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ExtendedAbstract

Abstract. F is a typed | -calculus with subtyping and
bourded polymaphism. Typededking for F is known to
be undeddable, beausethe subtyping relation on types is
undecidabe. F, is anextensionof F with recursive types
In this pape&, we showhow symboic labdled transtion sys-
temtedhniquesfrom conaurrengy theay can be usedto rea-
sonabaut subypingfor F, . We provide a symbdic labelled
trandtion systen for F, types, togetherwith an an appro-
priate notion of simulaion, which coincideswith the existing
coinductive de nition of sultyping. We thenprovidea “simu-
lation upto' techniquefor proving subtyping, for which there
is a simplemodelcheckingalgorithm. Thealgorithmis more
poweril thantheusuwal onefor F , for exampleit terminats
on Ghelli's canorical exampk of nonterminaion.

1 Intr oduction

Symbalk labelled trangtion systens[11] have beenuse in
conairreng theoly to provide nite- staterepresentions of
in nite sygems. They have beenusedto model-cleck sys-
temswith data depemences, wherethe n‘ave state space
exploration techiquewould produceanin nite statespace
andsonotterminate.

In this paper we apply symbolc Its techriquesto a new
probdemarea thatof deciding sultyping for polymorphic| -
calcui.

Subtyping and polymorphism. CurienandGhelli's[5] F
is atyped| -calcdus with boundedpolymorphism and sub-
typing. It is basedon BruceandLongo's [2] developmentof
Cardell andWegner's[3] Funlanguage.

The mostinterestirg rule in F is that for subtyping of

polymorphictypes:
G T, T. GX T, U U
2 1 2 21 2 (FullF)
G X T U X T2 Uz

Thisis astrorgerrule thantherule usedin Fun, whichis:

GX T U
X TU

U,
X

G

(KernelF )
T U,

It is routine to develop an algoiithm to ched the subiyping
property of KernelF , but subtping for Full F hasturned
out to be sumprisingly complex. Curienand Ghelli [5] gave
analgoithm for checkng subtyping, with acorrectnes proof
providedby Ghelli [7]. Later, Ghelli [9] showedthatthis al-
gorithm is not guaanteel to terminde. Pierce[14] showed
that Ghelli's example of nonterminaton canbe geneanlized
to codea Turing machine,andsosubtyping (andhene type-
checking) for F is undeddable

Subtyping and reaursive types. Recursve types are a
common progranming language featuie, typi ed by ML's

constuct. Amadio and Cardelli [17] investi-
gatedtherelationshipbetweersultyping andrecursve types.
BrandandHenglen [1] reformulatedsubiyping in termsof
coinductive relations on types, which we will usehere The
coinductive presemation of type sygemsfor subtyping in
the presenceof recusive typeshasbeenusedby Pierceand
Sangiagi [16] for the p-calcdus, Turner[20] for Pict and
Savell [19] for adistributedp-calcuus. A goad introducion
is by Gapsey, Levin andPierce[6].

Ghelli [8] hasinvedigatedthe relaionshp betweensub-
typing, recusive typesand polymarphic types in the recur
sive extensionto F , calledF, . He hasshavn a numbe of
surrising resuts: adding recusionto F is notconsenative,
andF, doesnotsatidy thetranstivity eliminaton property.
Theseresuls are for the inductive de nition of sultyping,
however, where herewe look at the coinductive de nition,
which is muchbetterbehaed. ColazzoandGhelli have pro-
videdanalgarithm for deciding sultyping of Kernelk, [4]:
muchof this paperis basedon thatalgarithm.

Symboliclabelled transition systems. Labelledtransition
sysgemsarea form of nondeteministic automaton,whereall
staesare consderedto be acceping states. They werepro-
posed by Milner [12, 13] asan appiopriate modelfor con-
currentsysems.They have sincebeenusedto modelhigher-
order computaion, for example Gordons [10] Its model of
the simply-typed | -calcuus.



