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1 INTRODUCTION 3respe
t to the semanti
s. Finally, an assembler from the byte
ode to ana
tual ma
hine ar
hite
ture is shown.1 Introdu
tionThe goal of this proje
t was to develop a veri�ed 
ompiler for the PreS
hemeprogramming language. PreS
heme is a restri
ted diale
t of S
heme. Itis simpler than S
heme in the data types it supports, in its treatment ofpro
edure obje
ts, and be
ause it makes very limited use of the run-timesta
k.This report is divided into two parts. Se
tions 1 through 6 give a
hronologi
ally-organized summary of the workplan and the a
tivities per-formed under this 
ontra
t. Se
tions 7 through 11 then give the te
hni
aldetails and the proof of 
orre
tness of the Pure PreS
heme 
ompiler.The workplan was divided into three parts:1. Analysis of the syntax and semanti
s of PreS
heme. Our a
tivitieshere are dis
ussed in Se
tions 2{3. The detailed syntax and semanti
sare presented in Se
tions 7{8.2. Development and veri�
ation of a translator from Pure PreS
heme intoan abstra
t assembly language. This a
tivity is dis
ussed in Se
tion 4.The 
ompiler is presented in Se
tion 9, and the proofs are presentedin Se
tion 10.3. Development of a translator from the abstra
t assembly language tothe �nal target language. This a
tivity is dis
ussed in Se
tion 4, andthe details of the assembler are presented in Se
tion 11.The exe
utable versions of the 
ompiler and assembler, 
oded in S
heme,have been ele
troni
ally delivered and are now being tested by MITRE, In
.2 Obtaining an exe
utable S
heme semanti
sOur �rst undertaking was the translation of the denotational semanti
s ofS
heme into SPS, a type-
he
ked variant of S
heme [11℄. The purpose of



3 REFINING THE PRESCHEME SEMANTICS 4this exer
ise was to obtain a version of the S
heme semanti
s whi
h 
ouldbe 
he
ked and manipulated by ma
hine.To do this, we obtained from Jonathan Rees a 
opy of the exe
utableversion of the denotational semanti
s of S
heme given in Se
tion 7.2 of [7℄.We then modi�ed it to �t in the semanti
 framework given by SPS. Theresulting interpreter was run on a number of examples.This exer
ise 
on�rmed that in general, the Se
tion 7.2 semanti
s was
onsistent (i.e., it 
ontained no type errors). However it did reveal a fewshort
omings of the Se
tion 7.2 semanti
s and the Clinger-Rees exe
utablesemanti
s (CRES):� 
on
rete syntax: this is spe
i�ed in the Report, but it is not in
ludedin the CRES. SPS requires that 
on
rete syntax be fully spe
i�ed, andwe have done this.� non-
ompositionality: the treatment of permute in the Report is some-what non-
ompositional, as it works on lists of expressions, rather thanlists of denotations. This is �xed in our version.� storage allo
ation for 
onstants: the report is silent on whether storagefor 
onstants is allo
ated at read time or at evaluation time. We have
hosen the latter.A more detailed dis
ussion of our �ndings 
an be found in [6℄. We alsodeveloped some tools to translate a grammar in SPS format to Latex andto preview the grammar in a window.3 Re�ning the PreS
heme semanti
sOriginally, PreS
heme was de�ned as the set of programs whi
h a parti
ularprogram (the PreS
heme 
ompiler) 
ould translate into C. This de�nitionwas ne
essarily impre
ise. Therefore, our �rst major task was to produ
e amore pre
ise syntax and semanti
s for PreS
heme. We undertook this taskby interviewing the parti
ipants (mostly Ri
hard Kelsey) and by examiningthe 
orpus of PreS
heme 
ode in the Virtual Ma
hine de�nition.As a result of these dis
ussions, we have re�ned PreS
heme into threelevels:



3 REFINING THE PRESCHEME SEMANTICS 51. Full PreS
heme. This in
ludes the 
ode in the VM, essentially un-
hanged, in
luding ma
ro de�nitions. This diale
t is unmanageablebe
ause the language of ma
ro de�nitions is full S
heme.2. Ma
ro-Free PreS
heme (MFPS). This is obtained from Full Pre-S
heme by expanding all ma
ros.3. Pure PreS
heme (PPS). This is a tail-re
ursive, 
losure-free diale
tof PreS
heme, obtained from MFPS by hoisting lambda-expressionsand beta-expansion. This diale
t is semanti
ally tra
table and wasthe fo
us of our 
ompiler development e�orts.We 
ontinued our dis
ussions with Ri
hard Kelsey, John Ramsdell, andJoshua Guttman to agree on the primitives and syntax of Pure PreS
heme.Here we list the primary 
on
lusions of those dis
ussions, along with someof the impli
ations of those de
isions:1. Pure PreS
heme programs are tail-re
ursive. The original 
on
eptionof PreS
heme allowed bounded non-tail re
ursion; however, we agreedthat the restri
tion to pure tail re
ursion was a

eptable. This requiressome minor re
oding of the VM, sin
e there are some 
alls to thegarbage 
olle
tor whi
h are not tail re
ursive. However, sin
e thereare no nested 
alls, this re
oding should be easy.2. Pure PreS
heme programs are 
losure-free: that is, 
losures are never
reated at run-time. All lambda-expressions 
an, at least in prin
iple,be hoisted to a top-level s
ope. John Ramsdell has written a translatorfrom MFPS to Pure PreS
heme that performs this hoisting.The global stru
ture of a PPS program 
onsists of some global vari-ables (in
luding mutable globals, lexi
ally distinguishable by namesof the form *name*), followed by a large letre
 
ontaining all themutually re
ursive pro
edures.In parti
ular, this means that the primitive goto has been dropped.Both global pro
edures and those whi
h are given by a lo
al re
ursionwill be 
alled as ordinary pro
edures. This distin
tion was an artifa
tof the C implementation of PreS
heme.3. Lo
al variables of pro
edures are not mutable.



3 REFINING THE PRESCHEME SEMANTICS 64. Pro
edures will no longer be storable. The semanti
 overhead of thisfa
ility was 
onsiderable. It is used in only one pla
e in the VM, tobuild a dispat
h table for the op
ode interpreter. This dispat
h table,an array of pro
edures, was built on
e at VM initialization time, andnever modi�ed. This will be repla
ed by a 
omputed-goto expression
alled 
hoose. This also requires some re
oding in the VM.Eliminating pro
edures as storables 
onsiderably simpli�es the seman-ti
s of the heap, whi
h will be approximately that of C. Heap primitivesperform something like mallo
 to 
reate ve
tors, and ve
tor indi
esare pointers.5. The following are the primitives of PreS
heme:notunassignederror%+ %- %* %< %<= %= %>= %> %quotient %remainder %abs%adjoin-bits %low-bits %high-bits%bitwise-not %bitwise-and %bitwise-ior %bitwise-xor%ashl %ashr%as
ii->
har %
har->as
ii%
har=? %
har<?%useful-bits-per-word%make-ve
tor %ve
tor-ref %ve
tor-set! %ve
tor-length%ve
tor-posq %ve
tor-fill!%make-string %{\bf string-set}! ;for extra
t-string%string-length %string-ref%make-byte-ve
tor%byte-ve
tor-fill!%byte-ve
tor-ref %byte-ve
tor-set!%byte-ve
tor-word-ref %byte-ve
tor-word-set!%make-byte-ve
tor-pointer%byte-ve
tor-pointer-ref%byte-ve
tor-pointer-set!%byte-ve
tor-pointer-word-ref



4 DEVELOPMENT OF THE PRESCHEME BYTE-CODE COMPILER7%byte-ve
tor-pointer-word-set!;; I/O%read-
har %write-
har %write-string%newline%eof-obje
t?%open-input-file %open-output-file%
lose-input-port %
lose-output-port%
urrent-input-port %
urrent-output-port%for
e-output;; Used only by READ-IMAGE and WRITE-IMAGE%write-number %read-number%write-page %read-page%write-byte %read-byte %bits-per-io-byte%
all-with-output-file %
all-with-input-file ;dittoThese will be treated as keywords, so they will not be shadowable bylambda-bindings. The Pure PreS
heme 
ompiler will not ne
essarilydeal with all these primitives, but will implement a subset large enoughto handle the VM as re
oded by the MITRE group.The following were treated as PreS
heme primitives in the originalversion of the VM, but were removed as primitives in light of ourdis
ussions:goto 
omputed-goto label run-ma
hine halt-ma
hinemake-dispat
h-table define-dispat
h! dispat
hThe grammar and semanti
s for PPS programs is shown in Se
tion 8.The semanti
s was developed by retro�tting the SPS S
heme semanti
s tothe restri
tions listed above.4 Development of the PreS
heme Byte-Code Com-pilerThe next stage was the development of a translator from Pure PreS
hemeto a 
ombinator-based (byte-
ode) abstra
t assembly language. Byte 
ode



4 DEVELOPMENT OF THE PRESCHEME BYTE-CODE COMPILER8appeared to be a suitable target language for this 
ompiler be
ause thequantities manipulated by the byte 
ode abstra
t ma
hine were suÆ
iently
lose to ordinary ma
hine quantities that the translation from byte 
odeto ma
hine 
ode would be straightforward. This is in 
ontrast with thesituation for full S
heme, in whi
h the representation of these quantitieswas one of the major diÆ
ulties.The 
ompiler was developed using the Wand-Clinger 
ompiler devel-opment methodology [2, 8, 9, 10℄. In this methodology, the denotationalsemanti
s of the sour
e language is taken as a 
on
rete semanti
s: a transla-tion into some lambda-
al
ulus. This translation is then modi�ed to produ
eterms in a 
ombinatory 
al
ulus. The operational semanti
s of the lambda-
al
ulus, given by redu
tion, then yields an operational semanti
s for thetarget language.This approa
h is made feasible by the observation that for suitable
hoi
es of 
ombinators, the redu
tion sequen
es mimi
 pre
isely the behav-ior of ordinary ma
hines. In the original papers [8, 9, 10℄, the 
orre
tnessof the 
ompiler was just equality between the 
ombinator semanti
s andthe original semanti
s. Clinger [2℄ showed how to produ
e a spe
i�
ationrelating the 
ombinator semanti
s and the original semanti
s in whi
h the
ombinator terms 
learly resembled ordinary byte 
odes; this avoided thelinearization or distribution step in the original version.The development of the Pure PreS
heme Byte-Code Compiler had threemain steps:1. Development of the indu
tion hypotheses. An indu
tion hypothesiswas developed for ea
h non-terminal in the Pure PreS
heme gram-mar. These were obtained by retro�tting the hypotheses in [2℄ tothe restri
tions of the Pure PreS
heme ar
hite
ture. In parti
ular, weneeded to eliminate the run-time re
ursion sta
k and to distinguishnon-terminals that are exe
uted for e�e
t only. In our implementa-tion, a small sta
k is still used for handling lo
al variables, but this
ould be repla
ed by a register �le.2. Derivation of the byte 
odes. In this development method, the indu
-tion hypotheses serve as the spe
i�
ation for the 
ompiler. One 
anthen substitute the semanti
 equations for ea
h produ
tion and essen-tially solve the equations to derive the behavior of the needed op
odes.This notion of derivation is not shown in this report, but the resultsare presented in the op
ode de�nitions of Se
tion 9.4.



