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Abstra
tThe Veri�ed Programming Language Implementation proje
t has developeda formally veri�ed implementation of the S
heme programming language.This report do
uments the byte-
ode interpreter, whi
h exe
utes a userprogram presented in the form of a binary image. It spe
i�es several in-termediate abstra
t ma
hines, and proves that they are (su

essive) faithfulimplementations of the Vlisp operational semanti
s. Garbage 
olle
tion andthe �niteness of 
omputer memories are among the issues handled.
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1 Introdu
tionThe vlisp byte 
ode 
ompiler translates S
heme programs into vlisp StoredByte Code (sb
) programs. This report presents and justi�es the translationof sb
 programs to vlisp Finite Stored Byte Code (fsb
) programs, andthe vlisp implementation of an interpreter for fsb
programs. fsb
 is a\�nite" subset of sb
. The syntax of sb
 is presented in the vlisp reporton the image builder [5℄. That report also presents an operational semanti
sof sb
 (and hen
e of fsb
) in terms of a state ma
hine 
alled the StoredByte Code Ma
hine (sb
m). We do not reprodu
e the syntax and sb
msemanti
s of Stored Byte Code but refer the reader to the vlisp report thatdes
ribes that language [5℄.This report shall address several issues related to the implementation ofa pra
ti
al interpreter:1. The interpreter has operations that 
reate environments and 
ontinu-ations by 
opying an argument sta
k. By 
hanging the representationof stores and sta
ks, it is possible to eliminate this 
opying. A minormodi�
ation to this representation permits 
ontinuations to be 
re-ated and restored in a sta
k-like fashion; the result is a mu
h fasterinterpreter.2. A physi
al 
omputer has �nite memory, i.e., it has a �xed number ofmemory 
ells. Sin
e the vlisp interpreter makes heavy use of mem-ory, its pra
ti
ality depends on automati
 storage re
lamation; thisis provided via a garbage-
olle
tor that re
laims memory 
ells whose
ontents do not a�e
t the behavior of the interpreter.3. Another fa
tor in the �niteness of a physi
al 
omputer's memory isthat ea
h memory 
ell 
an only 
ontain a number within �xed bounds.The vlisp interpreter terminates gra
efully (with an error message) ifits memory bounds are ever ex
eeded.This report presents:1. an operational semanti
s of sb
 in terms of a state ma
hine 
alled themi
ro
oded stored byte 
ode ma
hine (msb
m). This ma
hine in
or-porates a storage optimization whi
h permits the implementation to
reate environments and 
ontinuations without 
opying the argumentsta
k. It also re�nes the sb
m so that the a
tion rules of the state ma-
hine 
an be expressed as the 
omposition of a small set of primitivefun
tions. 1



2. a proof that the operational semanti
s of sb
 as given by the msb
mis equivalent to the operational semanti
s of sb
 as given by the sb
m.3. an operational semanti
s of sb
 in terms of a state ma
hine 
alled thegarbage-
olle
ted stored byte 
ode ma
hine (gsb
m). This ma
hinein
orporates a storage optimization whi
h permits the implementationto re
laim memory via a standard garbage-
olle
tion algorithm.4. a proof that the operational semanti
s of sb
 programs in terms of thegsb
m is equivalent to the operational semanti
s of sb
 programs interms of the msb
m.5. the syntax of vlisp Finite Stored Byte Code (fsb
) (de�ned as asubset of sb
), and a fun
tion that 
he
ks whether a sb
 program isan fsb
 program.6. an operational semanti
s of fsb
 in terms of a state ma
hine 
alledthe �nite stored byte 
ode ma
hine (fsb
m). This ma
hine has stateswhose 
omponents are either �nite numbers (with �xed bounds) or�xed-length sequen
es of su
h �nite numbers. This permits the im-plementation to be realized on a physi
al ma
hine with �nite storage
apa
ity.7. a proof that the operational semanti
s of fsb
 as given by the fsb
mis faithful to the operational semanti
s of fsb
 as given by the gsb
m.That is, if the fsb
m operational semanti
s assigns a meaning to anfsb
 program, then the gsb
m operational semanti
s assigns the samemeaning to the program.8. a map from fsb
 programs to binary images.1.1 NotationWe will use the notation 
ontained in Table 1. Additional explanation ofour notation 
an be found in the vlisp report [1℄.
2



h : : : i �nite sequen
e formation, 
ommas optional#s length of sequen
e shx : : : i sequen
e s with s(0) = xh : : : x i sequen
e s with s(#s� 1) = xs_ t 
on
atenation of sequen
es s and t�n�1i=0 �i 
on
atenation of sequen
es �i for 0 � i < ns y k drop the �rst k members of sequen
e ss z k the sequen
e of only the �rst k members of s�[i 7! x℄ the fun
tion whi
h is the same as �ex
ept that it takes the value x at iFigure 1: Some Notation
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2 Mi
ro
oded SBC State Ma
hineThe vlisp report [5℄ de�ned the syntax and operational semanti
s of storedbyte 
ode (sb
), and justi�ed the vlisp translation from linked byte 
odeto sb
. The operational semanti
s of sb
 was presented in terms of a statema
hine 
alled the stored byte 
ode ma
hine (sb
m). In this 
hapter, wedes
ribe the operational semanti
s of sb
 in terms of a new state ma
hine
alled the mi
ro
oded stored byte 
ode ma
hine (msb
m), and we show thatthis semanti
s is equivalent to the semanti
s presented in terms of the sb
m.The msb
m re�nes the sb
m in two ways:1. The msb
m alters the representation of stores and sta
ks to permit amore eÆ
ient implementation of some of the a
tion rules; in parti
ular,the a
tion rules make-env and make-
ont 
an be implemented without
opying the argument sta
k. It is possible to modify this algorithm topermit 
ontinuations to be 
reated and restored in a sta
k-like fashion.This optimization 
an be added and veri�ed at this level and, based onpreliminary ben
hmarks, would speed up the interpreter substantially.2. The msb
m in
ludes four temporary registers in its states; this per-mits the msb
m a
tion rules to be expressed as the 
omposition of asmall set of primitive fun
tions. In subsequent 
hapters, we shall re-�ne these primitive fun
tions, thus obtaining an implementation of ansb
 interpreter. The a
tual implementation is written in a subset ofS
heme 
alled PreS
heme and it is 
ompiled by a veri�ed PreS
heme
ompiler [4, 3℄.2.1 SBC SyntaxWe reprodu
e the syntax of the sb
 from the vlisp Image Builder report [5℄.2.1.1 Abstra
t SyntaxWe express the syntax of sb
 in Ba
kus-Naur form (bnf). The terminalsymbols of sb
 are:primitives: natural numbers (i.e., 0,1,2,: : : ), booleans (i.e., #t and #f),and identi�ers (i.e., alphanumeri
 symbols that begin with an alpha-beti
 letter); 4




onstru
tors: header, ptr, fixnum, imm, false, true, 
har, null,undefined, pair, symbol, string, ve
tor, lo
ation, template,
odeve
tor;keywords: empty, 
all, return, make-
ont, literal, 
losure, global,lo
al, set-global!, set-lo
al!, push, make-env, make-restlist,unspe
ified, jump, jump-if-false, 
he
k-args=, 
he
k-args>=symbols: \<", \>"The nonterminal symbols are as follows:nat for natural numbers,bool for booleans,ident for identi�ers,program for (sb
) programs,term for (sb
) terms,store for (sb
) stores,
ell for (sb
) 
ells,des
 for (sb
) des
riptors,vdes
 for (sb
) value des
riptors,imm for (sb
) immediates,htag for (sb
) header tags,bhtag for (sb
) byte header tags,dhtag for (sb
) des
riptor header tags,byte for (sb
) bytes,lo
 for (sb
) lo
ations, andobj for (sb
) stored obje
t dataWe use extended bnf with produ
tions having the form N ::= S1 j : : : j Snwhere N is a nonterminal, and the Si's are possible forms for phrases inthe set denoted by N . We use a variant of the 
onventional notation forrepetition. We write Sk (where k is a nonnegative integer) to stand for thesequen
e hSS : : : Si 
ontaining k o

urren
es of S. We write S� to standfor the sequen
e hSS : : :i 
ontaining a �nite number of o

urren
es of S(in
luding, possibly, no o

urren
e of S).We assume bpw to be some 
onstant natural number; in the implemen-tation, bpw will be either 1 or 4 (due to the ar
hite
ture of the physi
alma
hines we shall be working with). 5



The abstra
t syntax of Stored Byte Code (sb
) is as follows:program ::= termterm ::= hstore vdes
istore ::= 
ell�
ell ::= des
 j bytebpwdes
 ::= hheader htag bool nati j vdes
vdes
 ::= hptr lo
i j hfixnum nati j himmediate immiimm ::= false j true j h
har nati j null j undefinedhtag ::= bhtag j dhtagbhtag ::= string j 
odeve
tordhtag ::= pair j symbol j ve
tor j lo
ation j templatebyte ::= nat j empty j 
all j return j make-
ont j literal j
losure j global j lo
al j set-global! j set-lo
al! jpush j make-env j make-restlist j unspe
ified j jump jjump-if-false j 
he
k-args= j 
he
k-args>= j identlo
 ::= natobj ::= vdes
 j byteWe will use i and m-like variables for natural numbers, p-like variablesfor booleans, and r-like variables for identi�ers. Similarly for the othernonterminals, withP for (sb
) programs,T for (sb
) terms,s for (sb
) stores,
 for (sb
) 
ells,d for (sb
) des
riptors,vd for (sb
) value des
riptors,imm for (sb
) immediates,h for (sb
) header tags,bh for (sb
) byte header tags,dh for (sb
) des
riptor header tags,b for (sb
) bytes,l for (sb
) lo
ations, ando for (sb
) stored obje
t data6



We will de�ne an sb
 store in su
h a way that it 
an be viewed as a su

essionof stored obje
ts. Ea
h stored obje
t is a sequen
e of 
ells, with the �rst
ell being a header and the remaining 
ells being data. Stored obje
ts are
lassi�ed into two broad 
lasses: des
riptor obje
ts and byte obje
ts.The data 
ells of des
riptor obje
ts are value des
riptors, whi
h are either
onstants (numbers, booleans, 
hara
ters, et
.) or pointers to stored obje
ts.A pointer is restri
ted to index the �rst data 
ell of some stored obje
t. Aheader 
ell of a des
riptor obje
t has the form hheader dh p mi wheredh (the (des
riptor) header tag) is a tag that des
ribes the stored obje
t,p (the mutability 
ag) is a boolean value that des
ribes whether the obje
tis mutable, and m (the header size) is a multiple of the number of valuedes
riptors in the stored obje
t, the multiple being the 
onstant bpw.The data 
ells of byte obje
ts are �xed length sequen
es of bytes, bytesbeing numbers, keywords, or (spe
ial) identi�ers. These sequen
es of bytes
an be 
on
atenated to obtain a single sequen
e of bytes. Only a pre�x ofthis sequen
e is 
onsidered to be useful, and the bytes in this pre�x are 
alleduseful bytes. A header 
ell of a byte obje
t has the form hheader bh p miwhere bh (the (byte) header tag) is a tag that des
ribes the stored obje
t, p(the mutability 
ag) is a boolean value that des
ribes whether the obje
t ismutable, and m (the header size) is the number of useful bytes in the storedobje
t.We shall identify a stored obje
t by the name of its header tag. Thus we
all a stored obje
t with header tag template to be a template. Templates,
odeve
tors, and symbols are immutable and hen
e their immutability 
agis always false (#f). Lo
ations are always mutable, while pairs, strings, andve
tors may be either mutable or immutable. Likewise, the header size ofsymbols is always 1 � bpw, the header size of lo
ations and pairs is always2 � bpw, and the header size of templates, 
odeve
tors, strings, and ve
torsvaries.An sb
 term is an sb
 store together with a value des
riptor. If thevalue des
riptor is a 
onstant, then the store is irrelevant; otherwise, thevalue des
riptor will be a pointer to a stored obje
t in the store. An sb
program is an sb
 term that 
onsists of an sb
 store and a pointer to a\template obje
t" in the store.The header of a stored obje
t 
ontains the obje
t size in units of thenumber of bytes | we 
all this the size in bytes. The obje
t size in unitsof 
ells (i.e., the size in 
ells) is obtained by means of a fun
tion 0 that
onverts a size in bytes to a size in 
ells. Thus if a stored obje
t's headersize is n, then the obje
t 
onsists of 0(n) data 
ells. The fun
tion 
 
onverts7



a size in 
ells to a size in bytes. These fun
tions use the 
onstant bpw whi
hrepresents the number of bytes per 
ell.De�nition 1 Let div be the integer division (i.e., quotient) operation. Then0 and 
 are fun
tions (from natural numbers to natural numbers) de�nedas follows: 0n def= (n+ bpw � 1) div bpw
n def= n � bpw2.1.2 StoresA store s is represented as a sequen
e of 
ells. Thus #s is the domain of s,and is also the least l su
h that s(l) is not de�ned. s[l 7! v℄ is the fun
tionwhose domain is #s [ l and whi
h is identi
al to s at all arguments ex
eptpossibly l where its value is v. This is a store if and only if l � #s. An sb
store is de�ned to be a store that satis�es the following invariants:1. If s(l) = hheader h p mi for some l; h; p;m, then for all 1 � x � 0m,� If h 2 bhtag , then s(l + x) = hb1 : : : bbpwi for some b1 : : : bbpw,� If h 2 dhtag , then s(l + x) = vd for some vd ;2. For all l su
h that s(l) is de�ned,s(l)(1) 6= header)(9l0; h; p;m) (s(l0) = hheader h p mi)^(l0 < l � l0 + 0m)3. If s(l) = hptr l0i for some l; l0, then s(l0 � 1) = hheader h p mi forsome h; p;m.These invariants ensure that the store is a su

ession of stored obje
ts. Thusevery header 
ell in the store is the header of a stored obje
t and shouldbe followed by the appropriate number and kind of data 
ells (invariant1), every non-header 
ell in the store is a data 
ell of some stored obje
t(invariant 2), and every pointer 
ell is a pointer to the �rst data 
ell of astored obje
t (invariant 3).
8



2.1.3 ProgramsAn sb
 program is de�ned to be a term hs vdi su
h that1. s is an sb
 store;2. all lo
ation obje
ts have undefined values. That is, if s(l � 1) =hheader lo
ation #t 2�bpwi, then s(l) = himmediate undefinedi;and3. vd is a pointer to a template obje
t in the store s, i.e., vd = hptr liand s(l�1) = hheader template #f mi for some l;m. vd representsthe root template of the program.2.2 MSBC State Ma
hines (MSBCM)The operational semanti
s of stored byte 
ode is de�ned in terms of a de-terministi
 state ma
hine with 
on
rete states. The state ma
hine is 
alledthe Mi
ro
oded Stored Byte Code Ma
hine (msb
m). We de�ne the syntaxof msb
 states by augmenting the syntax of the Stored Byte Code. Wethen de�ne the states and a
tion rules of a deterministi
 state ma
hine. Weadopt the notation and 
onventions presented in the vlisp Image Builderreport [5℄.2.2.1 Mi
ro
oded Stored Byte Code (msb
)The Mi
ro
oded Stored Byte Code (msb
) provides the synta
ti
 obje
tsthat form the states of the msb
m. It expands the sb
 to provide represen-tations of obje
ts su
h as environments, 
losures, 
ontinuations, et
. Theseobje
ts are not part of sb
 as they do not o

ur in the 
ode obtained by
ompiling S
heme programs; they are put in the initial state of the msb
mand are also generated during the 
ourse of 
omputation.The new msb
 tokens are as follows:
onstru
tors: unspe
ified, empty-env, halt, eof, 
losure, port,
ontinuation, environmentThe new msb
 synta
ti
 
ategories are:
9



t for (msb
) templates,n for (msb
) o�sets,
 for (msb
) 
odeve
tors,v for (msb
) values,u for (msb
) environments,k for (msb
) 
ontinuations,a for (msb
) argument sta
ksThe abstra
t syntax of Mi
ro
oded Stored Byte Code (msb
) is de�nedbelow. This grammar rede�nes several synta
ti
 
ategories of sb
.program ::= termterm ::= hstore vdes
istore ::= hstoreseg storeseg storeseg storesegistoreseg ::= 
ell�
ell ::= des
 j bytebpwdes
 ::= hheader htag bool nati j vdes
vdes
 ::= hptr lo
i j hfixnum nati j himmediate immiimm ::= false j true j h
har nati j null j undefinedunspe
ified j empty-env j halt j eofhtag ::= bhtag j dhtagbhtag ::= string j 
odeve
tordhtag ::= pair j symbol j ve
tor j lo
ation j template j
losure j port j 
ontinuation j environmentbyte ::= nat j empty j 
all j return j make-
ont j literal j
losure j global j lo
al j set-global! j set-lo
al! jpush j make-env j make-restlist j unspe
ified j jump jjump-if-false j 
he
k-args= j 
he
k-args>= j identlo
 ::= hnat natiobj ::= vdes
 j bytesta
k ::= vdes
�We extend the naming 
onventions of sb
 for variables. Thus, we willuse m-like variables for numbers, p-like variables for booleans, and r-likevariables for identi�ers. Similarly for the other nonterminals, with10



