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A b s t r a c t  

Automatic compiler generators and semantics 
systems typically produce compilers which depend 
heavily on the mechanism of ~-reduction. This is 
particularly true of them systems based on de- 
notational romant ic ,  since their descriptive nota- 
tious are bMmd on the A-calculus. 

Performing/kroductious is expeus/ve, however, 
and this is a primary reason for the extreme inef- 
ficiency of automaticaUy-pnerated compilers and 
the code they produce. Since LISP is in many 
respects sim~ar to the A-calculus, it seems a rea- 
sonable idea to generate compilers which rely on 
the LISP EVAL function rather than a ~-reducer. 
Then, the expensive simulation of p-reductious is 
avoided, and the efficiency of LISP is obtained. 
Unfortunately, moving to LISP is complicated by 
the fact that the generated compilers quite often 
depend on t jS-reducer's ability to part/a/It, evalu- 
ate an e x p r e s s i o n -  a capability lacking in LISP. 

We have implemented s compiler generator 
called MESS which produces realistic and effi- 
cient compilers written in SGHEME. MESS pro- 
ceues modtdar denotational dcmcriptionm, and ex- 
ploits this modularity in order to avoid the de- 
pendence on partial evaluation. An added bene- 
fit of our approach is that the output of the gen- 
erated compilem can be directly processed by an 
automatically-generated table-driven code gener- 
ator. This makes it possible to obtain object code 
which compares favorably with that produced by 
hand-crafted compilers. 

Our results thub far are quite encouraging, as 
we are finding that the compilers generated by 
MESS are significantly more efficient and realis- 
tic than those produced by other systems. 
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I n t r o d u c t i o n  

Several compiler generators end semantics sys- 
tems have been developed [Mos79,Pan82,Wan84] 
based on the direct implementation of denota- 
tional semantics [Sto77]. The compilers generated 
by these systems work in a rather strange way. 
Given t source program, they typically derive its 
A-expression *meaning" by performing a eynta.x- 
directed translation based on the semantic equa- 
tions. This A-expression is then usually simplified, 
through ~-reduction, as much as possible at com- 
pile time. The resultant A-expreuion is taken as 
the object code and can be %xecuted" by per- 
forming further ~-reductions in the presence of an 
input file. 

Unfortunately, these compilers are not very 
practical. This is due in large part to their in- 
efficiency, which stems from the expense of per- 
forming fl-reductious. Since LISP is in many 
respects similar to the A-calculus (particularly 
lexically-scoped, full-funarg LISP dialects such as 
SCHEME [StS78]), it seems reasonable to allow 
the generated compilers to derive LISP programs 
instead of A-expressions. This would allow the 
use of a LISP implementation's compiler or EVAL 
function in executing the "object" code. Then, the 
explicit simulation of/~-reductions is avoided, and 
the efficiency of LISP is obtained. 

The problem with this approach is that LISP 
programs are evaluated in one fell swoop m there 
is no concept of "partial" evaluation as there is 
when considering the ~O-reduction of A-expressions. 
This is particularly crippling at compile time, 
when certain runtime entiti .es, such as the program 
input file, may be "unbound." Since most LISP 
implementations treat the evaluation of unbound 
entities as fatal errors, a generated compiler based 
on LISP would often fail during compilation. On 
the other hand, a ~-reduction mechanism in the 
same situation simply stops evaluation, and re. 
turns the partially-reduced expression as the "an- 
swer." Furthermore, this "answer" expression has 
the desirable property that only/runtime compu- 
rations are left to do - -  all compile time compu- 
tations have at this point been reduced away. 

In order for compiler generation based on de- 
notational semantics to become feasible for realis- 
tic and useful languages, we believe the generated 
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This fltpam shows the typical proc4m of compilation by sm antomatic,lly-zsnemted compiler. The source program 
b lrot t ~ t e d  to 11~ A-mcpmmlon meanln¢, and then ~-mduced ~ far ~ po~lble. Thk r~ults in • reduced 
A-apremlon which Is taken to be the object code for the proEram. The proi~un can then be run by performing 
furthor reductions Jn the presence of the input file. 
A significant moun t  of time and stor~@ k consumed by the ~-reductlon p r o c m ,  ~, and thus it k duireble to 
replace thee  by • more e/§clent mechanism, such u • SCIt~4E evalu•tor. 

Figure 1: Semantics-Bued C~mpilation 

compilers must ar.complkh the following: 

I. Avoid explicit p-reduction while still r e f i n -  
ing the partial evaluation property, s 

2. Avoid the introduction of unnece~ary clo- 
su r~  into the object code. 

For Igut~asg~ like Pascal, elounr~ in the ob- 
ject code are alw&ys unnecessary since a simple 
stack discipline may be used to represent environ- 
merits. Other lansuages, for instmace SCHEME, 
which have higher-order functions and continua~ 
teens as ~ t - c l u s  objects, may require cloanres; 
but  in this case they should be used only to han- 
dle these particular language fea ture .  Unfortu- 
nately, automatically-generated compilers nsual[y 
introduce many unnecessary cioanree, e.g., to rep- 
resent the p ~ g r m  store, into the object code. 

We say that  a compiler which accomplkhes the 
two goals listed above is emduh~. Note that by this 
definition, hand-era/ted compilers are realktic. 

We have developed a new technique for l&n- 
guage specification based on modular denotational 
descriptions. The technique has been imple- 
mented in a compiler generation system called 
MESS 2 which produces realistic compilers written 
in SCHEME. This paper describes MESS and its 
use of SCHEME in generating efficient and reales- 
tic compilers, 

ZA compiler without the p~,tisl ~ndustion property has 
no "p~." This notion of partial ~'sluWion should not 
be conftsled with tht t  in Jones' '~nix" operator [Jon84]. 

:aJ~srvelous/JktensJble ~msmt/ce Nystem. 

S e m a n t i c s - B a s e d  C o m p i l e r  
G e n e r a t i o n  

Figure 1 show0 the compilation process of com- 
pilers generated by "cla~ical" system0 such as 
Moeees' Semanti~ Implementation System (SIS) 
[Moe79] and Pankon's Semantice Processor (PSP) 
[Pan82]. Our extensive experience with these 
systems has already been presented elsewhere 
[BoB82,Pie84a], so we shall refrain from discussing 
them in detail here. 

Instead, we simply point out that a significant 
m o u n t  of time and storage is consumed by the/~- 
reduction processes (the boxes marked "~ ' ) .  This 
is because the reductions are performed on pro- 
gram graphs and involve a considerable amount of 
copying of substructures. It is still an open ques- 
tion whether this can be done efficiently, s Indeed, 
one reason for SCHEME's efficiency is the fact 
that lambda-varinbles can be "compiled away" 
into stack offsets. A ~-reducer, on the other hand, 
can not do this since it must allow for partial eval- 
uation. 

Thus, a more promising strategy k to derive 
LISP (i.e., SCHEME) expressions instead of A- 
expressions, and then use a LISP implementation 
for the reductions. 

8Paulson'8 system compilu the reduced A-mcpr~,iom to 
cod* for an SECD machine [Lane4] for I~ztlr  eMciency. 
However, the compile t im  reductions am still performed 
by Gxp~clinl~ and 81mplLeyin4| the program grhph. 
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S C H E M E  a s  t h e  T a r g e t  L a n g u a g e  

This is the method taken by Wand's Seman- 
tic Prototyping System (WASP) [Wane4]. WaSP- 
generated compilers tra~udate • mur~e program 
into • semantically equiwdent SCHEME target 
program. The application of the target program 
to the required runt•me information (such as the 
input file and the initial store) evaluates to the 
program's output. 