5 DEVELOPMENT OF THE ASSEMBLER 93. Implementation of the translator proper. This was a straightforwardprogramming exer
ise in S
heme.We also implemented an interpreter for the byte-
ode language, usingthe de�nitions of the byte 
odes as S
heme de�nitions. Thus the interpreter
ame essentially for free from the theory.5 Development of the AssemblerIn order to make this 
ompiler a usable tool, two more items were needed:1. A hoister-expander to translate from MFPS to PPS. This task wasa

omplished by John Ramsdell.2. A translator from byte 
ode to real assembly language.We implemented the byte 
ode ma
hine by designing a fairly straight-forward representation s
heme for the quantities in the byte 
ode ma
hine,and writing a translator that emitted MC68020 
ode to simulate its a
tion.Be
ause the quantities in Pure PreS
heme, and therefore in the byte 
odes,were relatively simple, this was easy.We used a tagged ar
hite
ture to aid with debugging and be
ause thePreS
heme semanti
s might demand it. [The semanti
s does not 
ompletelyspe
ify the behavior of a program in the presen
e of a run-time type error.In most 
ases, run-time type errors invoke the 
ontinuation wrong, whi
h isnot spe
i�ed in the semanti
s. If wrong is interpreted to return a don't-
arevalue, then any behavior is a

eptable, and a tagged ar
hite
ture is unne
-essary. If the value of wrong is deemed signi�
ant, then the implementationmust test for run-time type errors. We 
hose to be 
onservative and takethe latter interpretation.℄Another part of the translator was the implementation of the primitives.We 
hose to implement the following primitives, whi
h were representativeof the entire list:%abort %zero? %= %> %< %<= %+ %- %*%make-ve
tor %ve
tor-ref %ve
tor-set!



6 CONCLUSIONS AND FURTHER WORK 10For ea
h primitive, it was ne
essary to emit assembly 
ode that performedthe operation.The major 
ompli
ation was representing global pro
edures, whi
h arethe only 
losures in the system. This is dis
ussed in Se
tion 11.6 Con
lusions and Further WorkWe have spe
i�ed the semanti
s of Pure PreS
heme and proved the 
orre
t-ness of a 
ompiler from Pure PreS
heme to a byte 
ode. The 
orre
tnessproof 
onsists of a straightforward stru
tural indu
tion whose individualsteps are a

omplished in the lambda-
al
ulus. The 
omplete proof is givenin this report. The byte-
ode to assembly-language translation is viewedas straightforward and self-evidently 
orre
t, though su
h a judgement is of
ourse subje
t to debate.As of this writing, the 
ompiler is being tested using on a small virtualma
hine de�nition for the pure lambda-
al
ulus. On
e that is 
ompleted,work 
an progress on using it to 
ompile the S
heme48 VM.We 
urrently envision extensions of this work in at least four dire
tions,ea
h of whi
h will serve the overall goal of in
reasing the reliability andtrustworthiness of 
ompilers:1. Ma
hine support for 
he
king or generating proofs of the form dis-played here. We are working on this at the present time [1℄2. Formalizing the semanti
s of the target ma
hine and the 
orre
tness ofthe representation strategies used to implement the byte-
ode ma
hine.This was a major problem for the VM 
orre
tness proof. Some work isunderway on this elsewhere [3℄, but we believe that our methods maylead to signi�
ant advan
es on this problem.3. Extending the Wand-Clinger methodology to 
ompilers that performsigni�
ant optimizations. Some �rst steps toward this are reported in[5℄ and [12℄.4. Compiling S
heme by translating S
heme programs to Pure PreS
hemeprograms.



7 LANGUAGE OVERVIEW 117 Language OverviewThis se
tion begins the te
hni
al portion of this do
ument. It begins withan overview of the Pure PreS
heme language. Se
tion 8 gives the syntaxand denotational semanti
s of the language. Se
tion 9 presents the 
ompiler,and Se
tion 10 presents the 
orre
tness proof. Last, Se
tion 11 des
ribes theassembler from byte 
odes to assembly language.Pure PreS
heme is a des
endent of the language PreS
heme, inventedby Jonathan Rees and Ri
hard Kelsey for the S
heme48 
ompiler. A PurePreS
heme program 
onsists of an initial de
laration of global variables, toplevel pro
edure de
larations, and a body. All global variables are en
losedwithin asterisks (e.g. *global*) and are the only variables whi
h 
an bea�e
ted imperatively. The syntax of PurePreS
heme has been designed sothat all pro
edures and the main body are tail-re
ursive. Nested pro
edure
alls 
an o

ur in `simple' expressions where it 
an be assured that no re
ur-sion will o

ur, that is, wherever it would be safe to expand the pro
edure
all in-line. Pro
edures 
an be passed upwards and downwards but 
an-not be 
annot be 
reated dynami
ally. Other expressed values available inPurePreS
heme are integers, 
hara
ters, booleans, and byte pointers.8 The Semanti
sThe spe
i�
ation of PurePreS
heme is a straightforward exer
ise in denota-tional semanti
s.The only unusual aspe
t has to do with the environments. Spe
i�
ally,they 
an 
ontain either pointers into the store for globals or expressible val-ues for lo
als; this must be taken into a

ount. We use the notation �[�=�℄for the simultaneous extension of an environment by a list of bindings; theusual one-point environment update is therefore written as �[hÆi=hIi℄. Thebehavior of extension when the list of identi�ers 
ontains dupli
ates is un-spe
i�ed. We also need a notion of sequential environment extension. Thisnotion and notation are de�ned by the following axioms:�[h i=h i℄� = ��[(Æ :: Æ�)=(I :: I�)℄� = (�[hÆi=hIi℄)[Æ�=I�℄�



8 THE SEMANTICS 12Here h i denotes an empty sequen
e and (� :: ��) denotes adding � to asequen
e of �0s, ��. Similarly, (��0 : ��1) denotes the 
on
atenation of twosequen
es of �0s.8.1 SyntaxThe input to the language is assumed to be a list stru
ture; therefore thelexi
al stru
ture of the language is unspe
i�ed, ex
ept that global identi�ersare S
heme symbols distinguished by being surrounded by asterisks (e.g.*global-variable*). The nonterminals of the language are as follows:L 2 Lo
Ide lo
al identi�ersG 2 GloIde global identi�ersI 2 Ide lo
al & global identi�ersK 2 Con 
onstantsP 2 Prim primitivesLSD 2 Lo
SimDe
 lo
al simple de
larationsGSD 2 GloSimDe
 global simple de
larationsLPD 2 Lo
Pro
De
 lo
al pro
edure de
larationsS 2 Simple simple expressions & 
ommandsT 2 Tre tail-re
ursive expressionsE 2 Pgm programsThe starting symbol is Pgm.The produ
tions are:LSD ::= (L S)�GSD ::= (G S)�LPD ::= (L (lambda (L�) T))�S ::= Kj Lj Gj (if S0 S1 S2)j (
hoose S (S�))j (set! G S)



8 THE SEMANTICS 13j (P S�)T ::= Sj (if S T0 T1)j (begin S� T)j (let (LSD) T)j (let* (LSD) T)j (S S�)E ::= (let* (GSD) (letre
 (LPD) T))8.2 Value Domains� 2 L lo
ations/denoted values� 2 N small integersT = ffalse, trueg truth valuesH 
hara
ters� 2 F = E� ! C pro
edures� 2 B byte pointers� 2 P = E� ! K ! C primitives! 2 O = U ! F openers� 2 X error messages� 2 E = N + T +H + F +B expressed/stored values� 2 S = L! E storesÆ 2 D = L+E denoted values� 2 U = Ide! D environments� 2 C = S ! A 
ommand 
ontinuations� 2 K = E ! C expression 
ontinuationsA answersThese domains are all standard, ex
ept for the domain of openers; theseare pro
edures (
losures) that are waiting to re
eive the environment inwhi
h they will be 
losed.A distinguishing 
hara
teristi
 of these domains is that all the expressedvalues 
an naturally �t in one ma
hine word, ex
ept for pro
edures, whi
hmust be represented by pointers. Note also that pro
edures do not take
ontinuations, sin
e they are tail-re
ursive.



8 THE SEMANTICS 148.3 Semanti
 Fun
tionsThe semanti
 fun
tions in
lude three auxiliary fun
tions for analyzing de
-larations, and one main valuation for ea
h synta
ti
 
ategory. Note that Tdoes not take a 
ontinuation argument, sin
e these are tail-re
ursive expres-sions, whi
h do not use a run-time sta
k.GL : Lo
SimDe
! Lo
Ide�GP : Lo
Pro
De
! Lo
Ide�GG : GloSimDe
! GloIde�K : Con! EP : Prim! PDL : Lo
SimDe
! U ! (E� ! C)! CSDL : Lo
SimDe
! U ! (E� ! C)! CSDG : GloSimDe
! U ! (L� ! C)! CRP : Lo
Pro
De
! Lo
Ide� ! U ! E� ! E�RDP : Lo
Pro
De
! U ! (E� ! C)! CSE : Simple! U ! K ! CSE� : Simple� ! U ! (E� ! C)! CSEC� : Simple� ! N ! U ! K ! CSC : Simple! U ! C ! CSC� : Simple� ! U ! C ! CSCC� : Simple� ! N ! U ! C ! CT : Tre! U ! CE : Pgm! U ! C8.3.1 Auxiliary ValuationsThese valuations extra
t sequen
es of identi�ers from various de
larations.GL : Lo
SimDe
! Lo
Ide�Get Lo
als. Extra
ts lo
al identi�ers from lo
al simple de
larations.GL[[ ℄℄ = h iGL[[(L S) LSD℄℄ = (L :: GL[[LSD℄℄)



