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V

ABSTRACT

AMDL is an abstract form of the hardware description language ISPS. This report

presents a formal definition of AMOL, using the techniques of denotational semantics as
developed by Scott and Strachey . AMDL includes some nonstandard control and data
structures which are easily handled by this definitional method. This report assumes
familiarity with descriptive denotational semantics.
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( 1.0 !n~~~uct ion

‘
~~Since the introduction of lS~~~~~ & Newell . l97 lj~ the use of hardware description languages

(HDLs) has increased dramatically. Used originally to describe at the programming level the
instruction sets of digital computers, hardware descriptions are now being used in applications
such as design automation . emulation , compiler generation, and program verification — to name
only a few. This surge of activity has put the existing HDLs to a thorough tess with each
application area making its own set of demands on the languages. One common demand,
however , is for a precise definition of the HDI s themseh cs. -

~~~~ ~~~~~~~ 
- ‘ -. 

~~

Before we discuss this problem of defining a hardware description language. let us look at a very
small but very common example of its use. Consider a “push” instruction on a typical computer
of the form PUSH reg, address. A prose description of this instruction might read:

“The PUSH instruction increments the register reg and moses the contents of
the word pointed to b~ address to the word pointed to b’. the new ‘alue of
reg .”

While this definition might seem str aighifor~ ard . there are a great number of possible difficulties.
What if the registers were addressable memory locations and address points to reg? Is the
original value or the incremented value of reg stored at reg ÷ 1? Although it would be highly
unlikel y ,  what if the instruction PUSH reg, address were being executed out of reg ? Would the
instruction first be moved to art internal register. or would the address f ie ld of the ins tru ction be
modified during execution resulting in a reference to address + 1? And what if reg pointed to
reg — 1? Would the fina l value of reg be the contents of address plus one or 51mph the
incremented contents of reg? There are. of course, other clarifications that might need to be made
concerning what constitutes a legal address. how overflow conditions are hand led . and other such
matters.

One could argue that such relativel~, minor details are not worth considering, for one should not
be v~ riting programs that depend on the machine ’s beha~ ior in these unusual circumstances.
This is a difficult argument in that it assumes that there could be an agreement upon what
constitutes “unusual circumstances. ” One could also argue that there is nothing wrong with prose
descriptions , and that this description simp ly needs to be expanded. While it is certainly tru e that
the description could be more carefully worded , it is arguable that true precision could be
obtained using this approach. Furthermore. there is no mechanism in English (or an~ natural
language) which ensures that a definition is complete. It is sometimes not a simple matter to
determine whether a prose definition has enumerate d all possible situations. Finally, this kind of
description is worthless to an application program requiring a computer description. If ~e are to
reap the benefits of soft~ are such as compiler-compilers and general program verification systems.

- —- -



we must provide a description more amenable to automatic processing.

In response to this need for descriptive methods. several hardware description languages have
been developed. ISP has been modified into its present form ISPS [Barbacci et al.. 19771 and is
receiving continued attention. SMITE [TRW . 19771 was developed along similar lines and is also
being heavily used. LCD [E~ angelisti et al.. 1976] is yet another HDL aimed at the same set of
descriptive problems. Since this paper is concl ’rned more with ISPS than with the other two
languages, let us examine how it could be used rj  define the PUSH instruction we just examined.
Consider the following segment of ISPS ~ode:

MEM(regj = MEM (re g J ÷ 1 NEXT
MEM[MEM(reg Jj : MEM[address]

We assume for simplicity here that MEM is the memory of the machine and that the registers are
in the lowest memory addresses. The “: = “ construct denotes assignment and “[1” denotes arra y
reference. Upon examining this definition , we now can see that the register is incremented before
the store takes place. The PUSH instruction need not have been defined this way, however.
Some alternate definitions (wi .h slightly different semantic meanings) are:

temp MEM (regj + 1 NEXT -

MEM(temp) = MEM[addressJ NEXT

MEM(reg] temp ÷ 1

temp : MEM(reg] + I NEXT
MEM(temp] MEM (address] NEXT
MEMfreg J  :=  MEM(reg] ÷ 1

Although each of these differs slightly in its meaning, it seems that taken individually , each is
unambigous. Is our quest for clarity therefore over? Unfortunately , it is not. Consider the
following, perfectly legal ISPS code segment intended to define the same PUSH instruction:

MEM (MEM[r egj :  = MEM[ r eg J  ÷ 1] MEM(address J

This definition seems quite precise. but upon inspection one discovers a problem. Does reg get
incremented before the reference to address or after? This question requires a clear
understanding of the meaning of ISPS itself. Unfortunately. ISPS has been defined in English .
just as the PUSH instruction ~as. and we are faced ~dth equally difficult problems of ambiguity .
Have ~e really made any progress then?

Yes. we have made progress . A HDL is a suitable mechanism for describing hardware. What is
needed is a mechanism for defining the HDLs thernsel~ es and preferably one that can stand by

2
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itself ~ ithout further definition. Fo find such a mechanism. ~ e look to the software world and
find that this problem has already been addressed for the case of con’.entiona l programming
languages.

There are several techniques used in the fo rmal definition of programming languages. Four of
the most popular methods are reviewed in [%larcotty et al.. 1976]. One method not reviewed
(although it was mentioned) was that of denozalional semantics. developed at Oxford University ’
[Milne & Strachey. 1976]. Briefly , this method provides a means of mapping programs into
representative mathematic entities or denota tions. This is done by assigning a mathematic
function to each construct in the language and applying these functions to the program in
question. We will examine denotational semantics more closely at a later point in the text.

But where does AM DL fit in? Recall that one of the goals of a hardware description is to allow
it to be processed by various application programs. Unfortunatel y, languages such as ISPS.
SMITE and LCD are defined in terms of ’ character streams, as are con’.entiona l programming
languages. These character streams would therefore have to be parsed by each of applications
interested in processing programs ~n the language.

Recognizing this problem. the people working on ISPS defined a fully’ parenthesized format
called GDB (Global Data Base) [Barbacci et al., 1977]. which was essentially a parse-tree
representation of ISPS programs. This format relieved the burden of parsing from the various
application programs and thus was a big step forward .

The problem of formal definition of ISPS still existed , howe~er. While the GDB format was
more easil y p rocessed, it was no less ambiguous. Furtherm ore, some people wanted to be able to
process descriptions written in either ISPS or SMITE. Since the languages were quite similar , it
was hoped that a superset language could be defined into which ISPS and SMIl E programs
could be translated. Finally , there was a desire for an integrated programming environment for a
HDI. which allowed a user to edit , debug and process his description without ha v ing to deal with
a collection of different programs, as was then the case.

It ~as out of this situation , and due to the presence of the powerfu l INTERLISP system
[Teitelman . 1975]. that AMDL (Abstract ~v 1achine Description Language) was developed. Like
the GDB format. \MDL is essentiall~ an “abstract ” form of ISPS suitable for machine
processing. Unlike the GDB format. howe~er , it is also suitable for human use , par ticularly
within the INTERL ISP environment. Each of the AMDI constructs is implemented as an
INTERLISP function with the full flexibility that such representation pro~ides. There is even a
mechanism available which allows users to deal in conversa t ional AMDL . just as they’ can deal in
conversa tional LISP (CLISP). This and many other unique INTERL ISP features provide a quite
rich user environment.

3



More important l~. ho~ e’.er. it ~as possible to fo rmalI~ define AM D L .  While I SPS and SMI FE

~ ere under outside control and it ~as not possible to impose a definition on them from a
distance, it was possible to pro~ide a translation bet~ een them and AM DL. In fact, this ~ersion
of \MI ) l .  is based almost solel~ on ISPS and translations betv een the t’~o languages are
relati ’,el~ straightforward. In the future. it is suspected that AM DL will be expanded to include
some of the feature s of SMI lE so that it ~ ill become more of a superset of ISPS than equivalent
to it.

The purpose of this report . then. is to formally define AM DL. Hopefully this will serv e se~eral
purposes. First. it should ensure consistenc y of interpretation of AMI)I. among the ~arious
applications being de~ eloped. Second. it should sho~ ho~ denotational semantics can be used to
successfully define a complete. nontrivial language. And finall~, it will point out the necessity
for formal definitions in general and for ISPS and SMITE in part icular.

As ~ith any formal definit ion , the going gets extremely thick at times. Moreover , unless one has
been exposed to denotational semantics in the past. the equations will undoubtedl y appear quite
ro rhi dding. Ih e definition in this report is intended pr imarily for ..\MDL. ISPS or denotat ional
semantics aficionados. Even then. it is unlikel y that one could or would e’en want to read it in

~ne sitting. As a reference for the definition of AMD I . it is hoped that it might be useful for a
somewhat larger audience in resolving individual questions of interpretation.

The report is divided into five sections. the first being this introduction. Section 2 gives an
introduction to ~ MDI. and its relationship with ISPS. Section 3 discusses the notation of
denotational semantics as it is used here . Section 4. the bulk of the report. provides a step-by-
step presentation of the formal definition itself. Section 5 provides a summary of issues: it is
followed by an append~ containing a copy’ of the entire definition for reference purposes.

4



2.0 AMDL

As mentioned earlier. AN1 DL is an abstract fo rm of ISPS. That is. it ret ains the fundamental
semantic properties of ISPS whi le providing a more con~enient represen tation for semantic
processing. The representation is more con~en ient primarily because it is built up from
structured objects. in this case lists. This list representation is not identical to the abstract s)ma.v
originall y introduced in [McCarthy. 1966]. but lends itself nicely to the LISP en~ironment in
which most of the applications ha~e been developed.

in describing the AMDL syntax. ~e will be utilizing the standard LISP output format for lists.
That is. lists will be represented using enclosing parenthesis . with spaces separating the indivi dual
elements. Text will be shown in an alternative typeface . with ,\MDL keywords appearing in
boldface. For example. (bits foo (pair 3 0)) is an AMDL construct which is a list consisting of
three elements. the third of ~ hich is the construct (pai r  3 0). The words bits and pai r  are
AMDL keywords.

This section is divided into two parts: the first part gi~es a complete introduction to AMDL . and
assumes only that the reader is familiar with high-level language concepts in general: the second.
directed at ISPS users. describes the relationship between AM DL and ISPS. For those quite
familiar with ISPS. this second part might substitute for the first as an introduction to the
language.

2.1 Introduction to the Languag e

With a fe~ significant exceptions. A MDL is a simple ALGOL - like programming language. An
AMDL pr ogra~n is essentially a parameter ’less procedu re. Procedures are composed of
declara tions and executable statements (hereafter referred to as actions). The declarations define
variables and/or other procedures. The actions provide for the manipulation of values of the
declared variables and changes in the flow of control (e.g.. loops, procedure calls). What then .
makes the language unique? It is the types of variables that are declared and the way in which
the flow of contro l is altered that gi\ es AMDL (and its definition ) its interesting qualities.

2.1.1 Variables

AMDL programs deal almost exclusivel y ~ ith the manipulation of blistrings. A bitstring is an
indexed sequence of one or more bits. For example. to declare a bitstring variable too four bits
long, numbered left -to -right from S to 0. one ~ould use (bits too (pa i r  3 0)). lo declare the
reverse ordering of bitnames. one would exchange the arguments to the pair  expression. as in
(bits fool (pair 0 3)). \‘ariables consisting of only one bit can be declared wi th  a shorthand
notation ~hich omits the necessity for the pair  expression. to  declare a bitstring consisting of
one bit numbered 5. one would use (bits foo2 5). The bit numbers (and hence the arguments

5



to the pa i r  expression ) must be nonnegative. The last element in the bits fo rm is kno~ n as a
structure , in that it describes the structure of the hitstr ing .

Variables which are arra ys of bits trin gs may also be declared. The mechanism and rules for
numbering the elements or words of the array are similar to those for numbering the bits in a
bits tring. For instance , to declare an arra y foobar of 15 elements numbered in ascending order
beginning with 100. one would use:

(bits (words  foobar (pa i r  100 114)) (pa i r  3 0))

Note that this is similar to the declaration for too above, except that instead of having just foobar
as the second element in the bits expression. we ha~e (words loobar (pair 100 114)). where
the third element in the words  expression is a stru cture describing the numbering of the array.
The words expression always occurs inside of the bits expression . if both are present. The
same convention of alIo~ ing a single number to denote a pair of identical numbers is used. so
that (bits (words toobarl 100) 0) would declare an array of one word named 100 , containing
one bit named 0.

To rej ’erence a variable , one uses almost identical form s as those used to declare a variable. For
instance , to access the middle two bits of the four-bit ~ariab le foo discussed above, one would use
(bits too (pai r  2 1)). The leftmost (high-order) bit could be accessed b~ (bits foo 3). To refe r

F to the entire bits tring. one could use (bi ts  foo (pair  3 0)) or just simply foo. which implies
reference to the full variable. As might be expected. access to arrays uses the words  form. To
access the second word of the array foobar above . one would use (words foobar 101). Onl~
one word can be referenced at a time. therefore . pa i r  expressions are not allowed in the words
form in this case. A sub-bitstring of a word can be referenced. however , as with (bits (words
foobar 101) (pa i r  1 0)~ which is referring to the t~ o low-order bits of the second ~ord of
foobar .

There is another important difference bet~ een the forms used for accessing variables and
declaring variables , When declaring variables . only constants are allowed in naming the ~ords
and bits. In accessing ~ariables. ho~ e~er. expressions can be used. We will examine expressions
soon , but for no~ it is sufficient to say that an expression is a form which is evaluated at run-
time to produce a nonnegative value. This ~alue is then used in place of a constant for indexing
into the variable. E\press ions can occur in two places in an access. First of all, they can be used
in a words form to reference a ~ord in an array . as in (words foobar exp). in the above
example. exp must have a value lying between 100 and 114. Secondly, an expression can occur
in an access to a specific bit of a bitstring. as in (bits  foo exp) .  in this example. exp must have
a value between 0 and 3. An expression cannot occur wi thin a pair form in this context. For
instance. (bits too ( p a i r  exp 1)) would not be legal. e’en ~f exp always resulted in a value

~ ithi n the legal range. ‘[his restriction is imposed so that the length ( in bits) of any variable 6



access cannot % ary at run time. t h i s  third element in the bits access form is kno w n a~ a

struct ure ref erence.

2.1.2 Expressions

We just mentioned that an express/au is a form that is e~aluat ed at run-time to produce a non-
.“.c :ati~e value. Actuall y , it produces a bits tr ing . which can be interprete d in any way desired.
On~ of these interpretations is as a base-two. nonnegative integer, producing the value referred to
above. We also speak of the length of an expression in bits and will see how , as with variable
references. the length of an expression remains constant at run -time. Because a ~alue and length
uniquely determines a bitstring. one can think of an expression as producing a <~ alue. length >
pair , rather than a bkstring. when it is convenient to do so.