Oneproblem with Its modelsis thatthey canprodiwcein-
nite modelsof sygemswhich shauld be nite-state. For
example the processde ned:

P X: X X

hastranstions:

n nl

P n 1P P

for every integer n and so is in nit e-staé. Hennessy and
Lin [11] proposedusing symbdic labeled transtion sys-
temsas an appr@riate nitary representaion. A symbolc
Its includesfree variables,soratherthanhaving nodesbeing
closal processesandedgeslabeled with closedexpresions
thenodesareprocessesogeherwith their freevariables,and
the edgesarelabdled with openexpressions.For example
X: x 1

X: x 1;P X: P

P

Unfortunatel, this systenis still in nite -state sincethecon-
text cangrow unbaundedy:

P X: x 1;P
/
X
X P — x: X : x 1P
/
X: X : P

For this reamn, symbdic techmiques often work “up to
garba@ colledion' whereunneededreevariablescanbere-
movedfrom the context. For example theabove processcan
begivena nite symbdic represenationas:

P - * X: X
x\ /xl
X: P

Symboliclts's have been usedto provide nite-state repre-
sentadions of systansthat would otherwise bein nit e-stae.

1:P

Contrib utions of this paper. In this pape, we apgy the
techriques of symbdic labdled transtion sysemsto the
problem of subtyping F, . In particular, we:

Give an alterrative charaterizaion of subtyping for
Fu. , aspolar simulaion for anappropriate symbdic Its.

Usea variart of Milner and Sangorgi's [18] bisimula-
tion up to methodto give a soundprod technque for
subtyping.

Provide an algorithm for nding an appr@riate polar
simuldion, if oneexists.

Shaw thatthe algarithm is partially correct: if it termi-
nates, it doessowith theright answer

Shaw that the algorithm is strictly more powerful than
the stardardalgorithm for F , andat leag aspowerful
asColazzoandGhelli's algonthm for KernelF, .

Acknowledgements. | would like to thank Benjamin
Pierce JamesRiely and PeterSawell for usefd discusions
abaut this material DonaldKnuth's TeX typesetting sygem,
Leslie Lamport et al.'s IATEX doaument markup language,
andPaul Taylor's diagr.amspackagewereusedin the prepa-
ration of this paper

2 The type systemof F

In this secton, we review the types system usel in
Ghelli's[8] F, . Therearesomeminor syrtactic differences
betwea the types preentedhereand Ghelli's, but they are
equally expressive. We have addedtype constantssuch as
and to thelanguage,to make examples cleaer, they are
notrequred for ary of thetechntal development.

LetK range overa nite colledion of type consants,such

as and . Thesynta of typesis given
TUV T U K X TU XT X
De ne thefreevariablesof atypeas:
T T T
wherethe polarizedfreevariablesare:
T U T U
0
K 0
X TU T u X
X T T X
X X
X 0

A typecontextis a sequenceof varialdeswith type bourds:

GD X1 T Xn  Th
wherewe ignore the orde of bindings. Thedomainof acon-
text G isde ned:

X1 Tt X T X1 X



WhenX G wedene G X as:

GX T X T
Thewell-formedcontext judgmentG  is de ned:
G T
G
0 GX T

wherethewell-formedtypejudgmentG T is de ned:

G T G U G G GX T U
G T U G G K G X TU
GX T GX T

TTY
GX T X G XT

Notethatwe have required X to occu postively in T in ary
recusive type X T, andtha we cannd form recusive
types of theform X Y. Theserestictions do notlimit the
expressive power of thetype sygem,sinceforary T X we
cannd T X X suchthat:

TX T XX
X T XX X T XX
thenwe cande ne:
X TX X1T X3 X T XX

andwe cangive agredest x edpointsematicsfor X T as:

ifxX Y

XY othawise

Y

We de ne a-equivalerce on well-formed types as (when
Y G):

Y X

GX U T GY XY U TYX

We assunme an ordeing K; K, on type consants, for ex-

ample . Thisis extendedto aninductive subtyping
judgmentG T, T, de ned:
G T T1 G U U
G T T G T1 U T, U
Ki Ko
G T G Ki K
G T, . GX T, U U, G GX T
G X Tt U X T, Uy G X T
G Tt XT1 X T, GTp T, XT, X
G XT1 T G T X T

A well-formedrelation on types R is arelation R on well-
formedtypesG T suchthatif G T, R Gy T

then G G&. We shal often write G T; R T> when
G T1 R G T,. Forexample the inductive subtyping

relation givesawell-formedrelation ontypes:
G T U iff G T U

We regard well-formed relations on types up to a-
equvalene, sowe cancomplet thediagram:

cT 2 cu T 2 cu
Y X Y X as v X Y X
G T G U G T 2 6 U

A well-formedrelation ontypesR is sourd for subtyping if,
for every instantiated subtyping rule:

G T U G T

G T U

Un

we have:

fG TiRU;and andG, T,RUjthenG TRU

A well-formedrelation ontypesR is consisentwith subt/p-
ing if it is sourd for subtping, andwheneerG T R U we
can nd aninstantiated subtyping rule:

G T U G Tn U
G T U
sud that:
G TiRUj;and andG, TR U,

Let the coinductive sultyping relation
tion consigentwith sultyping.

be the largestrela-

Propostion 1  isthesmallestrelation corsisten with sub-

typing, andso

3 Motivation for the symboliclts semanticsfor F

This paper providesanalterrative chamacteriation of subtyp-
ing for F, , using asymbdic labeled transtion systen. By
recasting coinductive sultyping asanlts, it is possibleto use
existing tools from concureng/ theay, notaldly Milner and
Sangiogi's bisimuldion up to tecmique

Thelts haswell-formedtypes asnodes, and edgeswhich
re ect the structure of the type. For example the type
hasno transtions:

G G T



andthetype congantshave transitions with their name: relation is apolar simuldion if it actsasa simulaion on
postive labels and on negative labelswe cancomplkete the

G — G G — G diagram:
We canthink of the subtyping relation asa simulation [13] GT, - G T GTL — G T
relaton: if T is a supetype of U thenary trarsition of T
must have a matchirg transtion from U. For examplewe a as a a
cancomplde thefollowing diagram:
G T G T, - G T,

- — To cope with recusive types weallow silent actionst, where
as recusive typescansilertly unwind:

. G XT LG T XTX

We de ne the ‘matchirg transtion relation’ 2 formally For example if we de ne:

in Sectiond, for the momentwe will just saythatit includes T X X U % v

2 butalsoincludes:
thenwe have a polar simulaion for T U, sincewe de ne
G G the matching transition relation to ignoret actions:

This notion of a ‘'matching transtion relation' is stardardin _
processcalcui, whereit is usedto de ne weak bisimula-
tion [13]. In geneal, asimulation isawell-formedrelation

ontypeswherewe cancompletthediagram: T/

GTh - G T G Th — G T
a as a a T — u
G T, G T, -G T, t t t t
Functin types have domainandcodomaintranstions: T - U
G T U ‘
N —
G T G U T U

Sincefunction typesarecontrawariart in their rst agument Since we are giving a semarics for types with free vari-
andcovariantin their secand algument,we introducepolar- ables, we needto give varialdes transtions: they can either
ity to labek: is negative polarity, and is postive anmuncethemselhes,or behae like their bound

polarity. Thisis importart whenwe consder the subtyping G X
>N
G

relaion, for example
\ G GX
For example X X since:

X — X X

Notethataftera transition, the subtyping relaton is in- ‘
verted but after a transtion, it is not. A well-formed X

4



Finally, we areleft with the meatof the problem: modelling If wede ne:
bourded polymorphsm. Modeling KernelF, is not too

dif cult , we just addtranstionswhich revealthe strudure of G Xo G X1 Xo Xn Xn 1
apolymorphictype: Gn Xo 1 Xn Xn1
G X TU )
/ x thenG, G, X,foreverynsince:
G T GX T U :
Forexample, X X X since: G Gn G X

« « « qu\ Yo 1 X
\ G X - G
X X
Gi1 X1 G1 Gna

X X X

In order to model Full F, , however, we have to allow the Gha X Gh1 Gna

bourd of a polymorphictypeto vary. We do this by addirg

anadditionaltranstion to the matching transition relation:
In particular G Gg  Xo, whichis Ghelli'sexample. Note,

G X TU XV GX V U however, Fhat_in or(_jerto showthissuliyp_ing,we ha_dto con-
struct anin nite simulaion: we canrot just usethis Its di-
Forexample, X X X since: recty in a model checler to get an algorithm for decidng
sultyping of i, . Wewill retumto this problemin Section5.
X _— X X
« \ « 4 De nition of the symboliclts semanticsfor F
_ We now provideformalde nitionsfor thematerialdiscussed
in Sectian 3. Thesyntaxof posiivelabds a , negative labels
X X X a andlabdsa aregiven:
In geneal, since is a negative label, it is easyto see a -t X T X
thatthe foll owing diagrammodeb the Full ;,  rule for sub- -
typing bourdedpolymorphisn:
a  a a
G X T U G X T1 U