P for (msb
) programs,T for (msb
) terms,s for (msb
) stores,si for (msb
) store segments with i < 4,
ell for (msb
) 
ells,d for (msb
) des
riptors,vd for (msb
) value des
riptors,imm for (msb
) immediates,h for (msb
) header tags,bh for (msb
) byte header tags,dh for (msb
) des
riptor header tags,b for (msb
) bytes,l for (msb
) lo
ations,o for (msb
) stored obje
t data, anda for (msb
) sta
ksIn addition, we will use t, 
, v, u, k, and r-like variables for (msb
) valuedes
riptors, and i,m,n-like variables for numbers.StoresA store s is represented as a sequen
e of four store segments, where ea
hstore segment is a sequen
e of 
ells. By abuse of notation, we shall writes(hi;mi) to mean s(i)(m). The �rst and third store segments are indexedby the nonnegative integers, while the se
ond and fourth are indexed by thenonpositive integers.Let 0 � i < 4 and let si = s(i). Then, for i 2 f0; 2g, #si is the domainof si, and is also the least nonnegative m su
h that si(m) is not de�ned.For i 2 f1; 3g, �#si is the domain of si, and is also the greatest nonpositivem su
h that si(m) is not de�ned. si[m 7! v℄ is the fun
tion whose domainis #si [m and whi
h is identi
al to si at all arguments ex
ept possibly mwhere its value is v. This is a store if and only if i 2 f0; 2g and m � #si ori 2 f1; 3g andm � �#si. We shall write s[hi;mi 7! v℄ to mean s(i)[m 7! v℄.A lo
ation l is a pair of numbers hi;mi su
h that� m � 0 if i 2 f0; 2g� m � 0 if i 2 f1; 3gLet l = hi;mi and l0 = hi0;m0i. By the above notation, s(l) = s(i)(m) and11



s(l0) = s(i0)(m0). We shall also use the following notation:l +A n def= hi; (m + n)il �A n def= hi; (m � n)il <A l0 def= (i = i0) ^ (m < m0)l �A l0 def= (i = i0) ^ (m � m0)An msb
 store is de�ned to be a store that satis�es the following invariants:1. If s(l) = hheader h p mi for some l; h; p;m, then for all 1 � x � 0m,� If h 2 bhtag , then s(l +A x) = hb1 : : : bbpwi for some b1 : : : bbpw.� If h 2 dhtag , then s(l +A x) = vd for some vd .2. For all l su
h that s(l) is de�ned,s(l)(1) 6= header)(9l0; h; p;m) (s(l0) = hheader h p mi)^(l0 <A l �A l0 +A 0m)3. If s(l) = hptr l0i for some l; l0, then s(l0 �A 1) = hheader h p mi forsome h; p;m.These invariants ensure that ea
h store segment is a su

ession of storedobje
ts. Thus every header 
ell in the store is the header of a stored obje
tand should be followed by the appropriate number and kind of data 
ells(invariant 1), every non-header 
ell in the store is a data 
ell of some storedobje
t (invariant 2), and every pointer 
ell is a pointer to the �rst data 
ellof a stored obje
t (invariant 3).Stored Obje
tsAn msb
 store 
onsists of a su

ession of stored obje
ts. Ea
h stored obje
tis a sequen
e of 
ells, with the �rst 
ell being a header and the remaining
ells being data. A stored obje
t is always identi�ed by the lo
ation of its�rst data 
ell. If l is a lo
ation su
h that s(l) is the �rst data 
ell of a storedobje
t, then hptr li is 
alled a pointer to the stored obje
t in store s.Let d be a pointer into store s. Then S(d; s) is de�ned to be a sequen
eof the 
ontents of the stored obje
t pointed to by d in s. The �rst elementof this sequen
e is the header tag, the se
ond element is the mutability 
ag,and the remaining elements are the data elements of the obje
t. Note that12



the sequen
es of bytes within a byte obje
t are 
attened into a single bytesequen
e; this resulting sequen
e may be larger than the obje
t size, so theextra bytes are trun
ated from the end of the sequen
e. The result is thesequen
e of \useful" bytes in the stored obje
t.De�nition 2 For all d; s; h; p;m; o�; l su
h that s(l+A (0m�1)) is de�ned,S(d; s) def= hh p o�i if� d = hptr li� s(l �A 1) = hheader h p mi� if h 2 dhtag theno� = hs(l) : : : s(l +A (0m� 1))ielse o� = (s(l)_ : : :_ s(l +A (0m� 1))) zmThe following notation provides a 
on
ise way of appending stored obje
tsto stores.De�nition 3 Let s = hs0 s1 s2 s3i be an msb
 store. If i 2 f0; 2g thens+i hh p o�i def= if h 2 dhtag thens[i 7! si _ hhheader h p (
#o�)ii_ o�℄else s[i 7! si _ hhheader h p #o�ii_ o0�℄where #o0� = 0#o�;and (80 � i < #o0�) #o0�(i) = bpwand o� = (�#o0��1i=0 o0�(i)) z#o�If i 2 f1; 3g thens+i hh p o�i def= if h 2 dhtag thens[i 7! hhheader h p (
#o�)ii_ o� _ si℄else s[i 7! hhheader h p #o�ii_ o0� _ si℄where #o0� = 0#o�;and (80 � i < #o0�) #o0�(i) = bpwand o� = (�#o0��1i=0 o0�(i)) z#o�The following lemma asserts that appending a stored obje
t to the ithsegment of a store s (for i 2 f0; 2g) results in a new store s0 su
h thathptr hi (#si + 1)ii is a pointer to the stored obje
t in the new store s0.13



Lemma 4 S(hptr hi (#si + 1)ii; s+i hh p o�i) = hh p o�iProof: Immediate from de�nitions.2The following lemma asserts that appending a stored obje
t to the ithsegment of a store s (for i 2 f1; 3g) results in a new store s0 su
h thathptr hi (�#si�#o�+1)ii is a pointer to the stored obje
t in the new stores0.Lemma 5 S(hptr hi (�#si �#o� + 1)ii; s +i hh p o�i) = hh p o�iProof: Immediate from de�nitions.2 The following notation provides a 
on
ise way of 
reating a new storedobje
t and appending it to a store. Let i 2 f0; 2g and let s be an msb
store. Then,s�i hh p mi = s+i hh p d�ui if h 2 dhtag and #d�u = ms+i hh p b�i if h 2 bhtag and #b� = m2.2.2 Stored Obje
t Predi
atesWe de�ne a family of predi
ates that 
hara
terize the types of stored obje
tsin an msb
 store. These relations are de�ned re
ursively.Let d; t; 
; v; u; k range over value des
riptors. The free variables inea
h formula are (impli
itly) existentially quanti�ed over the entire formula.Thus, for example,String(d; s) def= S(d; s) = hstring p b�imeans String(d; s) def= (9p; b�)S(d; s) = hstring p b�i:
14



Pair(d; s) () S(d; s) = hpair p ho1 o2iiand Value(o1; s) and Value(o2; s)Symbol(d; s) () S(d; s) = hsymbol #f hoii and String(o; s)String(d; s) () S(d; s) = hstring p b�iVe
tor(d; s) () S(d; s) = hve
tor p o�iand (80 � i < #o�) Value(o�(i); s)Lo
ation(d; s) () S(d; s) = hlo
ation #t ho1 o2iiand Value(o1; s) and Symbol(o2; s)Template(t; s) () S(t; s) = htemplate #f 
::o�iand Codeve
tor(
; s)and (80 � i < #o�) Value(o�(i); s)Codeve
tor(
; s) () S(
; s) = h
odeve
tor #f b�iO�set(n; t; s) () Template(t; s)and S(t; s) = htemplate #f 
::o�iand S(
; s) = h
odeve
tor #f b�iand 0 � n < #b�Closure(d; s) () S(d; s) = h
losure #f ht uiiand Template(t; s)and Environment(u; s)Continuation(k; s) () k = himmediate halti orS(k; s) = h
ontinuation #f ht n u ki_ vd�iand Template(t; s) and O�set(n; t; s)and Environment(u; s)and Continuation(k; s)and (80 � i < #vd�) Value(vd�(i); s)Environment(u; s) () u = himmediate empty-envi orS(u; s) = henvironment #t u0 ::o�iand Environment(u0; s)and (80 � i < #o�) Value(o�(i); s)Value(v; s) () v = hfixnum ni or v = himmediate immior S(v; s) is de�ned2.2.3 StatesThe states of a mi
ro
oded sb
 state ma
hine (msb
m) are the sequen
esof the form ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i15



that satisfy the following (msb
m) state invariants:1. s is an msb
 store2. Template(t; s)3. Codeve
tor(
; s)4. S(t; s) = htemplate #f 
::o�i for some o�.5. O�set(n; t; s)6. Value(v; s)7. Environment(u; s)8. Continuation(k; s)9. (80 � i < #a) Value(a(i); s)The 
omponents of a state are 
alled, in order, its template, o�set, 
odeve
-tor, value, argument sta
k, environment, 
ontinuation, store, spare1, spare2,spare3, and spare4, and we may informally speak of them as being held inregisters. The �rst three state invariants ensure that the store is an msb
store. The remaining invariants restri
t the values of the register 
ompo-nents of states. For example, the register t is restri
ted to hold pointers totemplates (i.e., stored obje
ts with header tag template).Note that the msb
m state invariants are the same as the sb
m stateinvariants.2.2.4 Initial and Halt StatesThe initial states of the msb
m are the states ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4isu
h that� n = 0,� v = himmediate unspe
ifiedi,� a = hi,� u = himmediate empty-envi,� k = himmediate halti, and 16



� s(1) = s(2) = s(3) = hi.The halt states of themsb
m are the states ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4isu
h that for some b�,� S(
; s) = h
odeve
tor #f b�i,� b�(n) = return, and� k = himmediate halti.2.2.5 State Observers and MutatorsWe shall implement the a
tion rules of the msb
m as the 
omposition offun
tions drawn from a small set of fun
tions (
alled mi
ro
ode fun
tions).Mi
ro
ode fun
tions are 
lassi�ed into two 
ategories. Mi
ro
ode fun
tionsthat map msb
m states to non-state values are 
alled (msb
m) observerssin
e they only observe the state and do not mutate it. Mi
ro
ode fun
tionsthat map msb
m states to msb
m states are 
alled (msb
m) mutators. ms-b
m observers are spe
i�ed in Figure 2 and msb
m mutators are spe
i�edin Figures 3 and 4.2.2.6 Stored Obje
t ManipulatorsIn Figures 2, 3, and 4 we spe
i�ed a 
olle
tion of mi
ro
ode fun
tions. Thesefun
tions were 
lassi�ed into register, sta
k, stored obje
t, and mis
ella-neous fun
tions. In this se
tion, we spe
ify a fairly large 
olle
tion of auxil-iary fun
tions that will be used to manipulate stored obje
ts in an msb
mstore. These auxiliary fun
tions (
alled stored obje
t manipulators) are im-plemented in terms of the mi
ro
ode fun
tions; their primary purpose is toabstra
t away from representation details of how stored obje
ts are repre-sented in the store. The msb
m a
tion rules will be implemented in termsof the register and sta
k mi
ro
ode fun
tions, the stored obje
t manipula-tors, and other mis
ellaneous auxiliary fun
tions. As with the mi
ro
odefun
tions, we distinguish between stored obje
t manipulators on the basisof their being observers or mutators.For ea
h stored obje
t observer we give names to the fun
tion and itsarguments, one or more 
onditions determining when the fun
tion is de�ned(and possibly introdu
ing new lo
ally bound variables for later use), a spe
-i�
ation of the value returned by the fun
tion, and an \implementation" ofthe fun
tion in terms of mi
ro
ode observers and other auxiliary fun
tions.17



Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be an msb
m state. Then,Register Observerstemplate-ref � = t
odeve
tor-ref � = 
offset-ref � = nvalue-ref � = venv-ref � = u
ont-ref � = kspare1-ref � = r1spare2-ref � = r2spare3-ref � = r3spare4-ref � = r4Sta
k Observerssta
k-top � = a(0) if #a > 0sta
k-empty? � = (#a = 0)sta
k-length � = #aStored Obje
t ObserversLet d = hptr li and s(l �A 1) = hh p mi: Let S(d; s) = hh p o�i: Thenstob-des
-ref d i � = o�(i) if h 2 dhtagstob-byte-ref d i � = o�(i) if h 2 bhtagstob-tag d � = hstob-mutable? d � = pstob-size-in-bytes d � = mstob-size-in-
ells d � = 0mFigure 2: msb
m State Observers.
18



Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be an msb
m state. Then,Register Mutatorstemplate-set vd � = �[t0 = vd ℄ if Template(vd)
odeve
tor-set vd � = �[
0 = vd ℄ if Codeve
tor(vd)offset-set i � = �[n0 = i℄ if O�set(i; t; s)offset-in
 i � = �[n0 = n+ i℄ if O�set(n+ i; t; s)value-set vd � = �[v0 = vd ℄ if Value(vd)env-set vd � = �[u0 = vd ℄ if Environment(vd)
ont-set vd � = �[k0 = vd ℄ if Continuation(vd)spare1-set vd � = �[r01 = vd ℄spare2-set vd � = �[r02 = vd ℄spare3-set i � = �[r03 = i℄spare4-set d � = �[r04 = d℄Sta
k Mutatorssta
k-push vd � = �[a0 = vd ::a℄ if Value(vd)sta
k-pop � = �[a0 = a y 1℄ if #a > 0sta
k-
lear � = �[a0 = hi℄Mis
ellaneous Mutatorsassert p � = if p then � else abortFigure 3: msb
m State Mutators.
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Stored Obje
t Mutatorsmake-des
-stob h p m � = �[s0 = s�0 hh p mi℄[r01 = h0;#s(0)i℄if h 2 dhtagmake-des
-stob-from-sta
k h p �= �[s0 = s+1 hh p ai℄[a0 = hi℄[r01 = h1;�#s(1)�#a+ 1i℄if h 2 dhtagmake-byte-stob h p m � = �[s0 = s�0 hh p mi℄[r01 = h0;#s(0)i℄if h 2 bhtagLet d = hptr li and S(d; s) = hh p o�i: Thenstob-des
-set d i vd � = �[s0 = s[(l +A i) 7! vd ℄℄if h 2 dhtagand 0 � i < #o�stob-byte-set d i b � = �[s0 = s[(l +A i0) 7! b�℄℄if h 2 bhtagand 0 � i < #o�and i0 = 0(i+ 1)� 1and b� = s(l +A i0)[(i mod bpw) 7! b℄Figure 4: msb
m State Mutators (
ontinued).
20



For ea
h stored obje
t mutator we give names to the fun
tion and its ar-guments, one or more 
onditions determining when the fun
tion is de�ned(and possibly introdu
ing new lo
ally bound variables for later use), a spe
-i�
ation of the new values of some registers, and an \implementation" ofthe fun
tion in terms of mi
ro
ode mutators and other auxiliary fun
tions.Often the domain of a stored obje
t manipulator is spe
i�ed by equa-tions giving \the form" of 
ertain registers or values. In all spe
i�
ations,the original values of the various registers are designated by 
onventionalvariables used exa
tly as in the de�nition of a state: t, n, 
, v, a, u, k, s, r1,r2, r3, and r4. Call these the original register variables. In spe
i�
ations ofstored obje
t mutators, the new values of the registers are indi
ated by thesame variables with primes atta
hed: t0, n0, 
0, v0, a0, u0, k0, s0, r01, r02, r03, andr04. Call these the new register variables. New register variables o

ur onlyas the left hand sides of equations spe
ifying new register values. Registersfor whi
h no new value is given are ta
itly asserted to remain un
hanged.It may help to be more pre
ise about the use of lo
al bindings derived frompattern mat
hing. The domain 
onditions may involve the original registervariables and fun
tion arguments, and may introdu
e new variables (notamong the fun
tion arguments or the new or old register variables). If we
all these new, \auxiliary" variables x1; : : : ; xj , then the domain 
onditionsde�ne a relation of j + 12 pla
es(y) R(t; n; 
; v; a; u; k; s; r1; r2; r3; r4; x1; : : : ; xj).The domain 
ondition really is this: the rule 
an be applied in a given stateif there exist x1; : : : ; xj su
h that (y). Furthermore, in the value and 
hangespe
i�
ations, we assume for these auxiliary variables a lo
al binding su
hthat (y). Independen
e of the new values on the exa
t 
hoi
e (if there is any
hoi
e) of the lo
al bindings will be unproblemati
.The \implementation" of the a
tion rules expresses ea
h rule as the 
om-position of stored obje
t manipulators, mi
ro
ode fun
tions, and other aux-iliary fun
tions. The implementation is expressed as a S
heme program.Note that S
heme is a 
all-by-value language that impli
itly threads theglobal state through fun
tion 
alls; hen
e the global state does not appearas an expli
it parameter.Fun
tion: make-
losure-stob!Domain 
onditions: 21



Changes:s0 = s�0 h
losure #f 2iImplementation:(make-des
-stob! hdr/
losure #f 2)Fun
tion: 
losure-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = h
losure #f hd0 d1ii#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/
losure))Fun
tion: 
losure-stob-template dDomain 
onditions:S(d; s) = h
losure #f hd0 d1iiReturn value:d0Implementation:(stob-des
-ref d 0)Fun
tion: 
losure-stob-env dDomain 
onditions:S(d; s) = h
losure #f hd0 d1iiReturn value:d1Implementation: 22



(stob-des
-ref d 1)Fun
tion: 
losure-stob-template-init! d valDomain 
onditions:d = hptr liS(d; s) = h
losure #f hd0 d1iiChanges:s0 = s[l 7! val ℄Implementation:(stob-des
-set! d 0 val)Fun
tion: 
losure-stob-env-init! d valDomain 
onditions:d = hptr liS(d; s) = h
losure #f hd0 d1iiChanges:s0 = s[l +A 1 7! val ℄Implementation:(stob-des
-set! d 1 val)Fun
tion: make-
odeve
tor-stob! mDomain 
onditions:Changes:s0 = s�0 h
odeve
tor #f miImplementation:(make-des
-stob! hdr/
odeve
tor #f m)Fun
tion: 
odeve
tor-stob? dDomain 
onditions: 23



Return value:#t if d = hptr li and S(d; s) = h
odeve
tor #f b�i#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/
odeve
tor))Fun
tion: 
odeve
tor-stob-length dDomain 
onditions:S(d; s) = h
odeve
tor #f b�iReturn value:#b�Implementation:(stob-size-in-bins d)Fun
tion: 
odeve
tor-stob-ref d iDomain 
onditions:S(d; s) = h
odeve
tor #f b�i0 � i < #b�Return value:b�(i)Implementation:(stob-binarray-ref d i)Fun
tion: 
odeve
tor-stob-init! d i bDomain 
onditions:d = hptr liS(d; s) = h
odeve
tor #f b�i0 � i < #b�i0 = 0(i+ 1)� 1b0� = s(l +A i0)[(i mod bpw) 7! b℄Changes: 24



s0 = s[(l +A i0) 7! b0�℄Implementation:(stob-binarray-set! d i b)Fun
tion: make-
ontinuation-stob!Domain 
onditions:Changes:s0 = s+1 h
ontinuation #f aiImplementation:(make-des
-stob-from-sta
k! hdr/
ontinuation #f)Fun
tion: 
ontinuation-stob? dDomain 
onditions:Return value:#t if d = himmediate halti#t if d = hptr liand S(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4i#f otherwiseImplementation:(or (= d halt)(and (pointer? d) (= (stob-type d) hdr/
ontinuation)))Fun
tion: 
ontinuation-stob-template dDomain 
onditions:S(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iReturn value:d0Implementation: 25



(stob-des
-ref d 0)Fun
tion: 
ontinuation-stob-o�set dDomain 
onditions:S(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iReturn value:d1Implementation:(stob-des
-ref d 1)Fun
tion: 
ontinuation-stob-env dDomain 
onditions:S(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iReturn value:d2Implementation:(stob-des
-ref d 2)Fun
tion: 
ontinuation-stob-
ont dDomain 
onditions:S(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iReturn value:d3Implementation:(stob-des
-ref d 3)Fun
tion: 
ontinuation-stob-template-init! d valDomain 
onditions: 26



d = hptr liS(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iChanges:s0 = s[l 7! val ℄Implementation:(stob-des
-set! d 0 val)Fun
tion: 
ontinuation-stob-o�set-init! d valDomain 
onditions:d = hptr liS(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iChanges:s0 = s[l +A 1 7! val ℄Implementation:(stob-des
-set! d 1 val)Fun
tion: 
ontinuation-stob-env-init! d valDomain 
onditions:d = hptr liS(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iChanges:s0 = s[l +A 2 7! val ℄Implementation:(stob-des
-set! d 2 val)Fun
tion: 
ontinuation-stob-
ont-init! d valDomain 
onditions:d = hptr liS(d; s) = h
ontinuation #f hd0 d1 d2 d3i_ d�4iChanges: 27



s0 = s[l +A 3 7! val ℄Implementation:(stob-des
-set! d 3 val)Fun
tion: make-environment-stob!Domain 
onditions:Changes:s0 = s+1 henvironment #t aiImplementation:(make-des
-stob-from-sta
k! hdr/environment #t)Fun
tion: environment-stob? dDomain 
onditions:Return value:#t if d = himmediate empty-envi#t if d = hptr li and S(d; s) = henvironment #t v�i#f otherwiseImplementation:(or (= d emptyenv)(and (pointer? d) (= (stob-type d) hdr/environment)))Fun
tion: environment-stob-length dDomain 
onditions:S(d; s) = henvironment #t v�iReturn value:#v�Implementation: 28