2./.2. / Constants

A constant is a bitstring whose value does not change at run time. The nonnegative integers we
saw earlier in variable declarations and variable accesses are actually a subclass of constant. They
hake an explicit length equal to one greater than the number of bits required to represent them in
base two, For instance , the integer 2 would have a length of 3. the integer 5 would have a
length of 4. and so on. There are three other , nearly identical . types of constants w hose forms
are

(hconst val len). (bconst Va! len) and (oc o nst val len)

where vat and len are nonnegative integers giving the value and length of a constant b itstring.
The reason for the three equivalent forms of constant is not easily explained in this context . but is
not important for our purposes. Any ’ of these forms, though , could appear wi th in  a str ucture or
structure reference in place of a simple , nonnegative integer. The length component is then just
ignored.

2.1.2.2 Fa riab le References

We ha~e already examined the variable re ference. A variable refe rence is a legal expression.

2./.2 .3 Data Operator Expressions

There are alarge number of data operators defined in AMDL. Most of these are binary operators
and occur in expressions of the form (operator exp i exp2) , ~here operator is some - \MDL
keyword. in addition , there are a few’ unary operators , used in expressions of the form (operator
exp) .  The data operators are further discriminated by m ode into unsigned and two ’s complement
opera tors . corresponding to the ways in which the operators interpret their arguments. The
keywords for unsigned operators each begin with us while the keywords for two ’s complement

.7
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operators each begin wi th  tc. Ih e  unsigned operators interpret their arguments as either boolean
strings or as unsigned represent ations of integers .

Examples of binary unsigned operators w hich  inte rpret their arguments as log ical bitstrings are
usor . usand . usxor  and useqv ~ hich implement the basic boolean functions on a b itstring
basis. Shift operators. both right and left and with various “fill” bits. are performed by ussrO.
ussr l ,  uss r r . ussrd. usslO. ussli . u ssir and ussid , The concatenation of two bitstrings is
achieved by the usconc operator. In addition. there is a set of binary operators which occur in
both unsigned and two ’s complement versions , The unsigned versions of these are as follows:
usplus. usd ifferen ce, ust imes. usquotient . usremainder . useq i . usneq . usiss . usgt r.
us leq. usgeq . and ustst . The iwo ’s complement versions ha~e identical names, except with
“tc ” substituted for “ us ” . Each of these operators has particular rules for dealing with operands
of differing lengths which we will not discuss here. The rules wil l  be given explicitly, however , in
the formal definition itself.

Lnar y operators are usnot, which gives the logical complement of its operand, and tcminus.
which gives the two’s complement negation of its operand.

2.1.2.4 Subsiring expression

The form (ussub exp structure) is a~ailable in order to refer to a substring of an arbrita ry
expression. In this case, the numbering of the bits in the expression exp is implicitly taken to be
ascending. right-to-left beginning with 0. In other words. the form (ussub erp (pair 1 0)) will
always return the ri ght two bits of the expression : if the bit substring referenced extends beyond
the length of the expre ssion. then zero padding on the left is assumed.

2./.2.5 Assignment

Assignment in AMDL is performed using one of two transfer operators. The general form of an
assignment is ( t rans f er-op (va n var2 ... y arN)  exp). where the bitstring returned by the
expression exp is assigned to the concatenation of the variab les van var 2 ... y arN. That is. the
van can be viewed as destination receptacles which are lined up in sequence. The bits of the
source expression exp are then deposited into the receptacles, one bit at a time. beginning w ith
the rightmost bit of the source and the rightmost bit of the destination. The transfer operators
usset and tcset correspond to the two modes of arithmetic interpretation . They’ diffe r in the
way in which they extend the source value in the case of unequal source and destination lengths.

2.1.2.6 Procedure Calls

Procedure calls are performed w ith the form (ca ll variable-re f erence exp i e~p2 ... expN )  ‘l’he
expressions are the actual parameters to the procedure being called. They’ are e~aluated from 
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to right and passed by value to the procedure. I here is no w ay to pass parameters by reference
and no wa y ’ to store ~alues into ac tual parameters upon return. The number of actual parameters
must match the number of formal parameters. Procedures cannot be called recursi~eIy.

The fact that the second element in the call form is a ~ariahl e reference deserves comment. In
AMDL , identifiers can denote sariables , procedures , or both. A procedure call can be used as an
expression when it refers to an identifier representing both a procedure and a ~ariable. The
semantics of the call  is as follows:

1. Evaluate the parameters .
2. Call the procedure associated with the identifier contained in the

~ariable reference.
3. After the procedure returns. e~aluate the ‘ariable reference to obtain

a bitstr ing which is the expression value.

We will see late r that there is no special status for variables whose identifier is also associated
with a procedure. That is. they can be accessed in the same manner as .‘ariables which do not
ha’e a procedure associated with them. Furthermore, they’ are not implicitly stored into upon
return fro m the associated procedure. This would allow for some rather unusual programming
practices. such as two procedures storing into each other’s associated variable.

2.1.3 Actions

Actions are the next major AMDL construct. Two forms we have already examined as
expressions. the assignment and procedure call, are legal actions as well. The remaining actions
are described below .

2./.3. / Condi t ional Action

\ simple conditional statement of the form (cond (e~p acti on)) is provided. Its semantic s are
straightfor w ard. If the result of e~aluating the expression produces a nonzero value, the action is
e~ aluated.

2./ .3. 2 Sequences of actions

The fo rm (seq act I act2 ... actN) is used for sequencing two or more actions. The semantics is
to perform the actions in order from left to right. There is also a form . ( p a r  a ctl act2 ... actN) .
for specifying parallel execution of actions. The semantics of this form is currently identical to
the semantics of the seq form . but will be generalized at a later date . Finally , there is a
construct (repeat  action) which repeats the execution of a specified action an indefinite number
of times. Note that the operation of these sequencing mechanisms is subject to alteration by one
of the folIo~ ing control actions.
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2. / .3.3 Labels and contro l actions

An action . usuall y itself a sequence of actions. can be labelled for subsequent reference within the
body of the action. A label is attached with the form (label identif ier action). This label is in
effect at all points within the action unles superseded by another label with the same name.

There are three control actions which can reference labels. The first is of the form (leave
identif ier).  Execution of this action will cause control to be passed to the first action following
the action labelled with the given name. If no such action exists within the current procedure.
then the identifier must refer to a procedure of that name. The procedures which can be referred
to are those that are statically accessible (using the same conventions as for variable access) and
activated. If both of these criteria are met. then the semantics of the leave is to return from the
specified procedure.

The second control action is of the form (restar t  identif ier) .  Like the leave action , it refers to
a label , if present. In this case, the semantics are to restart the execution of the action associated
with the label. In case no label of the given name is present. the same rules for referencing
procedures apply as for the leave action. However, instead of returning from the referenced
procedure. the procedure is restarted, This restarting process can be thought of as discarding any’
procedure activations between the current procedure and the referenced procedure , and beginning
execution at the first action in the referenced procedure.

The third control action is the resume action. of the form (resume ident if let). This action can
on/ v refer to a procedure and specifically not to the current procedure. That is, it is a mechanism
for resuming execution of a procedure other than the current one. its semantics can be thought
of in terms of the leave action. Performing a resume of a procedure is identical to performing
a leave of the procedure which that procedure last called. For instance, if procedure A calls
procedure B. and procedure B calls procedure C. then a resume of procedure A would have the
same effect as a leave of procedure B. Likew ise. (resume B) would produce the same results
as (leave C). at this point.

2.1.3.4 Decode action

The decode action is similar to a select or case statement in other programming languages. it
has the form

(d ecode exp
(selector action 1)
(selector a ct ion2)

(sele ctor ac t ionN))

10



where the successi~c selectors are compared to the ~alue of the expression until  one of them
“succeeds.” When that occurs. the associated action is executed. l’he selector can take one of the
following three forms:

otherwise
structure
(structure 1 str ucture2 .. s t r ucf uneN)

The structures referred to are like those discussed in the section on ~ariables. That is. a structure
is either a constant or a pai r  form with constant arguments . The otherwise selector always
succeeds and would reasonably’ only appear as the last selector , if present at all. The second form
specifies a single structure . If the value of the expression falls within the bounds specified by that
structure , then the selector succeeds. ( In the case where the selector is a single constant . then the
value of the expression must equal that constant. ) The third fo rm is a means for specifying a list
of structures such that if the ~alue of the expression falls within the bounds specified by any of
the structures. the selector succeeds.

2.1.4 Declarations

The last group of AMDL constructs are the declarations. We ha~e already examined simple
variable declarations (Section 2.1. 1). The other two types of declarations are the procedure
declaration and the overlay declaration.

2./.4.! Procedures

The form of a procedure declaration is as follows:

(pr oc var (van var2 ... y arN) dec i dec2 ... decN action)

where the “var ”s are variable declarations like those discussed in the first section. The specific
term var above (the second element in the form) has a dual purpose. First of all, the identifier
contained within van is the identifier that is associated with the procedure definition. Secondly’ .
however , if var specifies a structure (that is. if it is a bits form) then this sen’es as a ~ariable
declaration as well , This is the mechanism whereby an identifier can be the name of both a
variable and a procedure.

The list (va n var2 ... y arN) specifies the formal paramete rs of the procedure . Each of the van
in the list must be a non-array variable declaration. When this procedure is called, the values of
the actual parameters are assigned to the formal arguments.

The declarations dec 1 dec2 ... decN are optional and specify declarations which are local to this
procedure. All variables are treated statical!) for purposes of allocation. They are not initialized
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at procedure entr ~ and retain their ~alue from one call to the next.

The action action in the declaration gets executed w hen the procedure is in~oked.

2. /,4.2 Overla t ’s

The o~ erlay construct is a method of associating new names with pre~ iously defined ~ariables. Its
general form is (over van (van van2 .. y arN)) .  ‘v’ery briefly , the semantics of this declaration is
to indicate that ensuing references to van are to be treated as references to the concatenation of
van var2 .. y arN , even in the case of an assignment. The full semantics of this declaration is
quite complicated. Rather than enter into a full explanation here. we wi H give a few simple
examples. Consider the ~~llowing declarations:

(bi ts acc (pair 7 0))
(bits  ext (pair  7 0))
(over (bits aouble (pair  15 0)) (ext acc))

These declarations can be ~iewed as establishing two registers. acc and ext . and then defining
double as the concatenation of those two registers . For example. the following pairs of
references would then be equivalent.

ext (bits double (pair  15 8))
(bi ts acc (pair 2 0)) (bits double (pair  2 0))
(usconc (bi ts  ext 0) (bits acc 7)) (bits  double (pair  8 7))

Another set of declarations equivalent to those abo~e is as follows:

(bit s double (pai r  15 0))
(over (bits acc (pair  7 0)) ((bits double (pair  7 0))))
(over (bits ext (pair  7 0)) ((bits  double (pair  15 8))))

O~erla~s can also he used in conjunction with arrays. We won ’t go into those examples here. but
they are discussed thoroughly in the formal definition.

2.2 Relation to ISPS

The relation between ISPS and AM DL is ~ery close to the relationship between a language and
the domain of its parse trees. l’hat is. the translation between ISPS and AMDL is essentially a
syntactic transformation. There are some exceptions to this, however , and they will be identified
in the following paragraphs.

ISPS. like most concrete languages. utilizes various special characters to delimit the ~arious
syntactic entities . Sequential actions. for instance , are separated by the keyword “NEXT” while
parallel actions are separated by semicolons. Squ are brackets are used for array references while
angle brackets are used for bit references. I.ahcls are distinguished by the “ : = “ that follow s
them. and so on. In AMI)I . . there is one basic syntactic form, the list. The firs t element of this

12



list is used. if necessary . as a keyword to distinguish the construct represented by the iist . For
example. the ISPS phrase foo [arglj<arg2> would be represented in AMD L as (bi ts  (words too
argi) arg2). The rules for this con’ersion. though. are quite straightforward. as will be shown.

This section is organized roughly along the lines of the JSPS reference manual.  Each ISPS
language construct will be discussed in turn and related to its corresponding \MDL construct . if
such a construct exists.

2.2.1 Character Set, I dent iflers and Constants

All of the special characters required for syntactical purposes in ISPS are absent from AMDL .
The rules for constructing identifiers are unchanged. though. except that AMDL dist inguishes
between upper and lower case letters.

Representation of constants is done somewhat differently ’ in AMDL. To re~ iew . there are four
diffe rent types of ISPS constant expressions: decimal . binar y, octal and hexadecimal. Decimal
constants are represented in AMDL as they are in ISPS. by the decimal representation of an
integer. The conventions for “length” are the same: the constant is understood to be one bit
longer than the number of bits needed to represent it. The difference comes in the handling of
the remaining types of constants . Rather than using special characters to denote the base of the
constant and then interpreting the following numeric term as a number in that base. AM DL uses
the forms (bconst value length ) . (oconst value lengt h)  and (hconst value length )  to
represent binary , octal and hexadecimal constants, respectively’ . However , the key words bconst.
oconst and hconst function only as comments. In each case. the terms value and length are
decimal numerals gi~ ing the unsigned value of the constant and its length in bits , respectively.
The distinctive keywords are only utilized when display ing the constants (e.g., in a pretty print ) .

There are no comments. aliases or text strings in AMDL . Name pairs . represented w i th  an
intervening colon in ISPS . are represented with the form (pair e~’p exp) .

2.2.2 ISPS Descriptions

In ISPS , one deals with entity-heads which may or may not have a formal connection set or
formal structure set. Associated wi th  these entity-heads is an entity -body . which may’ be either
nu l l. a section list, a behavioral expression or a entity-formal -structure -map. There is a large
number of syntactic combinations that can be made from these heads and bodies . many of which
are meaningless (such as a entity-head with a formal connection set and a null body). AM DL
retains the intended power of this mechanism while greatly simplifying the syntax.

There are three ty pes of declarations in AMDL: a p roc °dure declaration , a variable declaration
and an oi er lav declaration. The variable declaration corresponds to an entity-head with a
structure , but no formal connection set and a null entity-body. Replacing the square brackets ,
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however , is the AMDL form words. For instance. foo[5] would be (words foo 5) in AMI )L ,
In a similar fashion. the bits form replaces the angle brackets . The ISPS term f 00<7> would be
(bits too 7) in A~ 1DL, The combined case of foo[5]<7> would be represented as (bits (words
too 5) 7). with the bits form alway s surrounding the words form . The use of name pairs in