8 THE SEMANTICS 15GP : Lo
Pro
De
! Lo
Ide�Get Pro
edures. Extra
ts pro
edure identi�ers from lo
al pro
edurede
larations.GP [[ ℄℄ = h iGP [[(L (lambda (L�) T)) LPD℄℄ = (L :: GP [[LPD℄℄)GG : GloSimDe
! GloIde�Get Globals. Extra
ts global identi�ers from global simple de
larations.GG[[ ℄℄ = h iGG[[(G S) GSD℄℄ = (G :: GG[[GSD℄℄)8.3.2 Main ValuationsK : Con! EConstants.[de�nition deliberately omitted℄P : Prim! PPrimitives.[de�nition deliberately omitted℄DL : Lo
SimDe
! U ! (E� ! C)! C



8 THE SEMANTICS 16De
lare Lo
als. Takes a sequen
e of lo
al simple de
larations and returnsa 
orresponding sequen
e of values of the simple expressions.DL[[ ℄℄ = �� :  h iDL[[(L S) LSD℄℄ = �� :DL[[LSD℄℄�(��� : SE [[S℄℄�(�� :  (� :: ��)))SDL : Lo
SimDe
! U ! (E� ! C)! CSequentially De
lare Lo
als. Takes a sequen
e of lo
al simple de
lara-tions and returns a 
orresponding sequen
e of values of the simple expres-sions. The environment is updated as ea
h simple expression is evaluated.SDL[[ ℄℄ = �� :  h iSDL[[(L S) LSD℄℄ = �� : SE [[S℄℄�(�� : SDL[[LSD℄℄�[h� inDi=hLi℄(��� :  (� :: ��)))SDG : GloSimDe
! U ! (L� ! C)! CSequentially De
lare Globals. Takes a sequen
e of global simple de
lara-tions and returns a 
orresponding sequen
e of lo
ations in the store wherevalues of the simple expressions are lo
ated.SDG[[ ℄℄ = ��� : � h iSDG[[(G S) GSD℄℄ = ��� : SE [[S℄℄�(�� : (tieval (�� : SDG[[GSD℄℄�[h� inDi=hGi℄(��� : � (� :: ��)))�))RP : Lo
Pro
De
! Lo
Ide� ! U ! E� ! E�



8 THE SEMANTICS 17Re
ursive Pro
edures. Takes a sequen
e of pro
edure de
larations andreturns a 
orresponding sequen
e of re
ursive pro
edures (when used in 
on-jun
tion with RDP). More pre
isely, given a sequen
e of pro
edure de
la-rations, a list of lo
al identi�ers L�0 (the names of the pro
edures in there
ursive de
laration), an environment � (the environment on entran
e tothe de
laration), and a list of expressed values ��0 (the values of those pro-
edures) , it returns a list of expressed values. Ea
h expressed value is apro
edure, obtained by 
losing the 
orresponding lambda expression in theenvironment obtained by extending � by binding the identi�ers in L�0 to the
orresponding values in ��0.This is used in 
onjun
tion with RDP, whi
h uses a �xpoint operatorto set up the appropriate �xpoint equation.As noted above, the behavior of extension when the list of identi�ers 
on-tains dupli
ates is unspe
i�ed. Therefore the behavior of RP is unspe
i�edwhen either L or L�0 
ontains dupli
ates.RP [[ ℄℄ = �L���� : h iRP [[(L (lambda (L�) T)) LPD℄℄ =�L�0���0 : (((��� : T [[T℄℄(�[(map (inD) ��0)=L�0℄)[(map (inD) ��)=(reverse L�)℄) inE)::RP[[LPD℄℄L�0���0)RDP : Lo
Pro
De
! U ! (E� ! C)! CRe
ursively De
lare Pro
edures. Takes a sequen
e of pro
edure de
lara-tions and returns a 
orresponding sequen
e re
ursive pro
edures. (GP [[LPD℄℄
al
ulates the list of pro
edure names de
lared in LPD, 
orresponding to theargument L�0 in the de�nition of RP . � is the environment en
losing the de
-laration, as in RP . Thus the argument to the �xpoint operator 
orrespondsto ��� : : : :; the value of the �xpoint is a sequen
e of expressed values, whi
hare passed to the 
ontinuation.RDP [[LPD℄℄ = �� :  (fix (RP [[LPD℄℄(GP [[LPD℄℄)�))SE : Simple! U ! K ! C



8 THE SEMANTICS 18Simple Expressions. Evaluates the expression and passes the value tothe expression 
ontinuation.SE [[K℄℄ = ��� : �(K[[K℄℄)SE [[L℄℄ = ��� : (�L) e E ! �((�L) j E);(wrong \Lo
al variable given storage.")SE [[G℄℄ = ��� : (�G) e L! (hold ((�G) j L) �);(wrong \Global variable not given storage.")SE [[(if S0 S1 S2)℄℄ = ��� : SE [[S0℄℄�(�� : (� j T ) = false! SE [[S2℄℄��;SE [[S1℄℄��)SE [[(
hoose S (S�))℄℄ = ��� : SE[[S℄℄�(�� : � e N ! SEC�[[S�℄℄(� j N)��(wrong \Non-numeri
 argument."))SE [[(set! G S)℄℄ = ��� : SE [[S℄℄�(�� : (�G) e L!(assign ((�G) j L) � (� �));(wrong\Can't assign to a lo
al variable."))SE [[(P S�)℄℄ = ��� : SE�[[S�℄℄�(��� : apply-primitive P[[P℄℄ �� �)SE� : Simple� ! U ! (E� ! C)! CSimple Expression sequen
es. Evaluates the sequen
e of simple expres-sions and passes the sequen
e of values to the 
ontinuation.SE�[[ ℄℄ = �� :  h iSE�[[S S�℄℄ = �� : SE [[S℄℄�(�� : SE�[[S�℄℄�(��� :  (�� : h�i)))SEC� : Simple� ! N ! U ! K ! CSimple Expression Choose sequen
es. Returns the value of the simple ex-pression in the sequen
e of simple expressions 
orresponding to the numeri

hoi
e, �. If there is no 
orresponding 
hoi
e an error is signaled.



8 THE SEMANTICS 19SEC�[[ ℄℄ = ���� : wrong \Choose: index out of bounds."SEC�[[S S�℄℄ = ���� : � = 0! SE [[S℄℄��; SEC�[[S�℄℄(� � 1)��SC : Simple! U ! C ! CSimple Commands. Evaluates the expression and but ignores the returnvalue.SC[[K℄℄ = ��� : �SC[[L℄℄ = ��� : �SC[[G℄℄ = ��� : �SC[[(if S0 S1 S2)℄℄ = ��� : SE [[S0℄℄�(�� : (� j T ) = false! SC[[S2℄℄��;SC[[S1℄℄��)SC[[(
hoose S (S�))℄℄ = ��� : SE [[S℄℄�(�� : � e N ! SCC�[[S�℄℄(� j N)��;(wrong \Non-numeri
 argument."))SC[[(set! G S)℄℄ = ��� : SE [[S℄℄�(�� : (�G) e L!(assign ((�G) j L) � �);(wrong\Can't assign to a lo
al variable."))SC[[(P S�)℄℄ = ��� : SE�[[S�℄℄�(��� : apply-primitive/ignore P[[P℄℄ �� �)SC� : Simple� ! U ! C ! CSimple Command sequen
es. Evaluates the sequen
e of simple expres-sions ignoring the values.SC�[[ ℄℄ = ��� : �



8 THE SEMANTICS 20SC�[[S S�℄℄ = ��� : SC[[S℄℄�(SC�[[S�℄℄��)SCC� : Simple� ! N ! U ! C ! CSimple Command Choose sequen
es. Evaluates of the simple expressionin the sequen
e of simple expressions 
orresponding to the numeri
 
hoi
e,�, ignoring the value. If there is no 
orresponding 
hoi
e an error is signaled.SCC�[[ ℄℄ = ���� : wrong \Choose: index out of bounds."SCC�[[S S�℄℄ = ���� : � = 0! SC[[S℄℄��; SCC�[[S�℄℄(� � 1)��Tail-re
ursive expressions. Evaluates the tail-re
ursive expression andreturns the value. As the expressions are tail-re
ursive, no 
ontinuation isne
essary. �0 is the initial 
ontinuation for the program. This is unspe
i�ed.T : Tre! U ! CT [[S℄℄ = �� : SE [[S℄℄��0T [[(if S T0 T1)℄℄ = �� : SE [[S℄℄�(�� : (� j T ) = false! T [[T1℄℄�; T [[T0℄℄�)T [[(begin S� T)℄℄ = �� : SC[[S�℄℄�(T [[T℄℄�)T [[(let (LSD) T)℄℄ = �� :DL[[LSD℄℄�(��� : T [[T℄℄�[(map (inD) ��)=GL[[LSD℄℄℄)T [[(let* (LSD) T)℄℄ = �� : SDL[[LSD℄℄�(��� : T [[T℄℄�[(map (inD) ��)=GL[[LSD℄℄℄�)T [[(S S�)℄℄ = �� : SE�[[S�℄℄�(��� : SE [[S℄℄�(�� : (tail-apply � ��)))E : Pgm! U ! CExpressions. Sequentially de
lares any globals, then re
ursively de�nesany pro
edures in the updated environment, and �nally evaluates the tailre
ursive body in the resulting environment.E [[(let* (GSD) (letre
 (LPD) T))℄℄ =�� : SDG[[GSD℄℄�(��� :RDP[[LPD℄℄�[(map (inD) ��)=GG[[GSD℄℄℄�(��� : T [[T℄℄(�[(map (inD) ��)=GG[[GSD℄℄℄�)[(map (inD) ��)=GP [[LPD℄℄℄))



8 THE SEMANTICS 218.4 Auxiliary Fun
tionswrong : X ! C[de�nition deliberately omitted℄new : S ! L[de�nition deliberately omitted℄hold : L! K ! Chold = ��� : �� : �(� �)�update : L! E ! S ! Supdate = ���� : ��0 : �0 = �! �; ��0assign : L! E ! C ! Cassign = ���� : �� : �(update � � �)tieval : (L! C)! E ! Ctieval = ��� : �� : �(new �)(update (new �) � �)apply-primitive : P ! E� ! K ! Capply-primitive = ����� : ����apply-primitive/ignore : P ! E� ! C ! Capply-primitive/ignore = ����� : ���(�� : �)tail-apply : F ! E� ! Ctail-apply = ���� : � e F ! (� j F )��; (wrong \Non-fun
tion to apply")