(stob-size-in-
ells d)Fun
tion: environment-stob-parent dDomain 
onditions:S(d; s) = henvironment #t v�iReturn value:v�(0)Implementation:(stob-des
-ref d 0)Fun
tion: environment-stob-ref d iDomain 
onditions:S(d; s) = henvironment #t v�i1 � i < #v�Return value:v�(i)Implementation:(stob-des
-ref d i)Fun
tion: environment-stob-set! d i valDomain 
onditions:d = hptr liS(d; s) = henvironment #t v�i1 � i < #v�Changes:s0 = s[l +A i 7! val ℄Implementation:(stob-des
-set! d i val) 29



Fun
tion: make-lo
ation-stob!Domain 
onditions:Changes:s0 = s�0 hlo
ation #t 2iImplementation:(make-des
-stob! hdr/lo
ation #t 2)Fun
tion: lo
ation-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = hlo
ation #t hd0 d1ii#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/lo
ation))Fun
tion: lo
ation-stob-value dDomain 
onditions:S(d; s) = hlo
ation #t hd0 d1iiReturn value:d0Implementation:(stob-des
-ref d 0)Fun
tion: lo
ation-stob-name dDomain 
onditions:S(d; s) = hlo
ation #t hd0 d1iiReturn value:d1 30



Implementation:(stob-des
-ref d 1)Fun
tion: lo
ation-stob-value-set! d valDomain 
onditions:d = hptr liS(d; s) = hlo
ation #t hd0 d1iiChanges:s0 = s[l 7! val ℄Implementation:(stob-des
-set! d 0 val)Fun
tion: make-mutable-pair-stob!Domain 
onditions:Changes:s0 = s�0 hpair #t 2iImplementation:(make-des
-stob! hdr/pair #t 2)Fun
tion: make-immutable-pair-stob!Domain 
onditions:Changes:s0 = s�0 hpair #f 2iImplementation:(make-des
-stob! hdr/pair #f 2) 31



Fun
tion: pair-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = hpair p hd0 d1ii#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/pair))Fun
tion: pair-stob-fst dDomain 
onditions:S(d; s) = hpair p hd0 d1iiReturn value:d0Implementation:(stob-des
-ref d 0)Fun
tion: pair-stob-snd dDomain 
onditions:S(d; s) = hpair p hd0 d1iiReturn value:d1Implementation:(stob-des
-ref d 1)Fun
tion: pair-stob-fst-set! d valDomain 
onditions:d = hptr liS(d; s) = hpair #t hd0 d1iiChanges: 32



s0 = s[l 7! val ℄Implementation:(stob-des
-set! d 0 val)Fun
tion: pair-stob-snd-set! d valDomain 
onditions:d = hptr liS(d; s) = hpair #t hd0 d1iiChanges:s0 = s[l +A 1 7! val ℄Implementation:(stob-des
-set! d 1 val)Fun
tion: make-immutable-string-stob! mDomain 
onditions:Changes:s0 = s�0 hstring #f miImplementation:(make-des
-stob! hdr/string #f m)Fun
tion: make-mutable-string-stob! mDomain 
onditions:Changes:s0 = s�0 hstring #t miImplementation:(make-des
-stob! hdr/string #t m)33



Fun
tion: string-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = hstring p b�i#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/string))Fun
tion: string-stob-length dDomain 
onditions:S(d; s) = hstring p b�iReturn value:#b�Implementation:(stob-size-in-bins d)Fun
tion: string-stob-ref d iDomain 
onditions:S(d; s) = hstring p b�i0 � i < (#b� � 1)Return value:b�(i)Implementation:(
har->immediate (integer->
har (stob-binarray-ref d i)))Fun
tion: string-stob-set! d i 
Domain 
onditions: 34



d = hptr liS(d; s) = hstring #t b�i0 � i < (#b� � 1)
 = himmediate h
har biii0 = 0(i+ 1)� 1b0� = s(l +A i0)[(i mod bpw) 7! b℄Changes:s0 = s[(l +A i0) 7! b0�℄Implementation:(stob-binarray-set! d i (
har->integer (immediate->
har 
)))Fun
tion: make-symbol-stob!Domain 
onditions:Changes:s0 = s�0 hsymbol #f 1iImplementation:(make-des
-stob! hdr/symbol #f 1)Fun
tion: symbol-stob-name-init! d valDomain 
onditions:d = hptr liS(d; s) = hsymbol #f hviiChanges:s0 = s[l 7! val ℄Implementation:(stob-des
-set! d 0 val)Fun
tion: symbol-stob? dDomain 
onditions: 35



Return value:#t if d = hptr li and S(d; s) = hsymbol #f hvii#f otherwiseImplementation:(and (pointer? d) (= (stob-type d) hdr/symbol))Fun
tion: symbol-stob-name dDomain 
onditions:S(d; s) = hsymbol #f hviiReturn value:vImplementation:(stob-des
-ref d 0)Fun
tion: make-template-stob! mDomain 
onditions:Changes:s0 = s�0 htemplate #f miImplementation:(make-des
-stob! hdr/template #f m)Fun
tion: template-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = htemplate #f v�i#f otherwiseImplementation: 36



(and (pointer? d) (= (stob-type d) hdr/template))Fun
tion: template-stob-length dDomain 
onditions:S(d; s) = htemplate #f v�iReturn value:#v�Implementation:(stob-size-in-
ells d)Fun
tion: template-stob-
odeve
tor dDomain 
onditions:S(d; s) = htemplate #f v�iReturn value:v�(0)Implementation:(stob-des
-ref d 0)Fun
tion: template-stob-ref d iDomain 
onditions:S(d; s) = htemplate #f v�i1 � i < #v�Return value:v�(i)Implementation:(stob-des
-ref d i)Fun
tion: template-stob-init! d i valDomain 
onditions: 37



d = hptr liS(d; s) = htemplate #f v�i0 � i < #v�Changes:s0 = s[l +A i 7! val ℄Implementation:(stob-des
-set! d i val)Fun
tion: make-mutable-ve
tor-stob! mDomain 
onditions:Changes:s0 = s�0 hve
tor #t miImplementation:(make-des
-stob! hdr/ve
tor #t m)Fun
tion: make-immutable-ve
tor-stob! mDomain 
onditions:Changes:s0 = s�0 hve
tor #f miImplementation:(make-des
-stob! hdr/ve
tor #f m)Fun
tion: ve
tor-stob? dDomain 
onditions:Return value:#t if d = hptr li and S(d; s) = hve
tor p v�i#f otherwiseImplementation: 38



(and (pointer? d) (= (stob-type d) hdr/ve
tor))Fun
tion: ve
tor-stob-length dDomain 
onditions:S(d; s) = hve
tor p v�iReturn value:#v�Implementation:(stob-size-in-
ells d)Fun
tion: ve
tor-stob-ref d iDomain 
onditions:S(d; s) = hve
tor p v�i0 � i < #v�Return value:v�(i)Implementation:(stob-des
-ref d i)Fun
tion: ve
tor-stob-set! d i valDomain 
onditions:d = hptr liS(d; s) = hve
tor #t v�i0 � i < #v�Changes:s0 = s[l +A i 7! val ℄Implementation:(stob-des
-set! d i val) 39



2.2.7 Mis
ellaneous Auxiliary Fun
tionsBefore presenting the a
tion rules, we present several auxiliary fun
tions.The fun
tion env-frame(u; n; s) returns the environment that is nestedn levels deep within the environment pointed to by u in store s.env-frame(u; 0; s) = u; andenv-frame(u; n+ 1; s) = env-frame(u0; n; s)if S(u; s) = henvironment #t u0 ::vd�iThe fun
tion sta
k-to-list(lp; n; a; s) pops the �rst n values of a sta
k a andstores them as a linked list in store s. The tail of this linked list is the listpointed to by lp in store s. The fun
tion returns a pointer to the new linkedlist, together with the modi�ed sta
k and store.sta
k-to-list(lp; 0; a; s) = hlp a si; andsta
k-to-list(lp; n+ 1; a; s) =sta
k-to-list(hptr h0 #s0 + 1ii; n; a y 1; s+0 hpair #f ha(0) lpii)The fun
tion list-to-sta
k(p; a; s) returns the sta
k a0 _ a, where a0 is thesta
k represented by the linked list pointed to by p in store s.list-to-sta
k(himmediate nulli; a; s) = a; andlist-to-sta
k(p; a; s) = list-to-sta
k(p0; v :: a; s)if S(p; s) = hpair p hv p0iiThe fun
tion 
ompute-o�set takes two integers and returns an integer rep-resenting an o�set they are together en
oding. For 0 � n0; n1,
ompute-o�set(n0; n1) = (256 � n0) + n1:We will usually write n0 
 n1 for 
ompute-o�set(n0; n1).2.2.8 A
tion RulesWe present a
tions as the union of subfun
tions 
alled (a
tion) rules. Thea
tion rules are fun
tions from pairwise disjoint subsets of states� inputs�outputs into states� inputs� outputs where states is the set of sb
m states,and inputs and outputs are sets of �nite sequen
es of 
hara
ters. Sin
e thedomains of these fun
tions are disjoint, the union of these fun
tions is apartial fun
tion from states� inputs� outputs into states� inputs� outputs.We denote this fun
tion by R. 40



Let �, i�, and o� be a state, input sequen
e, and output sequen
e re-spe
tively. The value of the fun
tion R at h�; i�; o�i only depends on � andpossibly on the �rst element of i�. Let R(h�; i�; o�i) = h�0; i0�; o0�i. Then,one of the following hold:� The input and output sequen
es are un
hanged, i.e., i0� = i� ando0� = o�. We 
all su
h rules pure rules.� The rule drops the �rst element of the argument input sequen
e, i.e.,i0� = i� y 1 and o0� = o�. We 
all su
h rules input port rules.� The rule appends a sequen
e of values to the argument output se-quen
e, i.e., i0� = i� and o0� = o� _ o00�. We 
all su
h rules output portrules.We de�ne a fun
tion R� as follows:R� def= R�(R(h�; i�; o�i)) if R(h�; i�; o�i) is de�nedh�; i�; o�i otherwiseIf, when started in state h�; i�; o�i, the state ma
hine halts, thenR�(h�; i�; o�i)is de�ned and is the state the ma
hine halts in. Otherwise, R�(h�; i�; o�i)is unde�ned.We present the de�nition of the a
tion rules below. We also present an\implementation" of the a
tion rules of the msb
m, with the state trans-formations of the a
tion rules being spe
i�ed as the 
omposition of severalmi
ro
ode fun
tions.We modify the presentation format for pure a
tion rules that is des
ribedin the VLISP Flattener report [2℄. For ea
h pure rule we give a name, oneor more 
onditions determining when the rule is appli
able (and possiblyintrodu
ing new lo
ally bound variables for later use), a spe
i�
ation of thenew values of some registers, and an \implementation" of the rule. Oftenthe domain is spe
i�ed by equations giving \the form" of 
ertain registers,espe
ially the 
ode. In all spe
i�
ations the original values of the variousregisters are designated by 
onventional variables used exa
tly as in theabove de�nition of a state: t, n, 
, v, a, u, k, s, r1, r2, r3, and r4. Call thesethe original register variables. The new values of the registers are indi
atedby the same variables with primes atta
hed: t0, n0, 
0, v0, a0, u0, k0, s0, r01,r02, r03, and r04. Call these the new register variables. New register variableso

ur only as the left hand sides of equations spe
ifying new register values.Registers for whi
h no new value is given are ta
itly asserted to remain41



un
hanged. Input and output must both be null. We use the two auxiliaryfun
tions de�ned below. Let S(
; s) = h
odeve
tor #f b�i. Then,
urrent inst(n; 
; s) def= b�(n) if 0 � n < #b�
urrent inst param(n; i; 
; s) def= b�(n+ i) if 0 � n+ i < #b�It may help to be more pre
ise about the use of lo
al bindings derived frompattern mat
hing. The domain 
onditions may involve the original registervariables and may introdu
e new variables (not among the new or old registervariables). If we 
all these new, \auxiliary" variables x1; : : : ; xj , then thedomain 
onditions de�ne a relation of j + 12 pla
es(y) R(t; n; 
; v; a; u; k; s; r1; r2; r3; r4; x1; : : : ; xj).The domain 
ondition really is this: the rule 
an be applied in a givenstate if there exist x1; : : : ; xj su
h that (y). Furthermore, in the 
hangespe
i�
ations we assume for these auxiliary variables a lo
al binding su
hthat (y). Independen
e of the new values on the exa
t 
hoi
e (if there is any
hoi
e) of the lo
al bindings will be unproblemati
.The \implementation" of the a
tion rules expresses ea
h rule as the 
om-position of stored obje
t manipulators, mi
ro
ode fun
tions, and other aux-iliary fun
tions. The implementation is expressed as a S
heme program.Note that S
heme is a 
all-by-value language that impli
itly threads theglobal state through fun
tion 
alls; hen
e the global state does not appearas an expli
it parameter.Rule 1: returnDomain 
onditions:
urrent inst(n; 
; s) = returnk = haltChanges:Halt in �nal state �Implementation:(if (= (
ont-ref) halt)(halt!)(begin(spare2-set! (
ont-ref))(template-set! (
ontinuation-stob-template (spare2-ref)))42



(
odeve
tor-set! (template-stob-
odeve
tor (template-ref)))(offset-set! (fixnum->int(
ontinuation-stob-offset (spare2-ref))))(env-set! (
ontinuation-stob-env (spare2-ref)))(
ont-set! (
ontinuation-stob-
ont (spare2-ref)))(sta
k-restore! (spare2-ref))))Rule 2: returnDomain 
onditions:
urrent inst(n; 
; s) = returnS(k; s) = h
ontinuation #f ht1 n1 u1 k1i_ a1iS(t1; s) = htemplate #f 
1 ::o�in1 = hfixnum miChanges:t0 = t1n0 = m
0 = 
1a0 = a1u0 = u1k0 = k1r02 = kImplementation:(if (= (
ont-ref) halt)(halt!)(begin(spare2-set! (
ont-ref))(template-set! (
ontinuation-stob-template (spare2-ref)))(
odeve
tor-set! (template-stob-
odeve
tor (template-ref)))(offset-set! (fixnum->int(
ontinuation-stob-offset (spare2-ref))))(env-set! (
ontinuation-stob-env (spare2-ref)))(
ont-set! (
ontinuation-stob-
ont (spare2-ref)))(sta
k-restore! (spare2-ref))))Rule 3: 
all mDomain 
onditions: 43




urrent inst(n; 
; s) = 
all
urrent inst param(n; 1; 
; s) = mS(v; s) = h
losure #f ht1 u1 d1iiS(t1; s) = htemplate #f 
1 ::o�iChanges:t0 = t1n0 = 0
0 = 
1u0 = u1Implementation:(assert! (
losure-stob? (value-ref))"op/
all: value register does not 
ontain a 
losure")(template-set! (
losure-stob-template (value-ref)))(env-set! (
losure-stob-env (value-ref)))(
odeve
tor-set! (template-stob-
odeve
tor (template-ref)))(offset-set! 0)Rule 4: jump-if-false m1 m2Domain 
onditions:
urrent inst(n; 
; s) = jump-if-false
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2v 6= himmediate falseiChanges:n0 = n+ 3Implementation:(if (= (value-ref) false)(offset-in
! (+ 3 (
ompute-offset (
urrent-inst-param 1)(
urrent-inst-param 2))))(offset-in
! 3))Rule 5: jump-if-false m1 m2Domain 
onditions: 44




urrent inst(n; 
; s) = jump-if-false
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2v = himmediate falseiChanges:n0 = n+ 3 + (m1 
m2)Implementation:(if (= (value-ref) false)(offset-in
! (+ 3 (
ompute-offset (
urrent-inst-param 1)(
urrent-inst-param 2))))(offset-in
! 3))Rule 6: jump m1 m2Domain 
onditions:
urrent inst(n; 
; s) = jump
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2Changes:n0 = n+ 3 + (m1 
m2)Implementation:(offset-in
! (+ 3 (
ompute-offset (
urrent-inst-param 1)(
urrent-inst-param 2))))Rule 7: make-
ont m1 m2 m3Domain 
onditions:
urrent inst(n; 
; s) = make-
ont
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2
urrent inst param(n; 3; 
; s) = m3m = n+ 4 + (m1 
m2)Changes:
45



n0 = n+ 4a0 = hik0 = hptr h1 �#s�#a� 3iis0 = s+1 h
ontinuation #f ht hfixnum mi u ki_ air01 = hptr h1 �#s�#a� 3iiImplementation:(sta
k-push! (
ont-ref))(sta
k-push! (env-ref))(sta
k-push! (int->fixnum(+ (offset-ref) 4(
ompute-offset (
urrent-inst-param 1)(
urrent-inst-param 2)))))(sta
k-push! (template-ref))(make-
ontinuation-stob!)(
ont-set! (spare1-ref))(offset-in
! 4)Rule 8: literal mDomain 
onditions:
urrent inst(n; 
; s) = literal
urrent inst param(n; 1; 
; s) = mS(t; s) = htemplate #f 
::o�i1 � m < (#o� + 1)om = (
::o�)(m)Changes:n0 = n+ 2v0 = omImplementation:(assert! (in-bounds? (
urrent-inst-param 1)1 (template-stob-length (template-ref)))"op/literal: index is outside template bounds")(value-set! (template-stob-ref (template-ref)(
urrent-inst-param 1)))(offset-in
! 2)Rule 9: 
losure mDomain 
onditions: 46




urrent inst(n; 
; s) = 
losure
urrent inst param(n; 1; 
; s) = mS(t; s) = htemplate #f 
::o�i1 � m < (#o� + 1)om = (
::o�)(m)S(om; s) = htemplate #f 
1 ::o�1iChanges:n0 = n+ 2v0 = hptr h0 (#s0 + 1)iis0 = s+0 h
losure #f hom u himmediate unspe
ifiediiir01 = hptr h0 (#s0 + 1)iir02 = omImplementation:(assert! (in-bounds? (
urrent-inst-param 1)1 (template-stob-length (template-ref)))"op/
losure: index is outside template bounds")(make-
losure-stob!)(spare2-set! (template-stob-ref (template-ref)(
urrent-inst-param 1)))(assert! (template-stob? (spare2-ref))"op/
losure: indexed datum is not a template stob")(
losure-stob-template-init! (spare1-ref) (spare2-ref))(
losure-stob-env-init! (spare1-ref) (env-ref))(value-set! (spare1-ref))(offset-in
! 2)Rule 10: global mDomain 
onditions:
urrent inst(n; 
; s) = global
urrent inst param(n; 1; 
; s) = mS(t; s) = htemplate #f 
::o�i1 � m < (#o� + 1)om = (
::o�)(m)S(om; s) = hlo
ation #t hv1 xiiv1 6= himmediate undefinediChanges: 47



n0 = n+ 2v0 = v1r02 = omImplementation:(assert! (in-bounds? (
urrent-inst-param 1)1 (template-stob-length (template-ref)))"op/global: index is outside template bounds")(spare2-set! (template-stob-ref (template-ref)(
urrent-inst-param 1)))(assert! (lo
ation-stob? (spare2-ref))"op/global: indexed datum is not a lo
ation stob")(value-set! (lo
ation-stob-value (spare2-ref)))(assert! (not (immediate-undefined? (value-ref)))"op/global: lo
ation's value is undefined")(offset-in
! 2)Rule 11: set-global! mDomain 
onditions:
urrent inst(n; 
; s) = set-global!
urrent inst param(n; 1; 
; s) = mS(t; s) = htemplate #f 
::o�i1 � m < (#o� + 1)om = (
::o�)(m) = hptr liS(om; s) = hlo
ation #t hv1 xiiChanges:n0 = n+ 2s0 = s[l 7! v℄v0 = himmediate unspe
ifiedir02 = omImplementation:(assert! (in-bounds? (
urrent-inst-param 1)1 (template-stob-length (template-ref)))"op/set-global!: index is outside template bounds")(spare2-set! (template-stob-ref (template-ref)(
urrent-inst-param 1)))(assert! (lo
ation-stob? (spare2-ref))"op/set-global!: indexed datum is not a lo
ation stob")(lo
ation-stob-value-set! (spare2-ref) (value-ref))48



