3

VirGal  woder based ScfTwore Semsivp ine Jeeel back usivp katlmom Fifiee

kolwos Fier is based om a Siaie space represeute Tow o The sysicm
2‘ x@n) = Fx@ + Goutt) + v.() v —_— g©
J@® = Hx@) + DutO) + Vet aiad
We ossume Twai The sysiew wodeA (F,G,H) is Sivem ,'\;P:qu Vl\ Ve (&)
builT WhTe - Box.
Coal : pivem o wodel of The Sysicus ,wTh KF we can Solve These
3 () probiewms estuction
4) k- Sieps abeod rred:e'v_bm of The ouc—ru'.'
oy .., i} £J<-\ v g > 3‘(M+k n)
J fulure k- skps ovead 5 N preses e

L FreSeuT Tiame is A

Noiice ThoT This is usi o uew problews : we ou Solve This ‘-.woblem usivp The rved:c-‘.ou Theory om

ARMa /ARMAX wiodleks (I/0 wodels )

2) k-sTer ahead Pred-'cTiom q sial

[
fo@,.., uth ) g0 ... g0} = XCN+k In)

This 's & uew 'grobleu: wTh ARMAX wodels we couwner rred:cu‘ The Siade

3) Fiter oJ’ The Siaic
Fo@, ..., ot ] £ ... g0} Y XCNIA)
estiucie The sialie J \-— we have oloTe vp To
J‘P«seMT Tiwme Time A
This & The uam anoTivoliom ? The koluwiowm J‘-ﬂ'cr eJJ’of-'ThM
4) gra‘, Box  Sysicun icleul: fieclionm (da‘aﬁ:e s)
Why seffware SeasSivp s So useful ?
Ths is e HIMO Sy.ﬂ—ew. wTh -‘wru'l’s.
oy x. &) — (o P SUPYU'S amdk a siaTes. Usvally
: becouse ﬂ The cosT ?f Seusors
uw\(‘t\ﬁ XM(*" imiermok —p Jr (t)
STaTes

Uw-w(:\] o«lJ a J&w Siales are weosured , biT The awvexlabilily ng-e JuJL Siote  weosurcuwedl
is verJ Man The o(cszymﬁ Comitol olJ\or:TlnM el wou&l-er:y The Sysicm (ef.Jmﬂ' clereciiom,

predicive woaimicueuce ... )
—— The rvobleuu wam be Solved &y c.gu:j Pn;s:co&
j sySicw : 7¢O Semsors o by dcvebr;y softwore Seusivp
: x (&) > oﬁ'or-"l'hms

estimated (mor weo sured ) STate vecior

SwW Seusny alfo. | ——> X (&1e)

v




\ \Veroble cosT o plysical semsors A x umT cosT)

Os;:’ Ph,s:eol or S?fl'uace Seuseys 7 /. Sowae coses S eg? J:;dt.g%v:u;u;g
Lecouse mo rhys:cul Semsiyp S avor@asic ; im amoay coses we sty is cheaper

have bsih orT.'m avo@able . So we bave To fimd & Sodowce
beiweem development (\Y:xcd) cost amd hordwore
(wable) cost

lm sowme coses we u..;sk‘l‘ vse &oTh cPu,s:w owol sofTwere)

Jor (esrec:.nuy ia SofeTy - criliont ofrucoIzou). 3
We have 2 iuafonewﬂ‘ issves 3> ajrwe Seusiv ¢ DEV cosT g-:;t cfs—-
4) Is SofTwere .Seusnj Jﬁosible? We have To check Sems: I{pm

The observas:€y
2) iy T is fecsible, we have To check The level of esTuslion error (i Glhe Tue wedswewad error im
physiced semsors !)
Physicol semsors ore preferied LT veduudouscy iS wede uere aud wore with Soffware Seusors. bm Sowse coses , physicol
Semsors could ke cheaper, bil” SofTwere seusor is usedd whes There Qre imsiotlaton or srmelwe'.sht- rra&‘ew.s.

l'ee preseuT kelwom Fifer odforiaue STy frous e basic Sysitw
- No exogemous iuput ( Gue) =0 ) , So ouly Tuwe seres
- Aueor sysieun
- Twe v vareuld sysiew
omd sofve The “basic Preé.lem“ ff The 1-Siep preckc®e. Thew we'te walbe wouy CXitusious
) frows 3 T k-3iep abeact prectcies
2) FiiTer ‘:rol-lew\
3) sysiewn wiTh exopemous input (Gucey 70)
4) Twe-vavyly Sysiews
S) Aon -Bueor Spsiews ( exeuded kalwom Fifer )