9 THE COMPILER 229 The CompilerThe 
ompiler for PurePreS
heme produ
es 
ode for an abstra
t ma
hine
onsisting of a runtime environment, �, and sta
k, �. The sta
k is usedonly for the storage of temporaries within an expression, and is not used for
ontrol purposes. A byte-
ode program is a term � of type Q = Ur ! E� !C. Hen
e a typi
al ma
hine 
on�guration is a term of the form ���.Though the ma
hine is de�ned denotationally, ma
hine 
on�gurationsare given an operational semanti
s by inheritan
e from the operational se-manti
s (that is, the redu
tion behavior) of the lambda-
al
ulus. The byte-
ode terms are 
arefully de�ned so that if � is a legal byte
ode program,then ��� redu
es to a term �0�0� 0 in some small number of redu
tion steps.Furthermore, sin
e all these terms are in 
ontinuation-passing style, thereis essentially only one su
h redu
tion that is possible. Therefore we 
aninterpret this redu
tion sequen
e as a step in the operational semanti
s ofthe ma
hine: ��� ) �0�0� 0. This notion of operational semanti
s is famil-iar to any S
heme programmer and in fa
t goes ba
k at least 30 years toM
Carthy, who �rst re
ognized the relation between tail-re
ursive programs
hemes and ordinary iteration [4℄.For tail-re
ursive expressions, the 
ompiler takes a symbol table 
 andprodu
es 
ode. In the 
ase of non tail-re
ursive 
onstru
ts, the 
ompilertakes not only 
 but also a 
ode 
ontinuation �, 
onsisting of the 
ode tofollow the 
ode generated.We assume the existen
e of fun
tions for extending run-time and 
ompile-time environments. A runtime environment � and a symbol table 
 forma representation (distributed a
ross di�erent times!) of an environment(� Æ 
). We need to ensure that the run-time and 
ompile-time extensionfun
tions behave 
onsistently. The behavior of these fun
tions must satisfythe following for any � and 
:((� Æ 
))[(map (inD) ��)=L�℄ = ((extendsr l � ��) Æ (extends
 l 
 L�))((� Æ 
))[(map (inD) ��)=L�℄� = ((extends�r l � ��) Æ (extends�
 l 
 L�))((� Æ 
))[(map (inD) ��)=G�℄� = ((extends�r g � ��) Æ (extends�
 g 
 G�))The standard implementation of lexi
al addresses satis�es these axioms.In addition, the pro
edures top, take-�rst, and pop-�rst are used to ma-nipulate the runtime sta
k. These are assumed to satisfy the following:(top (� :: �)) = �



9 THE COMPILER 23(take-�rst 0 �) = h i(take-�rst (n+ 1 + (� :: �)) = (� :: (take-�rst n �))(pop-�rst 0 �) = �(pop-�rst (n+ 1) (� :: �)) = (pop-�rst n �)The 
ompiler itself is presented in terms of its semanti
s. Thus we write:CSDL[[ ℄℄ = �
� : �CSDL[[(L S) LSD℄℄ = �
� : CSE [[S℄℄
(add-to-env*(CSDL[[LSD℄℄(extends�
 l 
 hLi)�))However, as we did for the semanti
s, we envision this as a 
on
retesemanti
s, yielding 
ombinator terms of type Q rather than values in Q.For this translation, we assume that all arguments to 
ompiler pro
edures(in this 
ase, the synta
ti
 argument, 
, and �) are 
ompile-time values, andall results of 
ompiler pro
edures (always of type Q) are run-time values,that is, at 
ompile-time they appear as terms of type Q. Thus, using theba
k-quote 
onvention of Lisp, we might translate the fragment above into
ode like the following:(define 
sdl(lambda (lo
simde
 gamma pi)(re
ord-
ase lo
simde
(empty-lo
simde
 () pi)(
omposite-lo
simde
 (l s lsd)(
se s gamma(add-to-env*(
sdl lsd (extends*-
l gamma (list l)) pi)))))))This 
ode might be pure semanti
s, but we 
an spe
ify a pass separationby revealing the de�nition of add-to-env* as:(define add-to-env*(lambda (q)`(add-to-env* ,q)))



9 THE COMPILER 24or equivalently(define add-to-env*(lambda (q)(list 'add-to-env* q)))This spe
i�es that the output of this program is a term: a byte-
odeprogram. We obtain a 
ompiler by assuming that ea
h of the pro
edureslisted as a ma
hine instru
tion below is implemented by su
h a ba
k-quotepro
edure. The semanti
s of the resulting byte-
ode program is given byrepla
ing ea
h byte-
ode symbol by its semanti
s.9.1 Compiler Synta
ti
 DomainsThe synta
ti
 domains for the 
ompiler are the same as those for the seman-ti
s.9.2 Compiler Value Domains� 2 L lo
ations/denoted values� 2 N small integersT = ffalse, trueg truth valuesH 
hara
ters� 2 F = E� ! C pro
edures� 2 B byte pointers� 2 P = E� ! K ! C primitives! 2 O = U ! F openers� 2 X error messages� 2 E = N + T +H + F +B expressed/stored values� 2 S = L! E storesÆ 2 D = L+E denoted values� 2 D
 lexi
al values
 2 U
 = Ide! D
 
ompiler environments� 2 Ur = D
 ! D runtime environments� 2 U = Ide! D environments� 2 C = S ! A 
ommand 
ontinuations� 2 K = E ! C expression 
ontinuations� 2 Q = Ur ! E� ! C byte 
ode



9 THE COMPILER 25A answersThese are all the same as in the semanti
s, ex
ept for the new domainsof 
ompiler environments (symbol tables), runtime environments (displays),lexi
al values (or lexi
al addresses)9.3 Compiler Semanti
 Fun
tionsGL : Lo
SimDe
! Lo
Ide�GP : Lo
Pro
De
! Lo
Ide�GG : GloSimDe
! GloIde�K : Con! EP : Prim! PCDL : Lo
SimDe
! U
 ! Q! QCSDL : Lo
SimDe
! U
 ! Q! QCSDG : GloSimDe
! U
 ! Q! QCRP Lo
Pro
De
! Lo
Ide� ! OCRDP : Lo
Pro
De
! U
 ! Q! QCSE : Simple! U
 ! Q! QCSE� : Simple� ! U
 ! Q! QCSEC� : Simple� ! U
 ! Q! QCSC : Simple! U
 ! Q! QCSC� : Simple� ! U
 ! Q! QCSCC� : Simple� ! U
 ! Q! QCT : Tre! U
 ! QCE : Pgm! U
 ! Q9.3.1 Auxiliary ValuationsGL : Lo
SimDe
! Lo
Ide�[de�nition same as for semanti
s℄GP : Lo
Pro
De
! Lo
Ide�



9 THE COMPILER 26[de�nition same as for semanti
s℄GG : GloSimDe
! GloIde�[de�nition same as for semanti
s℄9.3.2 Main ValuationsK : Con! E[de�nition same as for semanti
s℄P : Prim! P[de�nition same as for semanti
s℄CDL : Lo
SimDe
! U
 ! Q! QCompile De
lare Lo
als. Takes a sequen
e of lo
al simple de
larationsand generates 
ode whi
h pushes onto the runtime sta
k the 
orrespondingsequen
e of values of the simple expressions.CDL[[ ℄℄ = �
� : �CDL[[(L S) LSD℄℄ = �
� : CDL[[LSD℄℄
(CSE [[S℄℄
�)CSDL : Lo
SimDe
! U
 ! Q! QCompile Sequentially De
lare Lo
als. Takes a sequen
e of lo
al simplede
larations and generates 
ode whi
h pushes onto the runtime sta
k the
orresponding sequen
e of values of the simple expressions. The environmentis updated as ea
h simple expression is evaluated.



9 THE COMPILER 27CSDL[[ ℄℄ = �
� : �CSDL[[(L S) LSD℄℄ = �
� : CSE [[S℄℄
(add-to-env*(CSDL[[LSD℄℄(extends�
 l 
 hLi)�))CSDG : GloSimDe
! U
 ! Q! QCompile Sequentially De
lare Globals. Takes a sequen
e of global sim-ple de
larations and generates 
ode whi
h pushes onto the runtime sta
k a
orresponding sequen
e of lo
ations in the store where values of the simpleexpressions are lo
ated.CSDG[[ ℄℄ = �
� : �CSDG[[(G S) GSD℄℄ = �
� : CSE [[S℄℄
(add-global-to-env*(CSDG[[GSD℄℄(extends�
 g 
 hGi) �))CRP : Lo
Pro
De
! Lo
Ide� ! U
 ! OCompile Re
ursive Pro
edures. Takes a sequen
e of pro
edure de
la-rations and generates 
ode whi
h pushes onto the runtime sta
k the 
or-responding sequen
e re
ursive pro
edures (when used in 
onjun
tion withCRDP).CRP [[ ℄℄ = �L�
 : empty-openersCRP [[(L (lambda (L�) T)) LPD℄℄ =�L�0
 : openers (#L�) (CT [[T℄℄(extends
 l (extends
 l 
 (reverse L�)) L�0))(CRP [[LPD℄℄L�0
)CRDP : Lo
Pro
De
! U
 ! Q! Q



9 THE COMPILER 28Compile Re
ursively De
lare Pro
edures. Takes a sequen
e of pro
e-dure de
larations and generates 
ode whi
h pushes onto the runtime sta
ka 
orresponding sequen
e re
ursive pro
edures.CRDP [[LPD℄℄ = �
�:
losere
s (CRP [[LPD℄℄(GP [[LPD℄℄)
) �CSE : Simple! U
 ! Q! QCompile Simple Expressions. Generates 
ode whi
h evaluates the ex-pression and pushes the value onto the runtime sta
k.CSE [[K℄℄ = �
� : 
onstant (K[[K℄℄) �CSE [[L℄℄ = �
� : fet
h-lo
al (
 L) �CSE [[G℄℄ = �
� : fet
h-global (
 G) �CSE [[(if S0 S1 S2)℄℄ = �
� : CSE [[S0℄℄
(brf (CSE [[S1℄℄
�) (CSE [[S2℄℄
�))CSE [[(
hoose S (S�))℄℄ = �
� : CSE [[S℄℄
(numeri
? (CSCE�[[S�℄℄
�))CSE [[(set! G S)℄℄ = �
� : CSE [[S℄℄
(update-store (
 G) �)CSE [[(P S�)℄℄ = �
� : CSE�[[S�℄℄
(prim-apply #S� P[[P℄℄ �)CSE� : Simple� ! U
 ! Q! QCompile Simple Expression sequen
es. Evaluates the sequen
e of simpleexpressions and pushes the sequen
e of values onto the runtime sta
k.CSE�[[ ℄℄ = �
� : �CSE�[[S S�℄℄ = �
� : CSE [[S℄℄
(CSE�[[S�℄℄
�)