(value-set! unspe
ified)(offset-in
! 2)Rule 12: lo
al m1 m2Domain 
onditions:
urrent inst(n; 
; s) = lo
al
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2u1 = env-frame(u;m1; s)S(u1; s) = henvironment #t u2 ::vd�iv1 = (u2 ::vd�)(m2)v1 6= himmediate undefinediChanges:n0 = n+ 3v0 = v1Implementation:(value-set! (environment-stob-ref(env-frame! (env-ref) (
urrent-inst-param 1))(
urrent-inst-param 2)))(assert! (not (immediate-undefined? (value-ref)))"op/lo
al: indexed lo
al variable has undefined value")(offset-in
! 3)Rule 13: set-lo
al! m1 m2Domain 
onditions:
urrent inst(n; 
; s) = set-lo
al!
urrent inst param(n; 1; 
; s) = m1
urrent inst param(n; 2; 
; s) = m2u1 = env-frame(u;m1; s) = hptr l1iS(u1; s) = henvironment #t u2 ::vd�il = l1 +m2Changes:n0 = n+ 3v0 = himmediate unspe
ifiedis0 = s[l 7! v℄Implementation: 49



(environment-stob-set!(env-frame! (env-ref) (
urrent-inst-param 1))(
urrent-inst-param 2)(value-ref))(value-set! unspe
ified)(offset-in
! 3)Rule 14: pushDomain 
onditions:
urrent inst(n; 
; s) = pushChanges:n0 = n+ 1a0 = v ::aImplementation:(sta
k-push! (value-ref))(offset-in
! 1)Rule 15: make-env mDomain 
onditions:
urrent inst(n; 
; s) = make-env
urrent inst param(n; 1; 
; s) = mm = #aChanges:n0 = n+ 2a0 = hiu0 = hptr h1 �#s�#aiis0 = s+1 henvironment #t u::air01 = hptr h1 �#s�#aiiImplementation:(sta
k-push! (env-ref))(make-environment-stob)(offset-in
! 2)(env-set! (spare1-ref))Rule 16: make-rest-list mDomain 
onditions: 50




urrent inst(n; 
; s) = make-rest-list
urrent inst param(n; 1; 
; s) = m#a � mhv1 a1 s1i = sta
k-to-list(himmediate nulli; (#a�m); a; s)Changes:n0 = n+ 2v0 = v1a0 = a1s0 = s1r01 = if (#a�m) = 0 then r1 else v1r02 = v1r03 = 0Implementation:(let ((m (
urrent-inst-param 1)))(assert! (>= (sta
k-length) m)"op/make-rest-list: argument is larger than sta
k size")(spare3-set! (- (sta
k-length) m))(spare2-set! null)(let loop ()(if (= (spare3-ref) 0)(begin(value-set! (spare2-ref))(offset-in
! 2))(begin(make-mutable-pair-stob!)(pair-stob-fst-set! (spare1-ref) (sta
k-top))(sta
k-pop!)(pair-stob-snd-set! (spare1-ref) (spare2-ref))(spare2-set! (spare1-ref))(spare3-set! (- (spare3-ref) 1))(loop)))))Rule 17: unspe
i�edDomain 
onditions:
urrent inst(n; 
; s) = unspe
ifiedChanges:n0 = n+ 1v0 = himmediate unspe
ifiedi51



Implementation:(value-set! unspe
ified)(offset-in
! 1)Rule 18: 
he
k-args= mDomain 
onditions:
urrent inst(n; 
; s) = 
he
k-args=
urrent inst param(n; 1; 
; s) = m#a = mChanges:n0 = n+ 2Implementation:(assert! (= (sta
k-length) (
urrent-inst-param 1))"op/
he
k-args=: In
orre
t number of arguments.")(offset-in
! 2)Rule 19: 
he
k-args>= mDomain 
onditions:
urrent inst(n; 
; s) = 
he
k-args>=
urrent inst param(n; 1; 
; s) = m#a � mChanges:n0 = n+ 2Implementation:(assert! (>= (sta
k-length) (
urrent-inst-param 1))"op/
he
k-args>=: In
orre
t number of arguments.")(offset-in
! 2)Rule 20: primitive-throwDomain 
onditions: 52




urrent inst(n; 
; s) = primitive-throwS(v; s) = h
ontinuation #f ht1 n1 u1 k1i_ a1iChanges:n0 = n+ 1k0 = vImplementation:(assert! (
ontinuation-stob? (value-ref))"op/primitive-throw: value is not a 
ontinuation")(
ont-set! (value-ref))(offset-in
! 1)2.3 SBC Operational Semanti
sWe �rst de�ne a fun
tion load that maps sb
 stores to msb
 stores. An sb
store is represented as the �rst store segment within an msb
 store, andall sb
 pointers within the sb
 store are mapped to 
orresponding msb
pointers. Let ssb
 be an sb
 store. Thenrelo
ate(
ell) def= hptr h0 mii if 
ell = hptr mi
ell otherwiseload (ssb
) def= hs0 hi hi hii where #s0 = #ssb
and for all 0 � m < #s0s0(m) = relo
ate(ssb
(m))The msb
m Loader Lmsb
m is de�ned to be a fun
tion that maps sb
programs to msb
m initial states su
h that:Lmsb
m(hssb
 tsb
i) def= ht; 0; 
; du; hi; himmediate empty-envi;himmediate halti; s; du; du; 0; duiif s = load(ssb
) and t = relo
ate(tsb
)and S(t; s) = htemplate #f 
::o�iand du = himmediate unspe
ifiedi:Note that sb
m initial states are msb
 terms, and hen
e the loader involves
oer
ing sb
 terms to msb
 terms. We 
an easily show that the loader mapssb
 programs to msb
m initial states:Lemma 6 If Psb
 = hssb
 tsb
i is an sb
 program, then Lmsb
m(Psb
) is aninitial msb
m state. 53



Proof: Let Lmsb
m(hssb
 tsb
i) be de�ned as above. All 
onditions for it tobe an initial msb
m state are trivial ex
ept for the 
onditions that s be anmsb
 store and t be a pointer to a template obje
t in s.By de�nition of s, if s(l) is de�ned for some l, then l has the form h0;mifor some 0 � m < #ssb
, and further s(l) = relo
ate(ssb
(l)). Sin
e Psb
 isan sb
 program, we have by de�nition that ssb
 is an sb
 store. Using thesefa
ts, it is trivial to show that s is an msb
 store.Sin
e Psb
 is an sb
 program, we have by de�nition that tsb
 is a pointerto a template obje
t in ssb
. Then it is trivial to show that t = relo
ate(tsb
)is a pointer to a template obje
t in s.2The msb
m Answer Amsb
m is de�ned to be a partial fun
tion that mapsmsb
m halt states to integers su
h that:Amsb
m(ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i) def= m if v = hfixnum miDe�nition 7 Let P be an sb
 program. Then Lmsb
m(P) is an initial stateof the msb
m. If R�msb
m(Lmsb
m(P)) is de�ned, then the meaning of pro-gram P as given by the sb
 operational semanti
s isOmsb
m[[P℄℄ def= Amsb
m(R�msb
m(Lmsb
m(P)))Otherwise Omsb
m[[P℄℄ is unde�ned.Theorem 8 If p is an sb
 program, then its operational semanti
s as givenby the sb
m yields the same answer as its operational semanti
s as given bythe msb
m. That is, Osb
m[[p℄℄ = Omsb
m[[p℄℄Proof: The loader fun
tion Lmsb
m is an extension of the fun
tion Lsb
mand di�ers only in the values it assigns the temporary registers r1, r2, r3, andr4. The a
tion rules of the msb
m are de�ned as extensions of the a
tionrules of the sb
m, and di�er only in the values of the temporary registersr1, r2, r3, and r4. The answer fun
tions Asb
m and Amsb
m do not dependon the values of the temporary registers. Sin
e the operational semanti
s isde�ned as the 
omposition of these three fun
tions, it follows that the twosemanti
s are equivalent. 54



2Theorem 9 The implementation of the a
tion rules of the msb
m is 
orre
twith respe
t to the spe
i�
ation of the a
tion rules.Proof: This follows immediately from the de�nitions of the a
tion rules,stored obje
t manipulators, mi
ro
ode fun
tions, and auxiliary fun
tions.In this report, we only present the proof for an example a
tion rule. Theproof is very simple, and suggests that the interested reader 
an verify the
orre
tness of the other rules by perusal. A detailed examination of the
orre
tness of the other a
tion rules has been 
arried out. A manus
riptpresenting detailed proofs for (earlier versions) of the a
tion rules is available.Rule 21: 
all mDomain 
onditions:
urrent inst(n; 
; s) = 
all
urrent inst param(n; 1; 
; s) = mS(v; s) = h
losure #f ht1 u1 d1iiS(t1; s) = htemplate #f 
1 ::o�iChanges:t0 = t1n0 = 0
0 = 
1u0 = u1Implementation:(assert! (
losure-stob? (value-ref))"op/
all: value register does not 
ontain a 
losure")(template-set! (
losure-stob-template (value-ref)))(env-set! (
losure-stob-env (value-ref)))(
odeve
tor-set! (template-stob-
odeve
tor (template-ref)))(offset-set! 0)Let � be an msb
m state su
h that the above domain 
onditions hold. Werewrite the implementation to make the global state expli
it, and simulta-
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neously verify the implementation.�1 = (assert! (
losure-stob? (value-ref �) �)"op/
all: value register does not 
ontain a 
losure")�2 = (template-set!(
losure-stob-template (value-ref �1) �1) �1)�3 = (env-set! (
losure-stob-env (value-ref �2) �2) �2)�4 = (
odeve
tor-set!(template-stob-
odeve
tor (template-ref �3) �3) �3)�5 = (offset-set! 0 �4)From the de�nitions of the above fun
tions, we have that:�1 = ��2 = �1[t0 = t1℄�3 = �2[u0 = u1℄�4 = �3[
0 = 
1℄�5 = �4[n0 = 0℄Thus, �5 = �[t0 = t1℄[u0 = u1℄[
0 = 
1℄[n0 = 0℄ as desired.The other rules are veri�ed similarly.2
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2.4 State Corresponden
e RelationIf ' is a four-pla
e relation, we write (sS ; s ` xS ' x) to mean that(sS ; xS ; s; x) is in the relation '.Let sS be a sb
m store. Thenldom(sS) def= dom(sS)is the set of sb
m lo
ations lS su
h that sS(lS) is de�ned.Let s be an msb
m store. Thenldom(s) def= fhi mi j 0 � i < 4 ^m 2 dom(s(i))gis the set of msb
m lo
ations l su
h that s(l) is de�ned.De�nition 10 A lo
ation 
orresponden
e '0 � (sS� lS)� (s� l) is de�nedto be a relation su
h that for all sS; s, the set f(lS ; l) j (sS ; s ` lS '0 l)g isa 1-to-1 map from a subset of ldom(sS) to a subset of ldom(s). Further, if(sS ; s ` lS '0 l) then sS(lS) and s(l) are not headers.De�nition 11 Let '0 � (sS� lS)� (s� l) be a lo
ation 
orresponden
e. Aterm 
orresponden
e ' � (sS � 
ellS)� (s� 
ell) indu
ed by '0 is de�nedas follows:(sS ; s ` 
ellS ' 
ell) holds if one of the following hold:� 1. 
ellS = hptr lSi2. 
ell = hptr li3. sS(lS � 1) = hheader hS pS mSi4. s(l �A 1) = hheader h p mi5. hS = h6. pS = p7. mS = m8. for all 0 � i < 0m, (sS ; s ` (lS + i) '0 (l +A i))� 
ellS = hfixnum mi = 
ell� 
ellS = imm = 
ell� 
ellS = b� = 
ell 57



De�nition 12 Let �sb
m = htS ; nS ; 
S ; vS ; aS ; uS ; kS ; sSi be an sb
m stateand let �msb
m = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be an msb
m state. Thestate 
orresponden
e relation �= � stateS � state is de�ned as follows:�sb
m �= �msb
mif there exists a lo
ation 
orresponden
e '0 and a term 
orresponden
e 'indu
ed by '0 su
h that� for all lS 2 ldom(sS) and l 2 ldom(s),(sS ; s ` lS '0 l)) (sS ; s ` sS(lS) ' s(l))� (sS; s ` tS ' t)� nS = n� (sS; s ` vS ' v)� #aS = #a and (80 � i < #a)(sS ; s ` aS(i) ' a(i))� (sS; s ` uS ' u)� (sS; s ` kS ' k)2.5 Establishing State Corresponden
eLet du def= himmediate unspe
ifiedi. The sb
m Loader, Lsb
m, is afun
tion that maps sb
 programs to sb
m initial states and is de�ned asfollows:Lsb
m(hssb
 tsb
i) def= htsb
; 0; 
S ; du; hi; himmediate empty-envi;himmediate halti; ssb
iif S(tsb
; ssb
) = htemplate #f 
S ::o�i:The msb
m Loader , Lmsb
m, is a fun
tion that maps sb
 programs to ms-b
m initial states and is de�ned as follows:Lmsb
m(hssb
 tsb
i) def= ht; 0; 
; du; hi; himmediate empty-envi;himmediate halti; s; du; du; 0; duiif s = load(ssb
) and t = relo
ate(tsb
)and S(t; s) = htemplate #f 
::o�i:where load and relo
ate are as de�ned in Se
tion 2.3.58



Lemma 13 The sb
m Loader and the msb
m Loader map sb
 programsto initial states that are related by the state 
orresponden
e relation. Thatis, if P is an sb
 program, thenLsb
m(P) �= Lmsb
m(P)Proof: Let Lsb
m(P) = htS ; nS; 
S ; vS ; aS ; uS ; kS ; sSiLmsb
m(P) = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4iLet the lo
ation 
orresponden
e '0 be de�ned as follows:(sS ; s ` m '0 h0;mi) if 0 � m < #sS and sS(m)(0) 6= headerLet ' be the term 
orresponden
e indu
ed by '0.Now, by de�nition of a term 
orresponden
e (De�nition 11), we havethat for all m, imm, and b�,(sS ; s ` hfixnum mi ' hfixnum mi);(sS ; s ` imm ' imm); and(sS ; s ` b� ' b�)Let lS < #sS be su
h that sS(lS � 1) = hheader hS pS mSi for somehS ; pS ;mS . Sin
e sS is an sb
m store, sS(lS + i) is not a header for all0 � i < 0mS. Let l = h0; lSi. By de�nition of the msb
m loader, s(l�A1) =hheader hS pS mSi. Also, by de�nition of '0 above, we have that for all0 � i < 0m, (sS ; s ` (lS + i) '0 (l +A i)). Then, by de�nition of a term
orresponden
e (De�nition 11), we have that(sS ; s ` hptr lSi ' hptr li)It is now straightforward to show from the de�nition of state 
orrespon-den
e (De�nition 12) that '0 and ' are witness to the state 
orresponden
e:Lsb
m(P) �= Lmsb
m(P)2
59



2.6 Preserving State Corresponden
eWe prove that ea
h a
tion rule preserves state 
orresponden
e. That is, if�S and � are 
orresponding sb
m and msb
m states, then an sb
m a
tionrule maps �S to a state �0S if and only if an msb
m a
tion rule maps � toa state �0; furthermore, the states �0S and �0 
orrespond.The following lemma will be used extensively in the proof. The lemmastates that if 
orresponding values are stored in 
orresponding (or new)lo
ations of stores in 
orresponding states, then the resulting states also
orrespond.Lemma 14 Let '0 be a lo
ation 
orresponden
e and ' be the term 
or-responden
e indu
ed by '0. Let �S = htS ; nS ; vS ; aS ; uS ; kS ; sSi and � =ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be 
orresponding states of the sb
m and ms-b
m respe
tively, i.e., �S �= � with witnesses '0 and '.Let eS ; e be 
orresponding terms, i.e., (sS; s ` eS ' e). Let lS ; l eitherbe 
orresponding lo
ations or new lo
ations, i.e., either (sS ; s ` lS '0 l) orelse lS = #sS and l = #s. Let s0S = sS [lS 7! eS ℄ and s0 = s[l 7! e℄.Let '00 be a lo
ation 
orresponden
e su
h that for all lS1 ; l1, (s0S ; s0 `lS1 '00 l1) holds if and only if either (sS; s ` lS1 '0 l1) holds or else lS1 = lSand l1 = l. Let '0 be the term 
orresponden
e indu
ed by '00.Then,1. for all 
ellS ; 
ell ,(sS ; s ` 
ellS ' 
ell)) (s0S ; s0 ` 
ellS '0 
ell)2. for all lS 2 ldom(s0S) and l 2 ldom(s0)(s0S ; s0 ` lS '00 l)) (s0S ; s0 ` s0S(lS) '0 s0(l))3. htS ; nS; vS ; aS ; uS ; kS ; s0Si �= ht; n; 
; v; a; u; k; s0; r1; r2; r3; r4i with wit-nesses '00 and '0.Proof:1. If (sS ; s ` lS '0 l), we have from de�nition 10 that sS(lS) and s(l) arenot headers. By inspe
tion, we see that the de�nition of a term 
orre-sponden
e relation does not depend on the 
ontents of su
h lo
ations.Thus modifying the 
ontents of the lo
ations lS and l does not a�e
tthe term 
orresponden
e relation ', hen
e the result.60