TDxiecled dexr:rﬁo« Sf e sysieuws Cuus™ be @ gveu whiTe -box moelel )
Ctuwe seces s:‘rmwl
xCE+) = Fx(t) + Gutey
J: {J(e\ = Hx(®) + Do)
LSfﬂeHy propec gySicm (Duty =0 %)

wih GUG):0 omd Duk) +© amd Two uoise wwodels v.(e\ aud Ve(t) ; also
x@€) =Lx, &) - xmer 37 g [‘7.&\ :h,wJ'r v® = [o,6) - vna]

AJrc’uemT .sfge..d cose is The ome 3 SISO SysTewn , where Psm=1. y we vrewove Go@) =0 we obioa
a Twme seces sifmaA.

V.. ()
V.CH) s The VWA (o, VD) defmecd as  ViCE) = T vee s comed
Vi (&)
(or Micclet Moise) oaud s used To wodel mieruod olsTurbouce o Csuall) weodle €rcocs.

ﬁorer'l}:

) ELvwr] =8

2) Elvieryvey"J=-V2 of WA is Sguore ,Spwmeiic amd Sews- olePaiTe - posTre
So V20 (semi-defmie pasve )

3) ELv@ Vet ] =0 Ve, Vogo  (whiTemess propecTy)



Vo (8
V; ~Wa) (o, V) de&.med as V(b)Y = f .V, s coMed ouTpuT of

V() (s The WhiTe Abise vedor
\4,,(@\

oud s used To wodel Tue moise of fh,s-‘eal seusors.
ﬁo‘:er'l}:
) Elvir] =8
) Elveowy J=-V?
se V? 20, 60T  we weke The cddTouot regpuest be.uao
U!Rsu-u Tosu.nueuﬂx. The e xistence q kalwou f:ie.
3) ELve @#-2Y] =0 V¢, Vg0 (whiTemess propecTy )

o'f U\ s Sguere ,Sywueiic  amd Seux-dﬁ’.ma'l't- ros:'uw
(so V: >0). This will be

Comsiclecoliom beiveea V. aud Vi : we ossvme Thod

ELviervact-2)7] = { © i T#o
Va .:J T=0
where we assume Thar Vi(E) amd Vi (¢) can, be correlaied| cm‘J ol The Sawe Tiue . \w rrec?cg usuolly we com

assume Va -0
Simce The Sysicun is a d)mem:eq( SJSI—QMA , we wust Sod sow.e'l‘l\:v om The uwliadl cowolkiioms 5’ The sialie

egualion . 'Be.:uv X() The suleal siale:

- ELx] =

= & [C(xUY- X0 (X () -%0)T] = VAR [(xi-%0)] = Po
This s o fnm.«&uc descc:':?ou. & The lwked staTe . Ip Po=o0 (srec:.ol cose) we kuow emﬁ\, The

(mx1 vecer)

(mxm wdlein)
WwGoh Scie.

We Juo-MJ assvme Thal :
- Vi®Vis um- corvelored wih x() (Vi (1) 1 X)) :|Tcdwu'oul qssump?ous joc‘l'hg Pmoj ?f kF's optimality

- V@)is um- corveloied wih x(G) (v, @) 4 X))

- bosic. gsTens | basic prblew (4-SRp Frved:c«?m)
RCEaile) = FRGIE-) + k) + e

RreseilaTom of The Solulinm ?f Kadwam FiiTer
Siaie eguolion + "correciiom " :

3(£+.|+.s = HR It

ooT'roT %’Cw
ecroc  epualiom . e = gl - JleIen)
Joim  epucTom k() = (FP® HT +Vi )CHPOHT + W)™
PCte) = (FPIFT+W) - (F P@) HT + Vi) CHPCO HT + N Y (F Py HT + Vie)

J‘ﬂ’eremu Riccsl  eguokiom (Bae)

Paud S° dmapicat cguclions » Wwe ueedd Two wiliol Coudiliow for The Two dszco.l epuctous