9 THE COMPILER 29CSEC� : Simple� ! U
 ! Q! QCompile Simple Expression Choose sequen
es. Pushes the value of thesimple expression in the sequen
e of simple expressions 
orresponding tothe numeri
 
hoi
e, �, onto the runtime sta
k. If there is no 
orresponding
hoi
e an error is signaled.CSEC�[[ ℄℄ = �
� : out-of-boundsCSEC�[[S S�℄℄ = �
� : pi
k (CSE [[S℄℄
�) (CSEC�[[S�℄℄
�)CSC : Simple! U
 ! Q! QCompile Simple Commands. Evaluates the expression and but does notpush the value onto the runtime sta
k.CSC[[K℄℄ = �
� : �CSC[[L℄℄ = �
� : �CSC[[G℄℄ = �
� : �CSC[[(if S0 S1 S2)℄℄ = �
� : CSE [[S0℄℄
(brf (CSC[[S1℄℄
�) (CSC[[S2℄℄
�))CSC[[(
hoose S (S�))℄℄ = �
� : CSE [[S℄℄
(numeri
? (CSCC�[[S�℄℄
�))CSC[[(set! G S)℄℄ = �
� : CSE [[S℄℄
(update-store/ignore (
 G) �)CSC[[(P S�)℄℄ = �
� : CSE�[[S�℄℄
(prim-apply/ignore #S� P[[P℄℄ �)CSC� : Simple� ! U
 ! Q! QCompile Simple Command sequen
es. Evaluates the sequen
e of simpleexpressions ignoring the values.



9 THE COMPILER 30CSC�[[ ℄℄ = �
� : �CSC�[[S S�℄℄ = �
� : CSC[[S℄℄
(CSC�[[S�℄℄
�)CSCC� : Simple� ! U
 ! Q! QCompile Simple Command Choose sequen
es. Evaluates of the simpleexpression in the sequen
e of simple expressions 
orresponding to the nu-meri
 
hoi
e, �, ignoring the value. If there is no 
orresponding 
hoi
e anerror is signaled.CSCC�[[ ℄℄ = �
� : out-of-boundsCSCC�[[S S�℄℄ = �
� : pi
k (CSC[[S℄℄
�) (CSCC�[[S�℄℄
�)CT : Tre! U
 ! QCompile Tail-re
ursive expressions. Generates 
ode whi
h evaluates thetail-re
ursive expression and pushes the value onto the runtime sta
k. Asthe expressions are tail-re
ursive, no 
ode 
ontinuation is ne
essary for 
om-pilation.CT [[S℄℄ = �
 : CSE [[S℄℄
(halt)CT [[(if S T0 T1)℄℄ = �
 : CSE [[S℄℄
(brf (CT [[T0℄℄
) (CT [[T1℄℄
))CT [[(begin S� T)℄℄ = �
 : CSC[[S�℄℄
(CT [[T℄℄
)CT [[(let (LSD) T)℄℄ = �
 : CDL[[LSD℄℄
(add-to-env (CT [[T℄℄(extends
 l 
 (GL[[LSD℄℄))))CT [[(let* (LSD) T)℄℄ = �
 : CSDL[[LSD℄℄
(CT [[T℄℄(extends�
 l 
 (GL[[LSD℄℄)))CT [[(S S�)℄℄ = �
 : CSE�[[S�℄℄
(CSE [[S℄℄
(tail-
all))



9 THE COMPILER 31CE : Pgm! U
 ! QCompile Expressions. Generates 
ode whi
h sequentially adds any glob-als to the runtime environment, then generates 
ode using a properly up-dated symbol table whi
h adds re
ursively de�ned pro
edures to the updatedruntime environment, and �nally generates 
ode in the further updated sym-bol table whi
h exe
utes the tail re
ursive body in the resulting runtimeenvironment.CE [[(let* (GSD) (letre
 (LPD) T))℄℄ =�
 : CSDG[[GSD℄℄
(CRDP [[LPD℄℄(extends�
 g 
 GG[[GSD℄℄)(CT [[T℄℄(extends
 l (extends�
 g 
 GG[[GSD℄℄) GP [[LPD℄℄)))9.4 Ma
hine Instru
tionsIn this se
tion, we spe
ify the semanti
s of ea
h ma
hine instru
tion. Asnoted above, a 
ompiler is obtained instead if we repla
e ea
h of these pro-
edures by a pro
edure that emits the appropriate 
ode.
onstant : E ! Q! Q
onstant = ��� : ��� : (��(� :: �))fet
h-lo
al : D
 ! Q! Qfet
h-lo
al = ��� : ��� : (� �) e E !��(((� �) j E) :: �));(wrong \Lo
al variable given storage.")fet
h-global : D
 ! Q! Qfet
h-global = ��� : ��� : (� �) e L!(hold ((� �) j L) (��:��(� :: �)));(wrong \Global variable not given storage.")



9 THE COMPILER 32brf : Q! Q! Qbrf = ��0�1��� : ((top �) j T ) = false! (�1�(pop-�rst 1 �)); (�0�(pop-�rst 1 �))numeri
? : Q! Qnumeri
? = ��� : (top �) e N ! (���); (wrong \Non-numeri
 argument."))update-store : D
 ! Q! Qupdate-store = ��� : ��� : (� �) e L!(assign (� �) j L) (top �) (���));(wrong \Can't assign to a lo
al variable")prim-apply : N ! P ! Q! Qprim-apply = ���� : ��� : (apply-primitive � (take-�rst � �) (�� : ��(� :: (pop-�rst � �))))update-store/ignore : D
 ! Q! Qupdate-store/ignore =��� : ��� : (� �) e L!(assign ((� �) j L)(top �) (��(pop-�rst 1 �)));(wrong \Can't assign to a lo
al variable")out-of-bounds : Qout-of-bounds = ��� : wrong \Choose: index out of bounds."pi
k : Q! Q! Qpi
k = ��0�1 : ��� : ((top �) j N) = 0!(�0�(pop-�rst 1 �));(�1�((((top �) j N � 1) j E) :: (pop-�rst 1 �)))



9 THE COMPILER 33prim-apply/ignore : N ! P ! Q! Qprim-apply/ignore = ���� : ��� : (apply-primitive � (take-�rst � �) (�� : ��(pop-�rst � �)))halt : Qhalt = ��� : �0(top �)add-to-env : Q! Qadd-to-env = �� : ��� : �(extendsr l � �)h iadd-to-env* : Q! Qadd-to-env* = �� : ��� : �(extends�r l � h(top �)i)(pop-�rst 1 �)add-global-to-env* : Q! Qadd-global-to-env* =�� : ��� : tieval (�� : �(extends�r g � h�i)(pop-�rst 1 �)) (top �)empty-openers : Oempty-openers = �� : ��� : h iopeners : N ! Q! O ! Oopeners =���! : �� : ���0 : ((��� : �(extendsr l (extendsr l � ��) ��0)h i) inE :: (!���))tail-
all : Qtail-
all = ��� : (tail-apply (top �) (pop-�rst 1 �))
losere
s : O ! Q! Q
losere
s = �!� : ��� : �(extendsr l � (�x (!�)))�



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 3410 Corre
tness of the PurePreS
heme CompilerThe main statement of the 
orre
tness proof is(CE [[PGM℄℄
)�h i = E [[PGM℄℄(� Æ 
)This asserts that when the 
ode CE [[PGM℄℄
 produ
ed by 
ompiling PGM insymbol table 
 is run on the ma
hine, starting with run-time environment �and empty sta
k, the result will be the same as that of applying the semanti
sof E [[PGM℄℄ of PGM to the environment (� Æ 
) obtained by 
omposing � and
. The proof is a tedious but straightforward stru
tural indu
tion. Thereare a total of 13 simultaneous indu
tion hypotheses, one for ea
h fun
tionin the 
ompiler. Ea
h indu
tion hypothesis spe
i�es the behavior of one
ompiler fun
tion relative to a suitable semanti
 valuation.These spe
i�
ations generally fall into two 
ategories. The �rst 
avorrelates semanti
 valuations whi
h do not take expression 
ontinuations totheir 
orresponding 
ompiler valuations. The main statement above fallsinto this 
ategory. The 
orresponding 
ompiler fun
tions do not take a
ontinuation argument �. Furthermore, these program phrases run onlywhen the run-time sta
k � is empty.The se
ond of indu
tion hypothesis deals with semanti
 valuations whi
hdo take expression 
ontinuations. In this 
ase 
ode is 
ompiled using asymbol table and the 
ode to follow the given 
ode, �. A typi
al indu
tionhypothesis in this 
ategory is(CSE [[S℄℄
�)�� = SE [[S℄℄(� Æ 
)(�� : ��(� :: �))This asserts that when the 
ode CSE [[S℄℄
�, produ
ed by 
ompiling S insymbol table 
 and 
ode 
ontinuation �, is run on the ma
hine, starting withrun-time environment � and sta
k �, the result is the same as evaluating thesemanti
s of S with environment (� Æ 
) and a 
ontinuation whi
h pla
es thevalue � on the sta
k � and then runs the 
ode 
ontinuation �. Informally,this is read as \the 
ode for S puts its result on the sta
k and 
ontinues with�."When sequen
es are involved, the push operation :: is typi
ally repla
edby an append operation : .Indu
tion Hypothesis 0



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 35(CDL[[LSD℄℄
�)�� = DL[[LSD℄℄(� Æ 
)(��� : ��(�� : �))The indu
tion hypothesis states that running lo
al de
larations 
ompiledusing symbol table 
 with the 
ode to follow � in runtime environment �with runtime sta
k � is the same as the semanti
s using 
omposition of �and 
 for an environment with a 
ontinuation whi
h exe
utes � in the sameruntime environment but with all the values pushed onto the runtime sta
k.(CDL[[ ℄℄
�)��= ���= DL[[ ℄℄(� Æ 
)(��� : ��(�� : �))(CDL[[(L S) LSD℄℄
�)��= (CDL[[LSD℄℄
(CSE [[S℄℄
�)��= DL[[LSD℄℄(� Æ 
)(��� : (CSE [[S℄℄
�)�(�� : �))= DL[[LSD℄℄(� Æ 
)(��� : SE [[S℄℄(� Æ 
)(�� : ��((� :: ��) : �)))= DL[[(L S) LSD℄℄(� Æ 
)(��� : ��(�� : �))Indu
tion Hypothesis 1(CSDL[[LSD℄℄
�)�h i = SDL[[LSD℄℄(� Æ 
)(��� : �(extends�r l � ��)h i)The indu
tion hypothesis states that running lo
al sequential de
lara-tions 
ompiled using symbol table 
 with the 
ode to follow � in runtimeenvironment � with runtime sta
k � is the same as the semanti
s using 
om-position of � and 
 for an environment with a 
ontinuation whi
h exe
utes� in with the runtime environment extended with the values and the sameruntime sta
k.