However, since there is no concept of partial 
evaluation in SCHEME, W~SP-genersted compil- 
ers do not perform any reductions st compile time. 
Instead, all reductions are deferred to runt•me. 
While this approach has the advantage of being 
• bin to use the highly efficient SCHEME imple- 
mentation, the generated compilem are far from 
realktic. Compile time computations, e.g., for 
static semantic checking and storage allocation, 
are embedded in the derived SCHEME programs, 
and must be performed eee~  t/me ~ p ~ m m / ~  
e=ecw~ed, thus negating much of the advantage of 
using SCHEME. 

A N e w  T e c h n i q u e  f o r  S e m a n t i c  

S p e c i f i c a t i o n  

In order to regain the partial evaluability prop- 
erty, • compiler generation ~J t em must be •bin to 
distinguish between throe portions of the xman-  
tic specification describing static components of 
the language, and throe describing dynamic com- 
ponents. Then, runt•me entities in the semantics 
could be "marked" m am to avoid their evaluation 
st compile time. 

MESS is able to do this by enforcing a modu- 
lav~t~ in the semantic specifications. In • modular 
semantic ,  the semantic equations are not written 
in • low-level A-notation; rather, • higher-level no- 
tation is used which &l]om one to abstract sway 
from model-dependent detal]s such as stores and 
continuations. This concept of modularity is the 
same as that proposed by Mosses in hls a6sfract 
aemar, tic alfebras Elm84]. 

A complete description of our specification 
technique is given in [Lee86]. Here we give just 
• few brief examples to highlight the main ideas. 
Consider the following fragment of • semantic 
specification as might appear in one of the clas. 
sical 0ystelTm: 4 

C [[een~l " ;"  seaS2]] env score - 
c [ [ e t a t 2 ]  ] e n ,  

( C [ [euts l ] ]  ear eeore)  ; 

E [[exprl "+" ,xpr2] ]  ear score = 

41n this piper, sdl fraepment8 of Nmsmtic ,l~ciflcations 
m written in the embellislmd, Mislike [MileS] notation 
used by MESS. 

(g [ [ e z p r l ] ]  ear o t t o )  ÷ 
(E [ [espr2] ]  ear eeo~e) ; 

Them equations define the semantics of state- 
ment mquencing mad addition expreuions in the 
m-called Udir~t" style. The semantic variable env 
repruents  the static environment, and s t o r e  rep- 
resents the program store or state. These equa~ 
tions are non-modular because model-dependent 
detail* such u store• are intertwined with the lan- 
guage Nmant i~ .  Thus, if a change is made to the 
semantic model, drastic changes must be made to 
the semantic equations. For example, if the model 
changes m that  continuatious become necessary 
(e.g., to model mcapet from loops), then the equw 
• ions must be rewritten as: 

C [Estate " ; "  sent2]] any cone - 
C [ [ e t , ~ S ] ]  one 

{ c [ [ e t n e = ] ]  e a r  cone  } ; 

g [[erpr l  "÷" ,xpr2]] envkon~ - 
Z [[erprX]] env { ~n e l .  

E [[expr2]] env { ~n e2 .  
Xont ( e l  ÷ e2)  } } ; 

which is completel~ di~erent from the previous 
equations. In them equmtions, cen t  and kent  rep- 
resent command and expression continuations, re- 
spectively. 

In MESS, the romantic* is written in • modular 
fashion: 

C ( [ s e n t i  ";" 8 t n e 2 ] ]  env - 
eeq (C [ [ e t a e t ] ]  s a y .  ¢ [ [ , e n t 2 ) ]  ear )  : 

E [ [expr l  0÷" ,zpz2]]  eat - 
add (E [ [ , x p r l ] ]  env. E [ [expr2 ] ]  eaT) ; 

where the model-dependent det&ik have been en- 
C•l~ulated in the definitions of the semantic "op- 
orators" seq and add. These operatom produce 
values in the ac6oa dome•us A! (imperative ac- 
tions) and At, (value-producing actions), and can 
be defined in any number of ways without ~drecting 
these equations. For example, • continuation-style 
definition can be given as follows: 

I n p t c t l e n  - COlT ->  C01IT ; 
VaIAcelon - KONT *> C01T ; 

eeq  : I m p t c t l o n  * XnpAc~£on -> I n p t c t i o n  ; 
s e q  ( c i .  c2) - 

f n  cone.  c l  { c2 cone } ; 

add : VtlAetlon * ValAcelon -> VaIAct£on ; 
add ( . I .  *:J) - 

fn kent. e l  { ~n evl.  
e2 { ~n  ev2 .  

k e n t  (ev !  4. or2)  } ). ; 

Other definitions of the operator,  are possible, 
for example • direct-style definition: 
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l apac tZon  - STORg ->  f r r 0 u  ; 
ValAcl;lon ,. IrrORE -> ZV ; 

seq : Iapkcti0n * l~ac t i en  -> lmpActlon ; 
eeq (el.  ¢2) .. 

fn ste:e, c2 ( ¢1 stox'e ) ; 

add : VL1ACtJ.~ * VslActLon -> VslActLon ; 
add (el.  e2) ,, 

~n store. 
( o l  esore ) ÷ ( 02 sSoro ) ;  

or even a SCHEME program: 

(de~Lne (eeq cl c2) 
(beS~o~ ct ¢2)) 

(de~Lne (a_~_~_ o l  e2) 
(÷ e l  e l ) )  

The key point is that mo&da~ty presages ~e 
abdi@ ¢o ckcose cmy .form o/d¢~nfl~os, or imple- 
mentation, o / ~  eeman~c mode/, where~ it 
destroyed ia standurd deso~st~onal dsscrip~o~ by 
tl~s interfw~ni~ o/ ~s 14nguage ssmaat~cs ~ t~  the 
semua~c model 

In addition to separating the semantics from 
the semantic model, we believe it is important 
to distinguish operators which represent dynamic 
language concepts from those which represent 
static concepts. AI and Av are clearly dynamic 
(i.e., runtime) action doms;n-, whereas operators 
in the domain of environment.producing actions, 
AD, might be st•tic actions. One can regard 
static actions as representing compile time corn- 
putations, and dynamic actions as pieces of object 
code. This separation of static and dynamic ac- 
tion dom-_'_-- not only i n c r e ~  the compNheMi- 
biUty of the semantic &~:riptions, but also allows 
MESS to decide what operations can or should be 
performed at compile time. 

We use the term macro~enmat~cs, or simply 
seman~c~, to refer to a modular semantic specifi- 
cation which completely •voi& explicit references 
to model details. The definition of the runtime op- 
erators, then, is called the micw~eman~cs. This 
terminology is analogo~ts with the term~ micros~*n- 
t~z and slmtas used for describing elements of lan- 
guage syntax. 

IVIESSy C o m p i l e r  G e n e r a t i o n  

The basic idea of MESS is that modularity in 
the semantic specifications is e~/orced by the sys- 
tem. This allows MESS to decide which portions 
of the semantics should be evaluated at compile 
time, and which should be deferred to runtime. 

Figure 2 shows the overall structure of MESS. 
MESS has been implemented on an IBM Personal 
Computer, with the front-end generator written 
entirely in Pucal, and the semantic analyser in 

SCHEME. The Pascal implamentation used is 
Turbo Pascal [BoriS], and the SCHEME imple- 
mentation is TI PC SCHEME [TI85]. 

