
2 TITLER FIRST 20 AND LAST 20 SHARACTERS ARE

IGNORED. THE REMAINING 4O
CHARAGTERS MAY 3E U3SZ) “OR
-FURTHER I3ENTIFICATION.
3 JAT (3-6) LAUNGH UDATE ANN QCKZT VUMBERS USE UP T
29 CHARACTERS EZACH.
TWO DIGITS IN COLMNS 21 =20 FOLLMWED 3Y
A PERIOO JETERMINS I2KST TYPE}
IF THE PEIIO0 IS 4ABSINT, AN ARSITR IR
- - - UNPOMWERED ROCKET-TIS ASSJIMED. - - -
L °oNGID ®ROGRAM [J FOR PLATTZ) JUTPUT, 30
CHARACTERS+ FIRST S 1IE THE ID FRO®
THE J08 CARD, NEXT 4 ARZ THE CHARGS®
- NOo REMAINING. CAN PT JSID FOR FURT +ER
TOENTTFICATION,
IE€e (SCH33,3502,3CHINBEIN,FEBL28, 727

RADAR POSITION OATA. €10, 6

S HRAOM = . HEIGHF OF THE 2ADAR 130VE THE
SPHEROID [N METERS,

6. RWODEG, LONGIJUDE IN DEGRZES, MINUTES

ALIMIN, AND SECONIS. IF THE .INGITUDE

RLOSEC-.- --- Ta SAST. ENTER AT LEAST JNE OF .
THE QUANTITIES AS A NIGATIVE
NUMSER.

7 SLAOEG,  LATITUDS LN DEGRESS, YTMUTES
RULAMIN,.  AND SECONDS. IF THE .ATITUDE

ALASEC IS SQUTH INTZIR AT LIAST ONE
e QE THE QUANTLITITES 43 A NEGATIVE
NUMBER,
RADAR PARAMETERS. FF10. 4
L] PV (L), PEAK TRANSMITTED POWIR IN KILO-
- WATTS..
PV (2), ANTENNA GAIN IN O3, (DOES NOT

- .. INCLUOE.ANTENNA ZFFISLIENCY) -
RPY (3) TPANSMITTED WAVFLINGTY IN

. METERS.
PV (4) RECEIVER VOISE FIsuUPT IN D8.
RPY (5). SKIN TRACK LO3S FACTIR IN DB.

Figure 4a. Card Input Format for DRIVEB
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9 RPV(6) o JEACON TRACK LOS3 FACTOR 1IN 08,
RPV(7), ANGLE VELICITY LAS ZIZFSICIENT
IN MILS/MILS/SEC.
PV (3), RANGE VELICITY LAS IZFICIENT
— e - — -K¥DSAKYNSLSEC. - -
WYL, 3cACON POWMER IN WATTS,
- RPV (10) - - BEACON ANTENNA GAIN [N N8B,
1" W™V (114, ANTENNA BZAMNINTWY IV DEZREES,
RPV(12)y - ANGLE TRAGKING SEVI FANONIOTH
IN HZ.
-RPV (13}, TARGET -CISS SECTION IN O8.
WY (Lb), SASE ANGULAR VARIANZZ IN MILS®s2,
RPV (15} BASE RANGI VARIANGE IN YARQSes2,
11 PV (16) RANGE TRACKING SERV) JANUNIOTH IN 7,
RPU(L71y PULSE LENSTH IN MICRISEZONODS.
APV (18), I.F. 3ANQAIOTH IN w42,
IPVIL9),.  FINE OF LSS OF. 3EACON FRACK SIGNATL
IN SECONDY U.T,
PV (20) CONICAL SSAN(GT.3.0) IR MONQPULSE( =8,08)
ROCKET 24YL0AD AND DRAG DaTA, SF10.4
12 SAYLD, RAYLOAD MASS. IN XILDSAMS,
RAREAM, ORAG CROSS SECTIOd IN M:TeRS*s2,
.- -LF ZERO,.JSE VALUS F?IM ROCKET TaALS,
oINS, DORAG COEFTICIENT AT 4AC4 VELQCITV= 3,
. - LF 2ERQO, JSE VALUZ TIM™ ROCKET Taa:z,
THFACT, THRUST FASTOR (NEFAJLT=NOMINAL=1.)

OFACY DELAY FACTO®, STAxT 2% THRUST IN SE-S.
AFTER LAUNCH. (SHOUL) MNOT BE NEGAT 1VE)
LAUNGH DATE AND .-TIMEe- oo oo oo . ) 20T2,4X) »T443F104k
13 Mo, MONTH,
Lo, . DAY,
LY, YEAR.
UHRS, UNIVERS AL TIME AT LAUNCA IN
JMIN, HOURS, MINUTES AND 3Z50NOS.
. USEC. . e .
DATA STARTING TIME AND SAMPLING TIME TNTIRVAL. .r10, 4
14 [HRS, TIME, UTQ, OF THE FIAST DATA POINT
TMIN, ON TAPE1G IN HUURS, YIMJTES,
TSEC, - AND. SECON3S. OT IS T4Z TIME INCREM ENT
or BETWEEN SAMPLES.

NOTFes -TIME & OT-FROM.-CARD- 14-.ARE USEX. ONLY FOR KEYQPT=0,
OTHEPHISE THEY ARE IBTAINED FRO4 THE TAPELN MEARTR,
INTEGRATION, FILTERING AND. REPRODUMIN;: TIME LIMITS. AFL0e4
15 TR, AACKWARDS INTEGPATION LIMIT. IF
NO BACK INTEGRATION I3 SEQUIRED SET *0
TO A VALUZ GREATER f4AN OR EQUAL TO Fi1.

-TCy —-. COMMEMCEMENT TIME FO T4HE FILTER.
UeT, MEASJIRED IN SECONOS.
2y ENOING TIME FOR FILTZIRING.
UeTo. MEASJPED IN SECINDS.,

TF, FORWARD INTEGRATION TIME LIMIT. IFf

NO INTEGRATTON IS 9ZQUIPED SET TF
.. . TO A.VALUS- LESS THAN 3R EQUAL TQ T E.
TG, JATA QEPRIOUCING TIMS LIMIT, IF
NG REPRODJCING IS RENUTIRED SET 716
T A VALUS LESS T4AN OR EQUAL TO TF.
@ TIME SPAN FOM TC OV FCI IMPROVING LAUNTH
CONJITIONS WHEN KSYIOT=z1 (2J£FAULT=zE SEN,)

Figure 4b. Card Input Format for DRIVEB
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FILTEIING, INTEGRATION, REPRODUCING JIPTIIN KFY, s
156 KEYOPT ONE(L) TO PRIQVIOE NIIMAL INTEG.~FTLY, PUN,
MINUS ONE(=1) FNO QNS PASS INTEG.-FILT, RUN,
ZERO(I) TI PROVII® [ITESZRATION WIT FOUT nNATA,
TWO(2) TO PROVIOE DATA JEPRODUCIN3 RUN,
THREZ (3) TO PROVIJE SINSLE FILTERING RUN,
FQUR(4) TO PROVINE JIIJALE FILTERTNG RUN,
USING INITIAL CONTITTINS AT TIME T1,
INITTAL TONOITIONS. 3=20.8
17. P1i1-3)L - INITIAL CINDITIUNS [N GZOCENTRIC
COORNDINATZS AT TINE T1.
ALL YALUES IN XILIMETGRS,
0R, IF PL(L)3PL(2)=PL(3}=C.,
- OBTAIN INLTIAL CONDITIONS AT LAUNTH
FROM LAUNZHER LOTATION DATA,
18 .P1(4~6). . -CORRESPONJIING VELNOCITY CONDITIONS.
ALL VALUES IN XILOMITZRS/SECOND.

OR=~ ONLY IF PL(6) =20,
AZ0L, AZIMUTH OF R0CKET CENTE?=-LINE AT L AUNCH CEG.
TLCL ECLEVATLION OF R0CKIT CSINTER-LINE AT LAUNSH DEG.
NOTSE ZOVARTANCE 0aTaA, Fi%,4
19 AFACT . MULTIPLICATION FACTOR FOR ASSUMED
ORIVING NJISt COVARIANCE,
PRINTZD OUTPUT CONTROL. CARJ. 15
20 LUNIT, +1 FOR FEIT AND FZET/SEC.
. +2 FOR KILOMETERS AND K4./SEC.
1S¥ip, INCREMENT AT WHIC4 JATA POINTS
- - - ARF TQ .3E PRINTED AND PLOTIED.. .-
ISAVE, SELECTS T4E VELOCITIZS 8NU STANDARD

DEVTATIONS TO 3IE PRINTED.
¢1 FOR GEJCENT®IC VILOCITIES AND "EVYATTONS.
+2 FOR VELOCITIES RETZRENCED TO THE LAUNCHER,
+3 FOR VE.OCITYES RSFERINCED TO TYE RaNAR,

ICIMy ... COAMMON. QUMP SKIP PARAMETER.
POSITIVE TO GET 1489I¢IATEQ QUMP,

. . NEGATIVE TQ GET &XTIVIE) QU™P,

I0PT TAPEL WRITE OPTION SZ_ECTION

- -0 OR.BLANK.FQR EVERY ISKIP POINT
1 FOR EVEY POINT

LAUNCHER LOCATIONe—. . ... . .~ . . €10t
21 AALTH LAUNCHER ALTITUDE AIVE THE
SPHERQID IN METERS.
22 ALODEG, LONGITUDE IN UEGREES, MINUTES
ALOMIN, ANC SECONES. SAME CONVENTIONS
ALJSEC AS RAQAR .ONGITUDZ,
23 ALADEG,. . . LATITUJE IN.OSGREZS, MINUTES
ALAMIN, AND SECONDS. SAME CONVENTIONS
ALASER AS RADAR .ATITIUDZ,
PLTTIO OUTPUT CONFROL fARDS. 12,8%,7410
24 NVAR, NVAR SELECZTS THE JARIABLE 7O 2E

YTITLE (L) PLOFTED V3 TIME SRQ4 LAUNCH FPOM
- . THE _CONTENTS OF TAPZ4, THE VALUES
ALLOWED FOR NVAR CORZSPOND TO THE WoPn
- LOCATIONS GIVEN 3TLI4 FOR TAPEWL.
YTITLE IS THE OPNINATE TITLE AND IT
LIMITED T) 4@ CHARAITIRS,

25 NGy NG SPECIFILES THE WU4IZER OF CHARACIERS CF
STITLE(?Y GTITLE TO BE PLOTTEN. CGIITLE ™Ay
CONTAII, 2 TO 70 CHAACTERS.
26 ON SELECTS OTHER VvAPIA3,.SS TO AE PLNTIEC
- e me cecae EAGH-WITH NVARLYTITLI A3 FOR CARN b,
NOTE. ONLY ONE ZARJ OF TYP:I 25 IS 2EUJIPiD. THE P, "T STAUENCE
IS AUTOMATICALLY TERYINATED AHEY THE FOF IS ENCOUNTERED.