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 36(CSDL[[ ℄℄
�)�h i= ��h i= SDL[[ ℄℄(� Æ 
)(��� : �(extends�r l � ��)h i)(CSDL[[(L S) LSD℄℄
�)�h i= (CSE [[S℄℄
(add-to-env* (CSDL[[LSD℄℄(extends�
 l 
 hLi)�))�h i= SE [[S℄℄(� Æ 
)(�� : (add-to-env* (CSDL[[LSD℄℄(extends�
 l 
 hLi)�))�(� :: h i))= SE [[S℄℄(� Æ 
)(�� : (add-to-env* (CSDL[[LSD℄℄(extends�
 l 
 hLi)�))�(� :: h i))= SE [[S℄℄(� Æ 
)(�� : (CSDL[[LSD℄℄(extends�
 l 
 hLi)�)(extends�r l � h�i)h i)= SE [[S℄℄(� Æ 
)(�� : SDL[[LSD℄℄(� Æ 
)[� inD=L℄(��� : �(extends�r l � (� :: ��))h i))= SDL[[LSD℄℄(� Æ 
)(��� : �(extendsr l � ��)h i)Indu
tion Hypothesis 2(CSDG[[GSD℄℄
�)�h i = SDG[[GSD℄℄(� Æ 
)(��� : �(extends�r g � ��)h i)The indu
tion hypothesis states that running global de
larations 
om-piled using symbol table 
 with 
ode to follow � in runtime environment �with an empty runtime sta
k is the same as the semanti
s using 
omposi-tion of � and 
 for an environment with a 
ontinuation whi
h exe
utes �in with the runtime environment extended with the new lo
ations and thesame empty runtime sta
k.(CSDG[[ ℄℄
�)�h i= ��h i= SDG[[ ℄℄(� Æ 
)(��� : �(extends�r g � ��)h i)



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 37(CSDG[[(G S) GSD℄℄
�)�h i= (CSE [[S℄℄
(add-global-to-env* (CSDG[[GSD℄℄(extends�
 g 
 hGi) �)))�h i= SE [[S℄℄(� Æ 
)(�� : (add-global-to-env* (CSDG[[GSD℄℄(extends�
 g 
 hGi) �))�(� :: h i))= SE [[S℄℄(� Æ 
)(�� : tieval (�� : (CSDG[[GSD℄℄(extends�
 g 
 hGi) �)(extends�r g � h�i)h i) �)= SE [[S℄℄(� Æ 
)(�� : tieval (�� : SDG[[GSD℄℄(� Æ 
)[� inD=G℄(��� : �(extends�r g � (� :: ��))h i)) �)= SDG[[(G S)GSD℄℄(� Æ 
)(��� : �(extends�r g � ��)h i)Indu
tion Hypothesis 3(CRP [[LPD℄℄L�
)��� = RP [[LPD℄℄L�(� Æ 
)��The indu
tion hypothesis states that re
ursive pro
edure de
larations
ompiled using symbol table 
 running in runtime environment � with isthe same as the semanti
s using 
omposition of � and 
 for an environment.(CRP [[ ℄℄L�
)���= empty-openers � ��= h i= RP[[ ℄℄L�(� Æ 
)��(CRP [[(L (lambda (L�) T)) LPD℄℄L�0
)���0=(openers(CT [[T℄℄(extends
 l (extends
 l 
 (reverse L�)) L�0))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 38(CRP [[LPD℄℄L�0
))���=(((��� : (CT [[T℄℄(extends
 l (extends
 l 
 (reverse L�)) L�0))(extendsr l (extendsr l � ��) ��0)h i) inE):: (CRP [[LPD℄℄L�0
)���)=(((��� : T [[T℄℄((� Æ 
)[(map (inD) ��)=reverse L�℄)[(map (inD) ��0)=L�0℄) inE)::RP[[LPD℄℄L�0(� Æ 
)��= RP[[(L (lambda (L�) T)) LPD℄℄L�0(� Æ 
)��Indu
tion Hypothesis 4(CRDP [[LPD℄℄
�)�h i = RDP[[LPD℄℄(� Æ 
)(��� : �(extendsr l � ��)h i)The indu
tion hypothesis states that running re
ursive pro
edure de
-larations 
ompiled using symbol table 
 with 
ode to follow � in runtimeenvironment � with runtime sta
k � is the same as the semanti
s using 
om-position of � and 
 for an environment with a 
ontinuation exe
uting � inwith the runtime environment extended with the pro
edure and the sameruntime sta
k.(CRDP [[LPD℄℄
�)�h i= (
losere
s (CRP [[LPD℄℄(GP [[LPD℄℄)
) �)�h i= �(extendsr l � (�x ((CRP [[LPD℄℄(GP [[LPD℄℄)
)�)))h i= �(extendsr l � (�x (RP [[LPD℄℄(GP [[LPD℄℄)(� Æ 
))))h i= RDP[[LPD℄℄(� Æ 
)(��� : �(extendsr l � ��)h i)
Indu
tion Hypothesis 5(CSE [[S℄℄
�)�� = SE [[S℄℄(� Æ 
)(�� : ��(� :: �))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 39The indu
tion hypothesis states that running simple expressions 
om-piled using symbol table 
 with 
ode to follow � in runtime environment �with runtime sta
k � is the same as the semanti
s using 
omposition of �and 
 for an environment with a 
ontinuation exe
uting � in with the sameruntime environment but with the result pushed onto the runtime sta
k.(CSE [[K℄℄
�)��= (
onstant (K[[K℄℄) �)��= ��((K[[K℄℄) :: �)= SE [[K℄℄(� Æ 
)(�� : ��(� :: �))
(CSE [[L℄℄
�)��= (fet
h-lo
al (
 L) �)��= ((� Æ 
)L) e E !��((((� Æ 
)L) j E) :: �);(wrong \Lo
al variable given storage.")= SE [[L℄℄(� Æ 
)(�� : ��(� :: �))(CSE [[G℄℄
�)��= (fet
h-global (
 G) �)��= ((� Æ 
)G) e L!(hold (((� Æ 
)G) j L) (��:��(� :: �)));(wrong \Global variable not given storage.")= SE [[G℄℄(� Æ 
)(�� : ��(� :: �))(CSE [[(if S0 S1 S2)℄℄
�)��



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 40= (CSE [[S0℄℄
(brf (CSE [[S1℄℄
�) (CSE [[S2℄℄
�)))��= SE [[S0℄℄(� Æ 
)(�� : (brf (CSE [[S1℄℄
�) (CSE [[S2℄℄
�))�(� :: �))= SE [[S0℄℄(� Æ 
)(�� : (� j T ) = false!((CSE [[S2℄℄
�)��);((CSE [[S1℄℄
�)��))= SE [[S0℄℄(� Æ 
)(�� : (� j T ) = false!SE [[S2℄℄(� Æ 
)(�� : ��(� :: 
))SE [[S1℄℄(� Æ 
)(�� : ��(� :: �)))= SE [[(if S0 S1 S2)℄℄(� Æ 
)(�� : ��(� :: �))(CSE [[(
hoose S (S�))℄℄
�)��= (CSE [[S℄℄
(numeri
? (CSCE�[[S�℄℄
�))��)= SE [[S℄℄(� Æ 
)(�� : (numeri
? (CSCE�[[S�℄℄
�))�(� :: �))= SE [[S℄℄(� Æ 
)(�� : � e N ! (CSCE�[[S�℄℄
�)�(� :: �);(wrong \Non-numeri
 argument."))= SE [[S℄℄(� Æ 
)(�� : � e N ! SCE�[[S�℄℄(� j N)(� Æ 
)(�� : ��(� :: �));(wrong \Non-numeri
 argument."))= SE [[(
hoose S (S�))℄℄(� Æ 
)(�� : ��(� :: �))(CSE [[(set! G S)℄℄
�)��= (CSE [[S℄℄
(update-store (
 G) �))��= SE [[S℄℄(� Æ 
)(�� : (update-store (
 G) �)�(� :: �))= SE [[S℄℄(� Æ 
)(�� : ((� Æ 
)G) e L!(assign (((� Æ 
)G) j L) � (��(� :: �)));(wrong \Can't assign to a lo
al variable"))= SE [[(set! G S)℄℄(� Æ 
)(�� : ��(� :: �))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 41(CSE [[(P S�)℄℄
�)��= (CSE�[[S�℄℄
(prim-apply #S� P[[P℄℄ �))��= SE�[[S�℄℄(� Æ 
)(��� : (prim-apply #S� P[[P℄℄ �)�(�� : �))= SE�[[S�℄℄(� Æ 
)(��� : apply-primitive P[[P℄℄ (take-�rst#S� (�� : �))(�� : ��(� :: (pop-�rst#S� (�� : �)))))= SE�[[S�℄℄(� Æ 
)(��� : apply-primitive P[[P℄℄ �� (�� : ��(� :: �)))= SE [[(P S�)℄℄(� Æ 
)(�� : ��(� :: �))Indu
tion Hypothesis 6(CSE�[[S�℄℄
�)�� = SE�[[S�℄℄(� Æ 
)(��� : ��(�� : �))The indu
tion hypothesis states that running simple expression sequen
es
ompiled using symbol table 
 with 
ode to follow � in runtime environment� with runtime sta
k � is the same as the semanti
s using 
omposition of �and 
 for an environment with a 
ontinuation exe
uting � in with the sameruntime environment but with the resulting values pushed onto the runtimesta
k.(CSE�[[ ℄℄
�)��= ���= SE�[[ ℄℄(� Æ 
)(��� : ��(�� : �))(CSE�[[S S�℄℄
�)��= (CSE [[S℄℄
(CSE�[[S�℄℄
�))��= SE [[S℄℄(� Æ 
)(�� : (CSE�[[S�℄℄
�)�(� :: �))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 42= SE [[S℄℄(� Æ 
)(�� : SE�[[S�℄℄(� Æ 
)(��� : ��(�� : (� :: �))))= SE�[[S S�℄℄(� Æ 
)(��� : ��(�� : �))Indu
tion Hypothesis 7(CSEC�[[S�℄℄
�)�(� :: �) = SEC�[[S�℄℄(� j N)(� Æ 
)(�� : ��(� :: �))The indu
tion hypothesis states that running simple expressions 
hoosesequen
es 
ompiled using symbol table 
 with 
ode to follow � in runtimeenvironment � with runtime sta
k � is the same as the semanti
s using
omposition of � and 
 for an environment with a 
ontinuation exe
uting �in with the same runtime environment but with the result pushed onto theruntime sta
k.(CSEC�[[ ℄℄
�)�(� :: �)= (out-of-bounds)�(� :: �)= wrong \Choose: index out of bounds."= SEC�[[ ℄℄(� j N)(� Æ 
)(�� : ��(� :: �))(CSEC�[[S S�℄℄
�)�(� :: �)= (pi
k (CSE [[S℄℄
�) (CSEC�[[S�℄℄
�))�(� :: �)= ((� j N) = 0)! (CSE [[S℄℄
�)��; (CSEC�[[S�℄℄
�)�(((� j N � 1) j E) :: �)= ((� j N) = 0)! SE [[S℄℄(� Æ 
)(�� : ��(� :: �));(CSEC�[[S�℄℄
�)�(((� j N � 1) j E) :: �)= ((� j N) = 0)! SE [[S℄℄(� Æ 
)(�� : ��(� :: �));SEC�[[S�℄℄(� j N � 1)(� Æ 
)(�� : ��(� :: �))= SEC�[[S S�℄℄(� j N)(� Æ 
)(�� : ��(� :: �))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 43Indu
tion Hypothesis 8(CSC[[S℄℄
�)�� = SC[[S℄℄(� Æ 
)(���)The indu
tion hypothesis states that running simple 
ommands 
ompiledusing symbol table 
 with 
ode to follow � in runtime environment � withruntime sta
k � is the same as the semanti
s using 
omposition of � and 
 foran environment with a 
ontinuation exe
uting � in with the same runtimeenvironment and sta
k (i.e. the value is ignored).(CSC[[K℄℄
�)��= ���= SC[[K℄℄(� Æ 
)(���)(CSC[[L℄℄
�)��= ���= SC[[L℄℄(� Æ 
)(���)(CSC[[G℄℄
�)��= ���= SC[[G℄℄(� Æ 
)(���)(CSC[[(if S0 S1 S2)℄℄
�)��= (CSE [[S0℄℄
(brf (CSC[[S1℄℄
�) (CSC[[S2℄℄
�)))��= SE [[S0℄℄(� Æ 
)(�� : (brf (CSC[[S1℄℄
�) (CSC[[S2℄℄
�))�(� :: �))= SE [[S0℄℄(� Æ 
)(�� : (��T ) = false! ((CSC[[S2℄℄
�)��); ((CSC[[S1℄℄
�)��))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 44= SE [[S0℄℄(� Æ 
)(�� : (��T ) = false!SC[[S2℄℄(� Æ 
)(���);SC[[S1℄℄(� Æ 
)(���))= SC[[(if S0 S1 S2)℄℄(� Æ 
)(���)(CSC[[(
hoose S (S�))℄℄
�)��= (CSC[[S℄℄
(numeri
? (CSCC�[[S�℄℄
�))��)= SE [[S℄℄(� Æ 
)(�� : (numeri
? (CSCC�[[S�℄℄
�))�(� :: �))= SE [[S℄℄(� Æ 
)(�� : � e N ! (CSCC�[[S�℄℄
�)�(� :: �);(wrong \Non-numeri
 argument."))= SE [[S℄℄(� Æ 
)(�� : � e N ! SCC�[[S�℄℄(� j N)(� Æ 
)(���);(wrong \Non-numeri
 argument."))= SC[[(
hoose S (S�))℄℄(� Æ 
)(���)(CSC[[(set! G S)℄℄
�)��= (CSE [[S℄℄
(update-store/ignore (
 G) �))��= SE [[S℄℄(� Æ 
)(�� : (update-store (
 G) �)�(� :: �))= SE [[S℄℄(� Æ 
)(�� : ((� Æ 
)G) e L!(assign (((� Æ 
)G) j L) � (���));(wrong \Can't assign to a lo
al variable"))= SE [[(set! G S)℄℄(� Æ 
)(���)(CSC[[(P S�)℄℄
�)��= (CSE�[[S�℄℄
(prim-apply/ignore #S� P[[P℄℄ �))��= SE�[[S�℄℄(� Æ 
)(��� : (prim-apply/ignore #S� P[[P℄℄ �)�(�� : �))



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 45= SE�[[S�℄℄(� Æ 
)(��� : apply-primitive/ignore P[[P℄℄ (take-�rst#S� (�� : �))(��(pop-�rst#S� (�� : �))))= SE�[[S�℄℄(� Æ 
)(��� : apply-primitive/ignore P[[P℄℄ �� (���))= SC[[(P S�)℄℄(� Æ 
)(���)Indu
tion Hypothesis 9(CSC�[[S�℄℄
�)�� = SC�[[S�℄℄(� Æ 
)(���)The indu
tion hypothesis states that running simple 
ommand sequen
es
ompiled using symbol table 
 with 
ode to follow � in runtime environment� with runtime sta
k � is the same as the semanti
s using 
omposition of �and 
 for an environment with a 
ontinuation exe
uting � in with the sameruntime environment and sta
k (i.e. the value is ignored).(CSC�[[ ℄℄
�)��= ���= SC�[[ ℄℄(� Æ 
)(���)(CSC�[[S S�℄℄
�)��= (CSC[[S℄℄
(CSC�[[S�℄℄
�))��= SC[[S℄℄(� Æ 
)((CSC�[[S�℄℄
�)��)= SC[[S℄℄(� Æ 
)(SC�[[S�℄℄(� Æ 
)(���))= SC�[[S S�℄℄(� Æ 
)(���)Indu
tion Hypothesis 10(CSCC�[[S�℄℄
�)�(� :: �) = SCC�[[S�℄℄(� j N)(� Æ 
)(���)



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 46The indu
tion hypothesis states that running simple 
ommand 
hoosesequen
es 
ompiled using symbol table 
 with 
ode to follow � in runtimeenvironment � with runtime sta
k � is the same as the semanti
s using
omposition of � and 
 for an environment with a 
ontinuation exe
uting �in with the same runtime environment and sta
k (i.e. the value is ignored).(CSCC�[[ ℄℄
�)�(� :: �)= (out-of-bounds)�(� :: �)= wrong \Choose: index out of bounds."= SCC�[[ ℄℄(� j N)(� Æ 
)(���)(CSCC�[[S S�℄℄
�)�(� :: �)= (pi
k (CSC[[S℄℄
�) (CSCC�[[S�℄℄
�))�(� :: �)= (� j N) = 0! (CSC[[S℄℄
�)��; (CSCC�[[S�℄℄
�)�(((� j N � 1) j E) :: �)= (� j N) = 0! SC[[S℄℄(� Æ 
)(���); (CSCC�[[S�℄℄
�)�(((� j N � 1) j E) :: �)= (� j N) = 0! SC[[S℄℄(� Æ 
)(���); SCC�[[S�℄℄(� j N � 1)(� Æ 
)(���)= SCC�[[S S�℄℄(� j N)(� Æ 
)(���)Indu
tion Hypothesis 11(CT [[T℄℄
)�h i = T [[T℄℄(� Æ 
)The indu
tion hypothesis states that running tail re
ursive expressions
ompiled using symbol table 
 in runtime environment � with an emptyruntime sta
k is the same as the semanti
s using 
omposition of � and 
 foran environment.(CT [[S℄℄
)�h i



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 47= (CSE [[S℄℄
(halt))�h i= SE [[S℄℄(� Æ 
)(�� : (halt)�(� :: h i))= SE [[S℄℄(� Æ 
)(�� : �0�)= T [[S℄℄(� Æ 
)(CT [[(if S T0 T1)℄℄
)�h i= (CSE [[S℄℄
(brf (CT [[T0℄℄
) (CT [[T1℄℄
)))�h i= SE [[S℄℄(� Æ 
)(�� : (brf (CT [[T0℄℄
) (CT [[T1℄℄
))�(� :: h i))= SE [[S℄℄(� Æ 
)(�� : (� j T ) = false! ((CT [[T1℄℄
)�h i); ((CT [[T0℄℄
)�h i))= SE [[S℄℄(� Æ 
)(�� : (� j T ) = false! T [[T1℄℄(� Æ 
); T [[T0℄℄(� Æ 
))= T [[(if S T0 T0)℄℄(� Æ 
)(CT [[(begin S� T)℄℄
)�h i= (CSC[[S�℄℄
(CT [[T℄℄
))�h i= SC[[S�℄℄(� Æ 
)((CT [[T℄℄
)�h i)= SC[[S�℄℄(� Æ 
)(T [[T℄℄(� Æ 
))= T [[(begin S� T)℄℄(� Æ 
)(CT [[(let (LSD) T)℄℄
)�h i= (CDL[[LSD℄℄
(add-to-env (CT [[T℄℄(extends
 l 
 (GL[[LSD℄℄)))))�h i



10 CORRECTNESS OF THE PUREPRESCHEME COMPILER 48= DL[[LSD℄℄(� Æ 
)(��� : (add-to-env (CT [[T℄℄(extends
 l 
 (GL[[LSD℄℄))))�(�� : h i))= DL[[LSD℄℄(� Æ 
)(��� : (CT [[T℄℄(extends
 l 
 (GL[[LSD℄℄)))(extendsr l � ��)h i)= DL[[LSD℄℄(� Æ 
)(��� : T [[T℄℄(� Æ 
)[(map (inD) ��)=GL[[LSD℄℄℄)= T [[(let (LSD) T)℄℄(� Æ 
)(CT [[(let* (LSD) T)℄℄
)�h i= (CSDL[[LSD℄℄
(CT [[T℄℄(extends�
 l 
 (GL[[LSD℄℄))))�h i= SDL[[LSD℄℄(� Æ 
)(��� : (CT [[T℄℄(extends�
 l 
 (GL[[LSD℄℄)))(extends�r l � ��)h i)= SDL[[LSD℄℄(� Æ 
)(��� : T [[T℄℄(� Æ 
)[(map (inD) ��)=GL[[LSD℄℄℄�)= T [[(let* (LSD) T)℄℄(� Æ 
)(CT [[(S S�)℄℄
)�h i= (CSE�[[S�℄℄
(CSE [[S℄℄
(tail-
all)))�h i= SE�[[S�℄℄(� Æ 
)(��� : (CSE [[S℄℄
(tail-
all))�(�� : h i))= SE�[[S�℄℄(� Æ 
)(��� : SE [[S℄℄(� Æ 
)(��� : (tail-
all)�(� :: (�� : h i))))= SE�[[S�℄℄(� Æ 
)(��� : SE [[S℄℄(� Æ 
)(��� : tail-apply � ��))= T [[(S S�)℄℄(� Æ 
)Indu
tion Hypothesis 12(CE [[PGM℄℄
)�h i = E [[PGM℄℄(� Æ 
)The indu
tion hypothesis states that running a program 
ompiled usingsymbol table 
 in runtime environment � with an empty runtime sta
k isthe same as the semanti
s using 
omposition of � and 
 for an environment.



