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CHAPTER 1 

INTRODirjriON 

Thm opt imitation of a ctlaatial maaauremant achedult for a 

roawttt'l space mission hia bacoros a subject of graat in-portanea in 

the last few yaara«    Walter F« Oanham and Jason L« Speyer of Rs/thaon 

Company considered this problem in a recent report (Reference 3)* 

They sought to minimise the position estimation uncertaincjr at tha 

terminal point of a fr ja-fall mission by comparing various sequences 

of star and star-horison msapuremaists«   A atecpaat-dascant numerical 

procedure was used to obtain the optimisation*    Tha authors9 results 

shoved s 10% improvement over a schedule earlier proposed by Richard 

!!• Battin, of the NIT Inatrumantation Lab*    In this and ainllar 

studies» the locations in time for tha various maasuremants ware hold 

fixed and apacad at nearly equal intervals*    Tha purpose of this the« 

aia is to investigate tha behavior of such a nominal  time schedule 

as the meaaurement timia are changed to decreaaa terminal position 

uncertainty*   The model used is a planar» circular earth orbit irtiar« 

the target point appear a in the first revolution«   Only one type of 

meaaurarient is considered, tha star*alevstion angle» and use of both 

horiaons is investigstad*    In addition» tha time optimisation prob* 

lern is coupled with s Iior iron* select ion procedure» to compere with 

the aingle*hjrf*son modi* 



It it «xpaetttd that thor« ar« ctrtaln prefarrad maaaurtmant 

position« along the circular path«    If tha tlmca of tha reaaiura* 

mant» are fraa to changa» they ahould eventually cluatar about thaaa 

polnta In order to effect a reduction In position uncertainty*   A 

similar hypothesis can be stated for the horizon selection«    It is 

probable that there ere certain areaa along the planar trajectory 

«hare it would be more beneficial to use one horison instead of tha 

other*   The steepest*deacent procedure will bo used to determine 

tha optinum schedules in both caaas« 











CHAPTER 3 

APPLICATION OF STEEPEST-DESCENT 

The statp««^descentv or •••cent» method ie one of e Dumber 

of oumarieel techniques developed over s century ego by Csuchy end 

others of that era«    The advent of the hlgh*speod computer has 

brought many such procedures back to life*    Largely reaponsibls for 

the revival of ateapsat*descant are Kelley and Qryson who, working 

independently» recognised its superiority in certain classes of prob» 

lernst    It eliraioeteo much of the guesswork associated with other 

methode by assuming a non-optlnal t nominal solution» and proceeding 

to the optinsum by a series of linear» incremental changes*    Ths nom- 

inal solution need only be a reaaonable first guess and may or may 

not aatisfy ths boundary conditiona« 

An analogy» credited to Bryson» illustrates the method quite 

well*   A hiker» climbing a mountain in a dense fog» will climb where 

the slope rises the sharpeat to minimiaa hie time of aacent*    Because 

of the fog» he must relocate the direction of steepest riss at regu- 

lar intervale*    In equation form» the direction in ehieh he climbs 

from hie starting point ist 

^ 

^ 
K 

y-n 

• \k*\ 
(3-1) 

I 



«her« • It tht function deicrlblng the hill«   The horiionUl die» 

ttnce roved in a certain direction it directly proportional to the 

tlope in that direction• 

A x   .    xj - ^   -   Kt^ 

(3-2) 
^ y •  y2 - Ti - KI^ 

The linearising ateumption is that the total vertical ditttace climbed 

equals the tun of the computed vertical dittances for the x end y 

direetiont« 

As-    aAxt'i-Ay (3-3) xl fl 

The climb ar will decide btfor« he ttartt hew far he will climb ver- 

tically before re*attetting tht direction«    H«icc, A s it t knoun 

qutntity* 

A t   ^   K    (s^)2 ♦  (Sy )2 (3-4) 

The oousttnt K» which covtrns the horisontsl distancet can thtn be 

determined« 

-   - A« (3.5) 

V2 + iMri)2 

The climber p edicts that hie new sltitudo» uhtn he hat arrived et 

point 2» will be Sj ♦ A s«    The setusl altitude will normally be less 

thsn this straight lino extrapolation of slope«    After determining 

the new direction of eteepeet aeoent« the climber repasts the pro* 

cedure until finally» the actual change in altitude it much lett 

than he predicted» indicating he it approaching the top of the raoun* 
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JfiCtory« The dapendcat variables ere functions of tine eo that (3-7) 

Implies e eet of n linear equations with variable ooaff lei ants« The 

Sy.  terms represent a amsil variation of the dependent variables 

from their nominal tine history* A set of aquatlone adjoint to (3-7) 

is defined In equation (3-8)* 

The partial derivative In (3-8) Is the negative trenspoee of the ein»» 

liar quantity In equation (3-7)* The reaaon for the adjoint equation 

la made clear In the following aequenoet 

i-l l-l 

* l £ o, ^i s», • tj JiUn»       **> 

The double auawatlon term In (3-9) equals aero alnce only the Indieea 

differ« The left hand aide of the equation le equivalent to the time 

derlvetlve of L.  £ y.« 

i-i       i-i * 

The expreaeloa which relatea Incremental changea In the control varl- 

ablee to the reaultlng changea In the dependent variablea I a obtained 

by Integrating equation (3-10) over the flight time« 
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It. S *w*t on) 

i-i 

^ ä 2 L. ^ 

L.S 

1-1 

1 

LK(t) S b(C)dt 

Th« quantity Lb(t)9 defla^ in (3-11),  is thm Influance function ••• 

•ocinud with th« control function« b(t).    The dofinition of the ad* 

joint variable Li9 dafinad in aquation (3*8)»  la juttifiad by thia 

aitLpl« «xpraaaion*    L|  is a known function of tha nominal  trajactory 

and its boundary condition it a function of the cost» which is uaually 

dataminad at tha torminal point of tha fl'ght« 

LjCT) ^ Coat Cost Coat [y(T)J (3-12) 

t-T 

Tha objectiva ia to ralata changaa in coat to changaa in tha control 

function by tha uaa of tha adjoint variabla*    By daflnition» tha dif« 

ffirential coat change ia a aum of partial darivatlvaa.    Uaing aqua* 

tion  (3-12)t 
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Gott V    J Co<t  c 

t-T 

£ 4 S yA 
t< 

(3-13) 

Subttltutlns (3*13) into (3-11)1 

T 

Cost   -  \     Lb(t) S b(t)dt ♦ f WS 
l-l 

t-t. 

(3-14) 

Tho odjolnt variablas L^,  cm b« inttrprotod «• tho influence func- 

tiont for tho initial conditions of tha dapandant ▼ariablaa*   Tha 

S Cost tarn in aquation (3-14)  is pra-salactad.    For s givan vslus 

of   £ Cost, it la dssirsbls to raqulra tha snsllsst poaslbls ohangaa 

in tha driving function and initial oondltiooa ao that tha linasr 

parturbstloa aquation la valid«    Statad another way,  tha problaa is 

to miniaiss tha effoet of tha aaoond-ordar S b(t) and  f y^  tarma for 

a constant ooat ehxuga*    Iba susnstlon tens in aquation (3-14) can 

ba rowrittan aa a dot product to ainplify tha mathsnatlcai 

uhara 

r0 

Li.i 
4«»,! io'^lo 

r       - 

LLnj 

t-t. 

«.   * 
»2 

(VIS) 
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If thm 1th inltltl condition It •p«olfi«d9 S yi It «fro and tht Ith 

tarn dot« not contributo to tho dot product« Thm variadoaal CAICU« 

lu» problfli con th«n bo stated at follovsi 

T 

nininltoi J f    |jb(t)|2dt ♦ c<  |SXo 

(3-16) 

•ubjoet tot S^Cott    •   A    •    constant 

Tha positiv« oonttant <K in (3*16) it chotan to makt tht dintntioot 

coopttiblt in tht J axprcttion« Tht probltn ctn ba ravrittan using 

Ltgrtngt nultiplitrtf 

jt   •   J ♦ T^ (gCott - A) (3-17) 

whtrt J9 it tht quantity to bo ninimlttd*    Subttituting from tqua* 

tlont (3*14) tnd (3-15)i 

T 

J«    -    /   mVt) Sb(t) ♦  |Sb(t)|2   Ä 

^ (3-18) 

♦TV io * Sxo ♦0<|^Zfli2     Aä 

J* can ba dividad into thraa parta» a function of Jb(t), a function 

of ^j^ and a oonttant« 

T 

J«    -    J       fx [S b(t)] dt ♦ ^(^Xo) ♦ oontttnt (3-19) 

s 
To miniaitt J9i 
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VS^    - IV L^t) ♦ 2 § b(t)    -    0 (3.20) 

The seooad dcrivatlvea in (3*20) and (3-21) «re both positive end e 

fflinitouD for J* is eseured*   These equetions show thet the smallest 

ehangee in the driving function and the initial conditions to result 

in a given cost increoent are changes proportional to their respec- 

tive influence coefficients* 

S b(t)    -    • TT LKU)    -    IC Mt) (3-22) •TLt (t) - K l-b(t) 

- - 
K 

ho 

The eign of the constant < ia chosen positive or negstive for a de* 

sired cost increaae or decrease« Substituting equetions (3*22) end 

(3*>23) into (3-14) results in the cost sxpreseion es s function of K< 

£cost < r [i-b(t)] 2dt ♦ ^ 

'o 

(3-24) 

Since $ Cost in pre-selected end Lb(t) and Jg, are known functions 

defined by equations (3-11) and (3*15) the unknown K is detennlnod 

by equation (3-25)« 

/ [V'>J 

Cost 
(3-23) 