FIGURE 4c. CARD INPUT FOR DRIVEB
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Table 1.

Rockets Modeled for DRIVEB.

Rocket Key
;
AEROBEE 150 L 03
AEROBEE 170 04
NIRO 07
NIKE TOMAHAWK 08
UTE TOMAHAWK 09
PATUTE TOMAHAWK 10
NIKE HYDAC 11
NIKE ORION 12
BLACK BRANT IV-B 16
BLACK BRANT V -A 17
BLACK BRANT V -B, C 18
JAVELIN 19
NIKE JAVELIN 20
ARIES 24
SERGEANT-EXCEDE 25
ASTROBEE D 30
AEROBEE 350 35
CASTOR 40
CASTOR LANCE 41
TALOS CASTOR 51

ARBITRARY UNPOWERED

P
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conditions are required. The numerals after the process INTEG, FILTER,
REPROD, or VFILT indicate the sequence in which the trajectory is computed.

Following the end of the main segment at TE, integration and/or reproducing
may be selected by TF and TG. In all reproducing cases, and for the single
filtering case from TC to TE, the velocity estimate only is smoothed in the
backward pass. The final segment goes backward from TC to the back
computation limit TB. KEYOPT=3 provides a run identical to the original DRIVE3
run, and KEYOPT=4 matches the original DRIVE5. KEYOPT=1 is normally used now.
When KEYOPT=1 or -1 apparent radar data is generated from launch to TC, where
good actual radar data becomes available. The subsequent backward filtering
to TLNCH results in a consistent trajectory from the launch pad and through
the radar data. When KEYOPT=1, launch conditions THFACT, DFACT, AZCL and ELCL
are optimized to obtain the smoothest connection at TC, TC + TX/5 and TC + TX
seconds. If this search procedure is unsatisfactory for some reason (such as
negative thrust delay), it may be necessary to select a different connection
time TC, or to fix launch conditions and inhibit optimization by setting
KEYOPT=-1. Notice that for KEYOPT=1 or -1 and P1(6)=0, P1(4) and P1(5) are
taken to be the launch azimuth and elevation respectively in degrees; further,
P1(1-3) are ignored and the launch coordinates are derived by DRIVEB.

Model Uncertainty - QFACT

QFACT offers a general method for controlling the significance of the radar
data relative to the model. The usual range for QFACT is 0.01 to 0.1, with
the higher values indicating greater uncertainty in the model and therefore a
greater weight on the data.

Diagnostics

A diagmostic print-out is provided every ICOMth computational step, typically
once every 10 seconds by setting ICOM=100 for a 0.1 sec data rate, and at a
few points about every transition stage such as TC, TE, etc. The abbreviated
dump includes geocentric, radar and launcher referenced position, velocity,
and acceleration data in cartesian or polar coordinates, as well as ballistic
and geographic data. The extended dump with negative ICOM also includes
various transformation and covariance matrices.
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Output TAPE4

Complete data for recreating printed and plotted reports and for further
statistical computing, if required, are written in 104-word header and
data binary records on TAPE4. The format and contents are described in
Figure 6. Launcher referenced coordinates, ballistic and local velocity
data, and observed-computed residuals provide useful additional information
that was not available originally.l TAPE4's resulting from various radar
DRIVEB solutions of a rocket trajectory may be combined two at a time in
DRIVEC, each pass producing a multi-radar TAPE4 trajectory estimate. The
printed summary report is designed for 8-1/2"x11" binding, and includes a
variety of information contained on TAPE4 under partial control of ISAVE.

2.3 DRIVEC

Two TAPE4 solutions of the same trajectory are input to DRIVEC as TAPE1O
and TAPE1ll. The reference trajectory for header and residual purposes is
TAPE10. Information on the header is extensive, so that only minimal print
and plot control data needs to be entered on cards (Figure 7) to initiate
the multi-radar solution. Note that ISKIP here refers to the increment
TSKIP at which TAPE10 was generated, and not to the original computational
step DT. There is presently no provision for unequal TSKIP increments
on TAPE10 and TAPE1l. Another item to note is that DRIVEC computes the
position-velocity state vector by statistical weighting, and not according
to any trajectory dynamics. Therefore, discontinuities are possible where
TAPE10 or TAPE1ll filtering modes change, and these can be improved by revised
DRIVEB runs with modified statistical parameters (see Appendices C, F and G).
The final TAPE 4 and printed and plotted output are identical to DRIVEB.

2.4 REGEN

The printed and plot.ed output of DRIVEB or DRIVEC can be fully reproduced
using TAPE4 in prog:.am REGEN. Header information is comprehensive so that
the print and plot report generation is accomplished with minimal card data
(Figure 8) that is similar to the DRIVEC input. ISKIP here refers to the
original or apparent computational step DT.
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QUTPUT TPORT DATA FILE WRITTEN ON TaBEW, THE FIRST 2ECroQ
CONTAINS FLIGAY INFORMATION FOR USE 3Y PROGRAM REGFN, WMTCH
REPROQUrSS PRINTED AND °LOITCD QUTUT, T4E REMAINING REFORDS
CONTAIN ODATA TO BF PRINTED ANO PLOTTI) Py EITHER NPIVFR PQUTINES
OR Y REGENe [F IOPTs1,ALL LATA POINIS AQE WRITTEN (N TAPEL,

IF (02730, EVERY ISKIPTH POINT IS 4RLTTEN.

FIRST WETOQRD

WORD(S) SYM80L OESCRIPTION

1-8 TITLE(L-8)380 CHARASTER ALPHANJNESLC IJENTIF JCATION
9-19 NaT(1-2) RUN DATE, GLANK

1i-16 TITLE2(1=4FURTHER QLPHANUNZRLS IDENTIFICATICN
1516 TITLE2(5=-6PAYLOAD (KG), RAREA (KM®#2)

17 . Jares
18 JAT ()
19-2¢ DAT (5=6)

L0 . .
LAUNCH DATE (M0/7A/YR)
ROCKET L)

21-27% PROGID(1-3PROGRAM 1D FNAR PLOITZD OQUTPUT

26 HRAD RAQAR ALIITUOE (4M3 -
25 WO0ES RADAR LONGITUDE (D:5)

26 RLOMIN RADAR LONGITUQE (Mt}

27 RLJISEC RAJAR LONGITUDE (SEZ)

28 RPLADEG RABAR LATITUDE (DES)

29 QLAMIN. - RADAR LATITUDE (4IW

I ASEC RADAR LATITUDE (SED)

31 AALT LAUNCHER ALTITUOE (<4}

32 ALOOEG «AUNCHER LCNGITUDE (DE™D

13 ALOMIN LAUNCHER LONGITUNE (4IN}

36 ALOQSEC LAUNCHER LONGITUODE (SECH

25 ALADEG - LAUNCHER LATITUOS (JZG)

36 ALAMIN LAUNGHE® LATITUIE (4fM

37 ALASEC LAUNCAER LATITUOE (SEC)

38 TLNCH LAUNCH TIME UT (3ECS)

kL] THRAT THRUST RATIO T3 NOIINAL

(Y4 NELTH QELAY IN TARUST (S235)

['$8 L9/~ ---ROCKET. LAUNGH AZIMUTA (DEGSY .-
&2 ILeL P0CKET LAUNCH ELEVATINN (DEGS)

L3 it SOMPUTATLON TIME STIP SIZE (SECS

bl Tt INITIAL PRINT TIME ©CY LAUNCH
%3 TLF FINAL. PRINT TINE FR3M LAUNCH
& TSKIP TAPE ARITTEN EVERY T3IKIP SECS.

w7=10% TEROCES ZERO-FILLED

SUBSSNUENT RECORODS.
WORN(3) 3SYMBNL JESCRIPTION
1 3,14 UNIVERSA. TIME (40UR>)

2 TIME TINE AFTIR LAUNCH (SECINDS)

3 SN - STIGNAL. TO NOISE RWTL3 .

“ 46 RLGHT ASZENSIOIN OF SRETNWICH (RYY)
5~7 P2(1-3) FILT. GEJCENTRIC PISTTION VECTOR (kv

3-1" 02(k=5) FILT. GEJCENTRIS VE_JCITY VECTOP (KM/S=C)
11-13 R2(7-9 FILT. GEJCENTRIC ASSEL. VECTOR (X4“/SET®*2)
Lb=15 oVt (1-3) FILT. LAJINCHER REF, 20SITION (KM