this context is straightforward. For instance. foo[5]<7:0> would be (bits (words too 5) (pair 7
0)).

The procedure declaration provides the context for the other ty’pes of declarations. Its syntax.
which is similar to that in most programming languages. is:

(proc van (van var2 ... y a rN)  dec i dec2 ... decN action)

The second element of the list corresponds to the ISPS entity-head. The third element is the
(optional) list of formal parameters. Following that are zero or more local declarations and
finally’ the required action for the procedure. The formal parameters are treate d as local variable
declarations and may’ not be array ’ variables. Upon procedure acd~ ation . paramete rs are always
passed by value.

This procedure declaration mechanism provides the ability to utilize a single identifier for
representing a variable and a procedure. This ability corresponds to the ISPS feature of allowing
separate specification of structure and behavior. In a manner similar to ISPS. if the var
component of the declaration is just an identifier , then no variable declaration takes place (the
entity has no stru cture, in ISPS terms) . A call to this procedure could never be used in an
expression in that it wouldn ’t “ return ” a value. However , if var is a variable form ( i.e.. its
keyword is bit s) . then it is treated as a declaration. As in ISPS. the identifier has the status of a
bona tide variable and can then be accessed independently’ from its associate procedure.

The A~ 1DL o~erlay corresponds to the ISPS entity-head with a E-FS-Map. It is a means of
mapping a new ~ariable onto one or more previously defined variables. The syntax is (over van
(van var2 ... y a r N ) ) ,  where the vans are subject to rules similar to those for ISPS in the same
situat ion.

2.2.3 Behavior Expressions

The corollary to the ISPS beha~ioral expression is simply the AMDL procedure action. AMDL
retains the word action , coined by ISPS. in plac e of statement. but there need be no distinction.
The ISPS description of an action as “... the sequence of transformations and transfer of values
stored in carriers ...“ could as easily be applied to an executable statement occurring in any
programming languag It involves variables , constants. loops, procedure calls and other such
common things.

The mapping from ISPS actions to AMI )L actions is again purel y syntactic. Sequential actions
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are represented by (seq acti ac t2 ... actN) . Parallel actions use the same form except wi th  par
substituted for seq. l’here are no “ named blocks” in 1\MDL . An “ it” statement is represented
by (cond (exp act)) .  The control operations take the form (repeat act). (leave I d) ,  (restart
id) and (resume Id ). Procedure calls are accomplished by the form (call id erp l  exp2
expN). where Id is the name of the procedure and the exps are the actual parameters to the
procedure.

The decode statement is derived directly from the ISPS syntax. The genera l format is:

(decode exp
(selector actio n 1)
(selector ac t ion2)

1

~

(selector acti onN))

where selector is either the keyword otherwise , a name pair. a constant . or a list of name
pairs and constants. The semantics of these selectors is identical to that of ISPS.

2.2.4 Carrie r Expressions

ISPS provides a hierarchical definition of carrier expressions which implies a specific precedence
for expression evaluation , No such hiera rchy is required in AMDL. where all such operations are
specified in prefix form . Operations are either binary operations or unary operations , with the
forms (binary-op exp l eKp2) and (unany .op exp). respectively.

A subset of the operations provided in ISPS are provided in AMDL. The one ’s complement and
signed magnitude modes of arithmetic ha~e been omitted, leaving only’ unsigned and two ’s
complement. Furthermore, qualifiers are not supported for the purposes of specify ing the current
mode. All operations carry a specific arithmetic in their name. Specificall y. all two s complement
operations begin with the two letters tc. and all unsigned operations with the lette rs us. Those
operations which behave identically in all ISPS modes contain the us prefix by default. ..\ table
of the ISPS operations and their A~ 1DL counterp arts is given below .

ISPS Operator AMDL Keyword(s)
+ usp lus , tcp lus
— (binary) usdifference.  tcd i f ference

ustimes, tcti mes
/ usqu otient , t cquoti ent
MOD usmod,tcmod
egl useq l , tceql
neg usneq. tcneq
Iss us lss, tclss
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leq usieq, tc leq
gtr usgt r . tcgt r
geq usgeq . tcgeq
sr0 ussr0
sri ussrl
sm ussrr
srd ussrd
slO usslO
sil ussli
sir ussir
sid ussid
or usor
and usand
eqv useqv
xor usxor

usconc
not usnot
— (unary ) t cminus

In ISPS, there is both a regular transfer operation and a sign-extend transfe r operation . the latter
being a’.ailable in the various arithmetic modes. In keeping with the decision regarding data
operations. AM DL supports two ’s complement and unsigned sign-extended transfe r operations.
Howe~er. it was noticed that the regular transfer operation was identical to the unsigned sign-
extended transfer operation. So the need for the special form for a regular transfer operation was
lost. The form of a transfer is then ( t rans f er-op (var 1 van2 ... y arN)  exp) .  where trans f er-op is
either usset or tcset. 1 ne list of destination variables (va n van2 ... y arN)  would correspond to
the term va nli @va r 2 @. . .  @va rN in ISPS.

An ISPS carrier access and/or activation corresponds to an AMDL variable access or procedure
call. To access an AMDL variable , one simply uses the standard bits and words notation. To
call a procedure, one uses a form similar to procedure call form used in an action , namely (call
van-re f exp i exp2 ... expN) .  ‘the difference is that instead of a simple identifier as the second
element in the form . a variable reference appears. This provides the mechanism of j oint access
and acti~ation supported in ISPS.

2.2.5 Qualifiers and ide,, ~f i er  Sequences

l’here are no qualitier s or identifier sequences in AMDL.
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.2. 2.~ iSP.’; I) efinitions

There are no macro. define or require statements in ,\MDL .

2.2. 7 Predecl ared Entities

There are no predeclared entities in AMDL.
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3.0 .‘.otation

As mentioned earlier , this report assumes that the reader is familiar wi th  the descripti~e
techniques of denotational semantics. For those who are not. se~eral discussions of the techniq ue
of denotat ional semantics can be found in the literature. Of these, [Gordon, 78] gi~es an
exceptionally clear introduction to the subject. This section merely review ’s the notational
conventions used in the report. Whene~er possible. the con’.entions used are those of Milne and
Strache~ as found in [Milne & Strachey. 1976]. It was felt that , despite its shortcomings. it wa s
better to use the standard convention than introduce a variant,

3.1 Syntax

The AMDL syntax is specified by a list of syntactic domains and a set of BNF-like equations
giving the definition of those domains. The list of domains is of the following form:

Dec Declarations

which states that ~ will be used to specify an element of the domain Dec which is the domain of
A\I D L Declarations. Capital Greek letters (such as ~) are always used to represen t an element
from a syntactic domain. An attempt was made to match the Greek letters with the domains in a
meaningfu l way . but this was not always possible. The use of single Greek letters to denote
syntactic elements is one of the conventions of denotational semantics which may be worth re-
examining.

An example should serve to expla in the meaning of the syntactic equations. Again , considering
the domain Dec. w e ha ’e:

::= (proc fl 0 (rh 
~ 2 11n�& ~ 1 ~ 2 “ ~ m�0 A ) I

(over  lb (Il l ~ 2 ... fl n D I
11

The notation “ :: = “ is used to define the set represented by the element on the left by the
expression on the right. The ~ertical bar “ I ” is used as an alternation symbol. From this example
then, we see that a declaration i~ can be any of the three forms (proc .. .). (over .. .) or 11.
Boldface type is used to denote ,\MDL ke~words. such as proc or over. The parentheses can
be ‘iewed in either of two way s.  Since ,.\MDI. programs are actually list-structures , the
parenthesis can be thoug ht of as denoting that list structure. For instance. (over  h o (

~‘i ~:is a list containing three elements , the last of which is a list as well . Alternatel y, the synta x
can be thought of as representing the ~~ in which an AMDL program would be printed. In this
case. the parentheses would he ~iewed as (reserved) symbols of the language. In LISP terms, it is
the question of whether to model the lists t.hemsel’es or their print-na m es. The distin ction does
not a ffec t the semantic definiti on.

Subscripts are used to distinguish between in d i~ idual occurrences of an element from the same
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syntactic domain. Ellipses are used, as in over fl~ ( 111 11: 
,,, 

11n~~’ to represent a sequenc e of
items. The members of a sequence are indexed from I and. unless other w ise note d. \cqu encc\
contain at least one element. Note that in the abo~e example. fh 0 is not an elemen t in a
sequence. A more complicated example is gi~en by (proc  [1~ ~~~ 

[1, 11n>& ~ l ~~
~ m>0 A) . Here. there are two indepen dent sequences . both of which couTd be empt ~ .

The use of ellipses in denotational semantics is not limited to synta x alone: it occurs in the
semantic equations as wel l. As part of a definitional techniqu e whose forte is ~ts mathematical
prec ision . these ellipses appear at firs t to be somewhat out of place. Most formal definitions
make use of recur sion to represent such iteration. Howe~er . it is not the notation that gi~es
denotational semantics its power. but the mathematical objects (domains. functions . etc.) being
denoted. The use of elli pses is sufficient as a notati onal mechanism in that it is unambigous. j
Indeed . many people find the ellipses to be a much more natural means of repre sentati on than ‘

I
the recursion mechanisms which they replace.

3.2 Semantics

The denotational semantics of a programming language is defined by means of functions from the
set of programs in that language into a set of denotations. In the case of .\MDL , we will be
defining a function P whi ch maps elements from Pro (the set of programs) into elements from
ANS (the set of answers), otherw ise written as P:Pr o—~ANS, The function P is kno w n as the
semantic f ui; cno, i for the syntactic domain Pro and is specified by a semantic equation. The resu lt
obtained from applying P to an AM D I .  program is known as the denotation of that prog ram.

Before we can define the semantic functions, however , we must introduce some 3etnantic domains,
These domains define the typ es of objects with which the semantic functions will be dealing . A
simple example of a pa ir of semantic domain definitions is:

v:V = (0, 1) Bits
18 :B =V ~ Bit Strings

This sa ,. s first th at V is n.e domain of “bits. ” modeled by the set consisting of the integers 0 and
1. Furthermore . element s from V wi l l  he represented by variables of the form v. v 1. v2 etc.
Then a new domain B is define d in terms of V. The notation V + is used to repre sent the set of
all finite . nonempt y sequences of elements from V.

We also will  need to introduce some operation s on these domains. Since this report is concerned
with descriptive semantics, we wil l  not pro s ide rigorous definitions for these operations. It is
assumed, however , that the domains upon which these function operate are chain-comp etc.
partially-ordered sets. or CPO’s. and that fu rth ermore. these functions are continous o’er CPO’s.
A more thorough treatment of this subject can be found in [Mi lne & Strachey . 1976J. which
draws the initial work of Scott [Scott. l9~6J .
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Sequences

~d 1 .d 2 ... .d~ > \ is : ~o n t a i n I n g  th e clcrnc nN d 1 .d 2. .

\umh er  ofe lements n d  C \ .  ~ <d 1.d 2 d~ > = n )
d.~i ‘ftc ith element old ( e \ .  <d 1 .d 2 d~ > .~i =

dt i  l’he ith tai l ~fd
( e \.  <d 1.d2 d~ > t i  = <d 1 ~, 1.d 1 + 2, ,d 0 > 0 < i < n )

d~ e The concatenation ofd and e
( C\  < d i i >  § dti = d t ( i ~- 1), 1 �i< #d)

Function Spaces
D 1 —‘D 2 = ( I I  f:D 1 — ‘D 2 and f is continuous)

Products
D 1 xD 2x ... XD~~~(<d 1,d 2 d n > I d ~E D~. = 1 .2.3 n)

Sequences
D ’~’ {<d 1.d 2 d n > I d i ED . i = 1 .2 ... .)
D = {<d 1 .d 2 d n > I d i ED . i = 0.1.2.... )

Sums
D 1 + D 2 + ... + D~~= {<d 1, i> i =  1.2 n and d~ED ,) U {J..)

/ true ild = <d 1.i >
dED~ = I false i fd  = <d 1.j> and j� i

\ .L i f d = J . .
dID 1 = / d~ i fd  =

\ I otherw ise

d 1 in D =

N test

1. ftc symbol € introduced abo~e is identical in design to the standard

~ct membership €. It can only be distinguished b~ its size. In the
scm dn tL equations. € is used almost excIusi ~e Iy.

2. It is con’ entional to let context denote whether  an element is in D~or in D = D 1 + D2 + ... + D~ . Specifically:

(a ) If d~ED~ occurs in a context req uiring a member of
D = D 1 + D2 + ... + D~ . then “d i ” should be interpreted as

in D.”

(b ) If dED 1 + D2 + . ..  + D0 occurs in a context requiring a
member of D~. then “d” should be interpreted as “dI D~.”

l’he semantic functi ons w i ll he defined by first gix ing their associated function space . as in the
t ollo w ing exam~,le:
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A :Act—W -.G-~C-.C

which sass that the semantic function A is a member of the function space Act~~U~~ G— ~C— ~C.
Semantic functions are gi \ en }-y one or two letters in the italic type shown. l’he notation
Act—~U— . G -—~C--~C is short for Act—+( U— .(G— ’(C ’-oC))). In fact. this specific domain could
have been defined (though not identicall y) as A :(ActXUXGXC) — .C. H owe~er. the practice of
utilizing the “cascading ” function space (known as cur~3’ing) has advantages in terms of a
shortened notation.

Afte r the semantic domains have been given for the funct ions. a set of equations will he given.
In general , one equation will be given for each syntactic case. Conventions used within these
equations are as follows:

Xa~ y .E is equivalent to Xa. (X $ .(X y. E))) for any E

Fa/3y is equivalent to ((F( a))( / J)) fy ’)

Fa~~=E is equivalent to F =A a f ~.E

a0$o’y =

means “ !f a then E 1: else if /3 then E2: else E3”

F[a/i] = Xri.(n = i)—+a.F(n)

F Bold square brackets [] wi P surround any syntacti c element used as an argument to
functions.

During the definition of the semantic function , it wil l  become necessary ’ to introduce some
auxiliary or support functions. These functions will always be represented using italicized.
boldface type as in support. These functions will be introduced as they are needed. but are
listed again in the appendix for reference .

(
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4.0 Formal Definition of .4MDL

This section presents a complete definition of ..\MDI . using the techniques of descripti~e
denotational semantics. First , the sy ntax of the languag e is defined through a set of BNF- l ik e
productions. Second. a set of semantic domains are introduced which fo rm the framework
around which the defini L~~n u

~~!i uC built.  Finall y , the semantic equations associated wi th  each
syntactic production in the language are gi ’.en. Together these components serve to totally define
the meaning of any AM DI. program.

4.! Syntax

In Section 2. we informally examined AMDL and its syntax. We used mctaexpressions such as
(word id exp)  where the terms id and. es ’p were loosely associated with the domains of
identifiers and expressions . respecti~ely. Then in Section 3. we introduced a slightly ’ more formal
notation. This second notation will be used from now on out. Some slight differences in
organization from the earlier section may’ be noted. but the definitions are equivalent. The
complete definition follow’s and is reproduced in the appendix.

4.1. / Syntactic Domains

A:Act Actions
B:Bin Binary Operators
X:Con Constants
Z:Dcl Decode Clauses

~ :Dec Declarations
E:Exp Expressions
I :lde Identifiers
N:Num Numerals
P:Ref Variable References
K:SRf Structure References

~ :Str Structures
T:Tra Transfer Operators
T:Una Unar y Operators
fl:Var Variables

4, 1.2 Syntactic Equations

A :: = (cond (E A)) I (decode E Z 1 Z 2 ... Zn ) I (label I A) (leave I) I
(restart I) I (resume I) (repeat A) f (seq A 1 A 2 . . .  A~ ) I
(par A 1 A-, .. . A n ) I (call I E 1 E2 ... En�O ) E I (write E)

B :: = usp lus usdifference I ustimes I usquotient I usremainder
useqi I usneq usiss usgtr us leq I usgeq ustst
tcp lus tcd i ff erence I tct imes tcquo t ient I tcrema inder I
tceq l tc neq tcls s tcgt r I tc le~ tc geq tctst
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ussr0 u ssr l ussrr ussrd I usslO I ussli  J uss l r J uss ld
us or us xor I u sand I useqv I
usconc

X ::= (bconst N 1 N 2) I (hconst N 1 N 2) I (oconst 
~‘~i ~~

) I N
Z :: = ((s i ~ 2 ~~~ ~~ 

A) I (~ A) I A I (oth erwise A)
A : := (proc fl 0 ~~~ ~

“ ~~n>& ~ 1 A 2 A m>O A) I (over fl~ (fl 1 fl 2 ... Fl~)) I
lb

E :: = (ussub E K) I (B E 1 E~) I (T E) I (call P E 1 E2 . En�ø) I
(1 (P 1 ~2 ,

~
, F~) E)) I F

I :: = The set of legal identifiers
N :: = The set of numerals consisting of the digits 0-9
P :: = (words (bits I K) E) I (words I E) I (bits I K) I I
K ::= (pair  X 1 X2) I E

(pair X 1 X 2) I X
T :: = u sset tcset
P :: = tcminus usnot
Ii :: = (words (bits I 