As an example, Appendix A glves a re•crees- 
mantle specification (corresponding to "Ma spec." 
in figure 2) in MESS format for the langu•$e 
KleinPL. KleinPL is an imperative language with 
arrays, non-recursive procedures, and the usual 
PMcal-Uke control structures. 

MESS uses • semantic met•language similar 
to ML [MilS5], i.e., it is applicative and has poly- 
mosphic types. The in t e r f ace  declaration in the 
example specifcation tells MESS which file con- 
rains the specification of the abltract syntax ('AS 
spec. s). The abstract syntax specification is gen- 
erated &utom•ticaJly by s compiler front-end gen- 
erator, and is used by MESS to ensure the con- 
8istency of the abstract syntax expressions •p- 
pearing in the mscroeemantlc specification with 
those specified in the front-end specification ( 'FE 
SpeC. m ) • 

The n i c r o s l a n t i c s  declaration ~ives the 
name of • file containins the specification of the 
micrceemantics (cormponding to "Mi spec." in 
St~'e 2), i.e., the ddnitions of the dynamic opera- 
ton and action domains. An example of • microee- 
mantic specification is siren in Appendix B. This 
microeemantic specification is converted by MESS 
into a SCHEME program which implements the 
opera•ors (aiM'). This program can then be used 
as an environment in which compiled KleinPL pro- 
grams can be executed. 

A K l e t n P L  C o m p i l e r  

The compiler 8enerated by MESS ~=FE" and 
"BE" in figure 2) from the KleinPL specifications 
( 'FE spec." and "M• spec.') is a syntax-directed 
transducer which translates KleinPL source pro- 
grams into SCHEME code. The macro~mantic 
specification is 434 (well-commented) lines long, 
and required approximately 8 man-hours to write 
and debug. The microeemantic specification is $89 
lines long, and required about 18 hours of work. 
In both cases, much of the time was spent fixing 
type errors, since the MESS type checker is not 
yet complete. 

The generation of the front-end requires 52.47 
seconds, s and results in • 5,000 line Turbo Pascal 
program which performs lexical analysis and pars- 
ing of KleinPL programs. Most of the Pascal code 
is for automatic syntactic error recovery. Note 
that the front-end generator is still under develop- 
merit, and we expect its runnin8 time to hupz~ve 
considerably. Semantic analysis and back-end gen- 
eration requires 180.81 seconds, and results in • 

SAil timings were taken on an IBM PC with an "seeder- 
ated" 10MHs clock. 

236 



I 

I 

I 

I 

! 

! 

I 

I 
L, 

I 8LAG ] 

PsO 

I ,ol 

SA 

. t~85 

! 

I 

,, Fs  
, , 

I 

! 
, • 

BE 
IFe~m~ 
compi/er 

! 

This pictorial representstiou of A ~ $ S  shows the various phues of compiler seneration. The semanticist 
provides speciflc~iou for the front-end, macrom~ntics, and micro~msntics (FE spec., Ma spec., ~nd Mi 
spec., respectively). A specification of the abltr~:t syntax (AS spec.) may also be given, although the front- 
end generator, coubting of the Simple Lexical Analyzer Generator, Psrser Generator, Lnd Tree-Builder 
Generator (SLAG, PaG, and TBuG) generates this automatically. The sem~tics analyser (SA) analyses 
the semantic descriptions and produces the ¢ompLler back-end (BE) and • SCHEME implementation of the 
microeemantic operators (IN[). The back-end transforms •Imtract syntax trees (generated by the front-end 
(FE) or manually written) into object code (OBJ). If • code generator (C.~) is ~vad]sble, the target code 
can be t ~  to machine code. Otherwise, either an abstrsct machine (AM) or the implementation of 
the microsemsntics (IM) may be used to execute the program. 

Figure 2: Our big MESS. 
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868 line (pretty-printed) SCHEME program. Ex. 
cerpts of thiJ program m ~ in  Appendix C. 

The translation of the KleinPL m t c r o ~ m u -  
tic8 to the SCHEME progrmn in Appendix C is 
relatively straightfonvsrd. The SCHEME 
gram trsmelatm abstract syatL~t t r ~  into pre- 
fix expressions, where the prefix oper,tore m 
taken from the micrommantics. Note that in the 
SCHEME equiwdent of the KkinPL mscroaeman- 
tics the a m e s  of the micrommantic operatom m 

quoted - it is this quoting which prevents grain- 
ation of these runtime operators at compile time. 
Since the quoting is ~q)licit, there is no need to 
depend on partial eveluatiea. Other pieces of the 
code involved only with compile time computa- 
tions m not quoted, and thus m evsins~,d at 
compile time, which is the desired elect. 

Appendix D gives a bubble-sort pro~am writ- 
ten in KleinPL, and excerpts of the object code 
produced for it by the MESS generat~l compiler. 

The compilation requiru 20.26 seconds, and 
results in S08 lines of object code. The compiler 
spend, its time as follows: 

I lexicld anally sis and pro'Ida| i 2.41 inc. i 
abstrtct, .yarn arm building s.e2 . ec .  

translation to object code 2.47 me. 
object code output 6.76 me. 

Execu t ins  the  Object  Code 

The object code is a prefix-form expression 
comprised solely of application of micrommantic 
operators. Thus, this expression can be evaluated 
by the SCHEME system in an environment which 
has been augmented by an implementation of the 
micrmemantics. This implementation can be oh- 
gained in a number of ways. 

First, MESS can automatically produce, from 
a micrmemantic specification, a SCHEME pro- 
gram implementing the micrommantics ('IM" in 
figure 2). Appendix E gives fragments of the 
SCHEME pregram derived for the continuation 
micro~mantics given in Appendix B. MESS re- 
quires 154.12 Nconds to g e n e r ~  this provam , 
which is 497 ( p r e t t y - ~ )  lines long. We have 
also written a micrommantics for thrum operators 
in the "direct" style. For this specification, which 
is $64 linm long, MESS requires 142,20 secondm 
to generate the implementation, resulting in a 476 
line SCHEME program. 

Alternatively, one can write an "abstract ma- 
chine" implementation of the microecmantics by 
hand (SAM" in fitmre 2). In this case, one might 
take advantage of special knowledge about the ro- 
mantic  model, for example that the store can be 
implemented as a large vector, in order to guin 
execution time efficiency. We have wr/tten an ab- 
,tract machine which implements the operators 

specified in Appendix B as a 158 line SCHEME 
progrmn. 

Finally, since the object code is ia prefix 
form and the op~ t ,  ors are suitably low-level, one 
can use a table-driven, Bird-style code generator 
[Bk82] in order to generate machine code. We 
have written such a code generator for the In- 
tel 8086 machine (this is the CPU used in the 
IBM PC), resulting in a code generator written 
ia PROLOG. The PROLOG implementation used 
is Turbo Prolog [eorsei. For the bubble-sort pro- 
gr in ,  the code Saner~tor produces 205 instruc- 
tions requiring approx~stely q00 bytm of ,for- 
s41e. 