XC410) = Xo PW=P

: molice ThoT™ They ave @ S:uAP‘c Liock sirvciure, Suitt usivp 3 blocks:
PCe+) « (FPARIFT+V.) - (FPCOHT + Vi Y(HPCOHT + Ve V' (FPCOIHT + Vi)'
Mix OUTPUT Mix

) Sare . FPEFT +V s Famd U orc @mked To The SiaTe e
Q) output: HPEYHT +Va = K amdd Va2 are Guked To The TP &
NDMHx : FPRIHT + Va 2 Hix beiweem Shie omd on‘l‘ruo‘ epucTiom

Also we com See Thol :

kée) = (Hix - (Our?ur)" Pce+) = (Siate ) - (Hix) (ourpur) CHix YT

PRE is a sree:.ql T,Pg 3 mw&uw.uo]'r:x.d-‘”efme °7“°1:‘°""

mEz{‘P(tﬂ)-'J’(P(tﬂ M ousTonemous din’ertuce egpuilion

P& =Po



ucTice ol To Juorouiite The existence of DRE Ve, The welrin

HPOIMT + W
This is o sTr:ch\’ dePruite Pos:'F:vc acleix by I L_ we assumed Ve >0 aawl wust outy SH?
Dusiruciion (20)- iTs imverLbi€Ty is uor
JM'MG_QGJ

must ke imverlible; ovecalh, Tis wdltix is Juorouiiced To 6e (50) def:mTe Postve amd so MJS imverG ble.
Pcey is a Yynuditic, SecTly defimie posilve, mxm mmciex ; TS weamiy
PVs € [ (x@)-RCt1e-0) (x(e)- R 61e-0V] = vaa [ x@)-X ¢le- ]

So s The covar: amce wrotRx ?y‘n-e 1-siep rred:c-‘m- error om The Siovie

Block Schewe o o Sysiew msdlaulwf.ﬂ‘er

Sysiem
-’O &) Z! "—w> H :é > J(('.)
. -
'P».J_s:cau wmeo swed
F vecior gl S:Su&ls
— Cocrecriow of SioiTe
& %-CLQM
k®|< et N
AN~
*(‘5 £(€*llt\> - Rkle-) H 5 3(tl£~l)
A
F
kolwmam Filer
VRl )

The kF STrvcivre is wery atvitive:

T wokes o replica (dgTod Twia) of The Sysieus, excepT for The Two umweasurable noises Vi) amd v, (¢)

- Coupores The real weasued odTpuT wih The esTucRal Wi amd coupiies The ooT‘wT erroc

* cortedis im feedback the SiaTe eudliom Wiy o goin (X¢A gn;\.ul To The ou‘o'rvT etror: e = J(ﬁ\-é‘(ﬁlt-l\
hF Ties To Jl,umo The reot Gsiewa wiTh o malts uoded (Siuudsior) wiTh @ feedback catcecTiom Jmu— w’t‘fu-‘ crror . Feekback i s
used J°' esiiuaGon omd m“for conilrol.

e ideo s ::uurle oud effective , wos kuowm éejon LF (was colled sicie obsecver ja Jcedchk). The JmM
CovilvibuTiom of kolwam wes 7o provide o Jwvuwﬁa Jor e qﬁ;m\ choice t:r Correcton §om k(t)

*if k€ Teo Swalt - umeler - explol Qf iuforwdlion om c®)

s i ke s T high : over- mPk&:uj The woise or eveam credle (usSBSETy

k(® s UST JuST o Scalout Number (thai” com be Tumech au‘::v:co‘ﬂ» iS a weitix of Size aexp (es. m=|o,r:3 D

Site P k = 3o : iwpossisle To Tume ewr:r:caauJ)

Wealk ro:MT;s The kmded\re =
\V/ Ve M mé o Problew

how com we Jes:sm? Covariomce error of The Semsor



the uew Treme is The "::J He (repuire o daraser )

ExTemsion #4 - Hul\':-sTeF Fed:c?ow
Assume Thoi REnit) is kwowa . ITcan be [rovew Tl fivre fre.d«cfoms com be foumd o3

Xttty = FR@en 1) X(E1316) = F RCevr2it) = FIRGEI)
So ,iw Jemerod we bave
Reskit) = FY' Lnie) > Jlerk ) = H Rk i)