~~~~ ~~ I (words I Z) (bits I ~
) I I

4.2 Semantic Domains

4,2.1 Datatypes

The only’ datatype in AMDL is the bitstring . There are no integers or booleans as they occur in
other programming languages. The definitions relating to bitstrings are as follows:

v:V = {O,1) Bits
Bit Strings

e:E = {<m ,ri>Jm ,nEN. n�0, O�m<2~.1} Expression Values

The first two domains are straightforward. but the third might he somewhat puzzling. The
elements of E are simply other (equivalent) representations for bit strings. This representation
turns out to be more convenient in several places in the definiti on. An element from E can be
thought of as a <valu e.leng!h> pair. where value is the base-two integer value of the bits t ring that
is being represented and length is the number of bits in the bits cring.

There are some additional dataty’pes which are used dutm g the course of the definiti on:

t:T = {true ,false) Booleans
m,n:N = (0,1,2,...) Non-negative Integers
z:Z = (..., —2 , — 1 ,0,1,2,...) Integers
p : P = N X N  Pairs of N
0 = {~ ) Set consisting of the “undeclared”

element
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ERR = N Error codes
OUT = N Output from w rite action
ANS = (ERR + OUT) ’ Final answers

The domain 0 is used primarily in constructing the target domain of functions which need to
return a “undeclared” or “undefined ” value. The last three lines describe the domain ANS which
models the meaning of an AMDL program as a sequence of output and error codes. It w ill be
seen later that if an error code appears in one of these sequences. it will be the last element in
the sequence (corresponding to a program erro r abort).

4.2.2 Stores

A store is a function used to model some type of memory . As is commonly done, we will
represent our store as a mapping from a set of locations into a set of storable values. In order to
not commit ourselves to any ’ particular location scheme, we will simply define the set of locations
L as “any’ countably ’ infinite s~t. ’ If we had chosen some finite set, then we would have had to
address the problem of finning out of locations. We could have let L be the set of nonnegative
integers, but there was no reason to be that specific.