Otherwise, lS and l are new lo
ations. Now, ' and '0 are indu
ed(from the same set of monotoni
 
losure rules) by '0 and '00 respe
-tively. But, by de�nition of '00, for all lS1 ; l1, (sS; s ` lS1 '0 l1) implies(s0S; s0 ` lS1 '00 l1). The result thus follows.2. Let lS1 2 ldom(s0S), l1 2 ldom(s0), and (s0S ; s0 ` lS1 '00 l1). The proofis by 
ases:Case (lS1 6= lS) and (l1 6= l):(s0S; s0 ` lS1 '00 l1) by assumption) (sS; s ` lS1 '0 l1) by de�nition of '00and 
ase 
ondition) (sS; s ` sS(lS1 ) ' s(l1)) sin
e �S �= �) (s0S; s0 ` sS(lS1 ) '0 s(l1)) by part 1 of this lemma) (s0S; s0 ` s0S(lS1 ) '0 s0(l1)) by 
ase 
ondition andde�nitions of s0S and s0Case (lS1 = lS) and (l1 = l):(sS ; s ` eS ' e) by assumption) (s0S ; s0 ` eS '0 e) by part 1 of this lemma) (s0S ; s0 ` s0S(lS) '0 s0(l)) by de�nition of s0S and s0) (s0S ; s0 ` s0S(lS1 ) '0 s0(l1)) by 
ase 
onditionThere are no other 
ases by de�nition of '00 (sin
e '0 and '00 areinje
tive on lo
ations and (sS; s ` lS '0 l)).3. Follows trivially from De�nition 12 and parts (1) and (2) of this lemma.2Lemma 15 Let �S and � be 
orresponding sb
m and msb
m states. Thenan sb
m a
tion rule maps �S to a state �0S if and only if an msb
m a
tionrule maps � to a state �0; furthermore, the states �0S and �0 
orrespond.Proof: We prove this in the following subse
tions by 
onsidering ea
h a
-tion rule in turn. The following rules have identi
al de�nition forms as inthe sb
m(ex
ept for 
hanges made to the spare registers r1, r2, r3, andr4): return, 
all, jump-if-false, jump, literal, global, set-global!,61



lo
al, set-lo
al!, push, unspe
ified, 
he
k-args=, 
he
k-args>=, andprimitive-throw. Their proof is trivial and is omitted from this report.The proofs for the remaining four rules (make-
ont, make-
losure,make-env, and make-rest-list) are similar. We present the proof formake-
ont as a representative proof.Rule: make-
ont m1 m2 m3Changes:�0S = �S [a0S = hi℄[k0S = hptr #sS + 1i℄[s0S = sS > h
ontinuation htS hfixnum mSiuS kSi_ aSi℄[n0S = nS + 4℄[r0S1 = hptr #sS + 1i℄where mS = nS + 4 + (m1 
m2)�0 = �[a0 = hi℄[k0 = hptr h1 �#s(1)�#a� 3ii℄[s0 = s+1 h
ontinuation #f ht hfixnum mi u ki_ ai℄[n0 = n+ 4℄[r01 = hptr h1 �#s(1)�#a� 3ii℄where m = n+ 4 + (m1 
m2)Proof Obligations:Let '0 and' be the lo
ation and term 
orresponden
es that are witnesses tothe state 
orresponden
e �S �= �. Let '00 be a new lo
ation 
orresponden
esu
h that for all lo
ations lS1 ; l1, (s0S ; s0 ` lS1 '00 l1) holds if either (sS ; s `lS1 '0 l1) holds, or if lS1 = #sS + i and l1 = h1;�#s(1) � #a � 4) +A iifor some 1 � i < #aS + 5. Let '0 be the term 
orresponden
e indu
ed by'0 (by De�nition 11). We show that '00 and '0 are witness to the state
orresponden
e �0S �= �0.Sin
e �S �= �, we have that(sS; s ` tS ' t)mS = m(sS; s ` uS ' u)(sS; s ` kS ' k)(sS; s ` aS(i) ' a(i)) for all 0 � i < #a62



Now, sin
es0S = sS > h
ontinuation #f htS hfixnummSi uS kSi_ aSis0 = s+1 h
ontinuation #f ht hfixnum mi u ki_ aiwe 
an use Lemma 14 in proving the obligations.1. for all lS1 2 ldom(s0S) and l1 2 ldom(s0),(s0S ; s0 ` lL1 '0 l1)) (s0S; s0 ` s0L(lS1 ) '0 s0(l1))This follows from Lemma 14.2. (s0S; s0 ` tL '0 t) whi
h follows from Lemma 14.3. n0S = n0 where n0S = nS + 4 and n0 = n+ 4; this holds sin
e nS = nby the assumption that �S �= �.4. (s0S; s0 ` vL '0 v) whi
h follows from Lemma 14.5. #a0S = #a0 and (80 � i < #a0)(s0S ; s0 ` a0L(i) '0 a0(i)) whi
h holdstrivially sin
e a0S = a0 = hi.6. (s0S; s0 ` uL '0 u) whi
h follows from Lemma 14.7. (s0S; s0 ` k0L '0 k0) where k0S = hptr #sS + 1i and k0 = hptr h1 �#s(1)�#a� 3ii.Now S(k0S ; s0S) = h
ontinuation #f htS hfixnum mSi uS kSi_ aSiand S(k0; s0) = h
ontinuation #f ht hfixnum mi u ki _ ai byLemma 5. The result then follows from Lemma 14 sin
e �0 �= �.22.7 Corresponden
e of Final AnswersThe following lemma asserts that the sb
m and msb
m answer fun
tionsmap 
orresponding states to equal natural numbers.Lemma 16 Let �Sf and �f be sb
m and msb
m halt states respe
tively. If�Sf �= �f , then Asb
m(�Sf ) = Amsb
m(�f ).
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Proof: Let vS and v be the value registers of �Sf and �f respe
tively. Sin
e�Sf �= �f , we have by de�nition of state 
orresponden
e that vS and v arerelated (i.e. (sS; s ` vS ' v)). By de�nition of term 
orresponden
e, if vS =hfixnum mi then v = hfixnum mi and so Asb
m(�Sf ) = Amsb
m(�f ) = m.If vS is not of the form hfixnum mi then neither is v, and so Asb
m(�Sf ) andAmsb
m(�f ) are both unde�ned.22.8 Corresponden
e of Semanti
sWe 
an now prove the main theorem of this 
hapter.Theorem 17 If P is an sb
 program, then its operational semanti
s asgiven by the sb
m yields the same answer as its operational semanti
s asgiven by the msb
m. That is,Osb
sb
m[[P℄℄ = Osb
msb
m[[P℄℄Proof: Follows immediately from Lemmas 13, 15, and 16.2
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3 Garbage-
olle
ted SBC State Ma
hineIn this 
hapter, we give Stored Byte Code (sb
) programs an (operational)semanti
s in terms of a deterministi
 state ma
hine with 
on
rete states.The state ma
hine is 
alled the Garbage-
olle
ted Stored Byte Code Ma
hine(gsb
m). We show that this operational semanti
s is equivalent to theoperational semanti
s in terms of the msb
m.This 
hapter presents:1. an operational semanti
s of sb
 programs in terms of a state ma
hine
alled the Garbage-
olle
ted Stored Byte Code Ma
hine (gsb
m).2. a 
orresponden
e relation that relates msb
m states and gsb
m states;3. a proof that the msb
m loader and the gsb
m loader map sb
 pro-grams to initial states that are related by the above 
orresponden
erelation.4. a proof that the msb
m and gsb
m a
tion rules preserve state 
orre-sponden
e. That is, if an msb
m state is related to a gsb
m state,then either the msb
m and gsb
m a
tion rules are both unde�ned onthe respe
tive states, or else they map the respe
tive related states tostates that are also related.A 
ru
ial ingredient of this proof is a proof that if an msb
m state isrelated to a gsb
m state, then the fun
tion garbage-
olle
t maps thegsb
m state to a state that is also related to the msb
m state.5. a proof that the msb
m and gsb
m answer fun
tions map relatedstates to equal numbers.6. a proof that the operational semanti
s of sb
 as given by the msb
mis extensionally equal to the operational semanti
s of sb
 as given bythe gsb
m.3.1 GSBC State Ma
hine (GSBCM)3.1.1 StatesThe states of the gsb
m are those of the msb
m. The initial and halt statesof the gsb
m are also those of the msb
m.65



3.1.2 Garbage Colle
tion Algorithm(define (pointer-to-old-spa
e? p)(and (pointer? p)(let ((a (pointer->addr p)))(and (not (addr< a *old-low-heap-base*))(addr< a *old-high-heap-limit*)))))(define (g
-
onvert! ret p)(let ((h (stob-header p)))(
ond ((pointer? h) (ret h))((header? h)(nh-allo
! h (addr+ *hp* (+ (header-size-in-
ells h)1)))(heap-set! (pointer->addr p) -1 (spare1-ref))(do ((sr
 (pointer->addr p) (addr+ sr
 1))(dst (pointer->addr (spare1-ref)) (addr+ dst 1))(ret ret))((addr= dst *hp*) (ret (spare1-ref)))(heap-set! dst 0 (heap-ref sr
 0))))(else (error!"g
-tra
e: invalid heap stru
ture during g
")))))(define (g
-tra
e! ret p)(if (pointer? p)(g
-
onvert! ret p)(ret p)))(define *sta
k-s
an* *old-sta
k-base*)(define (g
-tra
e-sta
k!)(set! *sta
k-s
an* (addr+ *old-sta
k-base* -1))(do-g
-tra
e-sta
k!))(define (do-g
-tra
e-sta
k!)(if (addr< *sta
k-s
an* *old-sp*)(ret8)(g
-tra
e! ret-g
-tra
e-sta
k! (sta
k-ref *sta
k-s
an*))))(define (ret-g
-tra
e-sta
k! val)(sta
k-push! val)(set! *sta
k-s
an* (addr+ *sta
k-s
an* -1))(do-g
-tra
e-sta
k!)) 66



(define *s
an* heap-low)(define (g
-s
an-heap!)(if (addr< *s
an* *hp*)(let ((des
 (heap-ref *s
an* 0)))(
ond ((pointer-to-old-spa
e? des
)(g
-
onvert! ret-g
-s
an-heap! des
))((and (header? des
)(binarray-header-tag? (header-tag des
)))(set! *s
an*(addr+ *s
an* (+ (header-size-in-
ells des
)1)))(g
-s
an-heap!))(else(set! *s
an* (addr+ *s
an* 1))(g
-s
an-heap!))))(ret9)))(define (ret-g
-s
an-heap! val)(heap-set! *s
an* 0 val)(set! *s
an* (addr+ *s
an* 1))(g
-s
an-heap!))(define *g
-ret-address* (lambda () 0))(define (garbage-
olle
t! ret)(set! *g
-ret-address* ret)(if noisy-vm(begin(write "[Garbage Colle
ting ..." (
urrent-output-port))(for
e-output (
urrent-output-port))));;; Flip(set! *old-low-heap-base* *low-heap-base*)(set! *old-hp* *hp*)(set! *old-sp* *sp*)(set! *old-sta
k-base* *sta
k-base*)(set! *old-low-heap-limit* *low-heap-limit*)(set! *old-high-heap-limit* *high-heap-limit*)(if (addr= *low-heap-base* heap-low)(begin(set! *low-heap-base* heap-mid)(set! *sta
k-base* heap-high)(set! *high-heap-limit* heap-high))(begin(set! *low-heap-base* heap-low)67



(set! *sta
k-base* heap-mid)(set! *high-heap-limit* heap-mid)))(set! *hp* *low-heap-base*)(set! *sp* *sta
k-base*)(set! *low-heap-limit*(addr+ *sta
k-base* (- sta
k-size-in-words)))(set! *s
an* *hp*)(g
-tra
e! ret1 (template-ref)) )(define (ret1 val)(template-set! val)(g
-tra
e! ret2 (value-ref)) )(define (ret2 val)(value-set! val)(g
-tra
e! ret3 (env-ref)) )(define (ret3 val)(env-set! val)(g
-tra
e! ret4 (
ont-ref)) )(define (ret4 val)(
ont-set! val)(g
-tra
e! ret6 (spare2-ref)) )(define (ret6 val)(spare2-set! val)(g
-tra
e! ret7 (symbol-table-ref)) )(define (ret7 val)(symbol-table-set! val)(g
-tra
e-sta
k!))(define (ret8)(g
-s
an-heap!))(define (ret9)(
odeve
tor-set! (template-stob-
odeve
tor (template-ref)))(let ((free (quotient (* (addr- *sp* *hp*) 100)heap-spa
e-size-in-words)))(if noisy-vm(begin(write " done; " (
urrent-output-port))(write-int free (
urrent-output-port))(write "% free℄" (
urrent-output-port))(newline (
urrent-output-port))))(assert! (> free 10)"Only 10% free after garbage 
olle
tion."))(*g
-ret-address*))
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3.1.3 State Observers and MutatorsThe gsb
m state observer and mutator fun
tions are de�ned as the 
or-responding msb
m state observer and mutator fun
tions, ex
ept for threemutator fun
tions whi
h are de�ned as follows:Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Let�0 = if C then � else garbage-
olle
t(�)where C is some unspe
i�ed boolean 
ondition and the fun
tion garbage-
olle
t is a partial fun
tion from gsb
m states to gsb
m states and is de�nedin Se
tion 3.1.2. Then,make-des
-stob h p m � = �0[s0 = s�0 hh p mi℄[r01 = h0;#s(0)i℄if h 2 dhtagmake-des
-stob-from-sta
k h p �= �0[s0 = s+1 hh p ai℄[a0 = hi℄[r01 = h1;�#s(1) �#a+ 1i℄if h 2 dhtagmake-byte-stob h p m � = �0[s0 = s�0 hh p mi℄[r01 = h0;#s(0)i℄if h 2 bhtag3.1.4 A
tion RulesIn Se
tion 2.2.8, we spe
i�ed the a
tion rules of the msb
m as the 
omposi-tion of stored obje
t manipulators, mi
ro
ode fun
tions, and other auxiliaryfun
tions. The a
tion rules of the gsb
m are given identi
al de�nition forms.Note, however, that sin
e two gsb
m mutator fun
tions di�er from the 
or-responding msb
m fun
tions, the extensions of the gsb
m a
tion rules arenot the same as the extensions of the 
orresponding msb
m a
tion rules.3.2 SBC Operational Semanti
sThe gsb
m Loader Lgsb
m is de�ned to be a fun
tion that maps sb
 pro-grams to gsb
m initial states su
h that:Lgsb
m(hssb
 tsb
i) def= Lmsb
m(hssb
 tsb
i)69



The gsb
m Answer Agsb
m is de�ned to be a partial fun
tion that mapsgsb
m halt states �fgsb
m to natural numbers su
h thatAgsb
m(�fgsb
m) def= Amsb
m(�fgsb
m)De�nition 18 Let P be an sb
 program. Then Lgsb
m(P) is an initial stateof the gsb
m. If R�gsb
m(Lgsb
m(P)) is de�ned, then the meaning of programP as given by the sb
 operational semanti
s isOgsb
m[[P℄℄ def= Agsb
m(R�gsb
m(Lgsb
m(P)))Otherwise Ogsb
m[[P℄℄ is unde�ned.3.3 State Corresponden
e RelationWe express the relation between msb
m and gsb
m states via a state 
orre-sponden
e relation. Our approa
h is inspired by Wand and Oliva's storagerelations [6℄.If ' is a four-pla
e relation, we write (sM ; s ` xM ' x) to mean that(sM ; xM ; s; x) is in the relation '.Let s be an msb
m (or gsb
m) store. Thenldom(s) def= fhi;mi j 0 � i < 4 ^m 2 dom(s(i))gis the set of all lo
ations l su
h that s(l) is de�ned.De�nition 19 A lo
ation 
orresponden
e '0 � (sM�lM )�(s�l) is de�nedto be a relation su
h that for all sM ; s, the set f(lM ; l) j (sM ; s ` lM '0 l)gis a 1-to-1 map from a subset of ldom(sM ) to a subset of ldom(s). Further,if (sM ; s ` lM '0 l) holds, then sM (lM ) and s(l) are not headers.De�nition 20 Let '0 � (sM � lM )� (s� l) be a lo
ation 
orresponden
e.A term 
orresponden
e ' � (sM�
ellM )�(s�
ell) indu
ed by '0 is de�nedas follows:(sM ; s ` 
ellM ' 
ell) holds if one of the following hold:� 1. 
ellM = hptr lM i2. 
ell = hptr li3. sM(lM �A 1) = hheader hM pM mM i4. s(l �A 1) = hheader h p mi70



5. hM = h6. pM = p7. mM = m8. for all 0 � i < 0m, (sM ; s ` (lM +A i) '0 (l +A i))� 
ellM = hfixnum mi = 
ell� 
ellM = imm = 
ell� 
ellM = b� = 
ellDe�nition 21 Let�msb
m = htM ; nM ; 
M ; vM ; aM ; uM ; kM ; sM ; rM1 ; rM2 ; rM3 ; rM4 i; and�gsb
m = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4ibe msb
m and gsb
m states respe
tively. The state 
orresponden
e relation�= � stateM � state is de�ned as follows:�msb
m �= �gsb
mif there exists a lo
ation 
orresponden
e '0 and a term 
orresponden
e 'indu
ed by '0 su
h that� for all lM 2 ldom(sM ) and l 2 ldom(s),(sM ; s ` lM '0 l)) (sM ; s ` sM(lM ) ' s(l))� (sM ; s ` tM ' t)� nM = n� (sM ; s ` vM ' v)� #aM = #a and (80 � i < #a)(sM ; s ` aM (i) ' a(i))� (sM ; s ` uM ' u)� (sM ; s ` kM ' k)� (sM ; s ` rM2 ' r2)� rM3 = r3� rM4 = r4 71



Lemma 22 �= is a transitive relation, i.e., if � �= �0 and �0 �= �00 then� �= �00.Proof: Follows trivially, sin
e the lo
ation and term 
orresponden
e rela-tions '0 and ' are easily seen to be transitive.23.4 Establishing State Corresponden
eLet du def= himmediate unspe
ifiedi. Then, the msb
m and gsb
mloaders, Lmsb
m and Lgsb
m, are partial fun
tions de�ned as follows:Lmsb
m(hssb
 tsb
i) = Lgsb
m(hssb
 tsb
i)def= ht; 0; 
; du; hi; himmediate empty-envi;himmediate halti; s; du; du; 0; duiif s = load(ssb
) and t = relo
ate(tsb
)and S(t; s) = htemplate #f 
::o�i:Lemma 23 The msb
m Loader and the gsb
m Loader map sb
 programsto initial states that are related by the state 
orresponden
e relation. Thatis, if P is an sb
 program, thenLmsb
m(P) �= Lgsb
m(P)Proof: Let Lmsb
m(P) = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i = Lgsb
m(P) (sin
ethe two loaders are equal by de�nition). Let the lo
ation 
orresponden
e '0be de�ned as follows:(s; s ` h0;mi '0 h0;mi) if 0 � m < #s(0) and s(h0;mi) is not a headerLet ' be the term 
orresponden
e indu
ed by '0.Now, by de�nition of a term 
orresponden
e (De�nition 20), we havethat for all m, imm, and b�,(s; s ` hfixnum mi ' hfixnummi);(s; s ` imm ' imm); and(s; s ` b� ' b�)Let l 2 ldom(s) be su
h that S(hptr li; s) is de�ned. Then, s(l �A 1) =hheader h p mi for some h; p;m. Sin
e s is an msb
m store, s(l +A i) is72



not a header for all 0 � i < 0m. Thus, by de�nition of '0 above, we havethat for all 0 � i < 0m, (sM ; s ` (l +A i) '0 (l +A i)). Then, by de�nitionof a term 
orresponden
e (De�nition 20), we have that(s; s ` hptr li ' hptr li)It then follows immediately from the de�nition of state 
orresponden
e(De�nition 21) that '0 and ' are witness to the state 
orresponden
e:Lmsb
m(P) �= Lgsb
m(P)23.5 Preserving State Corresponden
e3.5.1 Garbage Colle
tionWe de�ne a binary predi
ate on gsb
m states and show that gsb
m states� and garbage-
olle
t(�) are related. We use this to show that if an msb
mstate �M is related to a gsb
m state � by the state 
orresponden
e relation,then �M is also related to garbage-
olle
t(�).Let g
-header-size-in-
ells be a fun
tion de�ned as follows:g
-header-size-in-
ells(d; s) = 0mif d = hheader h p mior d = hptr li and s(l �A 1) = hheader h p miLet g
-header be a predi
ate de�ned as follows:� For i 2 f0; 2g, if s(hi; 0i) is de�ned then g
-header(hi; 0i; s) holds;� For i 2 f1; 3g, if s(hi;�#si + 1i) is de�ned then g
-header(hi;�#si +1i; s) holds;� For all l, if g
-header(l; s);g
-header-size-in-
ells(s(l); s); ands(l +A (g
-header-size-in-
ells(s(l); s) + 1))are de�ned, theng
-header(l +A (g
-header-size-in-
ells(s(l); s) +A 1); s)holds. 73



