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The initialization of the large optumal Kalman Fllter for solving the calibration problem of the balloon tracking
sensors is done by Lange’s High-pass Filter. It exploits an analytical sparse-matrix inversion formula (Lange,
1988a) for solving regression models with the following so-called Canonical Block-angular matrix structure:
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These insertions conclude the specification of the Fast Kalman Filter (FKF) algorithm for the embodiment of
the invention for callbrating the upper-air wind tracking system of Fig. 4.
Another preferred mode for carrying out the invention is the Global Observing System of the World Weath-
45  er Watch. Here, the vector y, contains various observed inconsistencies and systematic errors of weather re-
ports (e.g. mean day-night differences of pressure values which should be about zero) from a radiosonde sys-
tem k or from a homogeneous cluster k of radiosonde stations of a country (Lange, 1988a/b). The calibration
drift vector by will then tell us what is wrong and to what extent. The calibration drift vector ¢ refers to errors
of a global nature or which are more orless common to all cbserving systems (e.g. blases in satsllite radiances
80  and in their.vertical weighting functions or some atmospheric tide effects).
For all large multiple sensor systems their design matrices H typically are sparse. Thus, one can usually
perform
Partitioning:



iPl ease observe, ‘that the gigantic matrix Z takes a nested bl ock-angul ar
f ormwhen addi ng the space donai n. Lange s Hi gh-pass Filter can be revised

to cope with all such sparsitles Ptled Model s. The Fast Kal man
Filter (FKF) fornulae for the recursmn Step at any timepoint t are as
follows: 50.[err] 7 EPO47O 140 Bl where, for 1=0,1, 2, ,L-1, 5

[err] 10 .
When the state v
sbsystens are indi
Lange' S revised Hig

t, 1 r ilerrl] nd i.e. fGlerr] 30A[err]
ecgupl ed |Xtihe spaGg s OBy ) t hose
%t a- tibng (17), )y ahd“¢15)". ‘I n fact,
pa S F|I

¢KJal gor #t hm as s fGe,[t by the forrrul ae

(20) Wi ll do the whol ejob in one go if only the detailed substructures are
permit ed Lo onform with the overall block- angular formof equation (18).
40  For @ Cophibdl Ryt LLﬁ;m.tL .Hnm.tlaz.fl pp. 122-124) . Referring
now to F| 2,,,@,,'59@@ Faim el t Navi gatl on system using
a decgpt rlﬂl"nb Eé?ﬁholﬁg is mff%ﬂnoﬁb Lﬂﬁﬁdy'ﬂ:g Etd%qt IWb} Lsan% a aﬁ‘ﬂn thetsconverts
'suggest € Chvbry shaisd lil8aPskte tn&gﬁaasbve@daicautmp&mgmwﬁonﬂ( 1024 "ReaFrENY-

1988: " Fasimaticesito BiobK-ahigularForntatDeconigabifidndatid ofher) AIgorfins, Mﬂaageaaitsashcw 35"

Pr oceedl s 1,8embtember B87H, plg&D8ALANS, | EEE AES Society, see figure 1 on page
111) is aAdgwented modsl thixlaapges OGIMNAE CavE: see eduaiicns@5) andd8).ch t he 45  out puts of

| ocal ,15 s chgoented Madet tbr bimoving tmavaumsafmgthudnt | y processed and conbi ned by a
| argermaster filter. Each local filter is dedicated to a separate subsystem
of sensors. One or nore |local filters nay also use data froma comon

ref erence sysy m e.g), ran inertial gavi gagg on s1Eem (1 I\LS). The adwant ages
over an prjgr - I’f:ltl i zed Kal médn fi érl ng_f_ 3re an irfcreased
t ot-al 2"syst t b;L paral l el operaf}®nl of lfft-tl rs®and 3
further (r;lc S h{oughpm ﬁy Isi.ng t he|l ocal {.llters for| data
conpr essi q S of tFu s 50 Kf hRve begn sol ly necesgary for
large mult [ gatum syst ens_becaudd-bi| h 2r a)coﬁl—-l utli ng
requi ,ene s Erom _h ntralized Kal man Fill t er of