Most storable values in present-day computers are words of a fixed length. For reasons which
will become evident as we proceed. we will use bits rather than words as our storable values. We
will also find it useful to include the set F of function abstractions and the set 0 in our set of
storable values , F w i l  be described later. Our domain for stores, then , looks like:

o:S=L -.(V+F+ 0) Stores

4.2.3 Variable Descriptors

It was mentioned earlier that the ’ primary AMDL dataty’pe is the bitstring. But notice that we
have not included bitstrings in our set of storable values. In order that we may work with stored
bitstrings. we introduce the following two domains:

= L + Word 1.ocation Strings
a:A = W + Arra y Location Strings

Word location strings are simply a nonempty sequence of locations , and array location strings are
simply a sequence of w ord location strings.

AMDI. variable s, however , come in vary ’ing lengths and indexing schemes (e.g., (bit s (words
too (pair 0 15)) (pair  7 4)) or foo[0:15](4>). Our description for variables must include this
additional information. The following domains are introduced for this purpose:

w:WORD = WXP Word Variable Descriptors
a:ARRAY = AXPXP Array Variable Descriptors

The P component of a WORD is a pair of numbers which give the left and right bitnames of the
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word ~ariable being described. ‘ftc ARRAY domain requires two P components . i’he first
describes the bitnames. as in a WORD. but the second is needed to describe the w’ordna,nes of the
array. For example. if “a ” is an array variable descriptor being used to describe the ~ariab lc too
declared by

(bit s (words too (pair  0 15)) (pair  7 4))

then a of the form

a= <a. <7 ,4> , <015>>

for some a. For example , then. the expression a43~ 2 (=  15) can be used to access the index of
the rightmost word .

4.2.4 Continuations

i’he theory of continuations is fundamental to descriptive denotational semantics and to this
definition in particular. Anyone who is not comfortable with the idea of continuations after
reading these few paragraphs is strongly urged to consult one of the references. The AMDL
definition contains several types of continuations. Basicall y ’, a continuation is employed in the
semantic definition of any AMDL construct whose e~alutation might result in a change in the
sequential flow’ of control , due to the possibility of errors. branches or similar occurrences. As it
turns out. most of the AMDL constructs fall into this category . including the three major ones:
declarations , actions and expressions.

Continuations are functions from intermediate results to final answers, Inte rmediate results can
be thought of as the results produced by an individual construct. For instance , the intermediate
result of a constant is simpl y the value of that constant. The intermediate result of an assignment
action is a new’ store. The intermediate result of an assignment expression (an assignment used as
an expression) is both a new store and a value. The continuations for the various types of

* constructs. therefore. are functions whose domains are the various types of intermediate results .

But why have continuations at all’? Why’ not let the denotation of a construct simply ’ be its
intermediate result? ‘lo see the answer to this , consider the assignment action. As mentioned
earlier , an assignment action produces a new’ store from an old store . One might suggest. then.
that the domain for action semantics should be that of store-to-store functions. But what about
the branching actions (e.g.. lea ve. restart . resume). These seem to leave the store unchanged.
but their denotation would certainl y not be the identity function on stores! We need to convey’ .
somehow , that these branching actions change the normal, sequential course of events. This
problem is solved by letting the denotation of an action be a function of the rest of the pr ogrwn.
where rest of the program refers to all of the remaining computation. More precisely, we let the
denotation of an action be a function of an action continuation whose domain is given by
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O:C = S—PANS Action Continuation s

If an action does not cause a branch. it simply applies its continuation argument to the new store
that it produced. If a branch is desired. some other function (say a jump j )  is applied instead.

Expressions, as mentioned earlier , produce a value in addition to a new store . But they , too. may
alter the flow of control. Division by zero or procedure calls which take abnormal return s are
two ways in which this may’ happen. The domain of expression continuations is defined as
follows:

.c:K = (EXS)- ANS

That is. expression continuations are functions of expression values and stores. But by currying
the above domain , we get

K:K = E— ~S--’ANS

which further reduces to

sc:K = E—+ C Expression Continuations

This type of simplification will be performed frequently throughout the definition, usua lly without
noting the intermediate steps.

The next type of continuation is for structure references. A structure reference is tha t component
of a variable reference that references specific bits . A continuation is needed because a structure
reference may’ be an expression. and an expression require s a continuation. The intermediate
result of a structure reference. though . is a number pair p and (due to the presence of an
expression within the structure reference) a new store. This leads to

= P—. C Structure Reference Continuations

But how’ can this continuation be used as an expression continuation? Quite easily, as will be
shown later.

\‘ariable references also require their own continuation. The intermediate result of a variable
reference is a word location string and a new store. A variable reference must produce a word
location string, rather than simply a b itstr ing. because variable references occur in the destination
component of assignment statements as w’ell as in expressions. This gives us:

= W— ’C \‘ariab le Reference Continuations

i’he rest of the continuations are somewhat more complicated, involve some domains which have
not yet been defined , and wil l  be covered in the corresponding section on the semantic equations.
They are listed here for completeness:
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o:O = A— .AN S O~ er lay Continuations
= Q—~u--’c I )eclaration Continuations
= L—’.((JX(J + 0)X(J + 0)) + 0) Procedure Abstraction Continuations

4.2.5 Other Domains

Before we look at the ent ’iron,nen! domain, there are few other domains that deserve attention.
One of the interesting results of the theory of continuations is that the semantics of a program
“jump ”. rather than pro~iding great difficul t ies. becomes quite simple. In thi s case, a “j ump ” is
simpI~ an action continuation. This makes sense, in that a jump merely directs the computation
to a different rest of the program. So. we have:

j:J =C Jumps

We have not said anything yet about how we are intending to model the meaning of an ~MDL
procedure. We introduce the notion of a procedure abstraction as follows:

Procedure Abstractions

This models a procedure as a function of a sequence of expression values (corresponding to the
arguments of the procedure), a procedure abstraction continuation G (to be discussed later ) and a
store (embedded in C).

In order that we may ha~ e a way’ of determining which variables have been bound at a particular
textual point in an AMDL program. we introduce the domain

q:Q = lde’— ’({true) + 0) Local Binding Functions

which we will use for this purpose.

We also introduce the domain 0 which will be a “uni~ersal” domain to be used by support
functions whose arguments are . in a sense, type less.

= All finite domains which can be constructed from given primi tive domains and a
finite number of construction operations.

We will also have occasion to use ö as a ~ariable in places where it is necessary ’ to represent
elements from domains not explicitly mentioned.

4.2.6 Environn ,eni

~\n environment is used to associate semantic information with program identifiers. In the case of
AMI)L, this information deals with variables. procedures and labels. If an identifier can be used
as a variable , the environment associates a variable descriptor (either word or array) w ith that
identifier. Different environmen ts may be in force at different times in the prog ram. l herefore.
the semantic information associated with a gi~ en identifier depends upon the en’. ironment in
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w hose range it lies. If an identifier can be used as a proc edure . then the envir onment tells how
many parameters that procedur e must have and provides a pointer to a procedure abstraction.
(The reason for using a pointer w ill be seen later,) Finally , if an identifier is used as a label , then
the environmen t contains jump s (members of J) which are to be used during branches to that
ldbel. There is a fourth component to the environment ,  which is used to contain the unique
location associated with the procedure in wh ich the environment is being used. This fou rth
component can be ignored for the time being. Our domain , then looks like

p:U = UVARXUPROCXULABXL
UVAR = (l de— ”(ARRAY + WORD + 0))
UPROC = (Ide— ’((LXN) + 0))

ULAB = (lde—’((JXJ) + 0))

The reader should try’ to familiarize himself with the above environment domain , as it will be
used frequently throughout the definition. If this is too difficult , simply remember that the first
component deals with variable definition , the second with procedure definition , and the third with
labels. The contex t in which the components are used should provide some adaitional help.

28



4.3 Semantic Functions

We are now ready to look at the heart of the definition , the semantic functions. For each
construct . we will provide a semantic domain and a set of semantic equations which will
collectivel y define the construct ’s semantics, The domains and equations will  be discussed in
detail and related to actual programming situations. In some cases. a number of akernati se
semantic interpretations and their denotations w ill be discussed.

The constru cts will be presented in an order that will facilitate a bottom-up assimilation of the
definition , There will be some forward references, but these will be clearly noted w’hen present.
The unary and binary operators , due to their number , will be presented last. Several “support ”
functions will appear throughout the semantic equations as they ’ are required.

4.3.1 Ideni~,f iers

There is no semantic function for identifiers. Elements from Ide are used directl y in the semantic
equations .

4.3,2 \‘umbers (N:Num—~N)

The semantic function N maps elements fmm Num into their decimal interpretation. This
function is not defined by’ any equation.

4.3.3 Constan ts (C:Cor’i —”E)

The semantic function C maps constants into expression ‘.alues. The first three types of constants
explicitly ’ specify their value and length. so C is just given by

C((bconst N 1 N 2)] =
C((hconst N 1 N 2)] =
C((oconst N 1 N 2)] = <NEN 1],N[N21>

The other type of constant is simply’ a numeral ~~~. whose meaning is an expression consisting of a
value N[N ] and a length equal to one greater than the number of bits required to represent N.
Some question arises as to the length when N[N] = 0. In some sense. it takes one bit to represent
“0”, because ~io bits have ~,o meaning. On the other hand, it could be argued that it should take
one more bit to represent a “1” than a “0” . for the same reason that it takes one more bit to
represent (say) a “4” than a “2” . We have chose n the latte r alternat i ’.e and defined the length of
“0” to be one (that is , one more than zero). So, the definition of C is completed by

C(N] = < N ( N] , inh Iog (N[N]) + 2>

for N(N]�1

C(N] = <0 , 1>
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for N [ N ] = 0

w here intlog (n) gi ’.es the integer part of log2 n.

4.3.4 Structure References ( K : S R f —  U— ’G — .M-- C )

A structure reference is either a pair of constants , as in (pair  X 1 X~) or an expression E. This is
the mechanism used to refer to a particular bit field in a variable reference. Because of the
possible occurrence of an arbitrary expression inside of a structure reference. the semantic
function K must be a function of the environment p. a procedure continuation y. a structure
reference continuation itt . and a store a. (Again , note that K could also be viewed as a member
of [( SRfXUXGXMXS )— ’ANS J . but that the above notation lends itself to shorter definitions.)
Not all of these arguments are used in the case of the pair of constants. whose semantic equation
is

(Ki)  K((pai r  X 1 X , ) ] p y ~ = p(C[X 114. 1.C[X 2]4 1)

That is. the structure reference continuation is applied to the value portions of the two constants.
and the other arguments are ignored. The equation for the case of the expression shows how one
ty’pe of continuation is utilized in creating another ty pe of continuation. Here. we ha ’.e

(K2) K[E]p’y~ = E[E]py{Xe.~ (e’l~ 1 .el~1)}

This says that the meaning of a structure refe rence E is the meaning of E[E] with the same
environment and procedure continuation , but with a new expression continuation. This
expression continuation. {Ae.~i(e4.1.e4~1)}. takes the expression value and uses its value
component as both arguments to the structure reference continuation. In other words , when a
single expression is used as a structure reference it is referring to a single bit.

4,3,5 Fariable Reference. s (R:Ref — ’ U --’G--’H --’C, RI :Ref —. l de)

There are two semantic functions listed abo~e. The second function RI will be necessary later on.
It simply returns the identifier contained w ithin the construct.

(RH ) RI( (wor ds (b its I K) E)]=l
(R l2) RI [(words I E)] =l
(R l3) R!((bits I K)] = I
(R I 4) RI[lJ=l

l’he other function. R, is the function which allow s access to variables. As discussed earlier , its
i, ite?7izediate result is a location string. There are several things . though , which must be true for a
reference to be valid:

o The ~ariable must be defined (i.e.. in the environment).
o The ~ariable must be accessed in the right mode (words as words , arrays

as arrays).
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o l’he bit or word references must be within bounds.