The following table gives the execution times 
for the bubbls-mrt progrm,  given t worst-cue 
input of ten integers, in etch of the micrceemantic 
impkmentatious described above. 

continuation-style 40'59 esc. [ 
direct.agile 14. 4 [ 
abstract machine 6.75 sec . . |  
8'086 machine code ~ . fO  ss~J 

C o m p a r i s o n  w i t h  P S P  

We are currently in the process of porting Paul- 
son's Semantics Proc~sor (PSP) [Pen82] to the 
IBM PC in order to provide for a direct compar- 
ison of mmcution thaw. At the time of this writ- 
inS, enough of PSP has been ported to allow us 
to generate a m a l l  compiler. However, the PaP- 
generated compilers produce code for an SECD 
machine [Lan64] which we have not yet finished 
porting. Thus, we can compare only compiler gen- 
eration times and compile times. 

For our trot language we take ToyPL, which 
b a very mlail imperative language with arrays. 
The time required by etch system (discounting 
I/O overhead time) to generate a ToyPL compiler 
is given in the following table: 

[ M E S S  [ PSP I 

I 150.v  1 2s.b0. . I 
Port of the lszl~e time diference between MESS 

and PSP can be attributed to the (presently) slow 
front-end generator in MESS. However, MESS is 
also spending considerably more time in semantic 
analysis and bark-end generation as well 

For a small ToyPL pro~am, the rnn-iag times 
(again discounting I/O overhead time) for these 
compilers are as follows: 

I MmS l PSP ...... I 

Tbe significant speed adwmtap exhibited by 
the MEsS-generated ToyPL compiler can be at- 
tributed primarily to its use of the SCHEME 
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EVAL function for compile time reductions. The 
PSP-generated compiler, on the other hand, is 
hampered by the slow p-reduction process. 

M a k i n g  a M E S S  

Although MESS is now completely opera- 
tional, some implementation work still remains. 
The type-checker for the semen•ks anidymer is in- 
complete, and we have yet to write larger, more 
realistic m i ~ a n t i c  specifications. Our plan is 
to provide • micrmemantics library, complete with 
abstract machines and code genera•ore, which de- 
fine operator sets rich enough to handle • Pascal 
semantics. We believe that this will provide the 
mnnanticiet with • solid brads on which to exper- 
iment with language design and compiler genera- 
tion. 

Conclus ion  
This paper has described a compiler generator 

calhd MESS which is able to automatically de- 
rive realistic compilers from formal semantic de- 
.criptions. AJ an example, we showed how MESS 
generates • compiler for KhinPL, a language with 
control structures, procedures, and arrays. The 
generated compiler is both etcient and renlktic. 
We are not •ware of any other system which k 
able to generate such compilers from formal spec- 
ification. Furthermore, we believe the engine~ing 
feasibility of our approach is amply demonstra~d 
by the fact that MESS is operational on • desktop 
microcomputer. 

Sethi has developed • system lSet81] which can 
generate • compiler which produces machine code 
for a language with all of the control structures 
in the C language. Unfortunately, the method 
used in his system does not work for procedures 
and data structures. Also, Appel has recently de- 
scribed • new compiler generator [App85]. Al- 
though the publkhed accounts of his work are still 
quite preliminary, the specification technique ap- 
pears to be rather ad hoc. Furthermore, the re- 
ported compile time of one VAX CPU second per 
line of code is, we believe, much too slow to be 
considered realistic. 

The compilers generated by MESS are written 
in SCHEME, which is used as • highly efficient ~- 
calculus machine. Our experience indicates that 
SCHEME is • particularly good language for both 
compiler writing and generation. This should not 
be surprising, as compilers quite often deal with 
tree structures which can be manipulated easily 
and efficiently in SCHEME. In addition, SCHEME 
handles higher-order functions (i.e., full funargs) 
and continuations as first-cla~ objecte-- both fea- 
tures find good use in automatic compiler genera- 
tion. Finally, SCHEME implementations usually 

come with compiltrs which m quite good •t  op- 
timisation, and this helps to reduce the running 
time of the generated compilers. 
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Appendix A: The KleinPL Macrosemantics (excerpts) 
oonasttcs E l o t ~ ;  

~ t o ~ s c e  e r l o l ~  e; 
m4 ~ o e n i s t t @ o  s c i a t e ;  

s i i I e t l c  d m I S e e  

* Used t o  3toop t r I ~  o~ t i e  e t a t i c t l l T - d o t o n d s o d  1 I f  c h i t / o n  ( t i e  I D I )  ~or eeck Sa lonS: t ie r .  
* Also onIt-4ms a "sew e l o ~ t i o n  p o i i t m r  t o t  o t o n G o  t l l o o n t i o s  u d  t i e  c u r r e n t  b logk  n e s t l e s  l e v e l .  0) 

(*  ~ :  I d o n t t ~ i o : s  I s  t i e  e t n t t c  e l ~ O i S t .  
* ~ono  ~ e  r ~ w ~ t ~  u t r ip les:  ( i t X  1 ~  ~ s g  t i e  ~d I ,  1to b lock 1 ~ 1 )  * )  

ToEIT • ~ * IN'r; 

(*  ~ :  $don t i tLu r  m~ee.  
* P~r u c k  o~ t i e  t h r e e  d o n o t e t i o n s  t o t  i d o n t L / l e ~ o ,  ~e keep t r a ~ t  s t  2 t s  oddness (or  
* i tO ~ O ~ ' O  ~ e s s ,  In  d d / t t o n  to  etko~ i d ~ t t o n . . )  

TYPE I u l o l  t S t _ ~ 4  J t o o l _ t y p e ;  
NODE - u t o n  none I v ~  d (LO¢ * 11PI) J u T s y  d (LOC * W~IBOUID * TYPI) J procedure  d (LOC * TOES); 

(0 I ICL~.BU~IY:  ~ . t l o n  o l m o n t s .  
* ~ N I  I lie o i t i ~  • ~ t S t l O ,  W~S~ ~ 8  • i ;  Or e lse  on ~ t y  W~ti  I I end e lse.  *) 

IL_I*INI~ "uloa vurDocl d JI~ I au~a)IDocl d (~I~ • JI~); 

a l / ] A u r y  f o n o t i o n s  

l n i t ~ a v  : I N  = ( ( f a  l d .  s e n t ) .  0, 0 ) ;  

l e e k s p  ( - ,me,  ( u s e s ,  _,  l m l ) )  • 
l e t  f u  l e e ~ s p l  ( I I I I ,  scope) = 

~,8,OO u s e @  ( I I I I ,  scope)  d 
sons  -> ~ scope • 0 t i e s  none o leo  l e e k s p i  ( i ,  scope - 1) I 
~ o  => ~ o  

I s  
' t ~ u p l  {sum,, lovo "n) 

eed; 

t l l o c l r r a y  ( a u g ,  s t ,  onv, typ)  • 
l e t  ( u s o c ,  seu~oc,  love1)  • onv 
u d  i d  = ( i ,  1 m l )  t1 

I e  eese¢ gd o~ 
none = )  ( [~d • )  ~ l y ( l e ~ e e ,  s t .  ~ ) )  a a s ~ .  s ~ e c  * ( s t  • I l l l ~  ( t y p ) ) .  love1)  I 
. t )  or~o~ ony i eVa=table  ~ o n ~  d e e l u r ~ .  • 

ond; 

a11ocl~ci  (vurs .  ~ v .  W.p) " 
l e t  ~ u  Ll.lecOno (deelL~Lt) .. 