/i ewpoi'nt_of a:prio Grt c
[ hese aaghoaqhes f pr ‘speedi hg up t e corrput atli ons

a Iarge sensoy \A&slg

fall into jtghe ral cate ek tc;f""éaproxi mat eﬂe e.
decoupl in refiltering for dath conpresp ctnL!%e& €. ﬁ-LQ‘d b,

1974: " Apfid ed, Fstimation", T Pfess, pagps 289-291). The
di sadwang tak & Fna.t nL appr oxi mat i ve” Kal jran Filtef &te!ﬁt-lx@ Rgictlly
opti mal and, consequently, its stability becones nore or |ess ufcerfain. In
any case, t he stability is nore difficult to establish in a theoretically
rigorous way. Referring nowto Fig. 3, a block diagramof the ¢8paratus of
t he i nventiieon tZ{at nekes use of a eor eticag,ly 8+ EP @ 470 140 Bl sound
yet pPactical centralized Kal man an Filteri nd nmet hod wi | | tbe described. As
can be seen by conparing Figs. | and 3, the logic unit (1) of the invention
has a two-way conmmuni cation |ink to the data base unit (2) whereas the

prior ar ta"‘i’ﬂ ’?:"eﬁ'm ?"E’ % 2.4 {hags pajibratie AammeiRre thekarg sanafanis @ dha prving palyme. As

order t hd r and calibration unit to operate properly, the
dat a base un| P ) must have an appro- 5 priate collection of data
regar di ng sensor (13) perfor mance. Such Information nust be enpirically

est abl i shed,
. ? - -
- {Z A 1Z} Z’V 1 19)
45
Please observe. that the gigantic matrix Z takes a nested block-angular form when adding the space domain.

Lange's High-pass Filter can be revised o cope with all such sparsities of Augmented Models.
The Fast Kalman Filter (FKF) formulae for the recursion step at any timepoint t are as follows:

50
St_,={X;., 'I,Xt} X V0 G L) fori=012,. L1

5 A L, , (20)
Ce "{ ,foGt-tR:-th-l} ,EOG R Ve



and often needs to be re-established at adequate Intervals, for each
I ndi vi dual sensor (13) by sequentially ex- posing each sensor (13) to a
nunber of known external events ofw&“@&%‘gmtudes. This I's not possible
in many cases of practical |nportaFc der e.g. a radionetric sensor
of an orbiting weather satellite. In con- trast, the logic unit (1) of the
| nvent i on whers. fer ROl ty of stretching and updatl ng the calibration
| nformation 10 coIIected |n Its data base (2) assumng only that a certain
ob%érvability conditi F | t 1.1sf| ed can be seen by
conparing Figs. 2 and a&n erx? % nis the sane
as that of a single, cenrallszaIma |Ite he”) nf or mati on
fusion and division operations are perforned after every local filter
measur enent update cycle (and when the masterfilter should be able to cope
with the large Kalman Filtering probl em wi t hout any hel p from decoupling
states), Thus, the prior aF§€d on of Fig. 2 is the- 15 retically
inferior because it IV‘Z- P én'l alized Kalman Filter soI utlon of Fig. 3
that yields optimal rebtlt$ as shown bo n ingl960 40 fact, by
Gauss and Markov already ik the early 18 Holvel/ert-ltﬂ utation | oad
of a prior art centralized Kal man Filter |s proporti onal to [err] where n.
i s themsunber of theysta;ipara tterls iJe. t he nunber of all unknown
guantities that need ftd | ve qu;t update of the process paraneter
esti- mates. 20 Pursuant“tlo ‘usetdfl't hi s apparatus and nethod, sinple
and i nexpensi ve sensors ca }gn ully exploited with- out too nuch regard
for their internal c¥ihcafiOlprovisions and the speed of logic units.
Despit@® use of entire Fun aly bfated but predictable sensors, accurate
results can be obtained In“real=tinme applications through use of the
cal i bration and stan&rdi ZptE 0 met hod and apparatus discl osed herein. The
i nvent ed Fast Kal man =“re£ FKF) nmethod is based on the general
princi 95' e of decoupl ing sthtes.] 25 The use of Lange's anal yti cal
sparse-matri x inversion nethod is pursuant to the Invention (see e.qg.
- Lange, 19§§@¥efﬁfg9_ause the solution Is straightforward and exact the
optimality o arge centralized Kal gan<Rkiidl ter can be achieved with a
hard-to-beat conputational efficiency. “tho&® skilled in the art will
apprecpate that many variations could be practiced with respect to the
above described Invention w tVog,togdm{gg j‘{fen)_h I nvention as clai ned.
Therefore, it should be understdbd tha -1 Sc8ge of the invention
shoul d not be considered as limted to the specific enbodi nent descri bed,
except in so far as the clains rrayy,_speaiﬁlpabd include such limtations.
Ref er efices 35 (1) Kalman, R E. (@]96Q): A new approach to |inear
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centralized Kalman an Filtering nmethod will be described. As can be seen by
corrparl ng Figs. | and 3, the logic unit (1) of the Invention has a two-way
comuni-cation link to the data bap@ 4#64dog42) Whereas the prior art logic
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for said external events corresponding to said test point sensor out put
val ues wherein the




.55 ¢ |.mpr ovement conprises mnimal requi rements for the anount
and quality of said test point data and that uncali brat e(”ﬂ’mﬂﬂu"

added; -, said calibrated sensor r%g | D950y @l ternativel mml ﬂl’
acconpani ed with their calibrationm paf arret ers and val ues f'or “satd ®xté¥r ral

events corresponding to a situation; and, 9 111 11111
1111111113%4@1&@4@!@@!@«KalmanasFmﬁﬂnsmmd!ﬂeeﬂ?fc'@eﬁtro|s of or chan

sit< uati !ﬂ'm thy data basp HAItHR) W Fﬁ:‘h?r@!?h%" s ‘"‘éf(ﬂi'é "eg‘éﬁ’

in, if any, AsgenbeseandysompaingEigs-daedd @PH&'P“’E‘\?@H‘[‘E"E"GP‘P&E ‘% °P'Bm

r eadi ngs 6’:"9"%{1 R"é’rﬁ’l'éﬂ‘s\? call ’3‘“"@ u &P st ve a" :::;o'

cal i brati B'r'f‘ Fﬂg 9 ﬂ"“

erte e tennee a vs reac al 8

to said dg?sg'gﬁﬁ‘g'é“?rs@ b r wnexem ai
rtance ¥| ?ﬁbﬂﬂﬁ a°tel ‘l}moﬁ

sensors t : Fld i FRbratiéH InfSriialio

cont ro 0> LWneét %ﬂ: X 1 W:d d?lly e%ﬁ&ﬁerv ;%ﬁh%&ﬁtﬁgka * nﬁ&dﬁﬁéimsh:

recur 5' “on EHSE % EFFP ahd31 e Fo8étatbd YealrhmeFilef sofkflonds €10 Girhd d¥tRED of
tained fr Q%&l@%e.ﬁéﬁied BNt £the (rkdivnatioh Risioh! britiRiivisit opehitiohd e pfEmed[EFtrON,
in said | ggrfiotPRidPméablrementdpdas c)l:Q (and when th@add Filter stiuid be dtiletd bépe with thalasgeand
sai d cal i Reimah BieriR@Ere0I8N Withbut @Ry HePHPMIadongling Siatashi Ttusihe/prdr brtisciutiomaf Figr s thé-)
pr ovi disng oteficht iRrior Bécdees itad a Ribtetraliadd Kalngen Filer sottiinrog Big.rttidt gields aptichalredulieas of
sai d ext eshvwn bpKahiidndn 196Gordefadt /bg Gaus@and MEHev aiwadydrdhedarlg 189D Howevaf the eemputationd
‘| ogi ¢ nearad éfhprioas ceatirelized Kalrandritedsprogortional th nd wheresis theaumijen ofithesipianaramptors
expl oi ts il tememberef aiuniowt fuantitkehatneedt pe;mmgwathofttmrvw@m@m%
conpri sesmatee. use of an algo- rithm obtai ned fromthe Fast Kal nan F| | t
(FKF) o1 mul Ryesugnt pluseyf thispepasetusand mti‘%s'mee and "?Pé'ﬁ‘ﬂ\‘%ﬂ‘s@ﬁ" '
With a mulowt wc%@a%iort& etern?'ﬁﬂ'a'@ rPB\‘iF'a'é%a"% &pe, °|" '"
Tf ong I?{%uig

sensor outu ‘§at?drP“F ine 8%g:

ggge ba dsnt e%?at% le%wcfigp ﬁym%us

20

sensor ou he' G

. tté'th
R A - v .,sm ot'.i?. .zrﬁf *’ i otk e
|ng toa elnt elrrproverrent
conpris es m ﬂ1' kIII é?é tth nﬁmums é‘bﬂﬂ bél Hﬁl:dc&d’wlﬁufresiadtﬁ thé&ove
poi nt dat 3 éﬂuowiﬁﬁ t' n@ Horn Bl GRVertioR 84 cidiRed? Tibfifore, R BRbuldibb uhddfitddd RREINS
(1), bgse héls@oﬂé%maﬁwédu&ﬁs@.sdm&t b \n&deredlad Bmiled R tAY SHFEINE entbadinbIt destritiol,axespe Of

an al go- 4pso far as the dlainds iy Sdeciitaleiiciide @iBhlimratibst Kal man Filter (FKF)
formul ae (20) of the description, operably connected to said nultiple

sensor syweffnéddr receiving said sensor outputs and further being operably
connected to sald data base neans for accessing and updating said

| nf or et i on (@)yKelredncR.{E. (19€(l)i"A yevodppeedidulineanfitering andcrirasision-reblema’. Fraps. HPME 1.0 of
val ues for oBesidEegB&B%R4S. event, for providing an output that conprises

cal i - brat ed2Yepas Ads(1983) wtumherpmgﬁeﬁé/éﬁ%rﬁm%ﬁn'gﬁﬁﬂws 8&5” n@%ﬂ Logagon
current val utnd Neyigatien Symposium RecprdcRacpmben 4982, 302 ¥?PeJ

‘subst ant i al | ) LepganfrAy (1984 "'?%‘“‘&‘P é@'@!‘@f‘t"éﬁ'"‘?i"%ﬁf&?ﬂ§ W'Qfga °<ya[fﬁ3a¥v¥todgs"8f

t
2;2;2"d§d“¢:;'@’“* 25?“’%5 g LE, ;@n e g
It

whereinthe ' seo I- gor talnedfrom
~ the Fast Kal G 4’?"[ i .%ﬁHtl rﬂﬁt .td e 3 Bl adighos o
met hod pf - cl % QaB Bossivin Bvahod REl3b, %1506, USI Ng Kal man

fllterlng whereln t e | nprovenent’ corrprlses the use of an al gorithm

obt ai ned fromthe Fast Kal man Filter (FKF) formulae (20) of the
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&5 ' improvement comprises minimal requirements for the amount and quality of said test point data
and that uncalibrated sensors can be added;
- said calibrated sensor readings or, alternatively, said readings accompanied with their calibration
parameters and values for said external events corresponding to a situation; and,
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