\ The symbdic Its 2 isde ned:
X T X T,

G T, - GT G T U — G T
GX T, Uy GX T, U G T U — G U
K
As a nal example,we consicer Ghelli's[9] exampleof non- G K — G
termindion of the stardardalgorithm for F  subtyping: G X TU G T
G X Y X Y G Xx Tu 2T G6x T U
_ X
wherewe write T asshorhandfor T ,and X T as G X — G
shothandfor X T. Ghelli's exampk s to verify: G X t G GX
Xo G X Xo X Xo G XT L1 G6T XTX



Thesymbdic Its 2 isde ned:
G T U — G T
G T U — G U
c kK £ & whenK K
G X TU — G T
c x Tu Y G6x v u
G x = G
G x = G GX
G xT < G T XTX
GT <+ GT
We write for thetrarsitive re exive closue of * :
GT- LG T
G T G T
Wewrite - for thetranstion ignoring t actions on

theleft', andsimilarly for ?

A polar simuldion R is awell-formedrelation ontypessuch
thatwe cancomplet the diagram:

G TG T G 2 61

a as a a

G T G T, -G T,
wherewe write R for:

G TRG U G TR G U

GTR GU GUR GT

Let bethelargestpolar simulation.

Proposition 2  isa preoder.

Propositon3 G T UIiffG U T.

5 Motivation for polar simulation up to polarized
substitution

We have now given an alternative charaderizaion of coin-
dudive subtyping of F, , but this doesnot diredly give us
ary benets. We cannow usestardardmodelcheckng tech-
niquesto check subtyping, but theseonly terminate when
they nd a nite polar simulaion. As the Ghelli's example
(discussel in Section3) shavs, we cancorstructtypeswhich
gererateanin nite polarsimulation.

In this sectbn,we shallprovideaproof techniquebasdon
Milner andSangiorgis [18] bisimulaion up to methoalogy;,
which can be usedto nd nite repregntatbns of in nite
polar simuldions. It is basedon the requrementto nd -
nite symbolic graptsfor processtermsin HennessyandLin's
work [11].

Polar simulation up to garbage colledion. De ne the
garbage collection relation on well-formedtypesasdiscad-
ing unusedtypevariales,for example

Y

X Y X X X

We canusepolar simulaion up to garbaye collectionto pro-

vide nite prod's of subtyping, for exampleif we de ne:
T XY X U XY X

thenwe havea nite prodthat T U givenby:

e

Y T
Y ‘ Y
Y T t t Y ]
Y\ /Y
T — U
which providesus with a nite representdion of the proof
that T U. Polarsimulation up to garbae colledion is

a sourd proof techrique, but it doesnot copewith Ghelli's
example, sincethereareno unusdtypevarigbles.

Polar simulation up to substitution. Our next failed at-
temptto nd aproof technque genealizes the notion of po-
lar simulafon up to garbag collection, by obseving thatone
canoften replaceatypevariable by its bourd, for exampke:

X

X Y X XY Y Y




We can try to use this to shov sultypings, for example and postive subsitution in the sultype. For example, we

Ghelli's&G Gp Xpfrom Section3 hasa nite polar simu-
lation up to subditution:
G X €}
G X5 X0 X & Xo
X1 Xo X1 Xo
G X G X2 X1 X
X1 Xo X1 Xo
& X €} X1 Xo

now have avalid nite proofof Ghelli's exampke:

G X €
G X X X G X
X1 Xo X1 Xo
G X G X2 X1 X
X1 Xo X1 Xo
& X G X1 Xo X

andthe courterexampke for polar simulafon up to substtu-

Unfortunatel, polar simulation up to subsditution is not a tion is no longe a courterexamge, becaseit doesnot use

sourd prod techngue,for example

X X —
X ‘ \ X
X X

X ‘ X

As this exampleshows, we canrot always just replae type
varialdes by ther bounds,andexped to geta valid subtype
relaionshp.

Polar simulation up to polar substitution. Thetechrique
we adop in this pape is are nemert of polar simulaion up
to subsitution. The crudal obsewationis that polar simula-
tion up to subsitution is sourd, aslong aswe only replece
negative occurences of variadesin the supetype, andposi-
tive ocaurrene@sof varialdesin the subtype.