l e t  ( u s o c ,  newLoc, 1oyeZ) = e l y  Ls 
c o l e  d K l I l t  d 

v - t D e c l  (eemo) => ~LteeVur ( n u m ,  onv, typ)  I 
L.,reyOecl (auto.  sb) -> LtleeJz'lrsy (none. sb. elY. tTP) 

u d  
4n 

craig 'vezl c~ 
a l l  => onv I 
vszKl t  : :  roo t  -> - 1 1 0 ~ c b  ( r es t ,  ~ locOso ( ~ r E Z t ) ,  t ~ )  

end; 

l ~ o o . ~ r o r  i d  - *  S = e r r o r  ( t m t . t ~ e ,  l o a d l d ~  (0) )  ld  asK; 
~ . o ~ o r  ~ m s • o ~ o r  ( i n t . t ~ o ,  Z ~ d Z o t  ( 0 ) )  ~ =mS; 
t n p . o ~ r o r  v I S - u r r o r  ( ee l1 )  v I q ;  
bad_sept  I I p  • el~ror ( i s t . t ~ o ,  l ~ Z s t  ( 0 ) )  ~ °Nlsumtck~ t ~ e  i s  e x p r o s s L o n . ' ;  

oZoe ~ocovI r  ( Z O d Z l t  (0) ,  l ond I n t (O) )  " ~ m t c k e d  typos  i a  exproon4os .e ;  

s m a t i c  f a c t i o n s  

P : ~ 7  -> OUI~JITILE; ( *  proJ t lm e - r u s t i c s  *) 
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• : ~ -5 ~ -5 ~ . ,  | l ~ Z ~ ) |  ( ,  doelultlol i m l t i H  ") 
V : ~ -5 ~ ~  l / ° t ;  (* I t ° t o  d ~ e  Is 4 ~ l s r a t i o n e  *) 
I : JUlY - )  ~ - 5  ~ * I I~ZOI) ;  (* o c o ~  b l e d  i m t i c e  0) 
¢ : ~ * )  ~ - )  Xll~llO•; (* ~ n d  emmet:Legl *) 
L : ~ -5 ~ - )  ( ~  • ~ l ~ ) ;  ( ,  l - va lue  ~ e o e l o ~  o m n t l 4 s  . )  
• : Mff -> I ~ f  -> (YrlS * V ~ Z t l l l ) ;  (* ,~reee~Les e ~ t l e e  e) 

8 ~ e t t ¢  oquaklone 

(0 - -  ~ i  , )  
• (( "l~elnm" I "(" lapullllo "." eetpstfllo ")" else belly )] = 

let (C. nmSi,...), prel~'ilo/T) - • ll~elyll i,,Stlsv /i 
m a t e  ( 

peel  ( s a d / s , .  o/8,Ot ( t rot . type).  s i s , i t  ( l~el.t71p*). ( ( / ~ l m t t l l e ) ) .  [ (oe t lmUr l le ) ) .  see (pre l~ 'ud*4y.  
w e p , p )  ) ) 

(0 - *  D*clsnsl l*so . )  
• [ (  deel d ,e l *  ) )  w r  - l e t  ( , 8v l .  dsct l )  • • ( [4ecl ) ]  m v  11 

1 ~  (artS.  ~ t = )  = n ( (4 ,e l0 ) )  * * v l  /a  
( m ~ .  4 , c~Jq  ( ~ t l .  k c t = ) )  

cad 
md; 

• [ ( ) )  .8v • ( , ev .  m ~ ) ;  

D ( [  "let. veto ) )  my  • (~ l *erdmk Or ( ( r u e ) ) .  iv. let.type), ell1•eel); 

• ((  " F e e "  s e e s  "("  samoa ")" " i s "  ~ )) emv • 
l e t  (eoooe. p e r i L o c ,  l eve l )  • m y  

id • ( M e 1 .  love1) tn  
easo °eeoc td  e t  

m e  0) l e t  ~oeXd • - * ~ e T ~ e  ~ 1  

~ w h v .  k 4 y a e t )  - •  [ I V / y ) )  p,red~v 

in  

, s d l  
. o) ° n o r  (my .  e ~ e t / e e )  i l  ~ e  ~ d ~ .  ° 

( .  - -  1lore d r u b l e •  o) 
V (( ~ l t  0.0 ~ 1 ~  ))  • V  ( ( ~ t ) )  ::  V ( ( ~ t e ) ) ;  

V ( [ ) ) - a l l ;  

v ( (  lJ  ) )  - ~ c l  ( (14 ) ] ;  

v [( s i  "["  n m  ")" )) • ~rm3~oel  ( ( ( i 4 ) ] .  [ [ m u d ] ) ;  

( .  - -  D I ~ o  *) 
• ([  4oele " ~ I m "  ora te  , rod"  ))  , I v  • l , t  (oomv. , lest)  - I) | ( ° e e l • ) )  coy 

(secy.  ~ ( , - e t .  e ( l e ~ * ) )  s e e r ) )  
eed; 

(* - -  C~mudts , )  
e [ [  e ~  . ; -  o t m e  ))  eev • ~ t  (¢ ( ( e ~ t ] )  eev. e ( ( e ~ t l ) ]  osv) ;  

C ( ( ] )  , ev  • i ~ l ;  

¢ (( 1vet - : - -  ~ )) eev - l e t  ( l t ~ .  l ~ s * )  - L ( ( I v y | |  esv 

u s e  1 ~  d 
i a t . t ~  =5 U e e o ~ t  ( l m l s o .  ~ a . )  I 
~ o)  o t w I N l  ( 1 ~ 1 e .  e l s e )  

~ o  
/ r ip .c r ie r  I ~  el~po a / m t d  in  u e S l m m n t . "  

end; 

C (( " d / l e "  eoq, r "4e" o(mte ]1 mv  ,, 
3.,,~ ( I n ,  v..~..)  - • t [ e + r ] ]  - - v t e  
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r .~e  typ  e~ 
l ~ , l . t y l ~  -~ 1111, ( x l u ,  C ( ( , l a t o l ]  u v )  I 
. o> tip.eleleOl ~ q ~ l U I  I I I I roso:Ll l l  m e t  114 t l t l l a l l .  • 

oe4; 

C [[  " ~ Z "  I I  " ("  ezpr " )"  ]]  osv - 
l e t  ( typ.  ~ Z u )  - • [ [ . Z l ~ l ]  osv  l a  

e u e  I~Sp e l  

( ~ l e  loo~lp  ( [ [ l d l ] ,  osv) o~ 
precoiu~e (erl lLe~, aem)  => ee l  ( otereXat ( ( l o s 4 t l O  e r lLe¢) ,  va l se ) ,  ~1~1 ( n ~ a e ) )  I 

o> ~Liip.error ld " X d o s t t l l e r  not dec l t r ed  18 a p r e c e 4 e r e . ' )  I 
. -~ t lmp.o~or  o l p r  "llhrocedlero U l l l l l o s t  u o t  be l l l tO lOr . "  

osd: 

( .  - -  L-VtlIOS . )  
I. [[ il 11 osv - 

e88, lo,lmp (lllll]. osv) el 
nese ~ Z v L 1 L u o . e l  Id °Ver lsb lo  set de41ere4." I 

a m y  { . )  8> Z~t lse.e l ' ro~ 1,1 " ~ o o l l  8 ea a r ray  nbsc~Lp t .e ;  

( .  - -  I b q ~ s e l e s e  o) 
• ( ( t d ) ] , l v -  

esee  leokep ( t4 ,  osv) e l  
nose -> e x p . m  l d  "Y~r/abZo net d o o l a ~ 4 . "  I 
v u  ( lee ,  t ~ )  -~ ( ~ e  W1P et  

lllt.llype o), (typo fell¢lllllll (lee)) J 
tool.type -> (typ, leteldlool(Ioc)) ) I 