17-11 PYL (4=6) FILT L LAIJNCHER REF. JELOCITY (KM/SEM)
20-22 PVL(7-9) FILT, CAJNCHER REF, ACTEL. (KM/REr8s2)
23-25 IVLI1-3) FILT. LAJINCHER ®ZIF. 2ANGEZAZ,EL (1w, [FR)
26=27 IVL (=6} FILT, LAJNCHFR REF, 2,4, RATES (KM/®,DEG/S)
23-64 XSI(1-36) COMPLETE EQROR CIVARIANCE MATRIX

65«47 IVR(1=3) FILT. RAJAR PANGZ,AZ,FL (KM,NEG)

68-73 QUR(L=6) . FILT. RAJAP. RANGEAL,El RATES (¥4 /5,026/5)
71-7% PVR(1-3) FILT., RAJAR REF, PISITION VECTOR (KM)
Th=75 3PV(L1-3) GEQDETIC ALT., LONG(W), LAT. (K™, (Z6}

r? ve 4AG. OF LOCAL VELOCITY VECTOR (K™M/SEF)
78=73 AZRyELR AZ,EL OF LOCAL 7ELJZITY VECTOR (DEM)

4 0 IPAG COZFFICIENT

81 JEN ATMASPHERIC DENSITY (K3/KM**3)

$2-83 IRAG, TH JRAGy THRUST FURTES (K3KM/S2)

3 hL=856 IVR(1=3) RAW DA DATA  2ANFI,82,EL IXKMyDEQ)
87-29 JvG(1-3) GEOCENTRIC PAW QADA? NATA VECTOR (xv)

30 3RANGE JROUND PANGE ALONG 3PHEROQID (XM}
91 ACLMAG LAUNGHER REF, ACTEL. “AGMITUDE (v »/<2)
32 ocSALT LALTITUOE P:iSIDuAL (KY) . —

3 teas CRSG,YXSGy ZR36

GEOCENTRIC 20SITIOV veITOR FESINUALS (vM)
L1 3986 GEOCENTRIC VECTOR 4AGNITUDE RRESIIULL (kM)
97-213 YRSLeYRSL 4 2ZPSL

LAUNCHER FPNSTITON VIZTIR RESIDUAL S (kv
1ae0 IRSL LAUNCHER VECTO® 4ASNITJIIE RESIDUA L (ww)
L31-117 XRASE,YRPSR,ZR3R

RADAR 903 ITION /ZICTI2 ESIDUALS t v™)
106 HRSR -RAOAP VEZTOR MAGNIT JIF RESIDUAL (xm)

NOTE® &L RESTICUALS ARE (RAW-FILTZIRII)

Figure 6. TAPE4A Header and Data Records--Output by DRIVEB or DRIVEC,
Input for DRIVEC or REGEN
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DRNC<A® PRIVEC(I NFUT,QUTSUT,TAEEL, TAPET,TAPCY;,TAPC LY,

P AP G OUT ST  FARE ST INPHT b s o e
LR 2 X 2 LR X R T

SNV DEYELOPET AV LOGELANENT — YERRTION — 3R, 1573 ~ — - - =
ERE XX ] LXK

12 AR 4 ol B @ V)

SIS TONST
TASELS CATA INOUT FSQCUCEC AS OUTPUT FROY MIIVER

AP T OAT A INP U T R C YRS E A S Ot TA T RO ARy S~ s s
TAPSL  ERINTEM AND FLOTTEFR QUTPUT TATA CONTAINS
TAFE7  SCSATCH FILE FCR naTA nA&rFULATICN. MASS STGRAET

e AREESTORGANI ZATI O
TAFER  SYSTEM PRINTER.

e TAPES— YR TEMAARD PEARER T — - - e o — e

—— B AT NP LT CESER PN ———— — .
; 5o 24 — 52 -
L CA2D  ITT™ NESCRIFTION FeoMar
é ARG —F SN AND—GU TP T CONFEOE—F A Ty e e — G B
E IUNIT, +1 FOR FEET ANO FEST/SECONT
1 ———— e e A R — T M SRR AN e
1KIP, INCREMENT AT WHICH NPaTA COINTS
—————— e ARE TG BE FRINFEL NG GETEO e
1SAVE, SELECTS THE VELCCITIES AND STANCARD

+1 FOR GEOCEN*RIC VELOCITIZS ANC DEVIATICNS.

—————— A S AR L O O I SR E PR NC E B PO R HE LR N R
+3 FOR YELCCITIES REFEIENCED TH THE RALAK,

e P Oy G OMMON—B UM —SK TP CARAMEF SRS ERYES- S M —— - e —
FUNCTICN AS ISKIP FARAMETEFR,

———— AR APE M IF L BRFIEN-SEEEEF RN — ——— —
a OR ELANK FCR EVERY ISKIP PQOINT

,.
[+
3
03
i
4
[s
H
3

AT 3 NAMELIST AT Ay P Iy TRy THE CRINF—FIME L IMEF A TP
AFTER LAUNGH) MaY 8’ FESET. F"& cXAMEL D,

L T 1 —_ ‘.__ — e —— ’_,___. - ——— e —

1 i i b b3 bS

ANAMY TE.-*‘Liturf\.? 5

IF NQT RESET, THE ORIAINAL LIMITS WILL 3IE UySZT™,

T*TLE INFORMATION IS INFUT FROM THE HEANER <ECOIN IN TAFRLYD
—UHECH WA S HE—TFAPE L QU T YT PR M- PRI PE Ry — e e e e

~FLOFFS
T NVAR, SZLECTS THE VARIASBLE TO 3€ 3LOTTEN FION TuE
R ITLE ALt} CONFENTE P TAAE ey ¥ FITLE ARCZARS 45 FHE—— -
ORDINATE TTITLZ, (LIMIT OF 40 CHARACTZOf)
—~ﬁ—-“41—-—~—————S““GEF%E‘—‘“‘—NB*%‘Q-GF—GH4R¢G¥=~$~I“—*“E—~m —

CTITLE (1-7) GENERAL TITLE, GTITLS APPE2RS ON TACK CUTARUT
- CHARAE T E S ———
CARr 5 2N SELECTS CTHER VARIAGLES TO 32 PLCTTEIC
——————— T AL NN I T M- NVAR XTI TLE AS  FPR-CASB B — - — - ———— —
NOTE. CHLY GNE CARD QJF TYFE 4 IS REQUIGED. THE FLOT SENUENTE
IS AUTCHMATICALLY TERMINATTO WWEN THE S0F IS ENCIAUNTERSN,

-GUIBYT L CROAF-AATAFILE WEITTFEN—CN- FARC Ly - FHE- FIREF-BEL R —
CONTAINT SLIAHT INFORMATICN FCR USE 3IY 2RQGRAv ITCEM, WKRICH
--OTORGAUPES—PRINFEE—AND—SLAEFCLAYROYTF— FHE- TN LN PN TR EF R ——
CCNTAIN NBTA YC °F FRINTEO0 ANT PLCTTEY 3y ZITYEI DRAIVEC SCUTINES

AR I TGN IO P Tty ik AT RAINTS - ARE- WAEFTIN-ON- T ARy — = o -
{F TOPT=0, EVESY ISKIPTK FQINT IS WRITTEN,

Figure 7. Card Input Format for DRIVEC
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i s M ” roren . m—pe——y 0 " <mﬁ

C2nNG2ar RECENTINFUT CUTFUT,,TAFZ2C, TAPZ L, TAFZ5=I4FUT, 1AFZ6=CUTAUT) j

BRSNS PHRBRYS i
RTGEN NEVZLOFED RY LCCIFGN,INC. VERSION S°TF,,1€72
PR PR ¥ E.E X X T - . . . —
TIOERF NS RATORT AINERATES—GUFSHT—TRA JECTORY— S I0QEFE— —- - = ———— ’
USING TATEL, INHUT CATA ccoour~n av WCIVfa i

THS "CLLNﬂIl\G CARD IM’UT IS Q’OUIFF"J

CARN 1- FRINT CONTREL-DAFA—- —  FORMAT-64I= - - e e E
TUNIT, +1 FOR FEET AND FSET/SECOND
— oo R OR— K ANE—K M SECOND —
1SKIP, NATA FCINTS WILL 2£ FRINTEC SVIRY ISKIF*LT SECONTS
FCAVE — - —-SELECFS—FHE-VELCCITIES ANB—RESICUALS TE-BEPRINTED—-
+1 FOR GEOCENTRIC
- -+ 2 FOR- LAUNEHER : P semem e e
+3 FOR RADAR
CARD 2 NAMELIST DATH, TLI,TLF, THE PRINT TINE LI S(As TIHﬁ
AFTZR L AUNGH) MEY—BE-RISTT. FOR EXAMPLT, -
0 1 2 3 4 5
4 - { - PR i 1 R et | 1 e s

SNAMA TLI=15.0,TLF=450, 0§
e IF- NOT RESET;- FHE-ORICINAL LIMITS I3 YSEDr——— -~ =

TYITLE INFERMATION-IS -INFUF-FREM THE HEADER-REGORC ON TAFEL —

CLOTTEDR -QUTFUT-COMFROL--EASAS, —=- FCRMAT-E2y 8%,7819 - - ————- = 3
T NVAR, SELECTS THE VARIABLE TO S5E PLOTTEN FROM THE
YTETAE (- k) -CONFENTS—OFFAPS U, YFETLEAPPEASS AS—THE -
ORODINATE TITLZ. (LIMIT OF 40 CHARACTZRS)

bt NGy~ mmmee - SPECIFIES-FHE. NUNIER- OF -CHARALTERS IN--THE—-momm -
GTITLE (1-7) GENERAL TITLE. ETITLE APPZARS ON £ACH OUTRUT

e R ARH—MAYIMMN--CF 7 0 CHARAGFERS) - e o

CARD 5 ON SELEGTS OQTHER VART3LES TO 33 FLCTTED

e EAEH—HITFH-NVARS T E T E-AS—FOR—EA O3+

NCTE. REFER TC THE USZR!S MANUAL CR THE DRIVEY LISTING FCR

T FUABHER BETATLS -GM FHE-SETUF - FOR-THESE-LAST-PLOT-EARDSe  ————
BLL FILE DEFINITICNS ARE GIVEN IN THE DIIVES LISTING.