2dt.iiL! 
2 

«o 











CHAPTER 4 

COMPUTER SOLUTION 

Xh* epaciflct of the oomputwr program usod Co implament the 

theory developed in Chapters 2 end 3 end Appendicee A  thru E ere 

covered In Appendix F* However» it will be useful to underetend how 

the probleo solution is eerried out« The flow eherte in Figures 4«l- 

5 will help in understanding the methode used« 

Figure 4«I givss the flow chart for Block One (no horiaon 

chenge)« Here the new meaauremsnt time schedule is computed using 

the same measurement vector» either left or right horison« 

The input data needed is covered in Appendix F« From equa- 

tion (A*14), the mees'irensnt vectors can be computed« 

^(RICilT) 

Ji(LEFT) 

.(«2 - rE*? 
1 
8 

0 

0 

(4.1) 

(4*2) 

19 
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Using thoM vector* and th* ttato transition matrix aquation 

(C"4) tha target aatimatlon arror oovarlanea rnatrlx» aquation (B-26) 

can ba corapuwad« 

Aa aho«m in Appandix B, tha aynplactio proparty of tha atata 

tranaitlon matrix a.lows one to airaply oooputa tha matrix invaraa 

and matrix tranapoaa invaraa by rearronglno tha alanantt«    equation 

(C-7)  la oomputad in a simple aubroutina* 

Tha matrix Q Is covered in Appandix 0*    Now» tha ooat oomputad 

will ba the follovingt 

Cost   •   tr [QBJ (D«2) 

The ooat vill ba dealrnatad the old ooat» oo» whan the computation 

uaaa a maaauremaat time schedule which is either the Initial one or 

a raault of a previous iteration* 

Ueinß tha present target estimation error oovarlanea matrix 

and equation (D*13) the influence coefficients are oomputad« The 

logic used will change tha meaauremimt time schedule by an amount 

depending on the influence coefflciant having the largest magnitude* 

Now» if wa define e acale factor» af» eat 

af •  Imaxiinura influence coefficient I 
maximum time increment 

or 

af -  |E^ (40) 

than the now measurement time defends on the old maasurenant time 

and the velue of tho influence coefficient at the old measur« 
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Exempt for uiloj a difftrcnt m«afursn«nt vector «t oach tin«9 

tbm m*mrmamt tint tchodulo optimisation if tht aaroa at la Block 

Ooa«   Aloo linca llnoarity la aaauntd suparpoaition holds» and tha 

taaaaurawant tliaa and tori son acha^ula optimisation can ba carriad out 

Indapandantly* 

Tha maaauranMnt tlma achaduTe optimisation is ooraplatad first 

and than ualng aquation  (E«17) tha horiioo Influanca vactors ara oom- 

putad« 

Uains aquations  (E>20) tha chanf.a in coat ia computed*   Only 

If this change in coat la nagativa» will tha total coat ba reduced 

by changing the meaauranaat vector« 

To avoid going outside the liner ranee by making the change 

In coat too large» only ona meaaurcment 'rector will be changed at a 

time*    Thia will keap the ehange In coat aroall*    Therefore» only 

the meaaurement tlma having tha negatlva change In coat with tha 

largaat magnituda will >aya Its meaauraoant vector changed* 

After this particular maaauranant vector is changed» the neu 

targat eatlmatlon error covarlance matrix and a new coat are computed* 

A a baforei 

ace   •   oc • nc (4*3) 

and the predicted change in coat is defined by equation (4*12)1 

pec    -   - 5 Cost (4-12) 

wherat 

£ Coat    -    • -2» (^ Cjl  E^QE. cj*1) 5^ (E.16) 

The ratio of pee to ace ahowa how the change effacted tha coat* 
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Iba nm cost etn be oooparcd to th« old cost to ■•• if ch«nga did 

dtcroat« tho coit» 

Subroutlno JUMPt Figurt 4*3 ihow« th« logic uaod in ehongiog 

th« moasuroncnt voctor* 
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TABLE 4-1 

SYMBOLS FOR FLOV CHARTS 

a      ratio of actual cost change to old coat 

ace     actual coat change 

A C^    coat change due to change in roeaaureoent vector 

C      eatimation error covariance matrix at target a 

£Cj influence coefficient for meaauremant time change 

SCM largest value for EC. 

Fa final an£.le of the orbit 

S Lcl oeaaurement vector change from r.ght to left horiaon 

§ j*lx meacureraent vector change from left to right horiaon 

IIIV^. horiaon fU: 

• 0     using left horioon 

• 1      using right horiaon 

mpc maximum deaired percent coat change 

n mean angular rot ion 

ne new coat 

NX number of iterations 

oc old cost 

pc percentage coat change 

pec predicted coat change 

r ratio of predicted coat change to actual ooat change 

af scale factor 

t. new meaauremant time 
n 

l0 
t       old meaauremant time 



A IQ maxlioun) time increment 

^ t1 actual  time incroment 

Ä influence vector - L 

Subecripttt 

|9 k menaurement timea 

I one particular meaaurement time 

N meaauremen; time having the a -      Ck with the largeat 

tna^nitude 



CHAPTER 5 

RESULTS AND CCNCL.^IONS 

As rotntlontd In Chapter 29  th* hypo thesis ssscclstod with 

ths tins optlnisstion problsm is th«t9 in s sehsduls of thirty 

squally spsosd msssursment points»  Chsrs srs s certain numbsr of 

prsfsmid positions«    Xs/Kjrsmsnts nsds st or nssr thsse positions 

should rssult in s lonsr cost« ths sum of ths squsrss of torminel 

position uneortslnty»  thsn nsssursmonts nsds st othsr points sloag 

ths trsjsctory«    If chc tlmss of ths vsrious points srs sllovsd to 

ohsags to offset s coil, dsersese» thsy should duster sbout the pre» 

ferrsd» or optiran« points«    Ths method of stespest descent is per* 

ticulsrly spplicshls to this typs of problsn since ths relative slss 

of ths thirty influence eoefficisnts indicstas ths sensitivity of 

their oor re spend ins points«   Ths tins ehenßes srs proportionel end 

of opposits sign from their respective ooeffleients» so thst e rele- 

tively Irres velue for L^ indicstss thst s substentisl time: chenge 

should be merle in e «pacific direction«    If ths optimum points ere 

well »defined« their position on the trsjsctory should not chsnge sp- 

preeisbly ss the times of ths nessuremsnte ere chenged*    Therefore« 

e plot of the influence eosfficisnts ss s function of the correspond« 

ins esntrsl angles for ssch osee should serve to loeete then«    Thsss 

35 
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laflu«io« fuactloni art plotted In Figur«« 5*1 and 5*2 for tht cost 

vtlu«i llttftd in Tab)« 5-1. 

NOMINAL CHANCE    •    25t QIANCS    •    301 

RIGHT .6405 x 109 «4666 x 109 .3221  x 109 

LEFT 1.1628 x 109 .8432 x 1Ö9 .5732 x 109 

COST VALUES - FT2 

TABLE  5*1 

Th« **RICnr   horlaon ia that oppoalt« to th« direction of motion» «« 

d«fin«d |l Appendix A*    It i« «viddt from Tabla 5-1  that9 for a 

aingla Vorison rafaranc«t th« right horiaon ia pr«f«rabla.    Tha an- 

gular liaperaion of tha maaaumoMnt polnta oorraaponding to tha abov« 

oo«t i«lu«a «r« more clearly ahown in tha polar plota» Figur«« 5*3 

thrc.gh 5*7•    Th« ganaral oonfigürationa of tha influane« function« 

in ;igur«« 5-1 «nd 5-2 remnin th« ««a«9 «v«n «ft«r «ub«t«nti«l ch«ng«t 

in cost.    Th« ircr«A«c in «nplitud« indicatci th«t th« tin«« «r« 

drlvtn hardar toward th« optimum aa tha optimum ia approaohad«    Tha 

avra«r« in both figuraa indieata th« direction of tim« chang«9 «nd 

f«rvo to dafioa tha cirdad atabla polnta«    It «pp««r« th«t four elu«- 

t«r/  «hould r««ult9 two «t th« «nd point! «nd two in th« ralddl«.    Th« 

clii«t«r locations pradictod from Figuraa 5-1 and 5-2 ara givan ia 

T«b'.« 5-2» 
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Ut M 3rd 4th 

Hicirr 0° 58.5° 170° 2900 

LßFT &> 70° 

CLUSTER PREDICTIONS 

TABLE 5*2 

176° 290^ 

For a total cost Changs grsatsr than SOX« ths dispsrsion of ths 

points Is not sufficient to accurately Identify whe sero-cross Inge 

in an influence function plot*    Subsequent iterations vcre carried 

out» periodically decreaaing the ataxlmun tine increnent and required 

percent chitt\ge» until trhe clusters wars clearly defined«   The engular 

dispersion for a coat change of about 757. ia shovn in Figures 5-8 

sad 5*9«   At this point, it is obvious that theve will be only four 

eluatera«    The influence ooeffieienta at this stage tend to   rive a 

number of the times beyond the end points«   As noted in Chapter 4, 

the meaaureosnt poaitiona are oooatrained once they reach CP and 

290"t and the larfee end-point influence coefficianta are ignored in 

cooputlnc the predicted ooat change for each iteration* 

Accurate identification of the poaltion of the clusters wss 

not possible until after several itsrstions requiring a *1Z ooat 

decreaao or leaa*    Tbe else of the clusters cannot be predicted since» 

in ths early iterations» the progrsa drove ths time locations quite 

hard until a substantial coat decrease was rsalised*   There «ere 

osversl  instanoes of pointa ^junping** from one cluster to another* 

It ia reaaonable to sssunve that a tighter tolerance on the M<— 

time increnent would reault in different clister si see*    Ins loose 
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RIGHT HORIZON LCFT HORIZON 

16°    to    109° (P    to      16° 

212°    to    290° 109°    to    212° 

AREA PREDICTIONS 

TABLE 5*7 

A tirailor lint of ruaoninc applies to th« tlawoptinlsatio« 

clustors«    Changing tha horixon from right to left ehould not effect 

the number of clusters although their positions may be olightly al- 

tered«    The predictions for the cluster poaltiona are given in Table 

5-8 along with the predicted horison obteinad from Table 5-7. 