(.~ e> 4m:p.41ZTO~ ~LI °N:lll/q 811 81Tly lllile.~Iploe; 

I [ [  i J  - [ -  ,=Br " ]"  ] ]  osv - 
l e t  ( typ .  ~ l e e )  - • [[eZl~]]  osv Ix 

e u e  Wp e l  
l s t . t T p e  =) ( ea se  loeimp (4d, osv) e l  

nose ,,~ exp .e~ror  ld -lnrsy ~ de41sred. • I 
I O "> mp_e~ ' r t r  ld "Vlurleblo l e t  doeZere4 18 U l a y . "  I 
a r ray  (1 ,e .  s t .  IrIp) -~ 

( , u ,  t ~  e l  
l l l t . l r~po ,~v (tlplD, eo l l t l i i t  (/ll41m~llt ( l e l .  sllql~ll ( l b ,  v i l l i ) ) ) )  I 
hee l . t ype  *> (tryp, m t • e e 2  ( t sd lagee l  (1e l ,  e3tecll ( l b ,  v l l l l l e ) ) ) ) ) )  I 

. .~ Smp.e~ror m ~ r  ,Array  f J l e z  nae t  be I x t e l ~ . "  
Imd; 

• [ [  ezpr l  " , -  ~ ]]  ear  - l e t  (vZ. d )  - e ~ e ~ t l ~ e  l i n t . t y p e .  • [ [ezp:1 |}  osv. • [ [ezpr2]]  osv) ia  
( /n. type.  e l /  (vz. d ) )  

o i l :  

• [[  a m  ]]  osv - (S~t . type .  leedZst  ( a m ) ) ;  

exd o e m ~ t l e e  

A p p e n d i x  ]13: A C o n t l n u a t l o n - S t y l e  M i c r o s e m a n t i c 8  ( e x c e r p t s )  

n l e r o s m m s t / ¢ s  t ea t ;  

oeuas t i a  4 m m l u  

( ,  S t m  Zest t ioss  ere s t ap l y  lXtellero. , )  
L0C = l iT ;  

( ,  ~ xppefbosado ~ o  s i n  l a t e l e n . . )  
UPPIILBOUIID • 1182; 

(* X a t q e r s  tnd booZ eus  are  the onZy otorabZe u d  s x p r o s s l b l o  
• vIZuos,  end o to ro  ZocatLons nay be unLatt isZ4sed.  *) 

IN - u l o n  u n l n t t  J tVtZue o~ ZIT I bVaZuo of B00L; 
IV • IV;  
JgglQY • L0C -> IN; 

(* TAO l t O r O  C O I t i i i t l  Of:  
• - tho memory n s p p i n | ,  input  u d  output  f i Z e l  
• - the  amxtmm l i l t  0~ memory, i l  Zocst tool  
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* - t i e  8mt4e e t  l o e s t l e e o  ~ e l e l  t o  oleeo e l  1 8 t q ~ ,  i I ~ , )  
~ I  " IIBIOM • IIII~I / I tE " ~ t t  * 14~ * I ~  * I g l ;  

(* It, d~amle  es~zem~e t  l e  N , d  lw boepla l  ~ d 
• ~ ~ snl,M. ,) 

I ' M ¢ . I ~ I  • ul,s s,l~,~ I ~ ,I l l ~ l Z I ;  

(o 111o e m l / u s t l m o .  0) 

ml • IL~ -~  (:811; 
(* ~ asttasstl*u *} 
l, ~**sl** wstl=Nti*u .) 
(* l-t~llso ~,~tlaltlllll *)  
(e de@Imtle~ llellt/illatllnl ~) 

o I I V  -> ~ -> I I I I :  
v lq : l I I I  • I[01I -~ ~ I I ;  

( ,  lmpo=s~lvo e 4 t t n o  e) 
(* ud~O-l~OdSetsI  u t t e m  *) 
(0 I m t l ~ - i a ~ i s d N I  t e t l e s s  *) 
(0 4 ~ l L m t t n  M t t m s  *) 

( :  h d o m  es~LtlmettLe opol~t ion.  
( ( X ,  *tb°lll)~v~ *) I l l ) ,  V M I I N  • , M T I I )  - ,  VlGIrII  , )  

l a t l =  eper~ 

d*ZatOp (op *INf.  v l .  ~J)  • 
t~nk. Vl ( t S * I .  ~ J ( t S d .  

lLst tVels*  ( t l L ) "  Ot emt tLVelue (11) * , I  I s  
• ( t Y a l u  ( t l  epor t l ) )  

eed ) ) ;  

nes t l z  ope=; 

(0 I o t r l o v o  t i l t  c e l t l l t |  I t  tiN) Itol~O I t  tllo l t v o |  141tt~Oll. 
• ( ! ~  • m i n d  -~ IW 0) 

eesteslo (ILo¢, O) • 
1.ti (m . . . . . . . . .  . )  - • * "  

esee (n 1,4) d 
, , l n S t  =~ fa ts1  ( ' l e l e n s e l a 8  u s t a t t l e l t s e 4  l e e s t / m ,  e. lec)  I 
V em) V 

aid:  

(0 Uld l t e  Idle altolo g o e l t / o I  v i l l i  r i o  ItVOIi UlIIO. 
* G ~  * IV * 8 l n l O  -~ I m ) l  0) 

update ( l ee .  v.  (In. : l lp.  o e t .  m .  4os. bgs)) - ( [ l e e  ->  v]  It, t i p ,  out. -ms. i s = .  b o s ) ;  

(*  @lve8 tke l e ~ l t / o l - p r o d u © l l  I and v o l a e - p r o d u g i  I u t / e u .  
• u m p t t e  the lec t t4es  u 4  ~ L s e .  Ind thss s te :e  the Im l te .  
* (L,t¢lXOI * VACTIOI) -~ IACTIOI , )  

otoreVsl  (1. v ) - f a d n v  t n c .  I ( t s  1,c.  • ( I r a  ev. ( t a  o. c ( a p t a t ,  (1oc. or. 0)) ) ) ) :  

(0 ~ tlko contonte ot t i e  I t v 8  l e c s t i o8 .  
• IIC - )  VIG'IIOi *) 

t o t c l l V t l  ( l o c )  * f :  k .  ( fm o. ~ ( c o n t a l t J  (2oc .  o ) )  • ) ;  

( 0 0 i v e 8  • lecsttOa-lWO4aciNI s c t i u ,  cmpeto tko locs t ie l l  lud 
* l o l d  i t s  ce l tonto .  
* LICIIN -> l&~IlOI *)  

l l ~dCe l l t e l t ,  (1) • ~ |  2. 1 ( ~m lee.  ( ~ |  g. il ( e l l l t e l t l l  ( loeo 0)) 8 ) ) ;  

(* Cmbtno tko tve de¢laz~tton esv l leamnto  In to  e lo.  * }  
cemblao (deevl .  dez~J) t e l  e e u o  desvl  t , i l  e l  

septet  m) dmt ' l  t e l  J 
p e~ p; 

n l l D o a v  : NIV - f t  nmo.  noPeoc; (0 n o  1111 dOChl t t IO l  oJvt~onmoJt. , )  