De�nition 24 A g
 store is a store that satis�es the following 
onditions:1. If g
-header(l; s) then either(a) s(l) is a header, or(b) s(l) = hptr l0i, s(l0 �A 1) is a header, and l has the form h0;mior h1;mi while l0 has the form h2; ni.2. If g
-header(l; s) then for all 1 � x < 0m� If h 2 bhtag, then s(l +A x) = bbpw for some bbpw.� If h 2 bhtag, then s(l +A x) = vd for some vd.where either s(l) = hheader h p mi or s(l) = hptr l0i and s(l0) =hheader h p mi.3. For all l; l0, if s(l) = hptr l0i then g
-header(l0 �A 1; s) holds.De�nition 25 A g
 state is a sequen
e of the formht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4ithat satis�es the following state invariants:1. s is a g
 store2. Template(t; s)3. O�set(n; t; s)4. Value(v; s)5. Environment(u; s)6. Continuation(k; s)7. (80 � i < #a) Value(a(i); s)Lemma 26 Every gsb
m store is a g
 store, and every gsb
m state is ag
 state.Proof: Follows trivially from the de�nitions, sin
e the invariants satis�edby g
 stores are weaker than those satis�ed by gsb
m stores.74



2De�nition 27 A g
 lo
ation 
orresponden
e '0 � (s�l)�(s�l) is de�nedto be a relation su
h that for all s; s0, the set f(l; l0) j (sM ; s ` l '0 l0)g isa 1-to-1 map from a subset of ldom(s) to a subset of ldom(s0). Further, if(sM ; s ` l '0 l0) holds, then s(l) and s0(l0) are not headers.De�nition 28 Let 'g
0 � (s� l)� (s� l) be a g
 lo
ation 
orresponden
e.A g
 term 
orresponden
e 'g
 � (s � 
ell) � (s � 
ell) indu
ed by '0 isde�ned as follows:(s; s0 ` 
ell1 'g
 
ell2) holds if one of the following hold:� 1. 
ell1 = hptr l1i2. 
ell2 = hptr l2i3. (l1 = l0)^(s(l0�A1) = hheader h p mi) or s(l1�A1) = hptr l0i^(s(l0 �A 1) = hheader h p mi)4. (l2 = l0)^(s(l0�A1) = hheader h p mi) or s(l2�A1) = hptr l0i^(s(l0 �A 1) = hheader h p mi)5. h = h6. p = p7. m = m8. for all 0 � i < 0m, (s; s0 ` (l0 +A i) 'g
0 (l0 +A i))� 
ell1 = hfixnum mi = 
ell2� 
ell1 = imm = 
ell2� 
ell1 = b� = 
ell2De�nition 29 Let� = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i; and�0 = ht0; n0; 
0; v0; a0; u0; k0; s0; r01; r02; r03; r04ibe gsb
m states. The g
 state 
orresponden
e relation �= � state� state isde�ned as follows: � �=g
 �0if there exists a g
 lo
ation 
orresponden
e 'g
0 and a g
 term 
orrespon-den
e 'g
 indu
ed by 'g
0 su
h that 75



� for all l 2 ldom(s) and l0 2 ldom(s0),(s; s0 ` l 'g
0 l0)) (s; s0 ` s(l) 'g
 s0(l0))� (s; s0 ` t 'g
 t0)� n = n0� (s; s0 ` v 'g
 v0)� #a = #a0 and (80 � i < #a)(s; s0 ` a(i) 'g
 a0(i))� (s; s0 ` u 'g
 u0)� (s; s0 ` k 'g
 k0)� (s; s0 ` r2 'g
 r02)� r3 = r03� r4 = r04Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Let hptr libe su
h that g
-header(l �A 1; s) holds. Then,g
-
onvert(hptr li;�) =hhptr l0i s r1i if s(l �A 1) = hptr l0ihhptr l0i s00 r01i if s(l �A 1) = hheader h p miwhere l0 = h2;#s(2) + 1iand s0 = s+2 S(hptr li; s)and s00 = s0[l �A 1 7! hptr l0i℄and r01 = hptr l0ig
-tra
e(d;�) = g
-
onvert(d;�) if d is a pointerd otherwiseLemma 30 Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Letg
-tra
e(d;�) = hd0 s0 r01i. Then there exists a g
 lo
ation 
orresponden
e'g
0 su
h that, if 'g
 is the g
 term 
orresponden
e indu
ed by 'g
0 , then1. s0 is a g
 store.2. (s0; s ` d0 'g
 d)3. � �=g
 ht; n; 
; v; a; u; k; s0 ; r01; r2; r3; r4i with 'g
0 and 'g
 as witnesses.76



4. If d0 = hptr l0i then l0 = h2;m0i and s0(l0�A 1) = hheader h p mi forsome h; p;m.Proof: The proof is by 
ases.Case s(l �A 1) = hptr l0iLet'g
0 be de�ned su
h that for all l 2 ldoms, (s; s ` l 'g
0 l) if :g
-header(l; s).Let 'g
 be the term 
orresponden
e indu
ed by '0.1. s is a g
 store by assumption.2. s(l0�A 1) = hheader h p mi sin
e g
-header(l�A 1; s) and s(l�A 1) =hptr l0i. s(l �A 1) = hptr l0i by 
ase 
ondition, and s(l0 �A 1) =hheader h p mi (as above). Thus, by de�nition of term 
orrespon-den
e, (s; s ` hptr li 'g
 hptr l0i):3. � �=g
 � holds trivially.4. s(l0�A 1) = hheader h p mi as in (2), and l0 = h2;m0i sin
e s is a g
store.Case s(l �A 1) = hheader h p miLet 'g
0 be de�ned su
h that� for all l00 2 ldom(s), if l00 6= l+Ai for 0 � i < 0m and if :g
-header(l00; s),then (s; s0 ` l00 'g
0 l00).� (s; s0 ` l +A i 'g
0 l0 +A i) for all 0 � i < 0m.This is a one-to-one map sin
e l0 = h2;#s(2) + 1i by de�nition, and hen
el0 +A i 62 ldom(s) for 0 � i < 0m. Let 'g
 be the g
 term 
orresponden
eindu
ed by 'g
0 .1. Sin
e s is a g
 store, so is s +2 S(hptr li; s), and hen
e so is s00 =(s+2 S(hptr li; s))[l �A 1 7! hptr l0i℄.2. s(l �A 1) = hheader h p mi by 
ase 
ondition. s0(l0 �A 1) =hheader h p mi by de�nitions of s0 and l0. For all 0 � i < 0m,(s; s0 ` l +A i 'g
0 l0 +A i) holds by de�nition of 'g
0 . Thus, by de�ni-tion of a term 
orresponden
e,(s; s ` hptr li 'g
 hptr l0i):77



3. The registers of the state are un
hanged ex
ept for r1, but the de�ni-tion of g
 state 
orresponden
e does not depend on the value of r1.Hen
e the only 
ondition to verify is:for all l1 2 ldom(s) and l2 2 ldom(s0),(s; s0 ` l1 'g
0 l2)) (s; s0 ` s(l1) 'g
 s0(l2))Let (s; s0 ` l1 'g
0 l2). If l1 6= l +A i for 0 � i < 0m, then l1 = l2 byde�nition of 'g
0 . Further, :g
-header(l1; s) and so l1 6= l�A 1. Thus,s0(l2) = s0(l1) = s(l1). The result then follows sin
e (s; s0 ` s(l1) 'g
s(l1)) holds.Otherwise, l1 = l +A i for some 0 � i < 0m. Then, l2 = l0 +A i byde�nition of 'g
0 . Now s0(l2) = s0(l0 +A i) = s(l +A i) by de�nition ofs0. The result then follows sin
e (s; s0 ` s(l +A i) 'g
 s(l +A i)) holds.4. s0(l0 �A 1) is a header by de�nition of s0 and l0 = h2;mi by de�nition.2Lemma 31 Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Letg
-tra
e(t;�) = ht0 s0 r01i. Let S(t0; s0) = htemplate #f 
0 ::o�i. Then� �= ht0; n; 
0; v; a; u; k; s0; r01; r2; r3; r4i.Proof: By Lemma 30, � �= ht; n; 
; v; a; u; k; s0; r01; r2; r3; r4i and (s0; s ` t0 't). Thus, by de�nition of state 
orresponden
e,ht; n; 
; v; a; u; k; s0; r01; r2; r3; r4i �= ht0; n; 
0; v; a; u; k; s0; r01; r2; r3; r4iThe result then holds by transitivity of state 
orresponden
e (Lemma 22).2Results analogous to Lemma 31 
an be proved for v,u,k, and r2.Lemma 32 Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Letg
-tra
e(a(i);�) = hd0 s0 r01i. Let a0 = a[i 7! d0℄. Then� �= ht; n; 
; v; a0; u; k; s0; r01; r2; r3; r4i:78



Proof: By Lemma 30, � �= ht; n; 
; v; a; u; k; s0 ; r01; r2; r3; r4i and (s; s0 `a(i) 'g
 d0). Thus, for all 0 � i < #a, (s; s0 ` a(i) 'g
 a0(i)) Thus, byde�nition of state 
orresponden
e,ht; n; 
; v; a; u; k; s0; r01; r2; r3; r4i �= ht; n; 
; v; a0; u; k; s0; r01; r2; r3; r4i:The result then holds by transitivity of state 
orresponden
e (Lemma 22).2Lemma 33 Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state. Letg
-tra
e(s(h2;mi);�) = hd0 s0 r01i. Then � �= ht; n; 
; v; a; u; k; s0[h2;mi 7!d0℄; r01; r2; r3; r4i.Proof: By Lemma 30, � �= ht; n; 
; v; a; u; k; s0 ; r01; r2; r3; r4i and (s0; s `d0 ' s(h2;mi)). Sin
e s(h2;mi) = s0(h2;mi), we have that (s0; s ` d0 's0(h2;mi)).Let '0 be de�ned as follows:(s0; s0[h2;mi 7! d0℄ ` l '0 l) if l 2 ldom(s0) and :g
-header(l; s0)Let ' be the term 
orresponden
e indu
ed by '0. Then it follows from thede�nition of a state 
orresponden
e that '0 and ' are witnesses to the state
orresponden
eht; n; 
; v; a; u; k; s0 ; r01; r2; r3; r4i �= ht; n; 
; v; a; u; k; s0[h2;mi 7! d0℄; r01; r2; r3; r4iThe result then holds by transitivity of state 
orresponden
e (Lemma 22).2Lemma 34 Let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be an gsb
m state. Let�0 = if C then � else garbage-
olle
t(�). Then � �= �0.
79



Proof: Let � be a gsb
m state. Then � is also a g
 state. Letg
-tra
e(t;�) = ht0 s1 r11i�1 = ht0; n; 
; v; a; u; k; s1 ; r11; r2; r3; r4ig
-tra
e(v;�1) = hv0 s2 r21i�2 = ht0; n; 
; v0; a; u; k; s2; r21; r2; r3; r4ig
-tra
e(u;�2) = hu0 s3 r31i�3 = ht0; n; 
; v0; a; u0; k; s3; r31 ; r2; r3; r4ig
-tra
e(k;�3) = hk0 s4 r41i�4 = ht0; n; 
; v0; a; u0; k0; s4; r41 ; r2; r3; r4ig
-tra
e(r2;�4) = hr02 s5 r51i�5 = ht0; n; 
; v0; a; u0; k0; s5; r51 ; r02; r3; r4ig
-tra
e-sta
k(a;�5) = ha0 s6 r61i�6 = ht0; n; 
; v0; a0; u0; k0; s6; r61; r02; r3; r4ig
-s
an-heap(�6) = hs7 r71i�7 = ht0; n; 
; v0; a0; u0; k0; s7; r71; r02; r3; r4iBy Lemmas 31 (and analogous results for other registers), 32, 33, and thetransitivity of �=g
, we have that � �=g
 �7Further, by Lemma 30(4), we have that none of the registers, sta
k, or 
ellsin s7(2) 
ontain pointers of the form hptr hi;mii for i 2 f0; 1; 3g. Thus, ifs8 = hhi hi s7(2) hii and �8 = �7[s0 = s8℄, then� �=g
 �8Let �9 = 
ip(�8). Then, � �=g
 �9Let �10 = (
odeve
tor-set!(template-stob-
odeve
tor (template-ref �9) �9) �9) .That is, �10 = �9[
0 = 
1℄ where S(t9; s9) = htemplate #f 
1::o�i for someo�. Sin
e s10 is a g
 store and all lo
ations l in �10 have the form h0;mi, itfollows that s10 is a gsb
m store. Thus, �10 is a gsb
m state.80



Now garbage-
olle
t(�) = �10 by de�nition. Thus, sin
e � �=g
 � and� �=g
 �10, we have that� �=g
 if C then � else garbage-
olle
t(�)2Lemma 35 Let �msb
m be a msb
mstate, and let �gsb
m and �0gsb
m begsb
mstates. If �msb
m �= �gsb
m and �gsb
m �=g
 �0gsb
m, then �msb
m �=�0gsb
mProof: Let '0 and ' be witnesses to the state 
orresponden
e �msb
m �=�gsb
m. Let 'g
0 and 'g
 be witnesses to the g
 state 
orresponden
e�gsb
m �=g
 �0gsb
m.Let (s; s0 ` 
ell 'g
 
ell 0) where 
ell = hptr li and 
ell0 = hptr l0i.Then, sin
e �gsb
m and �0gsb
m are gsb
mstates, it follows from the de�nitionof gsb
m states that s(l �A 1) and s0(l0 �A 1) are headers. Thus the g
term 
orresponden
e 'g
 is a term 
orresponden
e '. Similary, the g
state 
orresponden
e �gsb
m �=g
 �0gsb
m is also a state state 
orresponden
e�gsb
m �= �0gsb
m. The result then follows by transitivity of �=.23.5.2 Mi
ro
ode Fun
tionsLemma 36 Let '0 be a lo
ation 
orresponden
e and ' be the term 
orre-sponden
e indu
ed by '0. Let�M = htM ; nM ; 
M ; vM ; aM ; uM ; kM ; sM ; rM1 ; rM2 ; rM3 ; rM4 i; and� = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4ibe su
h that �M �= � with witnesses '0 and '. Let dM = hptr lM i,d = hptr li, and (sM ; s ` dM ' d). Then,1. (sM ; s ` template-ref(�M ) ' template-ref(�))2. (sM ; s ` 
odeve
tor-ref(�M ) ' 
odeve
tor-ref(�))3. offset-ref(�M ) = offset-ref(�)81



4. (sM ; s ` value-ref(�M ) ' value-ref(�))5. (sM ; s ` env-ref(�M ) ' env-ref(�))6. (sM ; s ` 
ont-ref(�M ) ' 
ont-ref(�))7. (sM ; s ` spare2-ref(�M ) ' spare2-ref(�))8. (sM ; s ` spare3-ref(�M ) ' spare3-ref(�))9. (sM ; s ` sta
k-top(�M ) ' sta
k-top(�))10. sta
k-empty?(�M ) = sta
k-empty?(�)11. sta
k-length(�M ) = sta
k-length(�)12. (sM ; s ` stob-des
-ref(dM ; i;�M ) ' stob-des
-ref(d; i;�))13. (sM ; s ` stob-byte-ref(dM ; i;�M ) ' stob-byte-ref(d; i;�))14. stob-tag(dM ;�M ) = stob-tag(d;�)15. stob-mutable?(dM ;�M ) = stob-mutable?(d;�)16. stob-size-in-bytes(dM ;�M ) = stob-size-in-bytes(d;�)17. stob-size-in-
ells(dM ;�M ) = stob-size-in-
ells(d;�)Proof:Cases 1{8: By de�nition, template-ref(�M ) = tM and template-ref(�) =t. Sin
e �M �= �, we have by de�nition that (sM ; s ` tM ' t) as desired.Cases 2{8 are proved similarly.Cases 9{11: Sin
e �M �= �, we have by de�nition that #aM = #a and(sM ; s ` aM (i) ' a(i)) for all 0 � i < #a. Now, sta
k-top(�M ) = aM (0)and sta
k-top(�) = a(0). Hen
e,(sM ; s ` sta
k-top(�M ) ' sta
k-top(�))sta
k-empty?(�M ) = (#aM = 0) = (#a = 0) = sta
k-empty?(�)sta
k-length(�M ) = #aM = #a = sta
k-length(�)Cases 12{16: By assumption, dM = hptr lM i and d = hptr li. LetsM (lM �A 1) = hheader hM pM mM i and s(l �A 1) = hheader h p mi.Sin
e �M �= � and (sM ; s ` dM ' d), we have by de�nition that hM = h,82



pM = p, mM = m, and (sM ; s ` (lM +A i) '0 (l +A i)) for all 0 � i < 0m.Hen
e, by de�nition of state 
orresponden
e, (sM ; s ` sM(lM +A i) ' s(l+Ai)) for all 0 � i < 0m.Sin
e stob-des
-ref(dM ; i;�M ) = sM(lM +A i); andstob-des
-ref(d; i;�) = s(l +A i)we have that(sM ; s ` stob-des
-ref(dM ; i;�M ) ' stob-des
-ref(d; i;�)):Similarly, (sM ; s ` stob-byte-ref(dM ; i;�M ) ' stob-byte-ref(d; i;�)).Finally,stob-tag(dM ;�M ) = hM = h = stob-tag(d;�)stob-mutable?(dM ;�M ) = pM = p = stob-mutable?(d;�)stob-size-in-bytes(dM ;�M ) = mM = m = stob-size-in-bytes(d;�)stob-size-in-
ells(dM ;�M ) = 0mM = 0m= stob-size-in-
ells(d;�)2Lemma 37 Let '0 be a lo
ation 
orresponden
e and ' be the term 
orre-sponden
e indu
ed by '0. Let lM 2 ldom(sM ), l 2 ldom(s), (sM ; s ` lM '0l), and (sM ; s ` 
ellM ' 
ell) for some lM ; l; 
ellM ; 
ell su
h that sM(lM )and s(l) are not headers. Let s0M = sM [lM 7! 
ellM ℄ and s0 = s[l 7! 
ell ℄.Let '00 be a lo
ation 
orresponden
e su
h that (s0M ; s0 ` lM '00 l) holdsif and only if (sM ; s ` lM '0 l) holds. Note that this is a valid de�nitionsin
e ldom(s0M ) = ldom(sM ) and ldom(s0) = ldom(s). Let '0 be the term
orresponden
e indu
ed by '00.Then,(8
ellM ; 
ell)(sM ; s ` 
ellM ' 
ell)) (s0M ; s0 ` 
ellM '0 
ell)Proof: Let (sM ; s ` 
ellM ' 
ell). We pro
eed by 
ases:Case 
ellM = hptr l0M i and 
ell = hptr l0i:By de�nition of term 
orresponden
e, the following hold:1. sM(l0M �A 1) = hheader hM pM mM i83