ANCLE HORIZON 

let 0° LETT 
2nd 72° RIGHT 
3rd 202° LEFT 
4th 290° RIGHT 

CLUSTER PREDICTIONS 

TABLE 5-S 

Aa expected« the effect of two optimisation procedures Is 

to provide for more rapid convergence* The horizon changes made 

along with the reapective central anglea are Hated in order of 

their occurrence in Table 5-9* For each iteration« the proposed 

horison change which resu?ta in the greateat coat decreaae is the 

only change made* The numbers aaaociated with the points are tha 

identification numbers in the program. After several iterationa« 

these numbers lose their meaning since the points may paaa each 

on the way to the optimum* 
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POINT NO. CHANGE 

If RIGHT TO LEFT 
18 ■ 
17 M 

20 N 

16 ft 

21 ■ 
15 ■ 

1 n 
14 m 

22 ft 

13 ■ 
13 LEFT TO RIGHT 

2 RIGHT TO LEFT 
22 LEFT TO RIGHT 
21 LEFT TO RIGHT 

ANGLE AT CHANCE 

65.5° 
37.0° 
48.5° 
74.0I0 

40.Cf0 

82.4° 
33.6° 
8.2° 

22.2° 
90«80 

12.1° 
12.0° 
17.7.° 

240.9° 
252.0° 

HCmiSON  CHANGES 

TABLE  5-9 

The predictions in Table 5-7 were quite accurate for eeverel 

Iterationr  At one point tuwever9 while seeking en overall cost 

reduction of 5X or greater» the pror.rsro made chan&es which were ob* 

viously outside the linear range» A number of the angles were 

changed by 30^ or more. A cost reduction was realised from theae 

new velues but the large changea» in effect» altered the nature of 

the problem« If such violstions of linearity were not el lowed the 

new values would be arrived at from a different nominal schedule. 

This "new" nominal schedule would probably result in different sero- 

crossings in Figure 5-14 and he. co different predictions in Teble 

5-7. This lins of reaaonin0 seeks to explain the apparent diserepan' 

cies in the lest two entries of Tabls 5-9. 

As the clusters become more clearly refined- the horison 

aalection stabilises since there is no further movanent scross the 
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üoundaritt«    Th« r«sult of th« tint optlmlMtioo it giwi ia Tabl« 

UtaUDSD AMGU HORIZON 
POINTS 

l»t                            2 0°                        LETT 
2nd                        U 67°                       RIGHT 
3rd                          6 209°                      LETT 
4th                          11 W*                        RIGHT 

FINAL CLUSTERS 
TABLE 5*10 

Th« tablt show« that the horizon aalaction procodura doaa not ehanga 

appreciably the strength and position of the cluatara«    Comparing 

Tablea 5-8 end 5-10 ahows the ecourecy of the predictions*    The die« 

pereion of the points» at different etages in the optitiisetloa» it 

shot« in the polar plots» Figures 3*15 through 5*18*    The umiaal 

positions are the seine es shown in Figure 5*3«    Note that the im» 

provetoent in overall percent chenge Is       X over the ''RIGHT** case 

in Table 3-3, which hae Che sarae ia;v.isl oonditions*    The eitee 

of the tlae-'selectlon influence coefficients for points at and neer 

the cluster positions are compered in Teble 5-11» in order to justify 

the final position of tns clusters* 

u OFF ANGUUR 
CLUSTER CLUSTER DIFFERENCE 

1st 15.0 33.0 .03° 

2nd 92.8 872.9 .02° 

INFLUENCE COEFFICIENTS - FT2/SEC 

TABLE 5-11 
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tint changt taktt on a different meaning, dependent on where it oc- 

ean along the trajectory« 

The time*optimiiation problem can be coupled to a more sophis- 

ticated measurement-selection procedura as an extension for the 

second portion of the thesis*    As discussed in Chapter 5» the steep- 

•st-descent technique is not alvaya a reliable method in this dis- 

continuous type of problem*    The step sise from one possibls measure«* 

ment to another must be small enough so that ths linearising ssaump» 

tions ere valid or fslse predictions will result*    Denhsm and Speyer 

were conscioua of these limitations and steepesudescent worked well 

in their study* 

Different cost functions con be used to dctcrmi .e their effect 

on the dusters*    Some possible schemes are mentioned in Chapter 2» 

auch as a weighted average of position and velocity uncertainty* 

Instead of making many measurements in a shovt space of time, as is 

implied by the clusters of points, it might be more reasonable to 

track the angular elevation of a atar for a certain amount of tiro«* 

This would eliml- ate frocucnt changea of spacecraft altitude and re« 

suit in a significant fuel saving*    A cost function could be con- 

trived which would compare the effect of tracking on terminal posi- 

tion uncertainty to the effect of making discrete measurements* 

It is interectins to speculate on the physical reason! behind 

ths clusters*    It might be argued that a series of measurements early 

in the flight would tend to reduce the effec. of the initial estiros- 

tion error by improving the estimate before it propagates too far* 

Likewise,  the messurements near the terminal point would tend to 
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reduce the poei&lon uncerteinty of that point»    The position of the 

middle tvo clutters is somewhat of a mystery» however*   Aleo»  the 

etrength of the elustere» measured by the number of included points» 

end their convergence timee are by no means identical«    The values 

may be random in nature» but it is more likely that there are physi- 

cal causes* 

The results obtained are a strong sreument for the practicality 

of changing the measurement timee» in spite of the simplicity of ths 

problem*    It is reasonable to expect that a more complicated model 

would produce similar results* 











Rewriting CA-6) la ttrm» of the vector «i 

^M ♦ ^ B   -   A * Si CA./) 

An axpression for   $8 can b€ derived froca Figure I« 

•In B   • 
2i 

CA*8) 

Writing the perturbation of CA-8)J 

COS B S B • - -L- § s 
2B2 

Subetitutlng  (A-4) and the results of Figurs 2 in (A-9)i 

CA-9) 

SB   - >D 1 '  Si 
2z2co8 B z 

SB Dm 

23^C08  B 
6* CA^IO) 

Substituting  (A"10) into CA«7)t 

S M - ^ * ^£  .   QB * Si 
« 2z2008   B 

From Figure 1% 

aln B   -    ^j 

J M   •    l,(a - tan ftn)  • ^ I (A-U) 

It is shown in Figure 3 that a is perpendicular to n.    Figure 4 shows 

that tt.. bracketed quantity in equation (A-U) defines the third leg 

of s right triangle* 



Can  Bm 

FIGURE 4 

Un Q   -    tcn
l
B   •    tan B 

A 

B 

b    it perpendicular to    d ,   tha unit 

vector in tha diraotion of tha planat 

edge* 

Datermlning tha magnitude of b i 

1 ♦ tan2B   -    b2   ■   sac2B 

Defining tha unit vector £ : 

£   - aec B 

Equation (A-ll) can be rewritteoi 

SM 
z ooa D 

(A.12) 







where £x is the complete stet« deviation vector« 

X   - 
r 

v 
(A»17) 



APPENDIX B 

ERROR CORRELATION MATRIX 

The error vector e me- be defined as the difference between 

tht eetlneted and true veluea of the state deviation vector at any 

point In the trajectory* 

Sn - Sk-s x (B-l) 

The covarlance matrix of the error vector io of intereat sinco it 

describes the uncertainty in the estimated position and velocity 

deviation of the spacecraft« 

n ■ ÄAi (B.2) 

Bettln  (Reference 2) develops a recursion formula for the error cor* 

raletion matrix which will  be presented in this section«    It Is then 

shown that the recursion formula is equivalent to a more convenient 

representetion uslnf, the Inverse of the covarlance metrix«    It is 

this Istter form, referred to terget co-ordinates, which is utilised 

in the computer program«    Definition of the symbols to be used is 

necessery before proceeding«    The following superscripts! applying 

to the quantities  £xv  ^q and sB are deflusdi 

~ obaarvation 
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n TI«1 (B.7) 

Th-jf, ch€ tttlfluition «rror covarlance matrix at point a« Juit prior 

to the nth -Boasuremtnt, tqualt tht matrix juat aftar tha (II«!)^1 

naaauraomt whan they ara rafarrad to tha aama oo*ordinataa*    Thia 

ia a olaarar dafinltio   of tha extrapolated covarlance matrix than 

chat which equation (B 4) providaa* 

A linear eatimr. .e of tha atata deviation vector 

t    i9 given in equati J.I  (B»8). n 

at time 

(Ö-8) 

The beat aatitnata i J the extrapolated eatimata» defined in aquation 

(B^3), plua the weighted difference between the obaarved and extra* 

polated meaaurema:^t deviotiona*    The extrapolated quantityt o q^, da* 

fined at in aquation (A*16), ia what tha tnaaauraDcnt deviation ia ex* 

pected to be* 

cÄf T  fA» (Ö-9) 

The vector ^, i« the 4*diraenaional mcaaurement vector defined in 

Appendix A«   Tha weighting vector» w^»  in equation (a*6)9 ia a func- 

tion of the coveriance matrix*    The obaarved meaauremant cevietlon 

differa frxn ita true value by the meaaurement error e» a random 

variable lauumed to have aero mean value» 

S% - ^ s. ♦ • (B-10) 
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Equation (0-8) it cubscitucod into (5*1)  to obtain an expression 

for the errcr vector in term« of known quantities* 

The vector £ *£ ie equivalent to Sj^ since the actual state devia- 

tion at point n does not change when a new measurement is made« 

Therefore, in equation (fi»ll)t 

At ^«l- $ S*L • £ 

£e*  • £$£ 
Rewriting equation  (B-ll): 

5n   "    (I " %A^ * ^ (B-12) 

From aquation (3-2)9 the covariance matrix as s function of t^ is 

given in (a-13). 