ExTemsion ¥2 : Fller (X))
- i F is iwverGble wccomSobo.d..wdfu‘lu beTumpnd:cTed volues
.F"
/\ £(£~n &) )’\‘(t-nlt\
\_/I

(e e
So RGie)=F R&EnIL) is kuowsm os

* if Fis uel duverGble There is a srcowul Veesion of kF mela (}ﬂér versiom ). TS Jorunton is waGd P
Va:0 Cim prociice alwoys ). The fller version o The WF foruula s
R@ie) = FR(E-11E1) + ko(€): €6y
3(&. le) = HR (¢ it-0)
eler: yler. 5 et
ko (6) = CPCVHT) (HPCOYHT + Ve ™t
PG = (FPERIFT+W) - (F P HT + Ve ) CHPCO HT + Vo) *(F PG HT + Vie)

hveGbeTy of Fis uer r9uesTed im This wrsion of The KF forwula
vice The el‘:ﬂ«wc Leiween The Jor # The predicion aucl f:ﬂ'ec Juw\ { we uuss F
)
k() « (FPCVHT ) CHPCRIHT +Ve ) koCe) = (V Pt HN(HPEOHT+ V)

Exiemsiom #H3 : Exogenoos wpoT

\A ) vt
[31C ) + l x (&) - x &\ +
N s| 2 s H S (CS)
N io > > > ©) J
F e
+
k® SO
+l\
Vo S@uley] - X (Ele) &
| < 0= s| £ X s| H J(tlt--\
+A
F le
kalwom J:ﬂtf

Abtice Tar Loth k) amd P@® ace exactly The Soame cj'l'lc‘rarm 3° kF wihour Gultl: imGilive Secamse Gult
Aoesm't odd amy ol TTanol wteﬂ'&iﬂﬂ} ToThe arau-cw../ Gule) s Ftr.fecl_‘l] kuowm ( cleiec wzwisve Sﬁma(\
Obv-oos“’ e Qotrc:raud:.y ’Fred.‘.e.?:on eccor wrcmee P@) dees asT dw\ae



Extension #4: Tue -voryiy Syiew
x@E+1) = FEOUMXEY + GV U + Vi
{ Je© - HE) x (€Y + v, (£)
So  we wove from Lr) sysiewm To a vy Sysieuws
F+ F@®) Q> G K = H®
The kF e,..aZu. are méﬂj The Soue. As::’ , Slow vorcoliom ‘J sdsTem ddm:cs imTwe i3 o Gpical emfle g’
v

J(t\
A37u‘>131':< Cor sToadd Siate ) soluliom y The ketwram FilTee

ANotice Thar kalwom Filfer is om LTV ﬁsTeM. cvem whem

The origimod Sysiew f is 0T (because of The poim ke)) Corvecilom
The Jom is um-\DfJ“d ,50 Tue KF is an LTV Sysiew. j(ﬂﬁ")
This fct crecTes 2 wom ’woblew.s.-

1) d-cdd:r Camd gmmTee:mJ) The asyupn‘o‘l':c Stodbility oJ’ The kF QAJoriThM s very d;“:mlr

+
/\ k (&) (ﬂ.é
1

(TT: x(t+r) = FxCe) + Gu® 3 sSiobi&Ty checl. is eosd » (k)
LTV X+ = FG) x() + QL) 0N = cvem if all EIGCF(E)) ore .Sl-ricug cmsiocle The
omiT cycle e a‘ed‘.iy The sTose.-TJ Jor om OV sysiewm

(esrcc;a.ud J m s &uJe\ com be e xhemely Cou..rL’Jtd.

2) A'l'cvch Sowmpliy Twme, we wust OFo(oTc The ww.ru’l‘cx:om ﬂ’ k(&) amd PEY; k) ord
DRE cousf’ol_cx;m regusres The imversiom ?f o Pxp weaTeix (MosTpT block™)

Pecouse gf lnoblew; 2 omd 2.m veot ofpucdum oimosi w(wo.ds The kF is uosed im TS “o_'ﬂmp'l'o'nc
versiom”

DRE is om ouiduowous dymomic S:jsTew. : P =J(?(t“ . IJ PE)  dloes couve-pe To P Thea

atso k(t\ dees comverpe To k, which con reploce k(&) (cousiowmit correciion 3&...\11.0..— Torm
kF iate am LTI stTeu