2. s(l0 �A 1) = hheader h p mi3. hM = h4. pM = p5. mM = m6. for all 0 � i < 0m, (sM ; s ` (l0M +A i) '0 (l0 +A i))Now sM (l0M �A 1) is a header while sM (lM ) is not (by assumption)and hen
e l0M �A 1 6= lM . Similarly, l0 �A 1 6= l. Thus,1. s0M(l0M �A 1) = sM (l0M �A 1) = hheader hM pM mM i2. s0(l0 �A 1) = s(l0 �A 1) = hheader h p mi3. hM = h4. pM = p5. mM = m6. By de�nition of '00, for all lM ; l, (sM ; s ` lM '0 l) holds if andonly if (s0M ; s0 ` lM '00 l) holds. We thus have that for all0 � i < 0m, (s0M ; s0 ` (l0M +A i) '00 (l0 +A i)).Thus, by de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell)holds.Case 
ellM = hfixnum mi and 
ell = hfixnum mi:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.Case 
ellM = imm and 
ell = imm:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.Case 
ellM = b� and 
ell = b�:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.2Lemma 38 Let '0 be a lo
ation 
orresponden
e and ' be the term 
orre-sponden
e indu
ed by '0. Let lM 62 ldom(sM ), l 62 ldom(s), and (sM ; s `
ellM ' 
ell) for some 
ellM ; 
ell . Let s0M = sM [lM 7! 
ellM ℄ and s0 =s[l 7! 
ell ℄.Let '00 be a lo
ation 
orresponden
e su
h that, for all lM1 ; l1, (s0M ; s0 `lM1 '00 l1) holds if and only if either (sM ; s ` lM1 '0 l1) holds or lM1 = lM and84



l1 = l. Note that this is a valid de�nition sin
e ldom(s0M ) = ldom(sM )[flMgand ldom(s0) = ldom(s) [ flg. Let '0 be the term 
orresponden
e indu
edby '00.Then,(8
ellM ; 
ell)(sM ; s ` 
ellM ' 
ell)) (s0M ; s0 ` 
ellM '0 
ell)Proof: Let (sM ; s ` 
ellM ' 
ell). We pro
eed by 
ases:Case 
ellM = hptr l0M i and 
ell = hptr l0i:By de�nition of term 
orresponden
e, the following hold:1. sM(l0M �A 1) = hheader hM pM mM i2. s(l0 �A 1) = hheader h p mi3. hM = h4. pM = p5. mM = m6. for all 0 � i < 0m, (sM ; s ` (l0M +A i) '0 (l0 +A i))Now sM (l0M �A 1) is de�ned while sM (lM ) is not (by assumption) andhen
e l0M �A 1 6= lM . Similarly, l0 �A 1 6= l. Thus,1. s0M(l0M �A 1) = sM (l0M �A 1) = hheader hM pM mM i2. s0(l0 �A 1) = s(l0 �A 1) = hheader h p mi3. hM = h4. pM = p5. mM = m6. By de�nition of '00, for all lM1 ; l1, (sM ; s ` lM1 '0 l1) holds if andonly if either (s0M ; s0 ` lM1 '00 l1) holds or lM1 = lM and l1 = l.We thus have that for all 0 � i < 0m, (s0M ; s0 ` (l0M +A i) '00(l0 +A i)).Thus, by de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell)holds.Case 
ellM = hfixnum mi and 
ell = hfixnum mi:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.Case 
ellM = imm and 
ell = imm:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.85



Case 
ellM = b� and 
ell = b�:By de�nition of term 
orresponden
e, (s0M ; s0 ` 
ellM '0 
ell) holds.2Lemma 39 Let '0 be a lo
ation 
orresponden
e and ' be the term 
orre-sponden
e indu
ed by '0. Let�M = htM ; nM ; 
M ; vM ; aM ; uM ; kM ; sM ; rM1 ; rM2 ; rM3 ; rM4 i; and� = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4ibe su
h that �M �= � with witnesses '0 and '. Let dM = hptr lM i, d =hptr li, (sM ; s ` dM ' d), and (sM ; s ` vdM ' vd) for some lM ; l; vdM ; vd .Then,1. template-set(dM ;�M ) �= template-set(d;�)2. 
odeve
tor-set(dM ;�M ) �= 
odeve
tor-set(d;�)3. offset-set(i;�M ) �= offset-set(i;�)4. offset-in
(i;�M ) �= offset-in
(i;�)5. value-set(dM ;�M ) �= value-set(d;�)6. env-set(dM ;�M ) �= env-set(d;�)7. 
ont-set(dM ;�M ) �= 
ont-set(d;�)8. spare1-set(dM ;�M ) �= spare1-set(d;�)9. spare2-set(dM ;�M ) �= spare2-set(d;�)10. spare3-set(i;�M ) �= spare3-set(i;�)11. sta
k-push(dM ;�M ) �= sta
k-push(d;�)12. sta
k-pop(�M ) �= sta
k-pop(�)13. sta
k-
lear(�M ) �= sta
k-
lear(�)14. stob-des
-set(dM ; i; vdM ;�M ) �= stob-des
-set(d; i; vd ;�)15. stob-byte-set(dM ; i; bM ;�M ) �= stob-byte-set(d; i; b;�)86



16. make-des
-stobM (h; p;m;�M ) �= make-des
-stob(h; p;m;�)17. make-des
-stob-from-sta
kM (h; p;�M ) �=make-des
-stob-from-sta
k(h; p;�)18. make-byte-stobM (h; p;m;�M ) �= make-byte-stob(h; p;m;�)Proof:Cases 1{10: By de�nition, template-set(dM ;�M ) = �M [t0M = dM ℄ andtemplate-set(d;�) = �[t0 = d℄. Sin
e �M �= � and (sM ; s ` dM ' d), wehave by de�nition that �M [t0M = dM ℄ �= �[t0 = d℄ as desired. Cases 2{10are proved similarly.Cases 11{13: Sin
e �M �= �, we have by de�nition that #aM = #a and(sM ; s ` aM (i) ' a(i)) for all 0 � i < #a. Now, sta
k-push(dM ;�M ) =�[a0M = dM ::aM ℄ and sta
k-push(d;�) = �[a0 = d ::a℄. Sin
e (sM ; s `dM ' d), we have that #a0M = #a0 and (sM ; s ` a0M (i) ' a0(i)) for all0 � i < #a0. Thus �[a0M = dM ::aM ℄ �= �[a0 = d::a℄. Cases 12 and 13 areproved similarly.Cases 14{15: By assumption, dM = hptr lM i and d = hptr li. LetsM (lM �A 1) = hheader hM pM mM i and s(l �A 1) = hheader h p mi.Now, �0M = stob-des
-set(dM ; i; vdM ;�M ) = �[s0M = sM [(lM +A i) 7!vdM ℄℄ and �0 = stob-des
-set(d; i; vd ;�) = �[s0 = s[(l +A i) 7! vd ℄℄.Let '00 be a lo
ation 
orresponden
e su
h that (s0M ; s0 ` lM '00 l) holdsif and only if (sM ; s ` lM '0 l) holds. Note that this is a valid de�nitionsin
e ldom(s0M ) = ldom(sM ) and ldom(s0) = ldom(s). Let '0 be the term
orresponden
e indu
ed by '00. We show that �0M �= �0 by 
hoosing '00 and'0 as the witness lo
ation and term 
orresponden
es, and showing that:� for all lM 2 ldom(sM ) and l 2 ldom(s),(s0M ; s0 ` lM '00 l)) (s0M ; s0 ` s0M(lM ) '0 s0(l))Let (s0M ; s0 ` lM '00 l).Case lM = lM +A i:Sin
e (s0M ; s0 ` lM '00 l) we have by de�nition of '00 that l =l +A i. By de�nition, s0M(lM +A i) = vdM and s0(l +A i) = vd .Sin
e (sM ; s ` vdM ' vd) by assumption, the result follows byLemma 37.Case lM 6= lM +A i:Sin
e (s0M ; s0 ` lM '00 l), we have by de�nition of '00 that l 6=87



l+Ai and (sM ; s ` lM '0 l). Sin
e �M �= �, we have that (sM ; s `sM(lM ) ' s(l)). Hen
e, by Lemma 37, (s0M ; s0 ` sM(lM ) '0 s(l)).Now sM(lM ) = s0M (lM ) sin
e lM 6= lM+A i, and s(l) = s0(l) sin
el 6= l +A i. Thus, (s0M ; s0 ` s0M (lM ) '0 s0(l)) as desired.Otherwise:There are no other 
ases sin
e '00 is a 1-to-1 map and (sM ; s `lM +A i '0 l +A i) by assumption.� (s0M ; s0 ` tM '0 t)Sin
e �M �= �, we have that (sM ; s ` tM ' t). The result then followsby Lemma 37.� nM = nFollows from �M �= �.� (s0M ; s0 ` vM '0 v)Follows from �M �= � and Lemma 37.� #aM = #a and (80 � i < #a)(s0M ; s0 ` aM (i) '0 a(i))Follows from �M �= � and Lemma 37.� (s0M ; s0 ` uM '0 u)Follows from �M �= � and Lemma 37.� (s0M ; s0 ` kM '0 k)Follows from �M �= � and Lemma 37.� (s0M ; s0 ` rM2 '0 r2)Follows from �M �= � and Lemma 37.� rM3 = r3Follows from �M �= �.� rM4 = r4Follows from �M �= �.Case 15 is proved similarly.Cases 16{18: Now, �0M = make-des
-stobM (h; p;m;�) = �M [s0M =sM �0 hh p mi℄[r0M1 = h0;#sM (0)i℄ and �0 = make-des
-stob(h; p;m;�) =�[s0 = s�0 hh p mi℄[r01 = h0;#s(0)i℄.Let '0 be a lo
ation 
orresponden
e and ' be the term 
orresponden
eindu
ed by '0 88



Let '00 be a lo
ation 
orresponden
e su
h that, for all lM ; l, (s0M ; s0 `lM '00 l) holds if and only if either (sM ; s ` lM '0 l) holds or lM =h0;#sM + ii and l = h0;#s+ ii hold for some 1 � i < m+1. Let '0 be theterm 
orresponden
e indu
ed by '00. We show that �0M �= �0 by 
hoosing'00 and '0 as the witness lo
ation and term 
orresponden
es, and showingthat:� for all lM 2 ldom(sM ) and l 2 ldom(s),(s0M ; s0 ` lM '00 l)) (s0M ; s0 ` s0M(lM ) '0 s0(l))Let (s0M ; s0 ` lM '00 l).Case lM = h0;#sM (0) + ii for some 0 � i < m+ 1:Sin
e (s0M ; s0 ` lM '00 l), we have by de�nition of '00 that i > 0and l = h0;#s(0) + ii. By de�nition, s0M(lM ) = dMu and s0(l) =du. The result follows sin
e (s0M ; s0 ` dMu '0 du) by de�nition.Case lM <A h0;#sM (0)i:Sin
e (s0M ; s0 ` lM '00 l), we have by de�nition of '00 thatl <A h0;#s(0)i and (sM ; s ` lM '0 l). Sin
e �M �= �, we havethat (sM ; s ` sM(lM ) ' s(l)). Hen
e, by Lemma 38, (s0M ; s0 `sM(lM ) '0 s(l)). Now sM(lM ) = s0M(lM ) and s(l) = s0(l). Thus(s0M ; s0 ` s0M (lM ) '0 s0(l)) as desired.� (s0M ; s0 ` tM '0 t)Sin
e �M �= �, we have that (sM ; s ` tM ' t). The result then followsby Lemma 38.� nM = nFollows from �M �= �.� (s0M ; s0 ` vM '0 v)Follows from �M �= � and Lemma 38.� #aM = #a and (80 � i < #a)(s0M ; s0 ` aM (i) '0 a(i))Follows from �M �= � and Lemma 38.� (s0M ; s0 ` uM '0 u)Follows from �M �= � and Lemma 38.� (s0M ; s0 ` kM '0 k)Follows from �M �= � and Lemma 38.89



� (s0M ; s0 ` rM2 '0 r2)Follows from �M �= � and Lemma 38.� rM3 = r3Follows from �M �= �.� rM4 = r4Follows from �M �= �.Case 17 and 18 are proved similarly.2Lemma 40 Let �M and � be msb
m and gsb
m states respe
tively. If�M �= �, then �M is a halt state of the msb
m if and only if � is a haltstate of the gsb
m.Proof: Let �M = htM ; nM ; 
M ; vM ; aM ; uM ; kM ; sM ; rM1 ; rM2 ; rM3 ; rM4 i be anmsb
m halt state, let � = ht; n; 
; v; a; u; k; s; r1 ; r2; r3; r4i be a gsb
m state,and let �M �= �. We show that � is a gsb
m halt state.Sin
e �M is a msb
m halt state, we have that� S(
M ; sM ) = h
odeve
tor #f b�M i,� b�M (nM ) = return, and� kM = himmediate halti.Sin
e �M �= �, we have that (sM ; s ` 
M ' 
) and (sM ; s ` kM ' k).Hen
e, we have by de�nition of a term 
orresponden
e that� S(
; s) = h
odeve
tor #f b�i,� b�(n) = return, and� k = himmediate halti.and so � is a gsb
m halt state.The 
onverse holds similarly.2 90



Lemma 41 Let �Mi and �i be msb
m and gsb
m initial states respe
tively.If �Mi �= �i, then1. R�msb
m�Mi is de�ned if and only if R�gsb
m�i is de�ned,2. If R�msb
m�Mi and R�gsb
m�i are de�ned, then R�msb
m�Mi �= R�gsb
m�i.Proof: Ea
h a
tion rule of the msb
m and gsb
m is expressed as the
omposition of the mi
ro
ode fun
tions and auxiliary fun
tions. Ea
h ofthese fun
tions preserve term and state 
orresponden
e and hen
e so dotheir 
omposition. Thus ea
h a
tion rule preserves state 
orresponden
eand hen
e so does the union and transitive 
losure of the a
tion rules.23.6 Corresponden
e of Final AnswersThe following lemma asserts that the msb
m and gsb
m answer fun
tionsmap 
orresponding states to equal natural numbers.Lemma 42 Let �Mf and �f be msb
m and gsb
m halt states respe
tively.If �Mf �= �f , then Amsb
m(�Mf ) = Agsb
m(�f ).Proof: Let vM and v be the value registers of �Mf and �f respe
tively.Sin
e �Mf �= �f , we have by de�nition of state 
orresponden
e that vM andv are related (i.e. (sM ; s ` vM ' v)). By de�nition of term 
orrespon-den
e, if vM = hfixnum mi then v = hfixnum mi and so Amsb
m(�Mf ) =Agsb
m(�f ) = m. If vM is not of the form hfixnum mi then neither is v,and so Amsb
m(�Mf ) and Agsb
m(�f ) are both unde�ned.23.7 Corresponden
e of Semanti
sWe 
an now prove the main theorem of this 
hapter.Theorem 43 If P is an sb
 program, then its operational semanti
s asgiven by the msb
m yields the same answer as its operational semanti
s asgiven by the gsb
m. That is,Osb
msb
m[[P℄℄ = Osb
gsb
m[[P℄℄91



Proof: Follows immediately from Lemmas 23, 41, and 42.2
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4 Finite SBC State Ma
hineIn this 
hapter, we give Stored Byte Code (sb
) programs an (operational)semanti
s in terms of a deterministi
 state ma
hine with \�nite" 
on
retestates. The state ma
hine is 
alled the Finite Stored Byte Code Ma
hine(fsb
m). We show that this operational semanti
s is equivalent to theoperational semanti
s in terms of the gsb
m. This 
hapter 
on
ludes theimplementation and veri�
ation of the VLISP byte 
ode interpreter.This 
hapter presents:1. an operational semanti
s of sb
 programs in terms of a state ma
hine
alled the Finite Stored Byte Code Ma
hine (fsb
m).2. a 
orresponden
e relation that relates gsb
m states and fsb
m states;3. a proof that the operational semanti
s of sb
 as given by the fsb
mis faithful to the operational semanti
s of sb
 as given by the gsb
m.That is, if the fsb
m operational semanti
s assigns a meaning to ansb
 program, then the gsb
m operational semanti
s assigns the samemeaning to the program.4.1 FSBC State Ma
hine (FSBCM)4.1.1 Finite Stored Byte Code (FSBC)The Finite Stored Byte Code (fsb
) provides the synta
ti
 obje
ts thatform the states of the fsb
m. All synta
ti
 obje
ts of fsb
 have a �nitestru
ture. They are either �nite numbers or �nite sequen
es, with boundsspe
i�ed by the syntax.The abstra
t syntax of Finite Stored Byte Code (fsb
) is de�ned below.Let z = 2 � heap-size-in-words.program ::= termterm ::= hstore natistore ::= natzlo
 ::= natWe will use i,m,n, t, 
, v, u, k, and r-like variables for numbers, and s-likevariables for (fsb
) stores. 93



We de�ne a family of partial fun
tions from msb
 terms to fsb
m terms(i.e., natural numbers). Sin
e all sb
 terms are msb
 terms, these fun
tionswill also map sb
 terms to natural numbers.F byte(
all) = 0F byte(return) = 1F byte(make-
ont) = 2F byte(literal) = 3F byte(
losure) = 4F byte(global) = 5F byte(lo
al) = 6F byte(set-global!) = 7F byte(set-lo
al!) = 8F byte(push) = 9F byte(make-env) = 10F byte(make-rest-list) = 11F byte(unspe
ified) = 12F byte(jump) = 13F byte(jump-if-false) = 14F byte(
he
k-args=) = 15F byte(
he
k-args>=) = 16F byte(empty) = 18F byte(r) = m for 19 � m < MAXBYTEVALF byte(m) = m if 0 �m < MAXBYTEVALF byteseq(hi) = 0F byteseq(b� _ hbi) = MAXBYTEVAL � F byteseq(b�) + F byte(b)F lo
(h0;mi) = low-heap-base+mif (low-heap-base+m) < low-heap-limitF lo
(h1;mi) = high-heap-limit+m� 1if sta
k-base � (high-heap-limit+m� 1)F lo
(h2;mi) = old-low-heap-base+mif (old-low-heap-base+m) < old-low-heap-limit
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F bool(#f) = 0F bool(#t) = 1F imm(false) = 64 � 0 + 0F imm(true) = 64 � 0 + 1F imm(
har(m)) = 64 �m+ 2 if 0 � m < MAXBYTEVALF imm(unspe
ified) = 64 � 0 + 3F imm(undefined) = 64 � 0 + 4F imm(null) = 64 � 0 + 5F imm(halt) = 64 � 0 + 6F imm(empty-env) = 64 � 0 + 7F imm(eof) = 64 � 0 + 8F fixnum(m) = m if MINFIXNUM � m < MAXFIXNUMF htag(pair) = 0F htag(symbol) = 1F htag(ve
tor) = 2F htag(
losure) = 3F htag(lo
ation) = 4F htag(port) = 5F htag(
ontinuation) = 6F htag(template) = 7F htag(environment) = 8F htag(string) = 10F htag(
odeve
tor) = 11F des
(hfixnum mi) = 4 � F fixnum(m) + 0F des
(himmediate immi) = 4 � F imm(imm) + 1F des
(hheader h p mi) = 256 �m+ 128 � F bool(p) + 4 � F htag(h) + 2F des
(hptr li) = 4 � F lo
(l) + 3F 
ell(des
) = F des
(des
)F 
ell(b�) = F byteseq(b�)
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4.1.2 StoresA store s is represented as a �xed-length sequen
e of natural numbers. Seg-ments of the store are represented as triples of lo
ations hl1; l2; l3i wherel1 � l2 � l3 � #s. This denotes the map from the lo
ations l1, l1 + 1, : : : ,l3 � 1 to the 
ells s(l1), s(l1 + 1), : : : , s(l3 � 1). We 
all a subset of thedomain of a segment to be the a
tive portion of the segment; we will onlybe interested in the value of a segment at lo
ations within this subset. Wedistinguish between positive segments and negative segments. The a
tiveportion of a positive segment 
onsists of the lo
ations l1, l1 + 1, : : : , l2 � 1,while the a
tive portion of a negative segment 
onsists of the lo
ations l2,l2 + 1, : : : , l3 � 1.4.1.3 StatesThe states of the fsb
m are the sequen
es of the formht; n; 
; v; ga; ga0 ; u; k; s; g0; g1; g2; g3; r1; r2; r3; r4iwhere ga; ga0 ; g0; g1; g2; g3 are six segments of the store s su
h that:1. g0 = hlow-heap-base; hp; low-heap-limiti2. ga = hlow-heap-limit; sp; sta
k-basei3. g1 = hsta
k-base; sta
k-base; high-heap-limiti4. g2 = hold-low-heap-base; old-hp; old-low-heap-limiti5. ga0 = hold-low-heap-limit; old-sp; old-sta
k-basei6. g3 = hold-sta
k-base; old-sta
k-base; old-high-heap-limiti7. Either old-high-heap-limit= low-heap-base or high-heap-limit=old-low-heap-base.The 
omponents of a state are 
alled, in order, its template, o�set, 
odeve
-tor, value, argument sta
k, old argument sta
k, environment, 
ontinuation,store, segment0, segment1, segment2, segment3, spare1, spare2, spare3, andspare4, and we may informally speak of them as being held in registers.Note that the de�nition implies that the six segments are disjoint, i.e., if alo
ation l is in the domain of a segment, then it is not in the domain of anyother segment. 96