E„ • {I - *AJ><" - ^ ♦ jwi 17 (3-13) 

In equation (fi*13)9 the error vector and the measurement error are 

assumed independent« Then the cross terms a ijj equal zero since the 

average mc-asurement error is assumed tero» /another result of this 

assumption ir the expression for the variance of the measurement 

srror« 

2 2  "2 a* - a* o a4 (Q-14) 

Since the weighting vector, VL,  ia arbitrary» it can be chosen 

"^ 
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'jl 

N 

1 

MJ1 NJi 

»Jl V 

■jl — (c-lb) 

'jl — (c-lc) 

Jl — (c-ld) 

Jl 
— (c-le) 

Symbols: 
(c.la) 

e 

£ 

E N 

n 

eccentricity 

eccentric anotnaly 

I  (Ej ♦ E,) 

mean angular motion 

■ ^i 
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if« (0-5) 

the last at«p following irom (D-4/. 

Subatltuting equation (D-5) Into (0-3)i 

-tf ^QEa 
d t:.. 

E a D (0-6) 

An txprattioQ for ttia partial dorivatlvo of A is nao<iod to complott 

the derivation«    Since the roeaauraxnent veotora are defined in the 

local vertical co-ordinate ayataro for each of the decision points» 

the atate-tranaition matrix rouat be uaed £o transfer tham to target 

oo^rdinater     Thia was done in Appendix B,  but will be considered 

here In a slightly different manner*   Aa noted in Appandix A, the 

type of aeaauremant uaed deterrolnea a unique n vector» the raaaaure- 

t vector In local vertical co-ordinatea with two added seroee« 

rhe ater elevation angle will be uaed at eoch point, therefore the 

fcth taeeaurement vector in the two co-ordinate ayatema are related by 

equation (D-7)* 

M la the meeaured angle and x ia the atate vector» where the auper- 

acript e refers to the target co-ordinate ayataro*    The atate-trenal- 

tion matrix ia defined by equation (D*8)« 

crt^ 
iO-8) 
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R writing (0-7)1 

• » 

ftl CT    f 

4 - ^J)'1^ (I>-9) 

Each of tha N identical meASuroroent vectors art transftrred to tar« 

gat co-ordinates by equation (1>9). 

Raferring to aquation (^5)i 

E ö    -    C    E C n an n i (B.5) 

Applying (B-3) to the initial error matrix»  E*, equation  (3-24) cm 

now be written aa an explicit function of time* 

^-A 
N     f* Tx"!       T--1 

k-l er 2 'oo o ao (D-10) 

The influence coefficient» equation (D-6), require! the partial deriv- 

ative of A with respect to t, • 

3 
A 1        ^(Cj)      n    Tr-1       ,r T.-l    0T Ifil (D-ll) 

A simplified expression for Che influence coefficient can now be ob- 

tained, uiins the following identities involving the trace« 

tr[AB]   o    tr[BAj 

trfA ♦ B]     -    tr[A ♦ BTJ 
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Fro« (0-6)1 

s - .« ^ ^ E.-| 

U    -    -tr|  -r-^- EaQEa   1 

Lie    -    - -^J «' [fiü Crt  *,QE. IBS^-. J (0-12) 

The expression In brackets In equation  (0-12) It In the quadratic 

form, hence  it la a acalar quantity and the trace notation can be 

dropped*    The final axpreaslon for the kth Influence coefficient la 

given In (0*13)• 

^    -    ' ^T? ^ C^ E«QEa     (CakTr   i% ^W> 



APPENDIX E 

INFLUENCE COEFFICIENTS * HORIZON CHANCE 

Th« influcnc« ooefficlsnts «Moclatftd vlth a postlbl« rhM^t 

of toriion have tht function «t ttoto itsoclatod vlth tho tins 

Chang« and uha cost relation hat a elrallar formt 

r V     ^ Coet c I^sK (i-l) 

The vector £ £■** defined in equation (E-2), vhere ^ !• the oeeaura- 

t vector expreaaed in the locel vertical eyeten at the k*" point« 

^(NEW) - ^(OLD) *Szk (£-2) 

The influence coefficient L. ,  in equation (t-Dt ia a colum vector 

whose seel er product with ^ &   la the cost change reaulting fro« a 

change in horison at the kth point«    Aa indicated in (£*1),  the 

of the k cont rhangtf should result in the total ooet change« If the 

eesutqption of linearity is valid*    The cost function,  position 

eetimatlon error» la used and eo the Q matrix» whoa« purpoae wee 

explained In Appendix 0» is retained« 

Cost   ■    tr I>J (EO) 

The expreaeion for the coet change at the kth point le found by 

101 
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. . 
vrlt!ttg the perturbation equattao.of (!•3) !Or a change of bort80D. 

' ; 

(a Coat)k • G ~r ·[QB~J 

( & Coat)k • " d.[QE·D 
( 5 Cost)k • tr QdE~ .. (B-4) 

Equation (0"10) provides an expresoion tn t81'118 of 'know quantltlu 
' . .., 

for the !.nverae of \;ba estimatloa error CO\'Ulace matrix• 

(D-10) 

The perturbttt1on of &8 can be vrltt8n as a fUDctton. of A, atmllar to 

tha development in Appendix o. 

__ E,!- • I 

.·.("E ". • •E §AE 
.~ .• .~.a . a .. 

Referring to (E-4), tbe'kth e.oat change DoW haa the forma 
''• :..~ '_ . ' 

... 

( S Coat)k' 7 - b: ~E•§ A ~.] , (E•6) 

The tx'~ce. 0~ 8 product~£: matrtc:8a can ~ rearraug~ •• followat 

(E-7) 
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·:b.~ p~rtu:rb&t!on of A, at the kth point, can be vrl ttm dlrect17 

(B-9) 

·11c kth cost chnnge can now be written ae a function ot knovn quan• 

:it,.(!z from equations (E .. B) and (E•9) • 

. c 1 ft [( T)•l c T ·1 
\ d Cotlt)k. El " ~2 tr LE.QQEa ccak 0 lltc' calc •1-

. '". (E-10) 
·. 

Scpara~lng the tracn expreaaion ttl- (E•10) into; tvo puta -and applying 

(Eo7) '1.o1ith "Aft' ~qual.to E8QE4 ~ 

< ;; Coat)k - • )2: (..- f•QE4 ~~Jf' b II(.~ c.,k1~ ••• 

+ tr *cJ>•lll!c S ~ c.;l J s8QEJ J (E•ll) 

'noth~.r identity involving the trace t.s found to be uaeful• 

. (E•l2) 

An e.xt'mlnatlon of equntion (E•ll) reveal.a the f~11ow1ng ldentitya 

(E-13) 

matr!eeu can be dropped• Equations (E•12) hftd (E•l3) ana then applied 

·. . 
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to (E•ll) to furthu ra4uce the coat change upr-lon• 

·~c_;q} 
'nt.Q elements of the tra•:e can be rearranged b)' tvtoe applflns equa.. 

tf.on (£•7) ware "A" in (E•7) la firat equal to E
4

QE
8 

and then 

<cJ>•l a Ak• 

< d cost)k • • ·/;. tr B c_;1z8 Q&8 <cJ>"'1 ~ (&•15) 

Equation (E~lS) can be simpl1f1ad by conaldarlng the following grouP-

1nga of 1 ts Glementat 

... 1 T •1-
Cllk EaQEa(Cak) a 4 X 4 matrix 

~ ~.,kl&aQEa <cJ>.;~ a rov vector 

Since 6 ~ is t1 colUDD vector. the bracketed aprualon in (E•l5) 

is a sealer and the trace notation e.en be dropped. 

(R-16) 

The influence vector may be 1dantlf1ed by comparing equation (R•16) 

with {E•2)• 

(1!:•17) 

In the time clump.e portion of the problem, the time of the 

dociaion points eould be changed ln whichever direction resulted ln 

a da~s• in coat• There la no aucb control in dum.slng the borl"" 

~n since the$ ~ veetor ls pre-determined by the present hox-laorh 
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·.11~.r.Cil ax-a only tt-.'0 poeai bla valuea for 5 !tc • depending oa whether 

~:h~ propooad ct-..sng12 is from the left to right borlmn or vtce-ver ... 