&J’ore eddrss:c:{ The 7.ues-om om The exisleance ©mol The Wluue tf k .€er's dheck The
.Qsmwtﬂ ThoT Kk does cxist

XCt+ile)

FR(tie) + k e®)
s FRE&IEN+ k [3(&\-5‘&\&.-\\]
« FRE1E-N+ W[ Ja\- HR(t1eN] = (F-KHYXGIe) + Edm

where F-kH isThe STe wolrix of The kF 5o The k¥is “Jm‘;m.*mud Stade if amd ouly i oMt
Twe EI1G(F-KH) are sTe:cTJ imsicdle The uniT cycle.
This weoms ThaT

« The sTabaeaTJ of The oripimot sysTew S e!e‘:wcls om F

s The STabi€Ty of kF olepeuds om F-kH
so , kF com & cs‘ymf'l'o'ﬂcauy Stable cvem if The Systew J is wer a?mf'l'otcoﬂ:j Sadle. Suce

k) = (FPOHKT + Va ) (HPEIHT + Vo)

we have o couSiauT fom K if we hawe © cousiaut wolrix P.

Rewember -
¢ Continucus Tme stTeu.. x =J(x\ E’«&%r-’um pors s The sodiom 30 (o] =‘f(£\
- Piscecie Tue SJS-I}M x(tn) tJ(k(t\\ E’«-&%r-’vm P&'l‘s 's The soludliom f i=J(i) (DRE im

ovr case)



DRE is o discecie Twe ,deow:c.ouTo\wwous stTewu oud TS egul@bciowm ro:u.Ts are The soluliow
i P:CFPFT + V) -(FPHUT + VY CHPHT +V2) (FAHT + Vie)'
This is & wouw- Guear ul&ebnic wecior eguclion mamedl Algebmic Ricesl Egucliom (ARE).
P is ™e equilibrioam ro‘-u.Ts g"l'he DRE. U’ o.STeodJ Sicie  soluliou o DRE oloes exist it wusr be
o solul:om 3 The ARE. So we hove 3 keJ SuesiTows :

1) Existence : oloes DRE have SHP soluTiows ?

2) Comwverpemce: if P oloes exisT , dloes DRE couvenpe © $?

3) SToSeTy of kF: if we hove existence owdk couverfeace i3 The cortispouctyp LF

aSyupieticolly Stoble * Arc all The E1GCF-KH) SFElY imsde The weT cyele ?

Au.swcr:«.:r To These Suesious s very iffiewdT, &ir we com  use Two J’owoos Theorews (Asdmrl—o'l'-’c
kF Theorewd ). TheJ Prov:dc omly Sqﬁ_’:aaﬂ' coucdGious J’ep The '9ucs'ﬁous.

47 Aspupisic katusm Fiter Theorews
AssvupTious : Vi 2o aud ‘f is udmrmceu] Stable.
Them:
» ARE has one aud Sub onme sﬁ:chJ-Je“’:weTe fes:'C've soluToun ’Fao
*DRE couverges To P YR 20
¢ The wresroudsv k is suck Mot kF s asdu‘mwuud Sasle.

For The Sieunewt f The Secoudl Theorw, we wusT vecolh Souse coucep’s of oSserve.bieiT"’ oundl
wﬂ?c%&&'{,: The sweae x(t)is MJ bhservable JCMT“G oUTruT J(t\ ',f ol oudJ -J’

[ " ]

RF

O-= ¢ 'S Ju(k VaM‘s,

Foe The Secoud Theorewn we uced o J’rew The woise W)

X+ = Fx®) + Qo) +v() Vi ~ WA (o, V)
v.(E) is am input for The siale e7m;Eom. We com deue The co.m—rol&a.s&'ly gf'l'hc Sole frow :ufuT vty
We cam mw.fw(c.l_e The {]Sl-ew\ saie ey.mT&ou. la This woy
X(t1) = Fx(e) + Gue) + Mw(t) w©) ~ wo(o,I)
where M is The foctoriaation o Vi= (M (& iddeuTTy wioTrix

Examrh whem m=4

x(E+1) = /2 x(&) + 4V(t) Vi~ Wa (0, 4) 3 Vi= ¢ M2 » V.= I'"
xE+) = Yo x@) + 2 @\ w(e\ ~ Wo(0,1)
We cow Say That The SJsTew\ is . Frow Nose viC€) if aud °"‘J if