De ne the positive subsitution relaion asrepleacing ary
postive occurencesof atype variable by its bound andun-
de ned if thereareary negatve occurencesfor example

X

X Y XY X Y Y

X

X Y X XY Y Y

andthe nggative subditution relation similarly (but notethat
we alwayssubditute postively in thetype context):

X

X Y X XY Y Y

Thenapolar simulaion upto polar subgitution is onewhere
we areallowedto usenegative subsitution in the supetype,

substitution with theright polarity.
Polarsimulation up to polar sulstitution is the prodf tech-
niquewe adog for therestof this paper

6 De nition of polar simulation up to polar
substitution

D

Letthegarbage collectionrelaton G T — G T be:

D

GD T — G T (whenG T)

Let R beapolarsimulaion up to garbage collectionwhen-
ever we cancompleteary diagram:

GTh — G T,
GTh - G T a a
a as G T, G T
G T, D ‘ D
G T, -G T,
De ne apolar sutstitutionTU X as:
TU X TU X (whenX T)
De ne apolar context subsitution T D as:
TO T
TDX U TUX D (whenX D)
De ne apolar sutstitutionrelation G T ° G T as
GD T — GD TD



Notethat polarsubditution genealizes garbag collection:

D

fG T -G TtenG T — G T

Let R be a polar simulaion up to polar substitution when-
everwe cancomplde ary diagram:

G =~ G
G T 2 G T a a
a as G T, G T,
G T, D ‘D
G T, -G T,

We canthen showthat polar simuléaion up to polar subgi-
tution (andhene up to garbag colledion) is a soundproof
techrique.

Proposition 4 If R is a polar simulaion up to polar subdi-
tutonandG TRUthenG T U.

7 An algorithm for nding polar simulation up to
polar substitution

Polar simulafon up to polar subditution gives us a proof
techrique for shawving subtyping, which can easily be con-
vertedinto a modelcheding algorithm. SinceF, is deta-
ministic, asimplebreadh- rst seart algorithmis sufcient.
The algaithm is givenin Figure 1. The invarians for the
while loopin thealgorithm are:

1. EitherG ToR Ugor& TpSUg.
2. R is apola simulation up to polar subgitution modS.
3.f &G To Upgthen R S

whereR is apolarsimulation up to polar sukstitution mods
whenerer we cancomplée ary diagram:

G T G T
G 2 G T a a
a as G T G T,
G T; D D
G T, 2 G T,

It is not too dif cul t to estalish partial corrednessof this
algarithm, by estabishing Invariants1-3:

function suptye &G To Up
letR 0
let S Gy ToSUg ;
while S 0
lets 0
foreach G T;SU;

a

foreach G T, —
if a t
addG T,S U;to S;
elseif G U; G U
let D bethelargesttype context
suchthd G T, — Gz Ts
and & U, _P & Us;
addG T3S Uzto S ;
else
return false;

G T

retur n true;

Figurel: Thealgoiithm

Propostion 5 ForanyGg TpandG& Ug wehawe:
1. If sugype G Tp Up retumstruetheng To  Up.
Uo.

We canshaw thatthe algarithm is guaanteda to terminaein
thecasewhereG T U.

2. If supype G Tg Ug retumsfalsethenG Ty

Propostion 6 If G T U thensuptype GT U termi-
nates.

We can also shawv that if there is a nite polar simulaion
up to polar subditution, thenthe algorithm will nd it, and
sowill terminate. For example this meansthe algarithm is
guaanted to terminateon Ghelli's example.

Propostion 7 If there exists a nit e polar simuldion up
to polar subsitution Rf sud that G T Rf U then
supype GT U terminates.



Usingthis,we canshaw thatthealgorithmis atleastasstrorg
asthe stardard algorithm for subtyping F . We do this by
shavingthatif G T U thenwecanconstucta nite polar
simulafon R suchthatG TR U.

Proposition 8 If the stardard algorithm for subtping F
terminaes,thensuptype GT U terminaeswith the same
result

Sinceour algaithm is at leastas powerful asthe stardard
algarithm, but terminateson Ghelli's example,we have that
our exampleis strictly morepowerful.

8 KernelF

In [4], ColazzoandGhelli provide analgotithm for subtyping
of KernelF, . Theiralgarithm:

Worksdirectly onthe structue of thetypes rather than
via anlts semantts.

Doesnot work “up to a-conversion', which resuts in a
moreef cient algorithm, atthecostof extra complity.

We caneasly modify ouralgorithmto chedk KernelR, sub-
typing, by chargingthematchng trarsition rule for polymaor-
phictypesto requre bounds to be matchedexactly.

X T

G X TU GX T U

We canshaow thatthis modi ed algorithm is aspowerful as
theirs (although probaly not asef cient, depanding on how
a-corversionis handkd), by shaving thatour algorithm ter-
minateson KernelF;, .