Figure 8. Card Input Format for REGEN
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2.5 Operational System

The rocket trajectory operating system has been modified to reduce the
need for complete binary programs of DRIVEA, DRIVEB, DRIVEC, and REGEN.
The SCOPE-EDITLIB facility 1is used to provide one binary library for all
subroutines. The main program with the LIBRARY control card then causes
unsatisfied externals to be loaded. Program maintenance thus requires !
only one file of source routines in UPDATE form.
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3. PROGRAM GUIDE

in this section the organization and program flow of the four separate
programs are described. The subroutines that are called are generally
modular and self-explanatory. Most of these routines are described in
reference 1; revisions and new routines are described below and in the
appendices. ’

3.1 DRIVEA

This is the raw radar data editing-preprocessing program. The original
system used a separate statistical preprocessor DRIVE2 to clean up data
values for the next stage in DRIVEB, and prepare initial plots of the
trajectory. The estimator-filter proved to be an excessive user of CP time
and memory. Further, the predictive filter tended to ring, giving poor
position and velocity estimates. .All editor and preprocessor functions
have been combined in DRIVEA. A five-point running average of accepted
data serves as the velocity estimator. A complete report on the editing
and estimating is printed. This program produces results that are
consistently superior to the original DRIVEl and DRIVE2 while requiring
less memory and about 40 percent of the computer time. Additional features
have also been added to facilitate processing tapes with unreadable data
segments by the use of spanning polynomials. Special buffering and
mass-storage to tape file conversions which were carried out with CPRS are
unneccessary and have been eliminated.

Pre-edit Scan

Data on cards in the format described in Section 2.1 are read and printed.
Pages I1I-3,4 of Vol. I of Reference 1 are reproduced in Figure 1, and
describe the raw input TAPE1(=RAWDAT) header and data records. NSKIP 6-sample
records are skipped and the (5-NOK)th and (6-NOK)th samples, i.e., for default
NOK=0, the 5th and 6th samples, are taken as the base starting points for
initial position and rate. A complete scan of the input tape is first made to
determine all quadrants that the azimuth covers. Logic is implemented to
provide numerical continuity if the azimuth goes through zero, i.e., 360°
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Jump. In the unlikely event that the azimuth crosses both 0° and 180°, the
present logic is inadequate and this is flagged as requiring a special fix.

Editing and Spanning

Following this pre-edit scan the tape is repositioned and the main editor
pass is carried out to create a clean file, free of gross or unreasonable
sample values. The operation of the editor is described in detail in Appendix
A. The cleaned file and associated flags for corrections that may have been
made are saved on temporary sequential file TAPEll. At this point a special
pass is to be made to determine smooth spanning cubic fits over individually
selectable ranges. These curves are introduced in the appropriate segments
during the final preprocessing phase. (See Appendix A.3 for details)

Qutput and Geocentric Estimates

Creation of the edited output file TAPE1O0 is carried out over the range
TLO-THI. Header and data format are described in Figure 3. Raw geocentric
velocity and position are estimated at the same time, are written on temporary
files TAPE8 and TAPE9 respectively, and are printed out along with the edited
range, azimuth, elevation values. Subroutine FINDER calculates the geocentric
position corresponding to the radar data, and also obtains local geodetic
coordinates. Altitude is used to determine refraction corrections, if
required. A simple velocity difference clipper and 5-point velocity smoother
is used to estimate the geocentric velocity vector. This results in an offset
of 2 samples which is not serious but is corrected for by a hold buffer. The
geocentric state vector is required by DRIVEB as the starting estimate for
filtering from any time after launch. The print-out for each sample includes
time, edited range, azimuth, elevation with correction flags if applicable,
and from TLO to THI, altitude and the estimated geocentric position and
velocity vectors. Finally, subroutine ARTIST provides a plot of these
variables versus time, using Tapes 8, 9 and 10.

3.2 DRIVEB

This is the main filtering and trajectory generation program. Data on
cards in the format described in Section 2.2 are read except for the plot
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control cards which are read after completion of processing and filtering.
The header of the TAPE10 edited radar data provides creation data for this
files this overrides card input data except when purely integrating (KEYOPT=0).
The maximum capabilities of DRIVEB are exercised for the launch optimizing,
filtering, and terminal reproducing run.

Time - Tape Registration

A one-to-one correspondence is first established between sample times on
TAPE10 and internal TAPE7 random access record numbers (MT). Requested
time ranges for filtering, integrating, etc. are re-established in terms
of the actual sample times. The input tape is positioned after reading
the sample for the initial or the first computation time, whichever is
greater, and 1is read again as the processing is incremented to successive
sample times.

Derivation of TAPE7 Internal Data Base

Parameters to complete a TAPE7 working record for any sample time are
described in Figure 9. The derivation of these parameters which comprise
the tota® information base is now discussed. The signal-to-noise ratio SN
is obtained from RADAR. If pure integrating is being employed, SN is set
to -100. If pure reproducing is used, SN is set to +100. These special
values of SN control multi-radar combination modes in DRIVEC.

Statistical Filtering in the Geocentric Domain

The geocentric state position-velocity vector P2(1-6) is the Kalman weighted
resultant of the integrated dynamics of RK and the observed raw geocentric
state vector DVG(1-6) on the forward filtering pass. The observed position
DVG(1-3) is calculated in EULER from the raw radar range, azimuth, elevation,
DVR(1-3). Co-azimuth was used earlier (Ref. 1), but has been eliminated. The
observed raw velocity DVG(4-6) is estimated in EULER as the difference between
position samples, limited to a change of 0.01 km/sec. from the existing
filtered estimate. The raw velocity DVG(4-6) tends to be tolerance limited,
but the random access noise is smoothed very satisfactorily by the subsequent

-28-

&




e e At e O A 5%

LCGICAL

WORN(S) SYM3CL DESCRISTICN
1 G*T UNIVERSAL TIME : - HOURS
2 TIME TIMZ AFTER LAUNCH SECCNNS
2 -~ SN---- - SIGHAL—TO-NGISE RATIO- S B v e
& R2G RIGHT ASCENSION OF GREENWICH 3AD
E-7——2¢1-3)r -~ FILFiCEOEENRIC FOSIFION-VEETGR- - KM-—-on - - - me -
8~19 F2(4-€)  FILY. GEQOCEMNTRIC VELOCITY VICTCR  KM/SEC
11-13—-P2¢7=-)——FILT, GSOESNRIC-ACCEL, VICTES——  KM/SEC**2 --
15-22 PVL(1-9) FILY. LAUNCHER REF. POS~VEL-ACCEL KM,KF/S,KM/S?2
23-25—— OVt €1t=3)- FILTi CAUNEHER ~REFTRANGE, AZ5 S - — - KMy FAR—-~ = =
ZE=-23  OVL ft4-€) FILY., LAUNCHER REF. RyA,E RATZS KM/SyRAN/S
29-54 - XSIH{1=35)r COMOPLETE—ERROR—COVARTANC S -MAFREX -~ ~ oo oo
€5-70  OVR(1-€) FILT. RADAR RANGE,AZ,EL § RATES KMy RAD
71-73- - OUR{1—2) - FILF. RABAR-REF, -POSETION ¥ICTER KM - - - - .
74-75 eV (1-3) GZODETIC ALT., LONG(W), LAT, KM,NEG
77 - V¥R-- - MAG, CF-LOCAL -VELOEITY VECTFOR-- KM/SEG - - - =
78-79  BZR,SLR  AZ,EL OF LGCAL VELOCITY VECTO?. RAD
8¢ -~ - CD— "~~~ MRAG-COEFFEPIENT - - - - e s
81 NEN ATMOSFHERIC OENSITY . kG/KF‘*’
82-83- - DRAGyTH- DRAG, THRUST FORDIS- - KGKM/S2 — -
R4-85 DYR(1-3) RAW REDAR NATA RANGE,AZ,EL KM, RAD
87-89- - DV6 (1-2) GEGCENTRIC FAY RADAR DATA VICTCF KM - s

=32 DVG(4-€) GEOCENTSIC RAW ‘STIHATrn S LLELE

- YELOCITY ¥E€TOR- - - KM/SEC -~ - -

§2-123 x<IP(1 35) COMFLETE EZFROX uOVAQIANC_ MATDIX

3 AN R A Rl RS ek e AR et A A i . L A 5 i s Tt

RICCPL-STRUCTURE TAPS7 (USER INTERNALLY SY FIGGIAM)

--3BSER-ON-1-LESS PEIN® - - -0 o -

-
] <

N

-

Figure 9. Description of Internal Working Records
TAPE7 - used in DRIVEB and DRIVEC.

-29-

R S D VI S



filtering. On the backward filtering pass, maximum likelihood or interval
estimation weighting of the backward integrated dynamics and the original
forward estimate completes the computation of P2 in DRIVEB. The error
covariance matrices XSI and XSIP are weighted, as described in Appendices B
and F, and calculated in KAL during the forward pass. XSI is recomputed in
DRIVEB during the backward pass. Geocentric acceleration P2(7-9) is estimated
at any time by a call to FOR and WPROD using a nominal time increment of 1
second.

Radar, Launcher and Other Parameters

Filtered radar range, azimuth, elevation and rates OVR(1-6) are derived

from P2(1-6) by TRACOR. The radar referenced position vector PVR(1-3) is

not required, but is calculated later by GENER8 for report and TAPE4 purposes.