If any of these conditio ns is not satisfied. then the progra m is considered to be in error . How .
though. is an error condition represented in the conditions? First . recall that the semantic
function PROC is a function from programs into answers, where answers are modeled by the
domain ANS = (OUT + ERR) *, with the domains OUT and ERR being equivalen t to the domain
of nonnegative integers , N. That is to say. an answer is essentially a sequence of zero or more
nonnegative integers, tagged as to whether they are from the domain OUT or from the domain
ERR. The elements from OUT are generated by evaluation of wri t e  statements . The elements
from ERR , however , are generated when a nm-time error occurs via functions such as err , whose
definition follows:

(SF7) errN— ’S--~ ANS Program Erro r
err( n)a = <n in ERR > .4

Given an argument N (used to denote an error number) and a store a. it produces a sequence
consisting of the single element “ n in ERR” . A list of error codes and their meanings can be
found in the appendix. Although the store is not used in the definition , it is present because the
err function is frequently used in places where it is desirable to return a function of type
S—~ANS or C. It migh t be more appropriate to think of the definition of err as

err:N—” C
err(n) = (Xa .<n in ERR>)

We return now to our discussion of the semantics of variable references. Taking the simplest case
first, we have

(R 4) R( I]p ’y i~=
ô(WORD—.’err( i 1),
i~(ö 41)

w here & =p ’l ~1 [I ]

which looks at the variable portion of the en~ ironment applied to the identifier I and calls it &.
If & is undefined or is an ARRAY , then an error has occurred. Otherwise, the variable reference
continuation tj is applied to the entire location string 84.1.

‘The second case we will look at involves specific bit references. Here , we must first determine
that the bit re ference is valid and then reference the appropriate bits. Determining the ‘.a l i di t v of
the bit reference is done via the support function legal

(SF10) lega!:(PXP) ’- ” T Determines if access is legal
legal(p1,p2)=

p24.i �p242—’(p24.1 �p14.1 �p1 4.2�p24.2),
(p2 4.1 �P i 4.1 �Pi 4.2�P24.2) 

*
legal is a function of two nonnegative integer pairs p 1 and p2. The pair p2 is interprete d as a
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declared indexing scheme. ‘[hat is. p24.1 g i’s cs the leftmost index and p24.2 gises the rightmost
index . The pair p 1 is interpreted as the reference. What the function does is to first determine
whether the indexing sc leme described by p2 is ascending or descending and then to determine
whether the pair p 1 is an appropriate reference gi sen that scheme.

After determining that a reference is legal. the reference must be made. Because t \MD L supports
such a wide range of indexing schemes. references are first convened to normalized form .
Normalized form is that which allow’s us to extract elements from a sequence using the standard
operation “ 4.” . That is. we will assume sequences are indexed from left to right , beginning with
1. and that normalized references assume this indexing method. We introduce a normalization
function norm which performs this normalization process.

(SF13) norm:(PXP) —+ P Normalizes access
norm(p 1 ,p 2 ) =

p24.1�p24.2—’<p 1 4. 1— p24.1+1,p1 4.2—p24.1+1> ,

<p241 —p 1 4.1÷1,p24.1 — p1 42+1>

for legal( p 1,p2).

a reference p1 and a defining pair p2. norm returns a normalized reference. Rather than
stepping through the definition , we will gise a few examples

norm(<7,0>.<7 ,0>) = <1.8>
norm( <2 ,3> .<0, 15>) = <3,4>
norm(<2,3>.<1 ,4>) = <2.3>

norm(<5,5)’.<7.5>) = <3,3>

The actual extraction of elements from a sequence is done via the function extract, defined as
follows:

(SF8) extract:(PXD ’4 ’ ) —.D ’4’ Returns sub-sequence of D4’

ext ract(p, B ) =
<64. (p4.1) ,64. ((p4. 1)+ l), ... ,& 4 .(p4.2)>
for 1<p4.1�p42�#&

l.e us now examine the second type of ‘.ariab le reference.

( R3) R[(bits I K)] p ’y ~ =

~~WORD—’err(1 1).
K(K]p’y{Xp. ”legal(p.64.2)—’err(40).

~(extract(nor m(p, â4 . 2) .84 .1 ) ) )
where & = p 4 . l ( I ]

First, 6 is checked to see that is has a WORD definition , as before. If this jc the case , then K[K ]
is e ’.alu ated with a structure reference continuation that contains the appropriate bounds
checking. In this continuation ,  first the argument p is checked to see that it is a legal access.
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‘Ibis is done in lega!(p,64.2). whi ch compare\ the pdir p wi th  the hounds t~ro~n the en ’ir onm cnt
64.2, If the reference is legal. then no more errors arc poss ible and the onginal s~iriabl e reference
continuation may be applied to the appropri ate subset of the 1o~atio n stnng for that sariah i e.
This subset is found by first normalizing the reference p (norm(p ,ó4.2) ) and then extracting th e
appropriate locations (extract( nor m(p. 6 4. 2).& 4.1)).

‘l’o determine whether bit references outside of the defined boun daries are s au d in thi s case. the
function legal can be consulted. It will show that this is not allowed.

The next type of vari able refe rence in so ls es arra y accesses. Here, we must perform bounds
checking as well, hut rather than ha sing a structure rrferen ce K in sol sed. we ha se an expression
E.

(R 2) R [ (w o rd s  I E)]p’y ,~ =
6(ARRA Y— ~’ err( 1 1~~.

E [ E ] p 7 { A e . ”le ga l (<e4.1 .e~ 1 > . ö4. 3)— .err (12).
i~(extract(norm(<e4.1 ,e 4.1 > 6 4 . 3 ) 6 4 . 1 )4 . 1 ) )

where 5= p ,J . l [ l ]

First, 6 is checked. as it must be an ARRAY . Then, the expression E is esaluated wi th  a
continuation similar to the one for bit referen ce. Because legal expects number pairs. we form a
pair < e41 .e4.1> w here e4. 1 is the salue component of the esaluated expression , We the n call
legal with this pa ir as one argum ent and the array bounds (64. 3) as the other argument. If the
access is legal . then we use extract and norm as we did wi th  the bit reference, except in this
case w’e are passing an array location string to extract rather than a word location string. The
result is that we get back a list of one element , which is the word location string we want , This
one element is then selected.

The final type of sariable reference combine s both a bit reference and a word reference, l’he
equation for this ty pe simply combines the operations of the previous equations.

( R i)  R ( ( w o r d s  ( b it s  I K) E)]p ’y~ =
~~ ARRA Y— ” er r( 1 1).
E[E]p’y(Xe . ”!egal(<e4.1 .e4.1 > ,84.3)-.err(1 2).

K [ K] p ’y ~ )
where & = p 4 . 1 [ I ]

= (Xp. ”legal(p .64.2)—”err( 13),
i~(extract(no r m(p,S 4.2) .c~)))

w here w= extrac t (nor m(<e4.1 ,e4.1 > , 64. 3) 64 .1) 4 .1

Here we see how the order of eva lua ~~,ii of the components of the construct , in this case the K
and the E. is specified. By gising E[E] a continuation with includes K [K] we are speci lsing that
E is to be evaluated first.

33 
‘



!‘h c question of specifying the order of es a lu at i on of the components of a Lonst ruct i~ a

sign :f ican t one. One clearl y , then . has to make some statement concerning thi s e sa luat ion.  One
possible statement would be to say that  such order is undefined. I’h is would heavily discour age
the use of side-effect -producing constn ict\ in certain situation s , a lthough it w ould  admit  the
p ossi b il it~ of programs which gi s e nunreproducible results. In addition , it would re l iese the
programmer from has i r g  to memor i ,’e p ossihl ~ complex esa luation rules. On the other han d , we
could exp l icit h state the order in which  constructs are esaluated. ‘l’his would permit “side-effect
programming ” . pros ided one ss as w i l l ing  to memorize the es aluation rules. It would also ensure
programs which gi se the same result each time they are run , ‘[here are arguments for both
approaches. Some language designers have asoided the problem by el iminating side-effects from
important constructs. such as expressions , In this definit ion , we have chosen to specify the order

~f es aluat ion expl icit ly , partly due to the simp lici ty of this approach from a notational standpoint.
Howeser , there are techniques in denotati onal semantics whi ch allow one to specify that the order
of evaluation is random. lhe sc techniques are discussed in [\li lne and Str achey~.

4.$. o Exp ressions (E :Exp — ~U— G—+ K —.C)

By now , we ha se come to expect a certain kind of semantic domain. ‘I’herc is usually an
ens ironment. a procedure continuation , a continuation for the particular constnict and a store.
‘the semantic function E follow s thi s cons enti on. in this case using the expression continuati on K.
K . again , is the set of functions from expression salue s and stores into ans~ ers (E~~C) .

Be fore we can examine the equa tions ho w e ser , we need to introduce some additional support
functions which w il l  allow us to mose easily between expression salues and bitstring s.

(SF5) econv:B—’ E Conserts a B to an E
econv(p) = <n. #$ >
wh ere n = ( # / 3 = 1 — . / 3 4 . 1 ,

$4 . (# / 3 )  +2 ( e4l ) )
e=eco:~”( ex t r a c t (<1 .# $ - 1> ,$))

(SF4) bconv:E~~B Con’ erts an E to a B
bcon v (e ) =f3
such that econv($) = e

(SF14) pwr :(NXV) — ’ B Generates tuples of an element from V
pwr( n .v) = <v 1. v2, ,,. . v~>
w here v 1 = v .  = 1 .2 n
for n�1

(SF3) adju st: (BXNXV) — ” B Shortens a bitstring. or extends it on the left
with copies of a given element from V

adjus t(/ 3.n , v) =
n< #/I — .exfr act( < # / 3 — n +  1 .#~~>jJ),
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pwr( n— #/3 , v)~/3

The firs t two functions econv and bconv convert between expression values and bitstrings. The
definition of bconv can simply be the inverse of econv because the functiri ns are one-to-one.
The function pwr generates all-zero or all~one bitstrings and is used by adjust , which either
extends or truncates a bitstring on the left.

The first type of expression is used to extract a bitfield from or to extend another expression.
The equation is

(El) E [(ussub E K)]py ac =
E [ E ] p y { X e. K [ K ] p y ~.t}

where ~ = {Ap.pJ . 1 �p4.2—~’K(econv( extract(norm(p, <n — 1 ,0>),$))),
err(14 )),

n = max(p4l  + 1 ,e42)

/3 = adjust(bconv(e),n.0)

E is esaluated with a continuati on which includes the evaluation of K. K [KJ is evaluated with a
continuation that first checks that the re sulting stnicture reference is legal. In this situation.
“legal” means that the first number is greate r than or equal to the second number , since there is
an implicit indexing of the bits of the binary representation of expression values in this situation.
which is ascending right-to-left beginning with zero. If the pair is legal . then the original
expression continuation ic is applied to the appropriate salue. This value is formed by’ first letting
n be the maximum of the length of the expression and the leftmost number in p plus 1. We
then create a bitstrin g of length n , with the assurance that we can then legally extract a subfield
w i th  the pair p. ‘rhis is done by converting the expression to a bitstr ing with bconv(e) . then
passing this and the number n to the function adjust which creates a new bitstring /3 of length
n , padded. if necessary. with the third argument 0. Bits are then extracted from /3 using the pair
p normalize d to the aforment ioned indexing scheme (extract(norm(p, <n - 1 ,0>),$)). This
resulting bitstring is then converted to an expression value with econv and the result passed to
the expression continuation K .

The second type of expression involves the binary operators.

(E2) E[(B E1 E2)]pyK =
E[E 1]p ’y {Xe 1 .E[E 2]p’y{Xe1 a.B[B~(e 1 .e2) {Ae .K(e)a)))

E 1 is evaluated, followed by E2 and both results passed to B.[B]. Note that B does not require
an environment or a procedure continuation. This is because it operates only on expression
values. It does require a continuation , however, because it may result in an error (e.g.. dis ision
by zero). The continuation for binary operators is a function fro m expressions into answers. l’his
is different from an expression continuation whi ch is a function from an expression and a store
into an answer, Consequently. we must construct the continuation (Xe.K(e)o) for use w ith B[B].
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‘[he equation for expressions in so lving unary operators looks similar. except that the unary
operator function U does not require a continuation. Rather it returns an expression salue which
is then used as an argument to the expression continuation. ‘I’he equation is then

(E3) E[(T E)]p ’y sc =

E[E]p’y{Xe.ic(U[T](e))))

Before we look at the fourth type of expression , it is time that we examined the procedure
continuation domain G a little more closely. Elements from G are used to represent something
similar to a run-time stack of procedure invocations. It is actually a function from procedure
pointers (locations) to a triple of “jumps ”. These jumps correspond to the rest of the p rogra ’n for
a leave, restart ,  and resume of that procedure. This definition always uses the variable ‘y to
represent that function. At any point in the computation . y( l) (where I is a location associated
with a procedure) will be defined for exactly ’ those procedures which are currently invoked, This
latter fact is used in the following equation.