Propositon9 If G T U in KernelF, , thenthereis a
nite polar simuldion R up to garbage collection suc that
G TRU.

Togethe with Propogtion 7, this givesusthatour algotithm
is adedsion procedurefor subtyping of KernelF, .

Propositon10 If G T U in Kernel F, ,
supiype GT U terminaeswith true.

then

9 Colazzoand Ghelli'sbenchmark examples

We have already shown that our algorithm termindes on
Ghelli's exampleof nonterminaton of the stardard subtyp-
ing algoiithm for F .

Colazzoand Ghelli [4] provide two motivating examples
for theiralgoiithm for KernelR, , whichactasusetl bend-
marksfor our apprach. The examplesmale use of tuple

9

typesT U, andabottomtype
anlts semantis:

: these caneasly begiven

G T U G

GT/ \GU G‘

with matchirg transtions:
G T U

G
G T G U G G
For examplke, we can use this semantts to verify one of

Piercés [15] requrementsfor subtyping with , that ary
type variade bourdedby is equivalentto

X X X X

In the examplkes, we alsousemary syntactic ablreviations,
sudh asde ning equdions, missing bounds,andignor-
ing somet steps.

The rst exampleis aberchmarkwhich checksthattheal-
gorithm performs enoudnh garba@ colledion to nd a nite
polar simulaion up to garbae collection It is givenin Fig-
ure2.

The secand example checls that the algorithm doesnot
produce false postives, causel by collapsing variables to-
getherincorrectly. It is givenin Figure3.

10 Conclusionsand further work

Thispape descibesanapplicationof symbolic labdled tran-
sition systems which have previously beenusedto model
concurrert languagesto modeling subtyping. Thisallowsus
to usethetechnquesfrom concurrercy theory, suchassim-
ulations,and simulaion upto' to reasm aboutsubtyping. It
alsooften makesprod's easie to read evenin thepreseceof
guite complec types suchasColazzoandGhelli's benchmark
in Figure2.

This technque shauld genealize to othe examples such
asrecod subtyping, union typesand intersection types It
maybethatGordonis[10] work onlts sematicsfor | -calauli
coud be applied here, to give a semantis of higher-order
featuressuchasfunctions of kind . We leave
thetecmical developmentof this to future work.

The main resut which is missingfrom the current work
is a syntactic chaacterzationof whenthe algarithm suptype
terminates. Also, we have not discussedhow a-converson
would be implemered: it shauld be possible to de ne a-
conversian asa strorg bisimuation, andthenusepolar sim-
ulation up to strongbisimulation asa proof techngue. We
alsoleave theseissesfor future work.



Ty

X1
X1 T Xq
X X2
X1 X T3 Xy Ti X1 X Us Xo
X1 X T3 Xy —— X1 X
X1 X0 Ty X1 X2 Uz Xp
X /
Xo Ty X2 Uz Xp
X1 X1
X1 X ToXg — Xg1 X2 Ug X
x2 x2
X1 Xo X, X1 Xo X,
T3 Xy T Us Xo Uz X5
X, X\z
X1 X T3 Xy Tq X1 X Us Xo U3z X
X1 Xo T3 X X1 Xo Us Xp
“ / \
X1 Xo T X X1 Xo Xg — X1 X
X1 Xo X1 X2 Xo
Ty Xy To Xq U, Y1 U
T X1 X2 T3 Xy T U, Yo Us Y2
T3 X1 X1 T X1 Us Yo Y3 Us Yo
Us Yo Y UsYo UsYs
Us Ys Y2 U

Figure2: ColazzoandGhelli's rst exampke: showthat T
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T
X1
X1 Xy
X1 Tz Xy
X1 Ta X
X1 Ts Xg
X5
X1 X5 To Xq
X1 Xs T3 Xg
X1 X5 Ta Xq
X1 Xs X1
X1
X1 Xs
T
T X1
T3 Xq
Ta X4
Ts X1
Uy
U Y1
Us Y1

U
X1
— X1 Uz X
— X1 U Xg
— X1 Uz Xy
— X1 U
X5
- X1 X5 Uz Xs
- X1 X5 Uz Xg
- X1 X5 Uz Xg
— X1 X5 Xs
X1 o Xq
T3 X1
T4 X1
X1 Ts Xg
Xs T Xq
Y1 U Y
UY UsY
Y1 U
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