Filtered launcher range, azimuth, elevation and rates OVL(1-6), as well as

launcher referenced position, velocity and acceleration vectors PVL(1-9) are

obtained from P2(1-9) by a call to ROTATE, a routine which has been extended

to provide these general transformations. Local velocity and ballistic

parameters VR, AZR, ELR, CD, DEN, DRAG, TH were obtained when FOR was called. i
The TAPE7 working record is designed to match the TAPE4 parameter list through '
word 89, i.e., DVG(3). The completion of parameter calculations for TAPE4 is

done in GENERS8.

Processing in Different Time Zones

TAPE7 parameters for record number MT1, where the filtering or integration
is started, are calculated based on initial conditions. Estimates for
successive times are based on a combination of the integration estimate
using RK (see Appendix D) and the raw radar estimate, as discussed above §
and in Appendix B. Filtering is performed from MT1l to MT2, forward
integration from MT2 to MT3, and reproducing of the raw radar estimate from
MT3 to MT4, or until the altitude goes negative. Then, interval or maximum ) ﬁ
likelihood estimation filtering is performed backwards to MT1, with a final l
backward integration if requested. Figure 5 shows the processing sequence

and operating modes available with the various KEYOPT options. In all :
reproducing and single filtering segments, the backward filtering VFILT f

,_
U

w

o
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smooths the velocity estimate, but the position values from the forward
pass are retained. Backward filtering of integrated results from MT2 to
MT3 is performed if subsequent reproducing is required. Except for VFILT,
all backward filtering stages are the maximum likelihood kind.

Launch Optimizing and Filtering Mode

The Tlaunch optimizing mode (KEYOPT=1) achieves the most satisfactory
trajectory estimates in the usual case when good radar data is available
only some time after launch. An iterative run is first made to optimize on
conditions, viz, thrust ratio to nominal, delay in onset of thrust from
nominal launch time, launch azimuth and elevation. The procedure is
implemented in routine LEASQ which searches for the best position and velocity
match to radar data near time TC (see Appendix E). In most applications radar
data is erratic from launch until after burn-out, since rapid slewing and
large accelerations are encountered. Therefore TC is frequently set
satisfactorily at 10 to 20 secs after thrust burn-out. Radar data before
time TC is ignored, using only the forward integration results. On the
backward pass the filtering and integration results are uniformly refiltered.

Output TAPE4

DRIVEB results are periodically printed out in abbreviated or extended
form, and include a few extra frames around each mode transition time.
Following completion of the above processing under any of the KEYOPT options,
TAPE7 results are converted to report and storage form on TAPE4 by GENERS.
WRITER provides the printed user report and plots. The TAPE4 header and data
contain sufficient information to create such reports and plots at some time
in the future, using program REGEN and subroutine WRITER, with a minimum of
redundant card data input.

3.3 ORIVEC

The multi-radar trajectory program DRIVEC was developed as a revision of
program DRIVE4.l The card input requirements are greatly reduced, using
instead the header information on TAPE4 generated in program DRIVEB (Figure
6).
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Scope of Program

The primary purpose for the multi-radar program is to combine the results
of two separate radar observations of a given rocket flight to give a
composite trajectory. The mathematical and logical procedures that
accomplish the combining operation on to TAPE7 internal working records
are discussed in Appendix C. The methods used to accomplish this data
combination are linear; therefore, an arbitrary number of different sets of
radar data pertaining to the same flight may be combined by repeated execution
of the program. The graphical, printed report and file outputs of this
program are identical in all respects to the outputs of Program DRIVEB.

Program Functions

Specific functions of Program DRIVEC for processing two TAPE4 format input
files, TAPE10 and TAPE1ll, include the following:

--Determine the type of data region being read for each file

--Use the region types to select proper mode for combination
equations

--Evaluate combination equations, depending on the particular
mode, to produce the composite observation vector and co-
variance matrix

--Complete the calculations for the remainder of each output
file record using composite values

--Generate a printed summary of the combination process, i.e.,
an event log for the resulting output file

--Produce an output TAPE4 file containing the composite
trajectory

--Generate printed and graphical reports in the same format as
DRIVEB.

For the purpose of calculating ballistic and thrust parameters as well as
residuals, TAPE10 is taken as the reference trajectory. Thrust ratio,
delay, etc. are obtained from the header and used in a call to FOR. Raw
components of the radar data are also obtained from TAPE1Q0 for use when
TAPE4 is completed in GENER8. Note that ISKIP and IOPT refer to the increment

TSKIP at which TAPE10 was written rather than the original integration time
step DT.
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3.4 REGEN

REGEN is a free-standing report generator program which uses a previously
created TAPE4 and provides identical reports and plots to those obtained
after a DRIVEB or DRIVEC run. The card input requirements are greatly reduced
from the original program, using instead the header information on TAPE4,
after which WRITER 1is directly called. As in DRIVEB, ISKIP refers to the
integration or basic time step DT. The procedure recreates conditions after
a DRIVEB or DRIVEC run has called GENER8; otherwise REGEN is simply a subset
of those two programs.
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Appendix A
The Editor

The DRIVEA editor processes raw radar data, which may contain a variety of
errors, and generates a clean file with reasonable range, azimuth and eleva-
tion readings for each sample time over the span of the original data. Errors
which are handled include:

a) Missing time points

b) Data with grossly improper or extraneous time points
c¢) Data with marginally improper time points

d) Grossly improper data

e) Marginally improper data (based on wide tolerances
set by user)

In addition, the user may selectively cause spans of range, azimuth, or
elevation data to be replaced by a smooth interpolation.

A.1 Operation of the Editor

Starting with a pair of successive observations that the user specifies as
acceptable for time, range, azimuth and elevation values, the raw radar
data is checked for proper time values and reasonable rates of change. If
an observation is found to be improper, an entry is started in an edit
buffer with the intent of replacing this data with interpolated values when
acceptable data are subsequently found. The edited data for as many time
points as were adjusted are then written to the output file, the edit buffer
is cleared, and processing continues on new radar data with the latest values
and rates of change providing the acceptance criteria.

A typical sampling rate is 0.1 sec. Hence, if the next sample time is
within 0.05 sec. it is considered only marginally improper, and is accepted
with the time corrected to the 0.1 sec. increment. A time value lower than
this 0.05 sec. tolerance or unacceptably high (say, 6.75 secs. or more) is
considered extraneous, and the complete sample is discarded as suspect. If
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the time value for the next sample is moderately high, observations are
probably missing, and an interpolation is carried out on all the values
provided the change rates are proper and provided the next raw data sample
does not reveal the time jump to have been due to an improper time reading
rather than the results of missing data.

As long as the time readings are acceptable the data will not be discarded;
instead the range, azimuth and elevation are individually checked against
selected tolerances and adjusted if necessary. If the observation differs
from the predicted value by more than the tolerance, the data will be replaced
by interpolation to subsequent acceptable data. If the observation is
marginally improper as determined by a tolerance factor QTOL=0.25, the data is
accepted after making a compromise between the value and the prediction. If
seven or more observations have been rejected, QTOL is increased to 0.5 to
avoid missing a new trend. After modification, the value is treated as an
accepted observation. The modification formula is simply

Modified Obs = (1 - QTOL) * Prediction + QTOL * Actual Obs.

This editing process for each variable is accompanied by count indicators
which serve two purposes: (1) if non-zero, it gives the count from the
previous accepted sample for interpolation when a good sample is again
obtained; and (2) the print-out of the final output file uses count
indicator status to flag whether a value was added, interpolated, modified,
or unaltered. (see Figure A)

A.2 Implementation - Example

The implementation of the editor is described below with the help of an
example for radar data containing a variety of errors.

The edit buffer is maintained for radar data and for error status indication.
A zero indicates that ro change was made in the data, while a 101 denotes a
minor modification. If the data are all accepted (row only has O or 101) at
any sample time, it shows that all interpolations for any unacceptable or
missing data can be completed for previous observations. Then the buffers may
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be written to the output file and cleared for continued editing. In the
example in Figure A, the longest retention required in the buffer is seen to
be from 7.4 to 7.9 secs. or 6 samples. The present program allows up to 100
samples or 10 secs. of editing which is limited only by the size of the
buffers.

The observations are seen to be clean at 7.1 and 7.2 secs. Change rates
are re-estimated for every observation with a 10 sample time constant.
The predicted values are compared with the raw values using tolerance limits,
usually 5 km and 5°, for complete rejection. A lower tolerance limit (25%) is
used to fully accept the data, or if the error exceeds this amount to make
compromise modifications as discussed earlier. ITlustrations of typical
editing actions A thru H follow: (A) In the example this type of modification
is seen to hkave been made in the range, azimuth and elevation where the
status counters are 101. (B) The sample at 8.4? secs. is judged to actually
be at 8.4 secs. for consistent time incrementing. (C) The sample at 7.92
secs. however is less than 0.05 secs. from the earlier sample and is discarded
as extraneous. (D) The sample after 7.4 secs. has an excessive time jump and
is completely discarded even though the associated observations are
reasonable. These values will be interpolated. (E) The jump in time after
7.2 secs. and 7.6 secs. also call for interpolation. This is done in both
cases, but in the fcrmer case the next sample at 7.4 secs. shows that the
interpolation between 7.2 and 8.3 secs. was a false alarm. This is replaced
by a simpie interpolation for the 7.3 sec. sample only. (F) Grossly improper
data such as the elevation values at 8.3 and 8.4 secs. must be replaced by
interpolation. The status counters are correspondingly incremented from 1
thru 99 (the buffer size limit) until a good sample is encountered (0 or
101). (G) & (H) Since this interpolation is identical to the case for missing
data, connected instances of bad data and missing data cause the appropriate
counters to continue incrementing.