The fourth type of expression is a procedure call. Its definition requires the introduction of two
more support functions,

(SF22 ) update:(D + XNXD)—+ D + Sequence update function
upda te( 6 ,n ,d)  =

<6 4. 1, 84.2, ... , &4. (n — 1), d , 64. (n + 1). ... ö 4 .(  #6 )>

for 1<n<# 6

(SF4.1) der ef:(WXS) — ’E l)ereference function
deref(w ,a) =

econv(< a(w4.1 ).a(w4.2) a(~.’ 4. (# w)) >)
for #~ ,> 1, a(w 4. i)EV , i 1 ,2 

The update function is used to update a seq ence. i’he fi rs argument 6 is the sequence to be
updated. The second argument n gises the index of the element in the sequence to be replaced.
and the final argument d is the new element to be inse rted. l’he funct i on returns the updated
sequence. For example. update(<a,b,c> .2,d)  = < a . d .c> . [he dereference functi on simply
interprets a word location string w ith respect to a ~.isen st ore

With these support functions defined , we can now introduce the semantic s of the procedure call.

(F4 ) E[(calI P E 1 E, . . En>, ø)]p-y .co~ =

6EØ—.err2(9) ,
64. 2 �n— .’err2( 10) ,
‘y (6 4. 1)~~ø—’err2(17) ,
E[E 1]p ’y{Xe 1 .E[E2]p’y{Ae2 E[E~Jpy

w here 6 = p4.2(Rl(P])
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= y[update( ’y(p 44) , 3 ,j)/ p 44] [ <j ,~~,~~>/ 64. 1]
= R[P]py{X0a2.K(deref( (.,.cr.,))a,)

n is the subscript of En
if ri = 0. then the last clause in the equation reduces to

‘[he first thing that should be pointed out is that the above definition uses a new error function.
The function err2 is identical to err except that it has no store argument. As you may recall.
we introduced the store argument into err simply as a convenience and that it was irrelevant to
the definition of err. We do not want a store argument in this case because. unlike previous

~ituations , we are specifying a a on the left-hand side of the equation. ‘I’he a appears on the left-
hand side of the equation because it was necessary to reference it on the right-hand side.

Let’s examine the above equation a line at a time. 6 is defined to be p42(Rl(P]). the procedure
portion of the environment applied to the identifier contained in the variable reference. The firs t
two lines of the equation check that the procedure is defined and that the number of formal and
actual parameters match. The third line. ‘y(8 4 1)~~ø— ~err2( 17) . checks to see if the location
associated with the procedure is defined in ‘y. If it were , then that would mean that a recursi se
procedure call is being attempted , which is not allowed.

If the function is defined and the call is not recursive , then each of the expressions is evaluated ,
beginning with the first. Then , the results (e1 ,e2 .....e~) of the evaluation are passed to the
procedure abstraction a 1(&4l) . (The location (64 1) provides an index into a1 which produces a
procedure absraction of type F.) This result is then further applied to an updated procedure
continuation , y1. update( ’y(p44),3,j) yields an updated procedure continuation entry for the
current procedure , whose location is given by ’ p 44. The change made is to replace the third
(resume) component with the new jump j . This jump j represents what the rest of the program
is to be for the case of a resume of this procedure . The procedure continuation is further
updated by setting the called procedure’s entry to the triple <j, e, e> which serves to define the
leave component , leaving the other two entries undefined. (The restart component wil l  get set
when the procedure is actually entered.)

Finally ’ . we need to look at the jump j. This jump will evaluate the variable reference with the
current environment p . the current procedure abstraction y . and a new store. (‘[he use of the new
store is implied due to the fact that the right hand side is a function of an unspecified store. If
the old store were desired for the variable reference . then j would hase had to be defined by

= {Aa3.R[P]py {Xwa2 .K(deref( w.a,))a,)a1) . But this doesn ’t make much sense, because the
new store is now lost!) l’he continuation passed to the variable reference takes a location string
~, and a store a2 and dereferences the location string in that store (deref(~~,a2)), resulting in an
expression value. ‘I’his expression value is then passed to the original expression continuation K

and that result applied to the store a2 .
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The fifth type of expression is the assignment or transfer expression. Its semantic definition is

(ES) E ( ( ( P 1 F 1 ... 
~~ 

T E)) lpyK
E[E]py(Xe.R[P1]py{Aw 1.R(P2]py{Xw2. ... R[F ~] p ’y~j

where fl {A(~
)
~ a.Ke(T[T]((W 1~~W 2~ ...

The variable references p1 p~, ... P~ constitute the left-hand side of the transfer and the
expression E constitutes the right. As there is more than one type of transfe r in AMDL . the
transfer operator has its own syntactic domain T. AMDL transfers allow multiple variable
references in the destination , and there is no restriction that these variable references be disjoint.
There are several ways in which this transfer could be defined , but let us first look at the above
definition.

First, the right-hand side expression is evaluated with a continuation that includes the evaluation
of P

~
. The continuation of R[P 1] includes the evaluation of P2 and so on. The continuation tj

of the last variable reference applies the original expression continuation K to the result of
evaluating the right -hand expression. This result is further applied to the new store produced by

§w ~),e)a. The arguments to T(T] are the concatenation ~ 1~~w2~ ... of
the location strings produced by the variable references, the result e of evaluating the right-hand
side expression , and the current store a.

While we would need to examine the definition of T in order to determine how the bits of the
expression are assigned to the left-hand side , there are many obsers ’ations that can be made from
the above equation. First of all. the order of evaluation of the components of the construct is E.

~ 1’ ~2 ~n’ Secondl y. it can be seen that no assignment takes place until all of the left-hand
side has been evaluated. This is important because an individual assignment could affect the
evaluation of the remaining variable references. Finally, we see that the original expression
continuation is applied to the expression value returned by’ the right-hand side. Another possible
interpretation would be to dereference the left-hand side after making the assignment and to use
that dereferenced value as the argument to the expression continuation. This dereferenced value
could. of course, be different from the salue of the right-hand side.

The next expression type we look at is the variable reference. The meaning of a sariable
reference as an expression is simply the dereferenced value of the variable. The equation is

(E6 ) E [F ] p~ysc = R(P]p X~ a.K(deref(~a,a))a)

Note that dereferencing must be done with respect to a particular store .

Finally, an expression can be a constant. The semantics are defined by’

(E7) E ( X ] p y a c  = K(C(X])

The term C[X] yields an expression value which is used as an argument to the expression
continuation K.
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4.3. ~ Transfer Operators (T:Tra ’—~(WXE) — ~S—~S)

We just examined the role of the transfer operator in a transfer expression. Its semantics is to
produce a new store from an old one by updating a string of locations w’ith a particular
expression value. Before we examine the equations for transfer operators, though , we need two
new’ support functions which will allow us to express the updating of stores more concisely.

(SF17) ~‘e tb:(WXB)—~S— S  Updates an S with a B
setb(w ,$)a = a[ f l 41/w4l] [ /342/w4 2] ... [/ 34. (#/ 3 ) /w4 (# ~fl
for #~~= #/3 and #w�1

(SF18) set ba:(WXB) —’ S-+S Updates an S with an adjusted B
setba(w ,f3) = setb(~ ,adjust($, # w ,0))

The function setb is used to update a store. gis-’en a location string and a bitstring. Both strings
must be of equal length. Note the semantics of the “ [1” operator tells us that the locations are
updated from left to right. This is important because the locations within a location string need
not be unique. The function setba is identical to setb except that its bitstring argument need
not be the same length as the location string argument. If the two lengths differ, the bitstring
argument is adjusted before the update takes place.

There are two transfer operators. corresponding to the two arithmetic modes of AMDL , unsigned
and two’s-complement. The first operator is usset and is defined by

(TI) T[usset](~e ,e) = setba(w.bconv(e))

The semantics of this operator is just the semantics of setba except that the value argument is an
expression.

The second transfer operator is tcset and is defined by’

(T2) T[tcset](w ,e) = set b(w.adjust(j3, # ~ , 1))
where /3 = bconv(e)

In this case, the value is first converted to a bitstrin g, then adjusted using its leftmost bit as a
extension value. rather than zero as in the case of usset. By substituting the definition of
setba in the definition of usset. one can see precisely the difference in semantics of the two
transfer operators.

Through the use of the setb and setba. the semantics of th~ transfer operators specifies that the
order of assignment of values to locations is left-to -right. This need not be the case. of course. A
right-to-left ordering or an unspecified ordering are two other equally valid possibilities.

4.3.8 Structures (S:Str—~P)

A structure is used in several places in AMDL. Primaril y , it is used to define the bit or word
structui ’e of a variable. It also is found in a particular type of action , the decode action , which
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we will look at shortly. Its semantics is simply a pair of numbers , corresponding to the
constant(s) present

(Ki) S[(pair X 1 Xi)] = <C(X 1]4 1 ,C(X2]41>
(K2) S[X] = <C[X]4.1,C[X]41>

In the case of (K2) where a single constant is specified. the value component is duplicated. Note
that the length component of the constants is ignored in both cases.

4.3.9 Actions (A:A ct—’ U--.’G-- C--.’C)

Actions provide the control structures for AMDL. Like the expressions, their semantics is a
function of an environment p. a procedure continuation y. and their own continuation. An
action continuation is simply a function S—~ANS from stores into answers. This says that the
intermediate result of an action is just a new store, and that actions do not produce any other
values (as do expressions).

The first action we will look at is the label action. Before we examine the definit ion , let us first
consider what the role of a label is in AMDL. Labels can be referred to by’ two operators , leave
and restart , which are used to alte r the otherwise sequential course of execution. Briefly , a
leave of a labelled action is like a “goto” to the end of the action and a restart is like a “goto”
to the beginning of that action. In order that these leave and restart operators can function. a
pair of “jump ” continuations , one for each operato r. is placed in the ULAB (third ) component of
the environment , which is a function of type lde— ’((JXJ) + 

~~). where J is the domain of jump
continuations with J =C. Given an environment p . therefore, and label identifier I . then p 434 1
would give the semantics of a leave of that label and p 4.342 the semantics of a restart. We
are now ready to examine the label definition.

(A 3) A(( labe l I A)]py6 =
A [A]update(p,3,p43[<O.A[(Iabel I A)]p y 6>I I]) 7 8

The semantics of the label action is the semantics of the enclosed action A with an updated
environment update(p , 3 ,p 43[ <9 ,A [ ( la be l  I A)]py 9>/I ]). The third element of the
environment p. as stated earlier , is used in conjunction with leave and restart  actions. Here.
the I component of the third element is being replaced with the sequence ~6,A [(lab eI I
A) ]pyO> . The first element 6 of this sequence is the “leave ” component of the list. That is to
say , the semantics of a leave action within the scope of A will be the semantics 6 of the rest of
the program following this label statement. The second component A [(labe l  I A)]py8 of the
list is the “restart” component. This says that the semantics of a restart action within the scope
of the action A is the semantics of the label action itself. This recursive definiti on is quite
natural when one views the restart operator as a “goto” back to the sta rt of the label action.
Note that the both terms in the sequence <9 ,A[(labe l I A ) ] p y O >  are themselves action
continuations , that is. functions fro m a store into an answer. This is necessary, of course. so that
the store at the time of the restart or leave is passed along to the remaining computation.
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There is no resume element in the sequence because a resume of a label is never legal.