R:=Lr FI F*r - F'r]
is Julk rauk. The weo siuf of This specal Coquwab.‘eﬂ:cl iS The JocT ThoT smoise Vi(e) must oiﬂecc— aM The
sialies (We skoviol usT hove “cleam™ oc moise- free STt couoTiows)
2" asyunpisticel kF Theorews
ASSUMPTM:
* Vi =0
- CF.H)Y is fully chservable
- (F.P) s qu] coulroUable C V, =TMT)
Thenn
*ARE has 4 soluGom ‘5>o (_i-’- is W‘céed T be ele‘f.m:'l'c Fos:'ﬂ:m)
° DRE Couverpes T P Yo
o The corresrouo(«h:l k is such ThaT The KF is NjurToT-’cou(g Stable



These Theorews ore veey useful im Proc-a-'cc siuce we com skip The very mpuured clirect Couverfeuce
mﬂs:’ S of DRE

The kF foruwlos cow be Oﬂsued umoler The a&mffm Thoi™

Tuis O.SSw.?ﬁom com be ?u&l-c resiz.cive im (MM\«, PracTieoA coses (ey. The Seusor /OvTrvT neise

Vo) s acTubhiTe buT o colored woise).

The werkarocumd is o "Trick® amel is coMed " wodel /SjsTcuA

f: gx(tw) = ax@) + h(t) Vi (€Y ~ W0 (0,4)  boT () is weT whiTe
J(t\ = bx(&) + Vv (&)
R&) com e modeled as om AR colores! woise : lz(t\ PP | e (k) e) ~»wa (o,1)

amek Va(e) 4 el®). We comor oﬂ,u kF Theor 4 ! il
We CxPo.md The woise wocled
ll((:n) = Cbl('('.\ + e(E+w)
aud we de‘rmc v&) = e(t+1) SO0 we obieim
?((:M = ch(® +v &) vt) &~ wa(o,0) VIV, (usmcorreloied)
Sialie exTeus:om:
xX@®) = x, @ § e = X2 (&)
We ove imcluclu The woise elJuo.m'cs imio The Sysiew dJmaw;c.s. The uew Systew is of ordec
Mm=2 , x(e)= :'.‘:2)
X E+1) = ax,(e) + x2 &y
Xe(€£+1) = Cxa () + V(€) s F= [a 4] H=[b 0]
\7((:) = bx,(t) + Va(t) o c
We com e»ﬁ;lj The kF Jerm(&s To cSiocm
° o o
V() = [v(t\] = Vi)Y ~ WA(O, Vi) = Vs {0 4]
Ve (€Y ~ WA (0,0 Y Vas: 4
> Vo= ©

ExTemsion #S: MNou - Cucor SySieus ( ExTended kalwom Fiter - EKF)

Comsider . Siaie Sfoce anoclet Sdsﬁwm wlh wom-Cuucor eym:cs

{x(u-\ = JOxea, 0e@) 1 v
JG.\ = h(x@) +va(t)

where J() omd h() ore u-Qa-Giu:o.rJ’va-’oa ﬂ dass Clor mmoce. For exchle, o SJSTem?r i3 kind

cavid be:
Yo x5 + u(eY + w0
e*® +v

L
=
o~

Q%‘_

c 2

U]

Rolow The uam icea :  wodet ve'w.a: Md‘/tdbock Corteciion



l l Ve () |
1 -+ 1
E +O.ﬁ> A =) S h(\ ;\ (@) E > J(‘t\
| 'OT :
(1¢4) :\ J(.) L i
272 | €& &°
1 N+
+O RUnt)) g- s Jle-0)
+T - T J
L[ £ |]<
To des:sm The Jeed‘aad« CorfecTion goin we com hove 2 d-;ﬂl-reu.t_ or.'rm:
— «— CE\ —| k| ew
4) Host iuliGre omd uclayod : The g ‘J'SQJJ’ 2) The form S opaim o @uear Twe var iy
is o uon-@ueor fumciom K(e®) , where block of Tee kF : k(t) ety

k() s oo mom-Cuene Iwuc?om.

The Secousl opTiom is The odopled by EKF ; less illaTve but \ery gffectve siuce wie com reuse wws of
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