The modification procedure bears some further discussion. A slow adjustment
band is necessary between the limits of complete rejection and complete
acceptance so as to he influenced by possible new trends without being
permanently and incorrectly thrown off by a few offset samples. In fact,
if 7 samples in succession are completely rejected, the modification tolerance

-37-




factor is increased from 0.25 to 0.5 so as to react faster to diverging
trends. The example shows the rapid adjustment of the range at 8.2 and 8.3
secs. to allow for the 8.51 km readings. But the subsequent value of 7.13 km
at 8.4 secs. is still fully acceptable. The wide variation has been greatly
reduced, but its smoothed elimination is possible only with the subsequent
filtering program DRIVEB. Some improvements may be made however by resetting
the tolerance limits of 5 km and 5° to better reflect particularly clean or
noisy radar data.

A.3 Spanning over Data Gaps 1

A special procedure is available in DRIVEA to selectively override obvious
biases and extended deviations in range, azimuth or elevation readings by
specifying the time spans over which it is desired to bridge this data by
smooth spanning cubic polynomials. This function is implemented following
the editor, and the print-out of the edited data includes indication of these
spanning replacements in addition to the data added, interpolated, or
modified. Each cubic satisfies readings at the two times specified plus two
readings 5 secs. (and no less than 2 secs.) outside the span of discarded j
readings.

The user must specify the initial (TI) and final (TF) times over which one
of the variables (R, A, or E) is to be spanned. The program then solves
for the cubic which matches values of this variable at TI-5, TI, TF, TF+5
seconds. Note that the program requires data to be available for at Tleast
2 secs. before and after the interval to be spanned. Otherwise TI is
increased and/or TF is decreased by DRIVEA to satisfy these minimum
requirements. Finally the user must verify that the variable values at the
four specific times are proper for generating a satisfactory spanning function.

o




Appendix B

Qualitative Operation of the Forward and Backward Filtering Equations

Notation:

P(k/n) forward filtering position-velocity vector estimate for time k
based on observations to time n.

P(k/N) backward filtering final estimate for position-velocity vector.

D(k) observed data vector for time k.

v{k/n) forward filtering error covariance matrix associated with corres-
ponding estimate for P.

p(k/N) backward filtering final error covariance matrix for P(k/N).

¢(k+l,k) state transition matrix from K to k+l. Thus, when purely
integrating, P(k+1) = ¢(§+1,k) * P(k). Note: for backward
integration, ¢(k+l) = ¢ ~(k+l,k) is obtained by using -DT in
the Runge-Kutta calcutations.

wik) covariance matrix of the estimated radar measurement white noise
errors at time k.

Qfk) covariance matrix of the unknown factors in the physical model
at time k.

G(k) Kalman filter gain for forward filtering pass.

M(k) weight matrix for backward filtering pass.

The various rotation and state transition matrices are necessary to connect
the trajectory in space and time, but the noise and optimum filtering
estimation is described below ignoring these transformations. The operation
is also best understood in terms of a single rather than a multi-variable
process.

Operation:

During the forward fiitering pass the error covariance matrices ¥(k+l,k)
and ¥(k+1/k+1) are calculated and stored for time k+l from time k.
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v(k+1/k) = w(k/k) + Q(k+1) (B-1)

i.e., if use is not made of observations to update the estimated position-
velocity vector P, this estimate will be poorer with time. Note that except
at launch, Q is a few orders of magnitude less than ¥,

v (k+1/k)
G(k+1) = (8-2)
[V(k+1/k) + W(k+1)]

This gain matrix determines how much confidence to place in the observed
data. If the radar measurements are assumed to be noisy relative to the
current estimation process, reliance on each data point should be reduced.
If physical events are taking place which are unaccounted for in the model,
or if the radar data is of high quality, reliance on the model estimation
should be reduced.

"

P(k+1/k+1) = [1 - G(k+1)] P(K) + G(k+1) D(k+1) (B-3)

V(k+1/k+1)

[1 - G(k+1)] ¥(k+1/k) (B-4)

i.e., by placing some reliance on the recent observation the estimated
error in P is reduced.

Besides P(k+1), i.e. P(k+l1/k+l), both ¥ (k+l1/k) and VY(k+1/k+l1) are stored
on a file for later use on the backward filtering or smoothing pass.

Since forward estimates were made without knowledge of future observations,
these estimates can reasonably be expected to be improved by a "hindsight"
backward pass.

W(k/K)

M(k) = T (8-5)
(k+1/k)

This weight matrix will effectively range between 0 and 1 by virtue of
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equation (B-1).
Let y(k+1/k) = ¢ .P(k/k)

Then
P(k/N) = P(k/k) + M(k)[P(k+¢1/N) - y(k+1/k)] (B-6)

This backward filtering adjustment of P will be greater, i.e. more influenced
by future values, when M approaches 1. This is normally the case in mid-
trajectory when the error covariance matrix is not changing rapidly. However,
close to launch the state vector of the rocket is known reliably and the
¥ matrix builds up from zero. Hence on the backward pass M approaches 0 near

launch and the trajectory smoothly assumes the original forward estimates
P(k/k).

Finally,

W(k/N) = B(k/k) + M(K)L Wke1/N) - o(k+1/K)] MK) T (B-7)

which parallels the P(k/N) logic since if P(k/k) is greatly influenced by
future values in cutaining P(k/N), ¥ (k/N) will be substantially lower than

¥(k/k). Notice that (k/N) is naturally less than ¥(k/k) and is equal
only for k=N.

In practice, the error covariance matrix that is computed on the backward
pass sometimes failed to remain positive definite. This problem was solved
by limiting this matrix to 2% of the forward pass error covariance matrix

whenever the computed value for a diagonal term becomes less than 1% of the
forward estimate.
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Appendix C !

Qualitative Operation of the Multi-Radar Combining Equations

Notation:
P(k) Position-velocity final estimate at time point k. ) i
w(k) Final error covariance matrix associated with P(k) !

at time point k
Subscripts 1 and 2 will identify the two input trajectory estimates. i

The composite best estimate state vector is given by

P() = [oy ™ (k) PL(k) + wy7h(k) P, (K300, " (k) + vy (DT (c-1)

The associated joint error covariance matrix is given by i

bk} = Loy 7h k) + w7 0D (c-2)

Section VI of Vol. 1 of Reference 1 discusses the basis of the original !
DRIVE4 multi-radar estimating program. In addition to the primary
equations, C-1 and C-2, prior weighting and scaling was available to de-
emphasize integration results further away in time from filtered radar
data. The choice of weighting was subjective, and could be avoided if the
error covariance matrices reflected the confidence in the estimate of the

state vectors more exactly. Improvements in generating error covariance
matrices have been achieved in DRIVEB, and are further advanced by the use
of backward filtering. The desired objective of using the above equations
exclusively is implemented, with the exception of the case when a segment
combines radar filtered and integrated datay; in this case the radar
filtered results are copied and the integrated results are ignored.
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Subroutine COMBIN is called during each time step to generate the composite
covariance matrix, state and acceleration vectors under the control flag
MODE. The reduced applicable MODE values are described below.

MODE=2 Trajectory 1 covariance matrix, state and accel-
eration vector are copied to obtain the composite
estimate.

MODE=4 The composite trajectory is calculated in EVAL using
the parameters from both trajectories according to
equations C-1 and C-2. The composite acceleration
estimate is obtained by using the same relative )
weights as applied to position.

MODE=11 Trajectory 2 covariance matrix, state and accel- i
eration vector are copied to obtain the composite
matrix.

Table C summarizes the mode selection algorithm in effect, as described
above.

The condensed procedure described above has not been extensively tested,

and the potential exists for jumps in the composite state vector when -
switching between trajectories 1 and 2. The original code for weighting
and scaling in COMBIN using other MODE values has therefore been retained,
though it is presently non-functional. As noted before, the desirable
direction is to have the separate error covariance matrices better reflect
the results of filtering and integrating. 1
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Appendix D

Modeling of the Rocket Dynamics

The modeling of the rocket dynamics was extended considerably from the
situation when only after burn-out free flight trajectories were estimated
in DRIVE3. A straightforward representation was developed for the thrust,
mass loss, and drag characteristics of most of the rockets encountered.
Concurrently, the force equations were developed and the integration procedure
was extended to include the thrusting stages from take-off to burn-out.

Assuming thrusting in the axial direction of the rocket only, the thrust
components in the geocentric inertial x, y, z system are given by

Tx 0
Ty]- (C) (B) ?

T

where the axial thrust T is known, B rotates this thrust to the local CNR
(east-north-vertical) system using the local azimuth Az, and elevation
Ely, of the rocket center-lines C rotates the ENR thrust components of
the geocentric x, y, z values by the right ascension a and declination 6 of
the rocket (see Appendix A, Ref. 3).

Adjusting elevation for the angle of attack A, the azimuth and elevation
of the rocket is determined by the rocket position ¥ and relative velocity

vector vp.
AZr N E]r = f(F, Vr)

Vp is obtained from geocentric quantities and the earth rotation rate w
Vr’-‘V-WXF
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For the low relative velocities near lift-off, the launch azimuth and
elevation values are maintained constant.

D.1 Representation of the Rocket Characteristics

A piecewise linear approximation is made for each significantly different
thrusting phase. Thrust and mass are expressed as straight line functions
of time which apply until the next time phase is reached, when new straight
line functions apply. For the drag coefficient, which is a function of
Mach number, a multiplier is applied on a universal Cp curve for each
time segment. This universal curve is given by:

Cp=1.0+V 1 (for Vnach <1)
4.0 ( )
c,h= —m—— for V > 1
D mach
vmach +1.0

For a particular configuration the drag coefficient is usually 10-25% less
during the power-on stage than when power is off.

Vmach is given by [V:l/vs where Vg is the speed of sound. For the U.S.
standard atmosphere, 1962, the speed of sound is given as a function of
altitude (Ref. 6). This relationship is reproduced in Figure D1.