:::-rom Appsndlx At 

~ (LEFI') m 

~ (RIGHT) ., 

1 -z 

0 

0 

0 

0 

(A•14) 

The new measurement veetor ia related to the old by equation (B•3)• 

Th~!'cf.oxc:~ the two S ~ vectors have the following fcnm1 

S ~<(LEFT ro RIGH'l') -= 

b ~:(RIGHT TO LEFT) • 

0 

2 ... -
3 

0 

0 

0 

2 -z (&•19) 
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As expla!nad in Chapt~ 2; equation {E•20) la appltecS st each potnt 

and, tf the resultMt change in coat Ia negative, tha propoaed bort· 

zon c:hange is made• 

(E-20) 



APPENDIX F 

COMPUTER PROGRAM 

nte Fort:rt'.n program used to teet the theory covered ln thll 

thesis ia quite complex and Involves many subroutine&• '11le matn 

progrom flow chaxts are shown ln Chapter 4• Alao the logic far 

three subroutines ia covered ln Chapter 4• The main pronram curl .. 

the primary load for computing the n.w measur~!t time aehedula, 

selecting th!l rnaaaurement hor! zon aehedule, md perfomlng the optl• 

mJ. :-:~tlono The subroutine a compute variou! mat:rlcea, pcarform various 

nne ?rint vsrious matrices. 

The input data needed by the main program haa the follovlaa 

aequcnce and unit~: 

1) Variance ~f the measurement (radtana2) 

2) Altttuds of spacecraft (mllaa) 

3) Radius of the earth (mUea) 

4) Final angle (degrees) 

S) Grnvitatlonat constant (feat3/sec2) 

6) Number of i teratlOill 

7) Inl tlal measu1~ement time schedule (aee!mda) 

a~ nlock one, right then left 
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' 

.... -..· .. , 



bo Block bl01 1nltlal achadula 

8) Initial utlmattcm error covarlece matrix (feet2 8Dd 

f..-t2/HCODd2) 

9) Maximum t!me chagu (aeooacla) 

•• Right then left 
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10) In! tlsl moaaaremmt horizon achect.&la (Blo:k two onlJ1 

right horlzone•flag equals one, left horl801l-nag aquala 

zaro) 

The standard mat.rlx operatlana are needed In the prosr•• Al80 

etnce some of the veceora md matrlcea deperad upon the partlculu 

m~aSl.,rsmGn.t tlmo, apeclal \.~latlona are needed• '111e operatlo~aa 

needed, and the subroutines p,ttformlng thaD area 

1) Dot product (HULTt' and MUL'ro), 

2) Dlatlc product (MULTA and HUL TAA), 

3) I14trbc inversion (INVERT), 

l:) Matrix lTAlltlpllcatlon (t.UJLTB, MULTC, MULTO, and MULTE), 

5) Product of rem vcactor and matrix (MULTI), 

6) Matrix auma (SUMA, SUMD, and SUMC), 

7) Trace (TRACS and '!'RACE B) • 

Various matrices, wctora, and the re~lta of sneral matrix 

and vector equations are.-needed In the program._These aroa 

1) State tranaltlcn ruatrlx (TRANsr1), 

2) Inveraa of at:ate trana~tton n-etrlx ('lRANMI), 

3) Tran•poae inverse of atato tranaltlon matrix (TRANIT), 

4) Derivative of uch element of the state tranal tlon Mtl'lx 

(DTr..ANM), 
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S) t-!ntrix Q (AQM), 

6) Initial aattmatlca error covariance matrix ln tuaet co­

ordinates equation( B-.5) (ERRORI), 

7) Targat eattmatlon error covariance matrix, equation 

( B-26) (ERROIU-1) t 

B) Horlmn vector matrix (HORIZS), 

9) nor!~ ehanga vector, ~· {LAMM), 

10) Equation F•l (DERROR)t 

(F•l) 

+ 

l.l) TeBt on time change (CHECK), 

12) Nav lw.:'..asurement time aehedula (LOGIC), 

13) ~~-1 measurement bor1mn schedule (JUMP). 

Various matrices, vector•., Uata, and tteadlnga are needed ln 

the !:'e~l tfh Theso are printed by PRINTA, PRU~TB, PRINTC, PRINTD, 

an.d PR!NTR. 

Printouts vlll follow: 



c 

~ 

• 
c 
c 
c 
c 
c 
c 
c 
r 
'-

c 
,­
'-

c 
( 

MAIN BLOCK ONE 

l1ST 
LABEL 
DEFINITION OF THE VARIABLES AND CONSTANTS 
W IS THE ANGU AR VELOCITY OF THE SPACECRAFT 
TO IS THE TIME OF ORBIT 
FA IS THE FINAL ANGLE OR TARGET ANGLE 
T<IJ IS THE INITIAL TIMING SCHEDULE 
EI IS THE INITIAL ESTIMATION ERROR COVARIENCE MATRIX 
DELTMR AND DELTML ARE THE MAXIMUM TIME CHANGES 
SIGMAS IS THf. VARIANCE OF THE MEASUREMENT 
Al IS THE ALTITUDE OF THE CRAFT 
RE IS THE RADIUS OF THE EARTH 
U JS THE GRAVITATIONAL CONSTANT 
HR AND Hl ARE THE MEASURMENT VECTORS 
EAR AND EAL ARE THE FINAL CORRELATION MATRICES 
DTMENS!ON DRC4t4)tDLC4t4ltDELTRC30)t0ELTLC30)tEALl4t4)~ 

1 EARC4,4ltEELC30t4t4)tEERC30t4t4)tEIC4t4)tERRLC30t4t4)t 
t ERRRC30t4t4ltHHLC4t4)tHHL<4•4l•HLC4)tHR(4)tQC4t4)t 
3 RR(30,4t4)•SSC30t4t4)tTALC30)tTAL!C30)tTARC30)tTARIC30)t 
4 Tf30) ,TR( 30) tTLC30) 

COMMON FAtW95IGMAStTtEI•DELTMRtDELTML 
1000 READ l•SIGMAS•ALtREtFA 

l :=ORMAT<F20 1 10J 
111 ~EAD 112tU 
112 FORMATCE20.10) 

PRINT SOOtSIGMAS 
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BOO FORMAT ClH0tlOX34H THE VARIANCE OF THE MEASUREMENT •tF20el0) 
PRINT 80ltAL 

801 FORMAT<lH0tlOX33H THE ALTITUDE OF THE SPAC~CRAFT •tF20elOt 
16H MILES> 

PRINT 802, RE 
8')2 FORMATC1H0,10>'.26H THE RADIUS OF TilE EARTH •tF20.10t6H MILES) 

PRINT 803tFA 
~03 FORMATC1H0tl0Xl8H THE FINAL ANGLE •tF20.10t8H DEGREES) 

PRINT 804tU 
804 FORMAT(lH0,10X31H THE GRAVItATIONAL CONSTANT U =•E20el0t 

130H FEET CUBED. PER SECOND SQUARED) 
READ 999tN! 

999 FORMAT ( !10) 
PRINT 998,NI 

998 FORMATC1H0,10X28H THE NUMBER OF ITERATIONS ISti6) 
READ 2, C TR C ! ) • I= 1 '3 0 ) 
READ 2tCTLCIJ,I•lt30) 
PR!NT 808 

808 FORMATC1H5tl0X36K THE INITIAL TIMING SCHEDULE FOR THEt 
1 17H RIGHT HORIZON IS) 

CALL PRINTACTR) 
PRINT 888 

ABB FORMATC1H5tl0X36H THE 1NITIAL TJMJNG SCHEDULE FOR THEt 
1 16H LEFT HORIZON IS) 

' 1 



CALL PRINTACTL) 
2 FORMAT CF20el0) 

READ 2000,CCE!CJtK)tJ•l•4ltK•1•4) 
2000 ~ORMAT CF25e8) 

PR!NT 807 
807 FORMATC1H5tl0X28H THE INITIAL ERROR M~TRIX IS) 

C,\LL PR!NTB CEil 
READ 2001, DELTMRtDELTML 

2J01 FORMAT CF20.10) 
PRINT 2100,DELTMR 

21CO FORMATCIH0tl0X29H TIME INCREMENT RIGHT HORIZONtF20el0) 
PRINT 210ltDELTML 

2101 FORMAT(lH0,10X28H TIME INCREMENT LEFT HORIZONtF20el0) 
AL=AL*5280. 
RE=RE•5280. 
FA=FA*3.14159/180. 

3 T0=2.0*3.14159•CCRE+AL)**le5)/SQRTF(U) 
4 W=2e*3.14159/TO 

po HlT 805, TO 
805 FORMATflH0tlOX20H THE TIME OF ORBIT ••E20el0t8H SECONDS) 

PRINT 806tW 

111 

806 FORMAT!IH0,10X41H THE ANGULAR VELOCITY OF THE SPACECRAFT ., 
1E20.10,19H RADIANS PER SECOND) 

5 HR(1)=RE/( (AL+RE>*SQRTFC(CAL+REl**2)-(RE**2))) 
6 HR(2)=-le/CAL+RE) 
7 HRC3>=0• 
8 HR(4)::0. 
9 HL(l)=+HRC1) 

10 HLC2)=-HRC2) 
11 HLf3):0• 
12 HLf4):0• 

PRINT 809 
809 FORMATC1H5tl0X28H THE RIGHT HORIZON VECTOR IS) 

PRINT 880tHR 
PRINT 810 

810 FORMATC1H5,10X27H THE LEFT.HORIZON VECTOR IS) 
PRINT 880, HL 

880 FORMAT CIH0t4E30e10) 
NTY=O.O 

13 CALL ERRORMCEARtHRtOlCOSRtTR) 
14 CALL ERRORMfEALtHLtOLCOSLtTL) 

PRINT 811 
811 FORMATC1H5tl0X40H FINAL CORRELATION MATRIX• RIGHT HORIZON) 