11 THE ASSEMBLER 49(CE [[(let* (GSD) (letre
 (LPD) T))℄℄
)�h i= (CSDG[[GSD℄℄
(CRDP [[LPD℄℄(extends�
 g 
 GG[[GSD℄℄)(CT [[T℄℄(extends
 l (extends�
 g 
 GG[[GSD℄℄) GP [[LPD℄℄))))�h i= SDG[[GSD℄℄(� Æ 
)(��� : (CRDP [[LPD℄℄(extends�
 g 
 GG[[GSD℄℄)(CT [[T℄℄(extends
 l (extends�
 g 
 GG[[GSD℄℄) GP [[LPD℄℄)))(extends�r g � ��)h i)= SDG[[GSD℄℄(� Æ 
)(��� :RDP[[LPD℄℄(� Æ 
)[(map (inD) ��)=GG[[GSD℄℄℄�)(��� : (CT [[T℄℄(extends
 l (extends�
 g 
 GG[[GSD℄℄) GP [[LPD℄℄))(extendsr l (extends�r g � ��) ��)h i))= SDG[[GSD℄℄(� Æ 
)(��� :RDP[[LPD℄℄(� Æ 
)[(map (inD) ��)=GG[[GSD℄℄℄�)(��� : T [[T℄℄((� Æ 
)[(map (inD) ��)=GG[[GSD℄℄℄�[(map (inD) ��)=GP [[LPD℄℄℄))= E [[(let* (GSD) (letre
 (LPD) T))℄℄(� Æ 
)11 The AssemblerA method for translating PurePreS
heme byte
ode into assembly languagefor a 32 bit mi
ropro
essor is now des
ribed. This methodology has beenused to generate 
ode for the Motorola MC68020 and is being used to gen-erate 
ode for the Motorola MC88100 ris
 
hip.11.1 Representation of the Abstra
t Ma
hineThe abstra
t ma
hine uses storage for global pro
edures and a small sta
k fortemporaries inside an expression. For simpli
ity, we have 
hosen to representthese using a single small sta
k. Note that the size of this sta
k is linear inthe size of the input program, and therefore all sta
k referen
es 
ould havebeen stati
ally allo
ated. This is not the usual run-time re
ursion sta
k,whi
h may grow unboundedly depending on the input to the program.The initial environment, 
ontaining the globals and pro
edure de
lara-



11 THE ASSEMBLER 50tions, is pushed onto the sta
k at program startup and remains the samethroughout. The runtime environment environment, �, is built on top of theinitial environment, and the runtime sta
k, �, is built on top of �. Threeglobal registers are used in this s
heme. The �rst is a pointer to the initialenvironment, the se
ond is a pointer to top of the runtime environment �,and the third is a pointer to the top of the runtime sta
k �. Some byte
odesalso use additional temporary registers for some intermediate values but noassumptions are about the values in these registers.11.2 The Initial Environment11.2.1 GlobalsGlobals are just represented as tagged data whi
h is pushed onto the sta
kat program instantiation.11.2.2 Pro
eduresPro
edures are represented by a 
ode pointer, an argument 
ount, and ano�set from the initial environment of telling where the pro
edure represen-tation exists on the sta
k. This o�set is tagged and used as the runtimerepresentation of the pro
edure.Tagged O�setArgument CountCode Pointer11.3 Representation Of DataFor simpli
ity, all data is represented by 4 bytes. The 
urrent semanti
s ofPurePreS
heme ne
essitates runtime type tags. Tags are kept in the lowerorder bits:1. Tag B = 1 byte pointers2. Tag N = 00 small integers3. Tag T = 0010 truth values4. Tag H = 0110 
hara
ters5. Tag F = 1010 global pro
edures



11 THE ASSEMBLER 51There are several advantages to this s
heme. First, byte pointers onlyneed one bit for the tag �eld, allowing the other 31 bits for address spa
e.Se
ond, numeri
 operations 
an be done with little or no tag 
oding/de
oding.Third, as all tag bits are in the low order bits, most operations on them 
anbe done qui
kly. The a
tual representation of data with these tags given by:1. Representation B = B * 2 + 12. Representation N = N * 43. Representation T = true = 18, T = false = 24. Representation H = as
ii(H) * 16 + 65. Representation F = (o�set from top of initial env) * 16 + 1011.4 Assembling Byte
odeShown here is ea
h byte
ode and the 
orresponding translation into assem-bly. For basi
 fun
tions are ne
essary for this translation. The �rst, generatelabels, is assumed to generate labels in some sequential manner. The se
-ond, emit-i, emits assembly instru
tions. Similarly, the third, emit-l, emitslabels, and �nally, the assembler 
an make re
ursive 
alls to itself. Two aux-iliary fun
tions, assemble-pro
-
ode and assemble-pro
-rep, are also used forassembling the top level pro
edures and pla
ing their representation in theinitial environment.The generi
 assembly language instru
tions used here are straightfor-ward. The sta
k is assumed to grow in a negative fashion, i.e. the sta
kpointer is de
remented when something is pushed on the sta
k. The threeglobal registers for the initial environment, runtime environment, and lo
alsta
k are referred to as �0, �, and � respe
tively. Additional registers arerefered to as r0 ... rN . Register values 
an be a

essed dire
tly by namingthe register, r0, or 
an be dereferen
ed as pointer using the � operator,r0�(4). Constant de
imal values are pre�xed by a # su
h as #18.11.4.1 Assembleassemble((
onstant � �))



11 THE ASSEMBLER 52;; Push value on the sta
k.emit-i(push �,�)assemble(�)assemble((fet
h-lo
al � �));; Find the lo
al in the environment �;; and push its value on the sta
k.emit-i(move ��(�),r0)emit-i(push r0,�)assemble(�)assemble((fet
h-global � �));; Find the global in the environment �;; and push its value on the sta
k.emit-i(move ��(�),r0)emit-i(push r0,�)assemble(�)assemble((brf �0 �1))generate labels l0, l1emit-i(pop �,r0);; Test against false.emit-i(
mp #18,r1)emit-i(jeq l0);; Generate 
ode for the true bran
h.assemble(�0)emit-i(goto l1);; Label & generate 
ode for the false bran
h.emit-l(l0)assemble(�1)emit-l(l1)assemble((pi
k ��))generate #�� + 1 labels - wlog assume ln is �rst.emit-i(pop �,r0)
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he
k-numeri
(r0);; Pi
k a label to transfer program 
ontrol.emit-i(
omputed-goto r0,labels);; Label and generate 
ode for 0th option.emit-l(ln)assemble(��.0)emit-i(jmp l#��)...;; Label and generate 
ode the last option.emit-l(ln+#���1)assemble(��.(#��-1))emit-l(ln+#��)assemble((update-store � �));; Get value and move to global in environment.emit-i(move ��(0),��(�))assemble(�)assemble((prim-apply � � �));; Generate 
ode for primitive.inline-primitive(�,�)assemble(�)assemble((update-store/ignore � �));; Get value and move to global in environment,;; pop o� sta
k so value is not returned.emit-i(pop �,r0)emit-i(move r0,��(�))assemble(�)assemble((prim-apply/ignore � � �));; Generate 
ode for primitive su
h that;; value is not returned.inline-primitive/ignore(�,�)



11 THE ASSEMBLER 54assemble(�)assemble((halt))emit-i(jmp exit)assemble((add-to-env �));; Add stu� in � to �.emit-i(move �,�)assemble(�)assemble((add-to-env* �));; Add one item in � to �.emit-i(sub #4,�)assemble(�)assemble((add-global-to-env* �));; Add one item in � to �.emit-i(sub #4,�)assemble(�)assemble((tail-
all))generate labels l0 & l1emit-i(move �0,r3)emit-i(pop �,r0)
he
k-fun
tion(r0);; Get rid of type 
ag.emit-i(shr #4,r0);; Find fun
tion in init env.emit-i(add r0,r3)emit-i(move �,r4);; Get # of args.emit-i(move r3�(4),r0);; Che
k # of args.



11 THE ASSEMBLER 55emit-i(shl #2,r0)emit-i(move �,r1)emit-i(move �,r2)emit-i(sub r2,r1)emit-i(
mp r1,r0)error(tail-
all-error1)emit-l(l0);; Reset initial env for 
all.emit-i(move �0,�)emit-i(move �0,�)emit-i(add r0,r4);; Get 
ode address.emit-i(move r3�(8),r3)emit-i(sub r0,�);; Copy args and go.emit-l(l1)emit-i(
mp #0,r0)emit-i(jeq r3�(0))emit-i(move r4�(0),��)emit-i(sub #4,�)emit-i(sub #4,r4)emit-i(sub #4,r0)emit-i(jmp l1)assemble((
losere
s ! �))generate #!+1 labels - wlog assume ln is �rst.;; jump over generated 
ode for pro
s.emit-i(jmp ln+#!)Generate 
ode for pro
s.assemble-pro
-
ode(! ln ln+#!�1)emit-l(ln+#!)emit-i(push ln,�);; Push pro
edure representations on sta
k.assemble-pro
-rep(! ln ln+#!�1);; Set up initial environment.emit-i(move �,�0)emit-i(move �,�)assemble(�)
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11.4.2 Assemble-pro
-
odeassemble-pro
-
ode((empty-openers) ln lm);; Do nothing.assemble-pro
-
ode((openers � � !) ln lm);; Emit label for pro
 to be assembled.emit-l(ln);; Assemble pro
.assemble(�);; Assemble remaining pro
edures.assemble-pro
-
ode(! ln+1 lm)11.4.3 Assemble-pro
-repassemble-pro
-rep((empty-openers) ln lm);; Do nothing.assemble-pro
-rep((openers � � !) ln lm);; Push 
ode address.emit-i(push ln,�);; Push arg 
ount.emit-i(push �,�);; Push o�set from top.emit-i(push m-n,�)assemble-pro
-rep(! ln+1 lm)Referen
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