The reference cross-sectional area is included per thrust phase. The
thrusting stage (1, 2, etc.) is also given. An example of linearized
characteristics for the BLACK BRANT IV-B (MOD 1) without payload is given
in Figure D2. This rocket is represented in six phases as follows:

4
t
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SPEED OF SOUND AS A FUNCTION OF ALTITUDE.
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THRUST
1bs.
BLACK BRANT 1V-B (MOD1)
Aref = 0.5646 ft.2
20,000
;
10,000 :
' a 10 20 30 secs. %
WEIGHT '
1bs.
2,000 ;5
f
1,000
0 10 20 30 secs.
Cp
2.0
1.0
p
—_— i f
Stage 2 Pon
0 2 4 6 8 v
mach
FIGURE D2: PIECEWISE LINEAR ROCKET CHARACTERISTICS.
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Time Thrust AThrust Weight - AWt. Area CD Stage

Secs. Lbs. per sec. Lbs. per sec. Ft.Z Mult. No.
0 27,500 -333 3294 121 0.% 1.20 1
13.5 23,000 -5111 1660 35 0.56 1.20 1
18.0 0 0 850 0 0.56 .85 2
21.5 8,400 200 850 45 0.56 .70 2
31.0 10,300 -229 420 18 0.5%6 .70 2
35.5 0 0 340 0 0.56 .85 2

35.5 secs. from lift-off the rocket is in free flight.

The representation of the thrust history needs to cover pre-launch
conditions since it turns out in many instances that the actual thrusting
and 1ift-off may not occur until a few seconds after launch time. This
requirement is conveniently implemented by providing a pre-launch thrust
equal to the total rocket and payload weight, i.e. a force sufficient to
maintain the rocket on the pad.

0.2 Integration Techniques

Section 4.0 (Ref. 3) details the adaptation of integration techniques to
include powered flight. Only an outline of the approach will be presented

here.




The Runge Kutta method is used with the equations of motion for forward or
backward time inteygration.

dp - - -
. Alpl - p+B (p)
dt

where P is the position vector
B (p) is the thrust vector

and A (p) represents the free flight dynamics

Then,

Em.l = _p-n + 1/6[?1 + ZKZ + 2k-3 + K4]

where
K= aT A[Ppd * Pn + aT B(pp)
K = AT Alpp + 1/2 K11 * (P + 1/2 K1) + T B(ppy + 1/2 K1),
K3 = oT Alpn + 1/2 K21 * (Pn + 1/2Rp) +A T B(pp + 1/2 R2),

Ky = &7 Alp, + K31 = (p + K3) + 4T B(B, + Kp),

and AT is the sampling interval in seconds. Rl is evaluated at
time tn,-Eé and.E3 at tp + AT/2, and Ei at tn + 4T or tp+l.

In the above recurrence relationships if the thrust matrix B is represented
by dividing and multiplying by the position vector p, the resulting normalized
thrust matrix may be added to A(p). A procedure identical to the free-flight
calculations is then carried out to give the desired state transition




L

matrix # such that:

Ppep = 8(m1,n) Py
Under integration or filtering, good correspondence to expected rocket
performance has been obtained unless the rocket malfunctioned or

experienced large wind effects.

D.3 Integration Step Size

Some raw data tapes were received with samples at 1 second rather than
the usual 0.1 second intervals. It was found that if the integration step
size was allowed to incfease to this data rate, there was a significant
build-up of error in the fourth order Runge-Kutta integration procedure.
Step size less than 0.1 second resulted in negligible change. Subroutine
RK was consequently modified to loop a selectable number of times with a
specified step size. The maximum step size is set at 0.1 second.
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Appendix E

Least Squares Solution for an Overdetermined Set of Equations

The classical problem in trajectory determination when ample observations
are available relative to the variable model parameters is to determine
these unknowns so as to minimize the sum of all the squares of the separations
between the observations and the computed trajectory at the corresponding
times. These unknowns are usually the initial position and velocity vectors
plus any adjustable model parameters such as drag coefficient and geopotential
terms which, once fixed, uniquely determine the trajectory to within the
accuracy of the model.

This optimization problem can be solved directly in one pass if the process
is a system of linear equations. The theory is discussed below. However,
the process 1is generally non-lineari the procedure then is to use the same
theory using a linearized set of equations for the partials of the variables
(unknowns) being optimized. Minimization now requires an iterative
improvement of the variables, possibly with a recomputation of the partials at
the observation times for each new pass.

E.1 Linear Equations

Let x be the set of unknowns to be estimated, and b the set of observations
at different times. At each sample time the value of the observation may be
estimated by the linear equation ax where a is a fixed set of coefficients
corresponding to the x's and the observation instant. The complete set of
equations is thus represented by Ax=b where each line of this equation applies
to an observation, and there are many more observations (rows) than unknowns
(columns).

Each observation may in general be a vector, as for instance in trajectory
determination where the geocentric rectangular coordinates are usually
taken as the equally weighted metrics. The solution follows the treatment
of Lanczos (Ref. 5, p. 156). The square of the length of the residual
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vector r in the equation
Ax -b=r (E-1)
has to be minimized.

The adjoint matrix A is obtained by transposing the rows and columns of A.
For example, if

~ j1 2 3
then, A=

>

[}
LN
[« W, -0

4 5 6

The solution to the least squares problem is then elegantly given by the
even determined system

A Ax =7b (E-2)

which has just as many equations as unknowns. It should be noted that the
matrix (K/A) is symmetric and that its eigenvalues are positive real.

E.2 Non-linear but Differentiable System

Rather than express results in the general notation of an arbitrary number
of unknowns, the procedure is outlined below for three unknowns that are to
be optimized. The technique will be seen to extend without restriction to
any number of independent unknowns.

Assume reasonable original estimates xgp =(x], x2, x3) for the three
unknowns. Four sets of equations are required, one for the system and
residuals at this base setting, and one each with one of the three
variables differentially adjusted. (This is the simplest form, but all
three variables coula be varied jointly as long as a mutually independent
set of adjustments is achieved). Let these adjustments of xj, x3, x3

one at a time be given by ax1, axz, ax3.
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The residual vector for n observations with the original setting is rgp , and
the new residuals following the adjustments are given by ry, r2, r3 which
may be determined either from analytic partials of the system model or from
tests on the model with the adjustments &ax;, Ax2, Ax3 applied one by one.
Thus we have the vector

Mo |
Xg +4x1

X= Ixg+hx
Lfo +0x3

representing four trials and the associated residual matrix
— )
o1 "1 a1 "

Ton rln Ton r.3n

L —

for n observations with each of the trials. Expressed in q units of x,

where we wish to make the "observed" residuals (i.e., all of the b's of Eqn.
B-1) zero, the problem becomes that of minimizing

Rq = Aq (E-3)
Hence R becomes both the coefficients of the unknowns q and the Ax-b of

equation (E-1). The procedure for minimizing the residuals in a least
squares sense is then suggested by equation (E-2)

F 14

R |9%|=0 (E-4)

-

where qj is in units of xj, and
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Qo * 9 *9tay =1 (E-5)

since the optimization is to be an adjustment about Xg
The four equations of (E-4) constitute three differential relationships such
that changes to x3, x2, x3 in the proper combination qja x1, 42 o X2, q34 X3,
will minimize the residual vector rg. The solution uses the property that the
q; are in the ratio of the row sums of the cofactors of R R.

[R R]-L, the

In practice the solution may be implemented by obtaining W
row Sums Wy, Wy, Wy, Wi, and their total T = Wo Wt W, b wg .

Then q = wl/T, q, = w2/T, q3 = w3/T.

An iterative procedure may be incorporated using the revised values for
xg as the base point. The partials determined before for the same
observation times remain applicable, but if xg underwent a large change
recomputation of the partials may be necessary. It should be noted that
monotonic minimization of the residual metric or even its convergence is
not assured if the system is sufficiently non-linear and if the original
estimates are too far off the actual. Criteria for stability are beyond
the scope of this report.

E.3 Example
The process being tested is

= 1.1A (T - .98)0.85 + g.9C

>
|

A/2.1 (T - .98)1.95 - 1.9¢

Y =

where A,B,C are actually 2,1,1 and X,Y are the observations at any time T.




This process has been formulated by us as

><
]

A (T-B) + C

- A2 (1-B)° - 2¢

-
|

that is, the expressional form is approximately known and the associated
optimum values for A,B,C are to be determined from observations on the
process.

The procedure described in section E.2 is shown in operation on the following
pages. A,B,C are originally estimated to be 1,0,0 and observations are
carried out at times T=1,2,3 and 4. The residual vector (Observed-Computed)
for X and Y at each sample time is thus obtained. The residual vectors are
also obtained for the cases when A,B,C one by one are estimated to be 0.1
larger. This gives the residual R-matrix.