4.1.4 A
tion RulesIn Se
tion 2.2.8, we spe
i�ed the a
tion rules of the msb
m as the 
omposi-tion of stored obje
t manipulators, mi
ro
ode fun
tions, and other auxiliaryfun
tions. Stored obje
t manipulators were in turn spe
i�ed in terms of themi
ro
ode fun
tions and auxiliary fun
tions. In Se
tion 3.1.4, the a
tionrules of the gsb
m were given the same de�nition forms as in the msb
m.Similarly, the a
tion rules of the fsb
m are given those same de�nitionforms. We denote the transitive 
losure of the union of all fsb
m a
tionrules by R�fsb
m.Now, the extensions of the gsb
m a
tion rules are not the same as theextensions of the 
orresponding msb
m a
tion rules sin
e three gsb
m mu-tator fun
tions di�er from the 
orresponding msb
m fun
tions. Similarly,the de�nitions of the fsb
m mi
ro
ode fun
tions and auxiliary fun
tionsdi�er from those in the gsb
m; hen
e, the extensions of the a
tion rulesdi�er from the extensions of the 
orresponding gsb
m a
tion rules. Wepresent the implementation of the fsb
m global state, mi
ro
ode fun
tions,and auxiliary fun
tions in the next se
tion.4.1.5 ImplementationGlobal StateThe following fun
tions de�ne the global state of the FSBCM.(define *template* unspe
ified) ; t(define *
odeve
tor* *hp*) ; 
(define *offset* 0) ; n(define *value* unspe
ified) ; v(define *env* unspe
ified) ; u(define *
ont* unspe
ified) ; k(define *spare1* unspe
ified) ; r1(define *spare2* unspe
ified) ; r2(define *spare3* 0) ; r3(define *g
-spare* unspe
ified) ; r4(define *symbol-table* unspe
ified) ; symbol table(define *low-heap-base* heap-low) ; g0(0)(define *hp* heap-low) ; g0(1)(define *low-heap-limit* heap-mid) ; g0(2) = ga(0)(define *sp* heap-mid) ; ga(1)(define *sta
k-base* heap-mid) ; ga(2) = g1(0) = g1(1)(define *high-heap-limit* heap-mid) ; g1(2)97



(define *old-low-heap-base* heap-mid) ; g2(0)(define *old-hp* heap-mid) ; g2(1)(define *old-low-heap-limit* heap-mid) ; g2(2) = g0a(0)(define *old-sp* heap-high) ; g0a(1)(define *old-sta
k-base* heap-high) ; g0a(2) = g3(0) = g3(1)(define *old-high-heap-limit* heap-high) ; g3(2)Mi
ro
ode Fun
tionsObservers(define (template-ref) *template*)(define (
odeve
tor-ref) *
odeve
tor*)(define (offset-ref) *offset*)(define (value-ref) *value*)(define (env-ref) *env*)(define (
ont-ref) *
ont*)(define (spare1-ref) *spare1*)(define (spare2-ref) *spare2*)(define (spare3-ref) *spare3*)(define (g
-spare-ref) *g
-spare*)(define (symbol-table-ref) *symbol-table*)(define (sta
k-top) (sta
k-ref *sp*))(define (sta
k-nth n) (sta
k-ref (addr+ *sp* n)))(define (sta
k-empty?) (addr= *sta
k-base* *sp*))(define (sta
k-length) (addr- *sta
k-base* *sp*))(define (stob-des
-ref a i)(heap-ref (heap-pointer->addr a) i))(define (stob-binarray-ref a i)(heap-byte-ref (heap-pointer->addr a) i))(define (stob-header a) (heap-ref (heap-pointer->addr a) -1))(define (des
-stob? a) (des
-header-tag? (stob-type a)))(define (binarray-stob? a) (binarray-header-tag? (stob-type a)))(define (stob-type a) (header-tag (stob-header a)))(define (stob-mutable? a hdr-tag)(= (header-tags-bin (stob-header a))(make-header-tags-bin hdr-tag \#t)))(define (stob-size-in-bins a)(header-size-in-bins (stob-header a)))(define (stob-size-in-
ells a)(header-size-in-
ells (stob-header a)))98



Mutators(define (template-set! v) (set! *template* v))(define (
odeve
tor-set! v)(set! *
odeve
tor* (heap-pointer->addr v)))(define (offset-set! v) (set! *offset* v))(define (offset-in
! n) (set! *offset* (+ *offset* n)))(define (value-set! v) (set! *value* v))(define (env-set! v) (set! *env* v))(define (
ont-set! v) (set! *
ont* v))(define (spare1-set! v) (set! *spare1* v))(define (spare2-set! v) (set! *spare2* v))(define (spare3-set! v) (set! *spare3* v))(define (g
-spare-set! v) (set! *g
-spare* v))(define (symbol-table-set! v) (set! *symbol-table* v))(define (sta
k-push! v)(assert! (addr< *low-heap-limit* *sp*)"sta
k-push!: argument sta
k overflow")(set! *sp* (addr+ *sp* -1))(sta
k-set! *sp* v))(define (sta
k-pop!) (set! *sp* (addr+ *sp* 1)))(define (sta
k-
lear!) (set! *sp* *sta
k-base*))(define (sta
k-restore! ret)(lambda (ptr)(sta
k-
lear!)(let ((a (addr+ (heap-pointer->addr ptr) 4)))(do ((sr
 (addr+ a (- (stob-size-in-
ells ptr) 5))(addr+ sr
 -1))(a a))((addr< sr
 a) (ret))(sta
k-push! (heap-ref sr
 0))))))(define (stob-des
-set! a i v)(heap-set! (heap-pointer->addr a) i v))(define (stob-binarray-set! a i v)(heap-byte-set! (heap-pointer->addr a) i v))(define (make-des
-stob! ret s m)(lambda (w) ((allo
! ret) ((make-des
-header s m) w) w)))(define (make-binarray-stob! ret s m)(lambda (w)((allo
! ret) ((make-binarray-header s m) w) (bins->
ells w))))99



(define (allo
-obje
t-from-sta
k hdr)(spare1-set! (addr->pointer *sp*))(sta
k-push! hdr)(set! *sta
k-base* *sp*)(set! *low-heap-limit* (addr+ *sta
k-base* (- sta
k-size-in-words))))(define *ret-make-des
-stob-from-sta
k!* (lambda () 0))(define (make-des
-stob-from-sta
k! ret s m)(lambda ()(let ((new-low-heap-limit(addr+ *sp* (- -1 sta
k-size-in-words)))(hdr ((make-des
-header s m) (sta
k-length))))(if (addr< *hp* new-low-heap-limit)(begin(allo
-obje
t-from-sta
k hdr)(ret))(begin(set! *ret-make-des
-stob-from-sta
k!* ret)(g
-spare-set! hdr)(garbage-
olle
t! ret-make-des
-stob-from-sta
k!))))))(define (ret-make-des
-stob-from-sta
k!)(allo
-obje
t-from-sta
k (g
-spare-ref))(*ret-make-des
-stob-from-sta
k!*))(define (nh-allo
! hdr newhp)(heap-set! *hp* 0 hdr)(spare1-set! (addr->pointer (addr+ *hp* 1)))(set! *hp* newhp))(define *allo
-ret* (lambda () 0))(define (allo
! ret)(lambda (hdr size)(let ((newhp (addr+ *hp* (+ size 1))))(if (addr< newhp *low-heap-limit*)(begin(nh-allo
! hdr newhp)(ret))(begin(g
-spare-set! hdr)(set! *allo
-ret* ret)(garbage-
olle
t! after-garbage-
olle
t!)))))) 100



(define (after-garbage-
olle
t!)(let ((newhp(addr+ *hp* (+ (header-size-in-
ells (g
-spare-ref)) 1))))(assert! (addr< newhp *low-heap-limit*)"Garbage 
olle
tor 
ould not re
laim enough spa
e.")(nh-allo
! (g
-spare-ref) newhp)(*allo
-ret*)))4.1.6 SBC Operational Semanti
sWe �rst de�ne a fun
tion load that maps sb
 stores to fsb
m stores. Ansb
 store is represented as the �rst store segment within an fsb
m store,and all sb
 pointers within the sb
 store are mapped to 
orresponding fsb
pointers. Let ssb
 be an sb
 store. Then Let ssb
 be an sb
 store. Thenrelo
ate(
ell ; base) def= hptr base+mi if 
ell = hptr mi
ell otherwiseload (ssb
; base) def= swhere s(base+ i) = relo
ate(ssb
(i); base) for all 0 � i < #ssb
The fsb
m Loader Lfsb
m is de�ned to be a fun
tion that maps sb
programs to fsb
m initial states su
h that:Lfsb
m(hssb
 tsb
i) def=ht; 0; 
; du; ga; ga0 ; F des
(himmediate empty-envi);F des
(himmediate halti); s; g0; g1; g2; g3; du; du; 0; duiif du = F des
(himmediate unspe
ifiedi)and sizes = heap-size-in-wordsand sizea = sta
k-size-in-wordsand g0 = h0;#ssb
; (sizes � sizea)iand ga = h(sizes � sizea); sizes; sizesiand g1 = hsizes; sizes; sizesiand g2 = hsizes; sizes; (2 � sizes � sizea)iand g0a = h(2 � sizes � sizea); 2 � sizes; 2 � sizesiand g3 = h2 � sizes; 2 � sizes; 2 � sizesiand s = load(ssb
; g0(0))and t = relo
ate(tsb
; g0(0))and S(t; s) = htemplate #f 
::o�i101



The fsb
m Answer Afsb
m is de�ned to be a partial fun
tion that mapsfsb
m halt states �ffsb
m to natural numbers su
h thatAfsb
m(ht; n; 
; v; ga ; ga0 ; u; k; s; g0; g1; g2; g3; r1; r2; r3; r4i) def= mif v = hfixnummiDe�nition 44 Let P be an sb
 program. Then Lfsb
m(P) is an initial stateof the fsb
m. If R�fsb
m(Lfsb
m(P)) is de�ned, then the meaning of programP as given by the sb
 operational semanti
s isOfsb
m[[P℄℄ def= Afsb
m(R�fsb
m(Lfsb
m(P)))Otherwise Ofsb
m[[P℄℄ is unde�ned.4.2 Corresponden
e RelationDe�nition 45 We de�ne a fsb
m state 
orresponden
e relation�=� gsb
mstate� fsb
mstateas follows:Let �gsb
m = htG; nG; 
G; vG; aG; uG; kG; sG; rG1 ; rG2 ; rG3 ; rG4 i; and� = ht; n; 
; v; ga; ga0 ; u; k; s; g0; g1; g2; g3; r1; r2; r3; r4ibe a gsb
m state and fsb
m state respe
tively.Then, �gsb
m �= � holds if� F des
(tG) = t� F offset(nG) = n� F des
(
G) = 
� F des
(vG) = v� (ga(1) + i) < ga(2) for all 0 � i < #aG� F des
(aG(i)) = s(ga(1) + i) for all 0 � i < #aG� F des
(uG) = u� F des
(kG) = k 102



� For all hi;mi 2 ldom(sG),(gi(0) +m) < gi(1) if i 2 f0; 2ggi(1) � (gi(2) +m) if i 2 f1; 3g� For all hi;mi 2 ldom(sG),F 
ell(sG(hi;mi)) = s(gi(0) +m) if i 2 f0; 2gs(gi(2) +m) if i 2 f1; 3g� F des
(rG1 ) = r1� F des
(rG2 ) = r2� F des
(rG3 ) = r3� F des
(rG4 ) = r44.3 Establishing State Corresponden
eLemma 46 The gsb
m Loader and the fsb
m Loader map sb
 programsto initial states that are related by the state 
orresponden
e relation. Thatis, if P = hssb
 tsb
i is an sb
 program, thenLgsb
m(P) �= Lfsb
m(P)Proof: All 
ases are immediate from the de�nitions of the loaders and state
orresponden
e ex
ept for the following:1. For all hi;mi 2 ldom(sG),(gi(0) +m) < gi(1) if i 2 f0; 2ggi(1) � (gi(2) +m) if i 2 f1; 3gBy de�nition of Lgsb
m, if hi;mi 2 ldom(sG) then i = 0 and 0 � m <#ssb
. But by de�nition of Lfsb
m, g0(1) = g0(0) + #ssb
, and so the
ondition holds.2. For all hi;mi 2 ldom(sG),F 
ell(sG(hi;mi)) = s(gi(0) +m) if i 2 f0; 2gs(gi(2) +m) if i 2 f1; 3g103



By de�nition of Lgsb
m, if hi;mi 2 ldom(sG) then i = 0 and 0 � m <#ssb
. If ssb
(m) = hptr li thensG(h0;mi) = relo
ateG(hptr li) = hptr h0; liis(g0(0) +m) = relo
ate(hptr li; g0(0)) = hptr g0(0) + liBut F 
ell(hptr h0; lii) = hptr g0(0) + li by de�nition.If ssb
(m) 6= hptr li thensG(h0;mi) = relo
ateG(ssb
(m)) = ssb
(m)s(g0(0) +m) = relo
ate(ssb
(m); g0(0)) = F 
ell(ssb
(m))The result thus holds trivially.24.4 Preserving State Corresponden
eLemma 47 Let �Gi and �i be gsb
m and fsb
m initial states respe
tively.If �Gi �= �i, then1. If R�fsb
m�i is de�ned, then so is R�gsb
m�Gi .2. IfR�gsb
m�Gi and R�fsb
m�i are both de�ned, then R�gsb
m�Gi �= R�fsb
m�i.Proof: Ea
h a
tion rule of the gsb
m and fsb
m is expressed as the 
om-position of the mi
ro
ode fun
tions and auxiliary fun
tions. Ea
h of thesefsb
m fun
tions is less de�ned than the 
orresponding gsb
m fun
tion.Thus ea
h a
tion rule is less de�ned than the 
orresponding gsb
m a
tionrule and hen
e so is the union and transitive 
losure of the a
tion rules.By de�nition, if an fsb
m mi
ro
ode or auxiliary fun
tion is de�ned onan argument, it returns the same value as the 
orresponding gsb
m fun
tion.Thus ea
h a
tion rule has this property, and hen
e so does the union andtransitive 
losure of the a
tion rules.2
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4.5 Corresponden
e of Final AnswersThe following lemma asserts that the gsb
m and fsb
m answer fun
tionsmap 
orresponding states to equal natural numbers.Lemma 48 Let �Gf and �f be gsb
m and fsb
m halt states respe
tively.If �Gf �= �f , then Agsb
m(�Mf ) = Afsb
m(�f ).Proof: Let vG and v be the value registers of �Gf and �f respe
tively. Sin
e�Gf �= �f , we have by de�nition of state 
orresponden
e that vG and v arerelated (i.e. F des
(vG) = v). By de�nition of F des
, if vG = hfixnum mithen v = hfixnum mi and so Agsb
m(�Mf ) = Afsb
m(�f ) =m. If vG is not ofthe form hfixnum mi then neither is v, and so Agsb
m(�Mf ) and Afsb
m(�f )are both unde�ned.24.6 Corresponden
e of Semanti
sWe 
an now prove the main theorem of this 
hapter.Theorem 49 If the fsb
m operational semanti
s assigns a meaning to ansb
 program, then the gsb
m operational semanti
s assigns the same mean-ing to the program. That is, if Osb
fsb
m[[P℄℄is de�ned, then Osb
fsb
m[[P℄℄ = Osb
gsb
m[[P℄℄Proof: Follows immediately from Lemmas 46, 47, and 48.2
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low heap free spa
e arg sta
k 
ont sta
k upper heap? sta
k limit? sta
k base?heap pointer ?sta
k pointer
Figure 5: Memory LayoutA A New Storage LayoutThe Vlisp VM 
urrently uses two areas for heap allo
ation and a separatearea for the argument sta
k. All stored obje
ts are heap allo
ated. We think
an verify a new organization for storage whi
h greatly redu
es the numberof garbage 
olle
tions.The layout (Figure 5) uses just two equal sized areas, one of whi
h isa
tive at any time (ex
ept during garbage 
olle
tion). All sta
k and heapallo
ation performed in the same area. All stored obje
ts other than 
on-tinuations are allo
ated in the low heap whi
h grows upward. The sta
kgrows downward and garbage 
olle
tion in invoked when the sta
k and thelow heap meet.The new version of the MAKE-CONT instru
tion pushes registers on thesta
k, pushes a 
ontinuation header on the sta
k, adjusts the sta
k base andsta
k pointer to be at the newly allo
ated 
ontinuation, and �nally updatesthe 
ontinuation register. The argument sta
k is not 
opied although wefound this savings to be small.The new version of RETURN does the old a
tions if the 
ontinuation isnot in the 
ontinuation sta
k. Otherwise, the 
ontinuation sta
k is popped.This is where the real saving 
omes be
ause we garbage 
olle
t many fewer
ontinuations. When our 
ompiler 
ompiles itself, it now uses 90 GC's in-stead of 250.Call-with-
urrent-
ontinuation is implemented by moving the sta
k limitto the 
urrent sta
k base. All the 
ontinuations on the sta
k now behave asif the were heap allo
ated.The garbage 
olle
tor 
opies the argument sta
k to the top of the newarea, and tra
es the sta
k and the registers. After a GC, all 
ontinuationsare in the low heap. One 
ould try to preserve the 
ontinuation sta
k duringGC, but it is too 
ompli
ated for too little savings.106
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