CALL PRINTS CEAR' 
1-'RINT 812 

812 FORMATCIHS,l0X39H FINAL CORRELATION MATRIX• LEFT HORIZON) 
CALL PR!NTB CEAL) 
Tf..RIM=O,.O 
TALIM:::O.O 

15 DO 341 I=1t30t1 
16 CALL AOMCQ} 



.,._- -·~---

17 
18 
19 
21 

210 
22 

220 
"'~ 
t.~ 

24 
25 
26 

r 
\._ 

~ 

r 

29 
311 

33 
30 

321 
34 

341 

261 

26·'· 

262 

265 
263 

36 
362 
361 

35 
37 
38 

382 
381 

39 
40 
~. 1 
42 
43 
44 
l+ 5 
1+6 
47 

CALL MULTB CDR•EARtQ) 
CALL MULTB COLtEALtQ) 
CALL DERRORCERRR~HRtitTR) 
CALL DERRORCERRLtHLtitTL) 
CALL MULTE CRRtERRR,ORtil 
CALL MULTE CSS,ERRLtOLti) 
CALL MULTC CEERtEARtRRti) 
CALL MULTC <EEL•EALtSSti) 
CALL TRACES CTARtEERti) 
CALL TRACES CTALtEELti) 
TARIC!i=-TAR(i)*W 
iALICt):-TALCil*W 
29 THRU 34 DETERMINE THE LARGEST INFLUENCE COEFFICIENT 
~OR BOTH THE LEFT AND RIGHT HORIZON 
TARIMtRIGHT AND TALIMtLEFT 
IF<ABSFCTARICI))-A8SF(TARIM))311t33t33 
GO TO 30 
TARIM•TART C 1) 

IFCABSFCTALICI)l-ABSFfTALIM)l32lt34,34 
GO TO 341 
TALIM=TALICT) 
CONTINUE 
~RINT 261 
FORMATC1H0tl0X37H RIGHT HORIZON INFLUENCE COEFFICIENTS) 
DO 264 I=1,30tl 
PRINT 263tTARIC I) ti 
P R I wr 26 2 
FORMATC!H0tl0X~6H LEFT HORIZON Y.NFLUENCE COEFFICIENTS) 
DO 265 T=l,30tl 
PRINT 263tTALICilt! 

112 

FORMATC1H0t10Xt2H COEFFICIENTtE20el0t5Xl2H TIME NUMBERtPi·,·· 
PRINT 362 
~ORMAT<IH5tl0X23H DATA FOR RIGHT HORIZON) 
CRUD=DELTMR 
CALL CHECKCTARIMtTARitOLCOSRtHRtTRtCRUO) 
CALL LOGICCBIGAtTA~IM•CRVDtTARitOLCOSRtPCOSRtEARtHRtTR) 
PRINT 382 
FORMAT<lH5•10X22H DATA FOR LEFT HORIZON) 
CRUD=DELTML 
CALL CHECK (TALIMtTALitOLCOSLtHLtTLtCRUD) 
CALL LOGICCBIG8tTALIMtCRUDtTALI•OLCOSLtPCOSbtEALtHLtTL) 
N 1 t:Nt I+l 
!FCNII-N!l 42,45t45 
PRfNT 43,NII 
FORMAT<1H0#10X15H THf END OF THEti5tlOH ITERATION) 
GO TO 13 
PRINT 46 
FORMATClHOtlOXSH THE END> 
GO TO 1000 
END 

l 
i 
l 



r 
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MAIN BLOCK TWO 

LIST 
LABEL 
DEFINITION OF THE VARIABLES AND CONSTANTS 
TO IS THE TIME OF ORBIT 
W IS THE ANGU AR VELOCITY OF THE SPACECRAFT 
FA IS THE FINAL ANGLE OR TARGET ANGLE 
TCil IS THE INITIAL TIMING SCHEDULE 
~I IS THE INITIAL ESTIMATION ERROR COVARIENCE MATRIX 
DELTMR AND DELTML ARE THE MAXIMUM TIME CHANGES 
SIGMAS IS THE VARIANCE OF THE MEASUREMENT 
Al IS THE ALTITUDE OF THE CRAFT 
I HV C I l T S THE INITIAL HORIZON SCHEDULE 
RE IS THE RADIUS OF THE EARTH 
U IS THE GRAVITATIONAL CONSTANT 
HR AND HL ARE THE MEASUREMENT VECTORS 
EA IS THE FINAL CORRELATION MATRIX 
DIMENSION DELTRC30l•DHLRC4)tDHRLC4)•EAC4t4)tEIC4t4)t 

1 EERC30t4t4l•ERRRC30t4t4)tHRC4)tHLC4)tiHVl30)t 
2 H S C 3 0 ' 4 ) ' DEL C 0 S C 3 0 ) ' QJ 4 ' 4 ) ' R R ( 3 0 ' 4 ' 4 ) t T AJl_( 3 0 ) t T A R I C 3 0 ) , 
3 TLAMDAC30),TC30) 

COMMON FAtWtSIGMAStTtEI~DELTMRtDELTML 
1000 READ l,SIGMAStALtREtFA 

1 FORMATCF20.10l 
111 READ ll2;U 
112 FORMATCE20.10) 

PRINT BOO,SIGMAS 

113 

800 FORMAT ClH0tlOX34H THE VARIANCE OF THE MEASUREMENT •tF20.10) 
PPTNT ~rq t~.!._ 

8Ul FOR~A1ii~0,10X33H THE ALTITUDE OF THE SPACECRAFT •tF20elOt 
16H MILES) 

PRINT 802, RE 
802 FORMAT(1H0tl0X26H THE RADIUS OF THE EARTH •tF20elOt6H MILES) 

PRINT 803tFA 
A03 ~ORMATI1H0tl0X1BH THE FINAL ANGLE •tF20.10t8H DEGREES) 

PRINT 804tU 
804 FORMATC1H0tl0X31H THE GRAVITATIONAL CONSTANT U ••E20el0t 

130H FEET CUBED PER SECOND SQUARED) 
READ CJ99 '~H 

9QG FORMAT CI10) 
PRINT Q98tNI 

998 FORM~TilH0,10X28H THE NUMBER OF ITERATIONS ISti6) 
READ 2t CTCI>tl•lt30) 

2 FORMAT CF20.1C) 
PRINT 808 

808 FORMATI1H5tl0X31H THE INITIAL TIMING SCHEDULE IS) 
CALL PRINTA CT) 
RE~D 2000~CCEICJtK)tJ•l•4)tK•lt4) 

2000 FORMAT <F25.8) 
PRINT 807 
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♦ 
C 

SUBROUTINE TRANSM(TMtFItI) 

LIST 
LABFL 
THIS SUBROUTINE SETS UP THE STATE TRANSITION MATRIX 
DIMENSION TM(30t4t4)tT(30)tEI(At4) 
COMMON FA»W»SloMAStTtEItDELTMR•DELTML 

n«1.042.0#(SlNF( (FA-PI )/2«0) )»«2 
2)-SlNF(FA-Fn 
3)-SlNF(FA-FI)/W 
4)«(4#0»(SINF((FA-FI)/2«0))#»2)/W 
1)»-3.0»(FA-FI)^2.0»SINF(FA-FI) 
2)«U0-4#0#(SlNr( (FA-F1 )/2.0) )»»2 
3)--TM(I9\*U) 
4)«-3#0#(FA-FI )/W-».4.0»(SlNF(FA-FI ) )/W 
1)«3#0»W»(FA-FI)-W#SlNF(FA-Fn 
2)«2.0»W»(SINF((FA-FI)/2.0))»»2«0 
3)«TM( Itl •!) 
4)«-TM(I»2»l) 
1).-TM(I.3.2) 
2)«-W»TM( I»lf2) 
3)«-TMfI•lt2) 
4)«TM( It2t2) 

TM( I 
TM( I 
TM( I 
TM( I 
TM( I 
TM( I 
TMC I 
TM( I 

TM( I 
TM( I 
TM( T 
TM( I 
TM( I 
TM( I 
TM( I 
TM( I 
RETURN 
END 

SUBROUTINE TPANMI(TMI•TMt I ) 

■ 
C 
c 
c 

LIST 
LABEL 
THIS SUBROUTINE SETS UP THE INVERSE OF THE STATE TRANSITION 
MATRIX  OR THE DERIVATIVE OF THE INVERSE CF THE STATE 
TRANSITION MATR 
DIMENSION TM(30 
TMI ( 
TMI ( 
TMI C 
TMI ( 
TMK 
TMI ( 
TMI ( 
TMM 
TMI ( 
TMK 
TMI ( 
TMI ( 
TMI ( 
TMK 
TMI ( 
TMI ( 
RETURN 
END 

!•! ) 

1»2) 
1»3) 
1»4) 
2tl) 
2t2) 
2t3) 
2f4) 
3»1) 
3t2) 
3»3) 
3t4) 
4.1) 
4t2) 
4»3) 
4*4) 

«TM( I 
■ TM( I 
.-TM( 
■ -TM( 
■ TM( I 
«TM( I 

■ -TM( 
--TM( 
■ -TM( 
«TMd 
■ TM( I 
«-TM( 
.-TM( 
«TMI I 
xTM( I 

4.4).TMI(30.4.4) 
3.3) 
4.3) 
.1.3) 
.2.3) 
3.4) 
4.4) 
.1.4 ) 
.2.4) 
.3.1 ) 
.4.1 ) 

1.1) 
2.1) 
.3.2) 
.4.2) 
lt2) 
2.2) 