The square root of the sum of the squares of the residuals before each
iteration is the measure of the closeness of the estimate. In this example
the original estimate and sample times result in relatively wide variations
of the residuals, but the system is seen to approach the true values of
A,B,C after three iterations. The fourth iteration is essentially
superfluous. The optimum obtained for A,B,C is 1.78, 0.84, 1.02. Further
optimization is not possible unless the model is formulated more closely to
the actual process.
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LEAST SQUARES OPTIMIZATICN

SQRT(SUM  (RO) 2)

+5768305+01

R-MATRIX

ORIG.
«210758E+00
~e238931E+01
*+128565E+01
~e275310E+01
«203342E+D1
~+235295E+01
« 265546E+G1
-.125100E+01

H-MATRIX
«332733E+02
«340526E+02
+319397E402
«3090555+932

174
«320435E+0 4
-e837149E+03
-.148173E+404
~e996749E+0 3

ROW SUMSS
~-.110681E+03

DA
.724973E400

Nz W A
«172497E+01

(0-C)

DA= L1
»110758E+00
~e243931F+01
«108565E+01
-+295310E+01%
+»173342E+01

TRIALS
D8= .1
«310753:2+3¢C
~e2294L31C 4212
+ 1385655+ .1
".2558105"01
«213342E8431

-.28029%E+01 -.2857952Z+01
+225546E+01 2755455 +01
-.205100E401 ~-.£55998E+Q¢C
(RACOYP
«340526F+02 «+2319397E+32
«360169E+C2 «3212€62+¢52
*321265E+02 «30393h32+(2

«31u84BE+Q2

«837149E+03
«220866E+03
«392330E+03
«252u71E+03

+285178F+02
0B
«127205E401

8
»1272855+01

0 237273:+732

- 1481735450
.2923292497
«703230E+07
6362072403

+500377%+¢2

ne
«C16678Z+0C
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nP: ‘1
»110753E+97
-eZ3EY3ILTH+IL
113503 +5L
-«255310E+01
+192324284+11
-+ 2152952 ¢351
+2555465+01
~«1051035+01

«XJ90555+02
«314E437+32
«2372735+732
«2B7I77Z+37

~+9267%35+33
«2524713+073
JLIG237E+323
+304L1332+33

«383559E+432

ey




LEAST SQUARES QPTIMIZATIONM

SQRT (SUH
«335202€+01

R-MATRIX
ORIG.
«763352E+00
~«119790E+00
«111327E+01
«623211E+00

«113606E+01

«140517£+01
«103314E+01
«216396E+01

W-MATRIX
«112401E+02
+987061E4+01
«134238E+02
«115500E+02

1/W
e17L34SBE+D3
-.938558E+01
~.143C03E+63
«493760E+01

ROW SUMS:
«262978E+02

DA
+685277E-01

NEW A
»179350E+01

(RO) 2)

(0-C) TRIALS
0A= .1 08= .1
« 790557400 +G3ISHLIZ+3C
~e123491E+060 =-,17534L422+C(
«1040647E+401 «1285775+31
¢« 5967155 +0G «743156E+0C
«963268E+00 +130856E+01
+125583E+01 «1694H61E401
«760341E400 +120563€+01
,»179188E+01 «2€2590E+01
(RADJ) K
«967061E+01 v134238E+]2
.837293E+01 01155176452
«115517E+02 «16G4653+52
«100193c+02 +139273E+02
-29985585+01 =-.143C635+03
c193347E402 ~-.€340L25+01
-.634042E+01 «1321112+03
«890337+00 ~-.101441=402
«389G0BE+01 ~.2637675+02
D8 TpeT T
-.463580€E4C0 +328582E~01
8

. 303466E+0D

GO

«C4%95

n

5I+I0

ITZ2ATION

nC= .1
6633525459
«8323955=32
«101327E+01
«823211E+3)
«103636E+31
«160517€+01
«9323135E400
+2363353+31

«116536062+32
«1031332+12
«1322737432
«1225923z+)2

LG3I75G5+ 01
«8G0337E+00
~e1016415422
«618572E+01

f1869565+9;
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LEAST SQUARES OFTIMIZATICOM

SART (SUM
«625550E+30

R=-MATRIX
ORIG.

-.822941E-01
-.231400E-01
+199096E+00
-+127190E+00
+153362E+00
-+260812E+00
~.180930€E-01

-.486126E+00

W~MATRIX
«391313€+00
«660615E+00
«358204E~01
«186652E+00

1/W
«490695E+02
-.26B635E+02
-.233423E+02
«206152E+01

ROW SUMS?
«905149E+00

DA

_Ts116563E-01

NEW A
«178184E+01

(R0} 2)

(0-C) TRIALS
DA= .1 08= .1
~.101448E+30  ,970563F-01
~.249743E-01  , 224415302
$7938225-01  .378LLEE+0C
-.1G8178E400  .775438E-01
-+657912E-01  ,3327123+0¢C
-.500953E+00  ,123272E+00
~.337246E+00  .161257E+00
-.995420E+00 .7733845-01
(RADJIF
.660615E400  .3582043-31
+14164BE+01  ~-.209397I+3¢C
-.209997E+30  .216533:+43¢
+359164E+00 ~-,F053063-32

-«268635E402
J1EL2T73E+02
+133667E+402

— 4 4B31LE+D]

-.105261E+01

1]}

.273035E-01

B
T+ 8357695400

-, 2334235452
+1386672+02
«1495235+92

-.23011075+01

«2465622+01

o

«743294E-31

c
T.102387Z+01
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£c= .1
-e1822345413
«1768512+31
«3u{3555-01
«7280958-31
«5336225-31
~.608123E~-01
~.116093E+130
~e286126E+]17

«166652E+30
«3591545+30
~.505335¢~12
+1819915+99

« 2661525431
4P 314F 401
~e331137E+21

«1215843£+92
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SQRT(SUM (R0) 2)

+333392E+00

R-MATRIX
ORIG.
-.105740E+00
«134387E+00

+187306E+00

«870478E-01
«153229E+00
+217935E-01
~+657027E-02
~+123496E+00

W-MATRIX
«111150E+00
«110636E+00
«111515E+00
«112274E+00

1/M
+583953c+02
~+268821E+02
~.236074E+02
«103385E+01

ROW SUMS:
.893968Ef01

DA
«718349E~03

NEW A
«1782556E+01

[ T T PR RPN PSR SRR AN

(0-C) TRIALS
Da= .1 08= .1
~+122163E+00 T244417-01
«13303%E+00 «154741E+0C
+7088256E-01 +365490E+00
«192762E-01 +285586E+0C
-+631945€E-01 3314135406
-+2124G1E+00 +398516E+00
~+322993E+00 «171614E+00
-.0624114E+040 «431411FE+0C
(RADJIF
«110636E+00 «1115152+GC
«530963F+00 -.387123E+3¢C
-+ 387120E+J0 «728553=+0¢C
+175431E-01 « 2714702406
-+266821E 402 -.23607uE+22
«1€3L43E+02 1410404072
«141040E+G2 «1420084E+02
~e350156E+01 ~.LHLOG3E+DL
«6UB634LT7E-01 «654569E~-01
pg — nCcT
«727488E-03 -.EL1357E-33
B c
« 836L97E+00 «102306=+21

ITERATION &

~C= o1
-~«205740E4+97
» S3432T875+)3
«8373057E-91
«287043E+020

«532286z-21

0221734%+00
~.106579E+30
«765042E-31

«112274E+90
«175431:-931
$271L7 535423

TTe3133985+397

.1C03335E+51
-+350155E+01
- LcLDHE+TL

«703824E+01

-.721034E-31
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Appendix F

Formation of the Driving Noise or Uncertainty Matrix qQ

!
Due to our inexact knowledge of the physical forces influencing the rocke. g
trajectory, the state vector error covariance matrix must inevitably increase :
with time in the absence of additional radar observations for updating this |
vector. This phenomenon is mathematically represented by adding a diagonal

matrix Q to the error covariance matrix at each step of the integration E

process. i

In the original DRIVES implementation the Q element corresponding to the Ith
velocity vector was given by Q(4-6) = (ACC(I) e« QFACT = DT)Z where ACC is
the acceleration at the time, DT is the integration step size, and QFACT is a
Jjudiciously chosen factor usually between .01 and .l1. The corresponding
position vector element was given by Q(1-3) = Q(4-6)« DT2/4. This form
makes the reasonable assumption that model uncertainties are greatest at times
when the greatest accelerations are experienced. Operation has usually been
satisfactory except at re-entry when model and data sometimes deviate.

The present DRIVEB in the normal integration-filtering mode replaces radar
data near launch by an optimum trajectory which connects smoothly with
subsequent radar data. This feature plus the need for greater emphasis on
data at re-entry led to the formulation of the Ith velocity vector as
Q(4-6) = OVR °lACC(I),~ (.01 « QFACT . DT)Z where OVR is the vehicle range
at the time, and the absolute value of the acceleration is used. The .01
multiplier gives values comparable to the earlier DRIVES version for 20-30 km
range with QFACT relatively unchanged. The position vector elements are as
before Q(1-3) = Q(4-6) ° DT2/4. This form has proved to be an improvement.




Appendix G

Significance of Radar Parameters in the Filtering Equations

Radar error estimates determine the measurement error covariance matrix
W(k) which in turn directly affects the forward pass Kalman filtering gain.
A prime concern in our applications is to obtain the best transition to
radar data as it settles down from launch fluctuations to smoother down
range readings.

The critical choice of radar parameters for most rockets is therefore where
the velocity is high and the range low, and where the data is first considered
reliable. At 20 to 30 seconds from launch, calculations of variances for
various radars have established the following factors to be predominant
over other noise sources by two or more orders of magnitude:

Range velocity lag coefficient for range error

Base angular variance for azimuth and elevation error
For flights where the radar data is particularly good or poor, the above
parameters may be appropriately adjusted from nominal to better represent
the operating conditions and correspondingly the forward filtering gain.
The estimated white noise matrix W(k) is derived from the variance figures
VAR(RANGE, AZ, EL) adjusted for range and elevation of observation, and
decomposed into the geocentric coordinate system.

Typical range error variance values for AN/FPQ-11 and FPQ-6 radars for
a rocket range rate of 1.5 km/sec at 20 to 30 secs. from launch, and a
range velocity lag coefficient of 0.2 kyds/kyd/sec. are approximated by

(0.2 » 1.5)2=0.1 km?

Corresponding azimuth and elevation error values for base angular variance
ranging from 10.0 to 0.01 mil2 result in variance figures from 10-5 to 10-8.
At 30 km range and 60° elevation these are equivalent to variances of 0.005
km¢ and below. [10-5 . 302 . cos(60°)].
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