L t l S t ~ e  • C ) : l ~ ;  (0 n o  e t r r o l e v u t *  , t e r o .  *) 

n i l¢os t  = fa e. ( ) : I l l l U 8 ;  (o like O i r r o l e v u t *  c o a t i | u l t i o 8 .  *)  
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(* lrko r e q e f ~ d  emcee• toe  f l o o z i e s .  
* IiCII011 -~ OgTIm~l/.l~ *) 

¢nwcete (8) • • xul lDemr n l l C e e t  a l l O t , f , ;  

e p ~ e t e ~ o  

(* ~ 1 ¢  I I P i t l l O k i e  OJNI~t0T•.  0) 
r i d ,  : V&CTIOII * ¥iClrZO]l - )  ViClrZOll Ss 
add ( v l .  ~9) • de In t0p  (op *.  v l .  ~J ) ;  

(* Lowd t ho  S s t e g e r l k o w l o u  o u o ~ t .  0) 
2*odin•  : ~ 0 ,  ViOTIU go 
2oodZst Co) • fn  k .  k (gV~Lso n);  

(* Lo~d t h e  c o n t e s t •  of  t h e  l ~ t t o l .  *) 
f o t c k I n t  : L0C -> V I ~ I O I  4•  
f o t c h I • t  (1oc) • f o t c J t ¥ ~  ( 1 • c ) ;  

(* Lowd t h e  l o c t t t o w  ( l • t  i t s  • • • t a t s ) .  *) 
loidid41r : L0C -> LA~ZOII go 
l esdk l4 r  ( l e o )  • f -  ).. ( f , ,  • .  I lee • ) ;  

(* Ca•pe te  t h e  Xe4atlow u 4  l eed  I t s  oowtes to .  *)  
e u t Z n t  : LAOTI01I - )  VIOTI011 to  
emt tZnt  (1) • l e sdCkmte l th  (1.); 

(* Coo l • to  t h e  ~o¢~ t i e s  u 4  v~L~o, u d  t i n  •Solo t h e  ~ u o .  *) 
o t o r e Z s t  : (MClrZ01f * VlClrZ0lf) - )  ZlCrZ01f go 
e re • fo i s t  (1 .  v)  • •telreVlL1L (1 .  v ) |  

(*  Pe~foslJ ~ t e t 4 e 8  41 •eqsoneo .  *)  
oeq : (ZICTZ01 * ZiClrlO];) *> IICTI01; to  
file i (I~L. I~)  • f i  461r. f l  • .  d 4aSV ( •2  41V • ) ;  

(* Loop u t i l  t ho  t e s t  e x p r e s o l e n  I n m 2 ~ t e s  t o  fL1Loo *) 
vhSl •  : (VlOTIOI * ZiC1IO]I) -> ~ICZIO/ t0  
v k i l o  (v .  • )  • f n  d m v .  f •  o. • ( f •  o r .  

2ok tV~Lso (k)  • Ow i s  
i f  k rhea • dea r  (utkih• (v .  ~) 4¢mv ¢) o18o • 

Owl ) ;  

(*  P o l ' f a  tko  I~VO• Jmpor&tl'vo ~ t i o •  o f • o r  t ld l~n |  c u e  of tho  
* 4JK]JI~II~LN IG'tiOlO, Z.O., Op4Jl • lOW OCOII~ h3Kk.  * )  

tlOCte : ODle~rlON • ZICI~TON) -> IAOYTOI to 
block  ( d s c t .  •ok) • fn  i n v .  f •  ¢. d s o t  { fn  d u v l .  t o t  ( c o • b i n ,  (doav.  d u v l ) )  ¢ }; 

(*  C i l l  the pl"ocodtro * )  
¢t21 : l~[Kll 0> ZIG'tZOII ~e 
c ~  ( m e )  • f •  d a y .  f •  ¢. ( c u e  desv  ~ m e  of  

procBody (body) •> be47 deny c I 
e> f • t ~ l  ( = C u ' t  f i • d  p r o c e 4 u , ,  e .  • m e )  }; 

(*  Doc~ur• t h e  pro¢od~uro *)  
proc : (TOEIgl * ZACTZO]J) -> DICTXOll 10 
~ro~ ( u r n , .  body) • f s  d o , s t ,  d e u t  ( [ m e  •> pro•Body (body)] a u Z l D n v ) ;  

, s d  micro 8 e m s l t t c ,  

Appendix C: A KleinPI, Compiler (excerpts) 
; 0 n o r • r o d  b7 NrJ8 f r a n  m ~ r o s e e n n t * ¢  s p e c i f i c s • t o n  f tZo kZoinpZ.ne8 

( o u z s  (Jm a ~ )  
(x~: ((nuoz (cant u T ) )  

( a u  ( c ~  m ) ) )  
(¢181 IIOnue 

(nmu 
(LWLT 

( u J e n i  ( txmO 
(LAXBOA (IN:m/) 

( W P ~  lzxT_l ,  rPI (LZ87 'ILOinZX~ Jnmx)))) 
u A s ) )  

(IILIOPR.1 "'.." EZPg2l 
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(IPPLT 
(l.AMImk (tEttPtt t lxe t~)  

(uMma ( sum)  
( u n .  ( (v  (OCBC~T~W ( l ~ u t  IINY.Tlrpt ( ( 1 |  Jli~Ptl) IDLY) ( ( l l  IL~12) nlOl~)))) 

( IVt (OAK 10) 
Ov~ (cane v) ) )  

(T~FLI ~ I I T . I ' T ~  (I.XS~ 'SIDD (Lli~ ' ~  W~ ~ W ) ) ) ) ) )  
J~os)))))  

0RFXB (o¢ amT) 
( ~ r  C(mom ( c a  ~ n ) )  

( a M  (col  l i T ) ) )  
(CAB I M I  

( l ' v k i l • "  1391 "de • IrJ~141~l 
(a~PLT 

(LA~OA (IIZPB 182HT8) 
(UNmS (Jure)  

(LKlr* ((V ( ( I  u IIDOPR) IIBJV)) 
(ITTP (CAR V)) 
(0VALUE (cant v ) ) )  

( 0 0 1  ((BET V IS00LoTTPlQ (LZlT ' IMI IL I  (LXIT 'TOPLI lYALOT ((10 IITHTO) l U V ) ) ) )  
OKJII ((IZMP.mIll0~ IIXPI) "MIXLI e~preoeloll uob k4 IHHP~Lam.')))) 

oTrp)))) 
a lOl) )  

(ILVIK e : . .  I~qLI 
(I~PLT 

( L a ~  (JLVal OmXPI) 
(La~a (SlaV) 

( lane  ((V ((0L J l .vu)  n u v ) )  
( J L T ~  (caa v)) 
( I L Y m  (P..~DI v)) 
(V ( 0 1  IlXpm) nsmv)) 
(JlTmv8 (e.Jl v))  
( J lmU, I  (e+ml v) ) )  

( ~  (I0 II.TTI~ IITlrPID 
((Lumen 0 0  

{0NI) ( ( l i t  V IIBT.T1Tr~ (LIST "18119B~JJlr (UST 'IUPLK ILVALIOK ilYjiJr~K))) 
(ILJK (LXflT " ISTBI00L (LIST "lNgSJ~ ILVJiLg~ I tXI ' ILgl))))) 

I1.'11'11) 
(OD4PJ~OI. JLVlC "~+rl~ ~, , , . - tck ~ ~ e l 4 1 m u t . ' ) ) ) ) )  

a l o 8 ) ) ) ) )  