SUBROUTINE TRANIT (TMlTtTMtM 

r 

C 
C 

LIST 
LABEL 
THIS SUBROUTINE SETS UP THE 'RANPOSEO INVERSE OF THE STA 
TRANSITION MATRIX OR THE DERIVATIVE OF THE TRANPCSED INVI 
OF THE STATE TRANSITION MATRIX 
DIMENS 
TMITC 
TMIT( 
TMITC 
TMIT( 
TMITC 
TMITC 
TMITC 
TMITC 
TMITC 
TMITC 

TMITC 

TPifJi 
TMITC 
ruiTi 
f^jTC 
TMITC 
PFTURN 
ENl 

SION   TM    C30» 
iti.n« .TMC I» 
|flftl< .TMC It 

ItlffH .-TM( I 
I »lf4|i .-TM( I 

I»2.1)« • TMC |fl 

I . 2 . ? ) • •TM(I• 
1.2.3)« • -TMI I 
1.2.4). .-TM( I 

1.3.1)« »-TMC I 
1.3.2)« .-TMC I 
1.3.3)« iTMC |f 

T.3.4). «TMC ft 
1.4,2)« i-TMC I 
I •4«2)« i-TMC I 
I .4.3)« iTMCI, 
T .4t4). iTMC It 

At*») .TMIT 
3.3) 
3.4) 
f3,l) 
. 3»2) 
4.3) 
4tA) 
»4»11 
.4f 2) 
• 1.3) 
• 1.4) 
1.1) 
1.2) 
• 2.3) 
• 2 # 4 ) 
2»1) 
2»2) 

C 30t4f4 ) 

SUBRO 'TINE   DTPANM    (DTM»FI»I) 

» 

C 
c 

LIST 
LABEL 
THIS SUBROUTINE SETS UP THE DERIVATIVE OF EACH ELEMENT 
OF THE STATE TRANSITION MATRIX 
DIMENSION DTM(30f4t4)tEI(4t4)»TC30) 
COMMON FA^WtSIGMAStTtEI•DELTMR»DELTML 

1)—SINFCFA-FI ) 
2)--C0SFCFA-FI ) 
3)--(C0SFCFA-FI ) )/W 
4)--2««(SINFCFA-FI) )/W 
l)"3.-2.COSFCFA-FI ) 
2)«2.»SINFCFA-FI ) 
3)«-DTM(Itl,A) 
4).3./W-4.»(C0SFCFA-FI))/W 
D—3«»W^W»C0SF(FA-FI ) 
2)«W»DTMC I .Itl ) 
3)-DTM( 1.1 .1) 
4)--0TM(If2»li 
1)«W*SINFCFA-FI) 
2)«W»C0SF(FA-FI) 
3)«C0SFCFA-FI) 
4)«DTMC N2.2) 

DTMCI, »1. 
DTMC It »1. 
DTMC |i »1. 
DTM( Ii i 1. 
DTMC I, >2. 
DTM( I i »2. 
DTM( Ii »2« 
DTM(Ii »2. 
DTM(Ii »Si 
DTMCIi ► 3. 

DTM(Ii »3. 
DTMCIi »3. 
DTMCIi »4* 
DTMCIi »4f 
DTMCI, >4* 
DTMC |i >4. 
RETURN i 
END 



SUBROUTINE   AOM(OM) 

♦ LIST 
♦ LABEL 
C     THIS SLBROUTINE SETS UP THE 0 MATRIX 

DIMENSION 0M(4»4) 
DO 3 1*1.4,1 
DO 3 J«l»4fl 

3 OM(!»J)«O.O 
OM(ltl)«1.0 
OM(2f2V«l«0 
RETURN 
END 



It? 

* 

» 

c 
c 

SUBROUTINE PRRORKETF) 

LIST 
LABEL 
THIS SUBROUTINE TRANSFERS THE INITIAL ERROR TO THE 
TARGET CO-ORDINATE FRAME 
DIMENSION EIEU»4)»TMUt4)»TMTU»4)fAUt4)t 
1EI(4»4) »TOO) 
COMMON 
TM(1 
TM(1 
TM(1 
TM(1 
TM(2 
TM(2 
TMC2 
TM(2 
TM(3 
TM(3 
TM(3 
TM(3 
TM(4 
TM{4 
TM(4 
TM(4 

ON   F 
• 1 )« 
• 2)- 
• 3)« 
f4)« 

• 1 )« 
• 2)» 
• 3)« 
f4)- 

• 1)- 
#2)- 
• 3)» 
• 4)- 
• 1)« 
#2)« 
• 3)- 
• 4)» 

AfWtSlGMAStT»EI»DELTMR»DELTML 
1.0+2.0(SlNF(FA/2.0))»*2 
SINF(FA) 
SINF(FA)/W 
4#0*(SlNF(FA/2.0)»»2)/W 
-3.0»FA-»-2.0*SINF(FA) 
1#0-4.0#(SINF(FA/2.0))»#2 
-TM(1.4) 
(-3.0#FA^4.0»SINF(FA))/W 
3.0»W»FA-W*SINF(FA) 
2.0»W»(SINF( FA/2.0) )»#2 
TM(l.l) 
'-TM(2»1) 
»-TNCSt21 
t-W*TM(l»2) 
•-TM(1,2) 

^^   TM(2,2) 
TMTCl,1)«TM(1,1) 
TMT(1,2)«TM(2»1) 
TMT(lt3)«TM(3»l ) 
TMT(lt4)«TM(4»l ) 
TMT(2.1)«TM(lt2) 
TMT(2.2)«TM(2»2) 
TMT(2.3)»TM(3»2) 
TMT(2»4)«TM(4»2) 
TMT(3fl)«TM(1»3) 
TMT(3f2)«TM(2»3) 
TMT(3,3)-TM(3t3) 
TMT(3»4)«TM(4»3) 
TMT(4»1 )«:TM( 1»4) 
TMT(4,2)»TM(2»4) 
TMT(4»3)«TM(3»4) 
TMT{4»4)«TM(A,4) 
CALL MULTBiA.EI.TMT) 
CALL MULTB{EIE»TM»A) 
RETURN 
END 



SUBROUTINF   {{RRORMC EAtHt COST • IT ) 

C BLOCK   ONE 

♦ LIST 
♦ LABEL 
C     THIS SUBROUTINE COMPUTES THE TARGET ESTIMATION 
C     ERROR COVARIANCE MATRIX AND THE COST 

DIMENSION C(30t^f4)»CM(4»4)»E(30»4f4)»EAUt4) f EACU»4) • 
1 EAI(4f4)fEI(4»4)»EII(4»4)»EIE(4»4)»HU)fHH(4»4)t 
2 TM(30t4t4)»TMI(30»4»4)»TMlT(30»4»4)»T( 30)»TT(30) 
COMMON FA»WfSIGMAS.T.EI»DELTMRtDELTML 

810 CALL ERRORKEIE) 
816 CALL MULTA (HH»H) 
811 DO 818 I«l»30fl 
812 FI«W»TT{I) 
813 CALL TRANSM (TMtFItl) 
814 CALL TRANMI (TMI»TMfI) 
815 CALL TRANIT (TMlT.TMtl) 
817 CALL MULTC (CtHHfTMItl) 
818 CALL MULTD (E»TMlT.C»I) 
819 CALL SUMA (EAC»E»SIGMAS) 

8191 DO 8194 I«l»4»l 
8192 DO 8194 J«1.4»l 
8193 EIKlfJ) ■ 0,0 
8194 EIKIf J)«EIE( I»J) 
820 CALL INVERT {4»EII) 
821 CALL SUMB (EAI♦E 11•EAC> 

8211 DO 8214 I«1.4»l 
8212 DO 8214 J«lf4tl 
8213 EAdtJ) « 0.0 
8214 EA(I»J) « EAI(Itj) 
822 CALL INVERT (4tEA) 
823 CALL AOM(OM) 
824 CALL MULTB(CMtQM»EA) 
825 CALL TRACE(COST»CM) 

RETURN 
END 



1^ I 

SUBROUTINE ERRORM (EAtHtCOST) 

C     BLOCK TWO 

* LIST 
* LABEL 
C     THIS SUBROUTINE COMPUTES THE TARGET ESTIMATION 
C     ERROR COVARIANCE MATRIX AND THE COST 

DIMENSION C(3Ct4»4)tCM(4»^)fE(30f4.A)fEA(4»4) »EAC(4,4)• 
1 EAI(4t4)fEI(4.4)»ElE(4f4)»EII(4f4)tH(30(4)»HH(30t4t4). 
2 TM(30»4f4)»TMI(30»4»4)»TMlT(30»4»4)fT(30) 
COMMON FAfW»SlGMAS»T»EItDELTMRtDELTML 

8x0 CALL ERRORKEIE) 
811 DO 818 I«lf30.1 
812 FI«W»T( I ) 
813 CALL TRANSM (TM•FI•I) 
814 CALL TRANMI (TMIfTMil) 
815 CALL TRANIT (TMIT^TM»!) 
816 CALL MULTAA(HH»H»I) 
817 CALL MULTD(CfHH»TMI»I) 
818 CALL MULTD (E»TMlT.C»I) 
819 CALL SUMA (EAC»E»SIGMAS) 

8191 DO 8194 I«l»4»l 
8192 DO 8194 J"l»4»l 
8193 EIKItJ) « 0,0 
8194 EII(I»J)«EIE( ItJ) 
820 CALL INVERT (4fEII) 
821 CALL SUMB (EA I •E11•EAC) 

8211 DO 8214 I«l»4fl 
8212 DO 8214 J«lf4»l 
8213 EA(IfJ) = 0,0 
8214 EAdtJ) s EAI(I»J) 
822 CALL INVERT (4fEA) 
823 CALL AOM(OM) 
824 CALL MULTB(CM.OM»EA) 
825 CALL TRACE(COSTtCM) 

RETURN 
END 
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SUBROUTINE CHECK (TAR IM•TAR ItOLCOSR»HS) 

C     BLOCK TWO 

C     CHANGING ONLY ONE TIME SHOULD RESULT IA AN 
ACCURATE PREDICTION OF CHANGE IN COST 

C     WITHIN tlO/O OF ACTUAL CHANGE 
♦ LIST 
* LABEL 

DIMENSION TARI(30)fF(30)»T(30)»EI(4t4)»EAUt4)tHS(30f4) 
COMMON FA»W»SlGMASfTtEI»DELTMR»DELTML 
PRINT 16 

16 FORMAT(1H5»10X14H ACCURACY TEST) 
1 BIGA«ABSF(TARIM)/DELTMR 
2 T(15)«T(15)-TARI(15)/BIGA 
3 CALL ERRORM (EA»HS»PCOSR) 

CALL PRINTB (EA) 
♦ COSTR=(TARI(15)»#2)/BIGA 
PRINT 14tC0STR 

14 FORMAT(1HO»10X28H PREDICTED COST CHANGE  TESTtE20#8) 
5 ACOSTR«OLCOSR-PCOSR 

PRINT 15tACOSTR 
15 FORMAT(1HO»10X25H ACTUAL COST CHANGE  TESTfE20.8) 
6 IFtACOSTR) 7»7t8 
7 PRINT 71 

71   FORMAT(1H0,10X38H   NEW   COST   GREATER   THAN   OLD  COST TEST) 
GO   TO   131 

8 IF((COSTR-ACOSTR)/OLCOSR)   81tl3»91 
81   BUTT=(ACOSTR-COSTR)/OLCOSR 

9 IF   (BUTT-.001)    DtlSfll 
91   RUTT=(COSTR-ACOST«)/OLCOSR 
10 IF (RUTT-,001) 13»13»12 
11 PRINT 111»BUTT 

111 FORMAT(lH0tlCX32H TEST   ACTUAL EXCEEDS PREDICTED» 
2 5X»F20,10»5X19H PERCENT DIFFERENCE) 
GO TO 131 

12 PRINT ^»RUTT 
121 FORMAT(1H0.10X32H TEST   PREDICTED EXCEEDS ACTUAL» 

1 5X.F20.10f5X19H PERCENT DIFFERENCE) 
13 PRINT 132 

132 FORMAT(1H0»10X27H SO FAR SO GOOD  TEST WORKS) 
131 T( 15)-T(15) + TARI(15)/BIGA 

RETURN 
END 
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SUBROUTINE   LOGICt BIGAtTARIMtCRUD»TAR I»OLCOSRtPCOSRt 
1   EAR»HR»TT) 

C BLOCIC   ONE 

C     DETERMINES NEW MEASUREMENT TIME SCHEDULE AND 
C     NEW COST 
♦ LIST 
♦ LABEL 

DIMENSION F(30) fEARU»4) »E I U »4 ) »HR U ) • FR (30 ) t 
1 DELTR( 30) fT(30 )f TR( 30)»TT(30) 
COMMON FA.W»SIGMASfT.EI»DELTMR»DELTML 

1 BIGA«ABSF(TARIM)/CRUD 
PRINT 26»CRUD 

26 FORMAT( 1H0»10X19H MAX TP't I NCREMENT t 5X t F20, 1 0 ) 
PRINT 27»BIGA 

27 FORMATdHOt 10X13H SCALE FACTOR » 5X • E20.8 ) 
? DO 45 I«l»30tl 
3 DELTP( I )»TARI( I )/BIGA 
4 TR(n«TT( I)-DELTR( || 

41 IF(TR(I))42»45»43 
42 OELTR( I ).DELTR( I )4.TR( I ) 

TR( n«o#o 
GO TO 45 

43 IF(TR(I)-(FA/W)) 45f45t44 
44 DELTR( I )«DELTR( I j + CTRCI)-(FA/W) ) 

TR(I)«FA/W 
45 CONTINUE 

5 DO 6 IM •30fl 
61 F(I)sW»TR(I) 
62 F(I)«F( n»180,/3.14159 
6 TT(I)aTR(I) 
7 CALL ERRORM (EAR»HR•PCOSRtTT) 
8 COSTR.O. 
9 DO 10 IMt30,l 

10 COSTRaCOSTR^TARI (I)#DELTR(I) 
11 ACOSTR^OLCOSR-PCOSR 

PRINT 28#COSTR 
28 FORMAT(1HO,10X22H PREDICTED COST CHANGE•5XfE20.8) 

PRINT 29.ACOSTR 
29 FORMAT(lH0tl0X19H ACTUAL COST CHANGEt5X.E20#8) 
12 IF (COSTR-ACOSTR) 131tl5»141 

131 BOO«ACOSTR/COSTR 
13 IF (BOO-10.) 15»15tl9 

141 FOO^COSTR/ACOSTR 
14 IF (FOO-lO.) 15fl5»20 
15 APERR«ACOSTR/OLCOSR 

PRINT 30»APCRR 
30 F0RMAT(1H0,10X15H PERCENT CHANGE•5XtF20.10) 

IF (APERR)Illt333t555 
111 IF (.00l+APERR)222»333f444 



222 CRUD«CRUD»(tOOl/ABSFtAPERR)) 
GO TO 1 

333 CRUD-CRUD/2.0 
GO TO 1 

444 CRUD«CRUD»(1.O-ABSFIAPERR)/»001) 
GO TO 1 

555 IF (APERR-,00l)21»18.18 
^i CRUD«CRU0*(«001/APERR) 

IF(CRUD-I0000.)22tl8.18 
22 GO TO 1 
18 PRINT 31 
31 FORMAT(1HO»10X18H NEW TIME SCHEDULE) 

CALL PRINTA{TT) 
PUNCH 311»TT 

311 FORMAT(F20«10) 
PRINT 32 

32 FORMAT(1H0,10X19H NEW CENTRAL ANGLES) 
181 CALL PRINTA (F) 

PRINT 33 
33 FORMAT(1HO»10X19H FINAL ERROR MATRIX) 

CALL PRINTB (EAR) 
182 CALL PRINTP (OLCOSR,PCOSR•CDSTRtACOSTR) 

GO TO 25 
19 PRINT 191tB00 

191 FORMAT(1H0.10X40H ACTUAL GREATER THAN TEN TIMES PREDICTED 
1 F20#10) 
GO TO 25 

20 PRINT 201»FOO 
201 FORMAT(1H0»10X40H PREDICTED GREATER THAN TEN TIMES ACTUAL 

1 F20.10) 
25 CONTINUE 

RETURN 
END 
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SUBROUTINE LOGIC(BI6A•TAR IM»CRUD»TAR I»OLCOSRtPCOSR»EAtH 

BLOCK TWO 

C     DETERMINES NEW MtASUREMENT TIME SCHEDULE AND 
C     NFW COST 
♦ LIST 
♦ LABEL 

DIMENSION F(30)fTR{30)tFR(30)tDELTR(30) tTAR I(30 ) t 
lEA(4»4)»HS(30»4)»T{30)»EI(4t4) 
COMMON FAtWtSlGMAS.TtEI»DELTMR»DELTML 

1 BIGA«A3SF(TARIM)/CRUD 
PRINT 26»CPUD 

26 FORMAT(1H0,10X19H MAX TIME INCREMENTt5XtF20.10) 
PRINT 27.BIGA 

27 FORMAT(1H0,10X13H SCALE FACTOR»SXtE20.8) 
2 DO 45 I«lt30,l 
3 DELTR(I)«TARI(I)/BIGA 
4 TR( I )«T( I)-DELTR(I) 

41 IF(TR(I))42»45»43 
42 DELTR(I)«DELTR( I )+TR( 1) 

TR( n«o.o 
GO TO 45 

43 IF{TR(I)-(FA/W)) 45t45t44 
44 DELTR(I)«DFLTR(!)♦(TR(I)-(FA/W)) 

TR(I).FA/W 
45 CONTINUE 
5 DO 6 1-1#30»! 

61 F( I )«W#TR( I) 
62 F(I )«F( I )»180#/3.14159 
6 T(I )«TR( 1) 
7 CALL ERRORM (EA»HStPCOSR) 
8 COSTR.C. 
9 DO 10 I«l»30il 

10 COSTR.COSTR + TARM I)»DELTR( I) 
11 ACOSTR«OLCOSR-PCOSR 

PRINT   28»COSTR 
28 FORMAT(1HO»10X22H 

PRINT   29»ACOSTR 
29 FORMAT(1H0»10X19H 
12 IF   (COSTR-ACOSTR) 

131 BOO-ACOSTR/COSTR 
13 IF   (800-10.)    15fl5fl9 

141 F00=C0STR/AC0STR 
14 IF   (FOO-lO.)   15»15»20 
15 APERR«ACCSTR/OLCOSR 

PRINT 30fAPERR 
30 FORMAT(1HO»10X15H PERCENT CHANGE•5XfF20.10) 

IF(APERR)in»333t555 
111 IF(.001^APERR)222»333»444 
222 CRUD«CRUD*(.001/ABSF(APERR)) 

PREDICTED COST CHANGE•5XfE20.8 ) 

ACTUAL COST CHANGE»5X.E20.8) 
131»15tl41 