Appendix D: The Bubble-Sort Pro~aan and Object Code (excerpts) 
pro l rnn  bOb2deT4, ( eot4:l.a,.", eotdost"  ) i s  
(0 TklLe IL~/NP[. I~elpela oeL'te a eeal|qNIce of t l l tN~ fe .  
• Xatelofo guru ~ :ILl slit41 01(dla" • ° 'NO° ~T Io .  el" ~lO o l~ont8 .  11"o re id .  e) 

~ t  
nun [a0] ; { .  15ie a r ray  to  e e r t  . )  

l~roc eot t  ( X ' d l t O )  is  
{0 TiI:ILo iMreeodllz~ qtewl a k ibble  s o r t  t o  lurrealp eke 0, . l i enmts - I  o l emnto  elf the  e | ~  l u s t y . . )  

pro• o r / t u b  (14x) i s  
(0 Ibi)chuso Iml t l lx3  wltb lllm[Idlxet], * }  
Si t  rump; 
b.Os 

leap :o n m  [ldz) ; 
sun [adz) : -  a m  ( tdx  + 1] ; 
a n  (Sdlx * 1) :0 reap 

end; (e ewAtck e) 

l i t  XluJt. ¢IZTelt;  

bella {e 14~LI bed 7 e~ loft *} 
Xao~ : -  a-'~eXte - 1; 
while l a s t  >= 1 do 

¢ltzTolt :g 0; 
vb~le e~reat < l u t  40 

i f  sum (cur ren t ]  < nun (current  * 1] then 
e.all ewitck ( c ~ r r u t )  

end t f :  
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Old vktio; 
Zast  :8 1 u S  - 1 

o ld  v k ~ o  
u d ;  (*  sort e) 

prec F l x S l l m  (e~Lxe) l *  
(*  Dump u t  4he m ~ y .  0 ..  * i se* l .  * )  
Let i ;  
b q i n  

i :m 0; 
vl~2e i • 81se de 

w i s e  a n  [ i ] :  
i : m l * i  

e~d ~ i l e  
oad; {" l ~ / n t N m  . )  

ixS i==~eml.  
va2; 

(*  ~ke andrew o~ inteKer8 romt in * )  
(*  l~e c u ~ e n t  lapsS *)  

boO]. let l}oaO|  (*  ] h l l  r l l | ' l q T  * )  

(*  Hs~a InrelPra * )  

,.~d~ed := O; 
road vL1,; 
eoSOoae : •  ~ ¢) -ggg; 

vbiZo netDoao do 
nun [ u i ,  eed] := val ;  
x n l o a d  :e x l  4 l ;  
i f  nud~oad • 20 rhea 

lOtDOnO :m ~aZeo 
oZso 

reed  ~a2; 
i~  ~ • -g99 t k a  

aotDoae : •  ~a~mo 
e ~ d i f  

cad ~L~ 
e l i  vkiZe; 

w i s e  -g ig ;  
c~L2 oort (xmle~ l )  ; 
c~LI l~rixs|um ( m m k d )  

end 

The following b the object code produced for the procedure "a~It~.h": 

(IPlOO 
(TCP[Z 

' I rd I  IrCI 
(IIZ.OCZ 

(I~PLZ 
(PDI0Z.Rq (l'm~.t Jm;LZ, m0L JJ~,Z.~8~.)) 
(~lmi ( T e ~  

(~nmlx]sT ( ~ o ~  ( J z . o ~ m  44) 
O c o r n l l  (izImaxxrz (mPL~ 0 (,CUCZ (TOPUZ 20 (,rmTclzxT 42) ) ) ) ) ) ) )  

( Jaq  (l'Upi.m 
( inORZlr r  

(s~rj.I 
(iZlmlr.XZlllr (lrO'll~ o (iCilmZ (IL~LIL SO ( IBTaZl I1  42)) ) ) )  
(IOOUTZlI! 

(! Z l ~ X l l !  
(S~q.I 

0 
(I,'mCZ 

(l'lmLq,I 20 ( l i r a  (ILSmPi,I (llT,'JrClll! 42) (tL01DII! I ) ) ) ) ) ) ) ) ) )  
(JJzq (I'OPLI 

(ISTOHIII~ 
(T1n~Z 

( I INDEXIII? 
(TUPLZ 

0 
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(1Oi l l  
gO 
( i inn  ( i ~  ( J r l l ~ i l l  ;2) ( i L o e I J i  l ) ) ) ) ) ) )  

( i l l i I c l i | i  44))) 

Appendix E: The 1VlESS-Generated Implementat ion of the l~icrosemantlcs 
: 0on i l i t l ~  I~ ~ f r ~  I t ~ o o ~ a t t ©  o p o e i f t e i t i u  f i l e  e ~ t . ~  

(DEil Im IJDD 
(ILliC IADD 

([,mBDl ( i v? l )  
( i l i  ( ( IV i  ( c i l  I ~1 ) )  

( lV l  (¢iDI I~'#1))) 
(i~01110t ( l ~ i J l  I÷ IVl IV i ) ) ) ) ) )  

(DIF IBE ! 8i011Zlli 
( l ~  181011i|i 

( W l i n i  (lYi01) 
( l  (( IL ( e l l  I~101)) 

(iV (¢ ln i  Ivi01))) 
( l i i011VlL (I'OPUI IL l V I I I I I )  

( D l i l i l  l l l lq  
(lu~ i m  

( i D l  ( I T n l )  
( l  ( ( i l l  ( e l i  l y i i l ) )  

( i l l  ( o i l  l i D ) )  
( i l i i m i  ( i l l  

( l . l ; Imi ( lc) 
( ( i l l  iDlIV) ( ( i l l  i 0 g l  IC))) ) ) ) ) )  

( ~ i l l l  l l l i l l  
( I  l U l i  

(UmDl  ( l ~ l i  I ) 
(IJli (( iV ( e l l  I~'J41)) 

( l i  (¢iDi I~141))) 
(L l l ID l  (! DllllV) 

(L l l im i  (to) 
( iv (wNlml (lily) 

(LRI* ((v lily) 
( in (ON v))) 

( i l l  Il l 
( ( l i  I B i v )  ((( Iv l i i Ia i  (l'oeUI IV i i ) )  l l )  to)) 
i ¢ ) ) ) ) ) ) ) ) ) )  

(D~r I H  Icitr- 
0 i ~  I¢i~L 

(l, J l l n i  ( l l l i l )  
( I D l  (I~lUlV) 

(U~DJ (tO) 
((LA)aDi (y) 

(¢oim ( ( Iq? ' i J I e l 0 ~ 0 D !  ( e l i  v) )  
( L l i  ((IBODI (~1  v))) 

((IBODY IDIIIV) I t ) ) )  
( l ~ l l  (IFAIiL (ilIP i-! e¢in ' t  t t i d  procodiro,o Ig i l t l ) ) ) ) )  

(IDUV i l l M l ) ) ) ) ) )  ) 

(DlUr UW IPIOC 
(lUr, o llmO¢ 

( L i I B l  ( I v i i l )  
C~i  ( ( i l i i l i  ( e l l  Iv iT I ) )  

(iBODi (¢lDi l Y i i l ) ) )  
(UlmDi (IDC01I) 

(IDC01I 
(i, i l l n i  (V) 

( l l  (lltOiL? v l l i l l t )  (IPIOQODY IBODY) ( l i~ l~Dl l l r  V ) ) ) ) ) ) ) ) )  
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