The semantics of the leave , restart and resume operators are now relati’.ely straightforw ard .
Recall that procedure continuations y contain the continuations associated with a leave, rest art
or resume of procedures which are currently ’ active. There must be some algorithm , therefore.
whereby these operators determine whether they refer to labels or procedures. Because resume
is not defined to operate with respect to labels, it will always refer to procedures. The operators
leave and restart , however, will refer to labels if the label encloses the operator in the current
procedure. Only’ if no such label exists. will the leave and restart operators refer to
procedures. The semantics, then. are as follows:

(A4) A [(leave l) ]p 79 =
p43(I](0—’ p 43(l]41 ,
6E0—” err(7),
y(641)E0—’err(8),
y(64l)41

where 6 = p42 [I]
(A5) A[(restart I)]py6 =

p 43(I]( O— ’~p43[I]42 ,
&E0— ~err(7),
‘y(64.1)E0—’err(8),

where 8 = p 42(I]
(A6) A [(resume l) ] py O =

6E0—~err(7),
‘y( 64 1)E0—’err (8),
‘y( &41)43E0—.err(8),

where & = p 42(l]

Both the leave and restart definitions first check whether or not there is a ~alid label of that
name by checking the value of p 4 3( 1] .  If this value is not undeclared , then it is a list of two
continuations and the appropriate continuation is extracted to provide the semantics of the action.
If no such label exists. then the action must refer to a procedure . All three definitions define 6
to be the procedure element of the environment applied to the identifier 1. I f &E0. then no
procedure has been associated with that identifier , and an ermr has occurred. If 6(0 . however.
then 641 is a location which can be used as an index into y . If ‘y (&41 )EO, then the procedure
is not active and an erro r has occurred. If the procedure is active , however , then -y (64 1) will be
a triple of “jumps” corresponding to leave, restart and resume of that procedure. Actually ’.
the third jump (for resume) will be undeclared if the procedure referenced is the current
procedure , and an error will occur. In all other cases. however, the jump is simply extracted as
the value of the action.

41

—“ ,,_u~~.,_,__ __ -~~~~~~~~~ —‘- - ‘



It should be noted that in determining the procedure location 841. the en ’ironment is consulted.
while the actual jump is obtained from the procedure continuation y . This means that only
procedures which are statically accessible may be referenced b~ these operators. Procedures
outside the static scope of the operato r can never be left , restarted or resumed.

The call action is very close to the call expression , both in syntax and semantics. The only ’
diffe rence in syntax is that the call  expression contains a variable reference and the call action
only contains an identifier. The semantics differ in that the call expression effects a reference to
the variable after the procedure has been invoked , whe reas the call action does not. The
equation is

(AlO ) E((cal l I E1 E2 ... En>~)]pyOai =

6E 0—*err 2 (9),
642 �n— ~err2( 10) ,
‘y (S4 1)(0—” err2 (17) ,
E[E1]p~y~Ae 1 .E(E’,]py{Ae2 E(E~]p’y

{Xe~.a1(641 )(e 1 ~~~~~~~~~
where 6=p 42 [I]

= y[update(’y(p44) ,3,j)/ p44](<j,~~,e>/ &41]
j = 6

n is the subscript of En
if n = 0. then the last clause in the equation reduces to

Note that the main diffe rence in this equation and (E4 ) for the call expression is in the
definition of j. In this case, j is simply the continuation of the action itself.

l’he semantics of the repeat and seq is straightforward. The equations are

( A 7)  A[(repeat A)]py6 =
A(A]p ’y {A ((repeat A)] p -yO}

( , ‘\ S) A((seq A 1 A, ... A n )]pyO
A[A j ] p ’y {4 [A 2] p’y ... {A [A 11]py6) ... }

‘[he fi rst equation sass simply that the semantics of repeat is the semantics of the enclosed
action wi th  a continuation equal to the semantics of the repeat itself. The situation here is
identical to constructing the restart component in the label action. This is reasonable, as a
repeat is equivalen t to a label with a restart as the last embedded action. The semantics of
seq shows a nested set of continuations producing the sequential execution of the indi~ idual
actions.

The par action is supposed to indicate parallel execution of a set of actions. We have not
worke d out the details of this semantics. how’e~er , so for the moment the semantics is identical to
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the semantics of the seq action.

(A9) A ((par  A 1 A, ... An)] p y O =
A[A 1]p -y {A [A 2] p y ... (A[A ~]p ’y6}  }

The cond action is like a limited McCarthy conditional. Its semantics Is

(A l) A[(cond (E A))]py6 = E[E]py {Ae.e4.1 �0.-.A[A]pyO,9)

The expression E is evaluated with a continuation which either e~aluates the action A (if the
value part of the result of the expression is non-zero ) or is the normal continuation 0.

Since expressions are also legal actions, the semantics of an “expression ” action is given by

(All) A (E] p ’yO = E[E]py {Xe.0)

The fact that the expression value produced by E[E] is ignored is obvious from the continuation
{Xe.0) .

The next action we consider is the wri te  action. This action evaluates an expression and
concatenates the value of the expression with the answer produced by the rest of the program.
Its definition is one of the two (the other being the definition for err)  where the elements from
the answer domain ANS are actually manipulated. The equation is

(A12) A[(wri te  E)]py O=E(E] p ’y {Ae a.<e41 in OUT>~ 0(a))

The expression E is evaluated with a continuation {Xea.<e4 1 >~ 6(a)) which specifies how the
result is combined with the answer produced by the rest of the program. Normally, expression
continuations are written as {Xe. ... } where the body of the lambda expression is some function
in S— ’ANS. In the above continuati on , however , we need to specify the store a on the left-hand
side of the lambda expression. because it must be referenced explicitly in the body. In the body.
the action continuation 0 is applied to the current store a to produce an answer. This answer is
then appended to the value portion e4 1 of the the expression evaluation to produce the new
answer <e4 1 in OUT >~ 0(a).

The decode action is the final action in AMDL This action has been left until last because it
contains a rather complicated component part . called a decode clause. A decode statement is
similar to a select or case statement in other languages. The syntax consists of an expr”ssion and
a list of decode clauses. The expression is first evaluated , and then the decode clauses are
analy zed until one of them “succeeds.” If none of the decode clauses succeeds, then the action is
in error. The equation looks like

(A2) A [(decode E (Z1 Z2 ... Z~))]py0 =
E ( E ] p y { X e . Z(Z 1] (e4 1) (O){Z(Z 2] ( e 4 1) ( 1)  .. .

{Z(Z n] (e4n)(n - 1 ){err( 1 6) ) p y O)  . ..  py0)p ’yO)
It’s rather hard to understand the semantics of the decode action without understanding the



semantics of the decode clause, but the re~erse situation is difficult as well. What the abo~e
equation says is that the expression E is evaluated with a continuation that contains the e~aIu at ion
of the first decode clause. The arguments to that first decode clause are the result e4l of
evaluating the expression E. the intege r index of the decode clause in the decode action, a
continuation {Z(2 2] ... ) which will be evaluated if the decode clause fails, and the standard py0
which provides the environment, procedure continuation and action continuation. The action
continuation 0 is used if the decode clause succeeds. Note that the failure continuation passed to
the final decode clause is {err(16)) which causes the action to fail if evaluated. If it was ever
decided to change the semantics of an unsuccessful decode to a no-op. this failure continuation
could simply be replaced by 0.

4.3.10 Decode Clauses (Z:Dc l—’ N--’N--~C-4J — ’ G— ~’C)

W ith the semantics of the decode action fresh in our memory . let ’sexamine the semantics of the
decode clause. There are three types of decode clauses which differ in how they specify their
“ triggering ” values. The first type of decode clause is alway s satisfied. Its semantics is

(Z4 ) Z[(otherwise A ) ] n m 0 = A [ A]

The semantics is independent of the expression result n , the position m , and the failure
continuation 0. The action A is always evaluated and is passed the success continuation. The
above notation is an extreme example of how currying reduces the size of an equation.

The second decode clause we will examine specifies the triggering values by means of a single
structure E. Its semantics is

(Z2) Z [ ( E  A)] nm 0 1p ’102 =
S(fl41 �n�S(Y-142-4A[A]pyo,
O i

If the value of n lies in the closed inte rs ’al defined by the number pair S[I], then the decode
clause has “succeeded” and the action A is evaluated , Otherwise. the failure continuation 01 is
taken.

l’he third type of decode clause is similar to that in (Z 2 )  abo~e. except that rather than specifying
a single structure. a list of structures is given. In this case, the decode clause succeeds if the
expression value falls within the closed interval defined by any ~f the structures. The semantic
equation is

(Z l)  Z ( ( ( 1 1 ~2 “ 1n~ 
A)] nm0 1p ’102 =

(S[~ 1]4’1<n�S[Z 1]4 2)V(S(X 2]41�n<S(I2] 42) V ... V
(S(In]4 1 �1~�~

S(mn]42H4(ftt ]PYO2

None of the pre~ b us three types of decode clauses has utilized the “index” argument m of the
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decode clause function. ‘I’he final ty pe of decode clause uses this value as an implicit structure
with which to compare the expression value. ‘l’he semantics is

(Z3) Z(A]nm0 1p’y O, =
n = m— . ’A (A]p~y 0 2
61

Note that the term n = m was used instead of the equivalent comparison m �n �m.
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4.3./I  Variables (P:Var— N--~X’-’X , P0:Var-~ N—~U-.O—~O)

\‘ariables are used within declarations. They may’ stand alone . in which case they act as their own
declaration. The~ may also occur within a procedure declaration or an o~crlay statement. l’he
semantics for variables must be general enough to handle each of these cases.

Before we can proceed further, we need to introduce yet another continuati on , the declaration
continuation. This is a function X :X = O—” U --’C. where 0 is a domain of local binding functions.
U is the domain of environments , and C contains our familiar action continuations. Recall from
Section 4.2.5 that q€Q is a function which keeps track of which identifiers have been declared
within the current context. The meaning of a variable is to take a binding function q. an
environment p. a store a and a declaration continuation x and apply that declaration
continuation to updated q, p and a. The semantic domain for Var could then be writte n as
P:Var ’—” (QXUXSXX) —.ANS. But by rearranging the parameters and curr~ing. we can obtain
P:Var —. X —øX. The extra parameter N seen above is used to distinguish between the various
contexts in which the variable occurs. The other semantic domain P0 deals specifically with
overlays and will be discussed later.

We also need to introduce two support functions new and get which allows us to allocate new
locations from a store. new is defined simply by

(SF12) ne w:S—” L Gets new location from an S
new(a) =

I such that o( I )  = e
For a given store a, therefore, new(a) y ields an ‘ L ’lused ” location in a. The function get is
simlar to new, except that get is used to obtain a sequence of unused locations from a store . It
is defined as

(SF9) get:(NXS)— ’L Gets a sequence of locations from an S
get(n , cr) =

n =  1—”<new(a)> ,
<new(a)>~ get(n — 1,a[0/new(a)])

for n�1

l.et us look at the semantics of the simple variable.

(P3) P[(bits I I)]n~ qpa 1=
q(I] = true—’err2(13),
xq[true/I]update(upriale(p,1 ,p 4. 1[’(~ ,S[~ ]~/I]),2.p42 [~~/ I])a2

where ~., = (n = 2—’e,get(n 1,a 1))

o2 = (n = 2 ’-.a1,setba( ~,,<0> ) a 1)
n 1 = size(S(I])
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First. the function q is applied to the identifier I . If I has been pre~iousl~ declared, then an error
has occurred. If this is not the case , then the declaration continuation x is applied to an updated
q. p and a. The updated q is simply the same q wi th q[I] defined to be true. The new p has
updated entries in the first and second components. corresponding to a new meaning for “I ” as a
variable and a p rocedure. The procedure component is updated w ith the undeclared element. e.
(In the case where this variable is nested w ithin a procedure declan’ :on . this entry will  later be
replaced.) The variable component of the environment and the new store depend on the
argument n defining the context in which the variable occurs.

There are three possible values for n. with meanings that are given below .

0 Variable occurs by itself
1 Variable occurs within pro c declaration
2 \‘ariable occurs within ove r declaration

In the definition we are currently examining , a distinction is made between n = 2  and n�2, In
both cases the structure S~ 1 of the variable is placed in the appropriate field of the ~ariab le
entry. The location string w. however , depends on the value of n. If n is not equal to 2. then
unused locations are obtained from the store a and used for ~~~ . If n is 2. then the location string
in the variable entry for ‘1” is set to the undeclared element. This is due to the fac t that in over
declarations , no new locations are implied: variables are simply mapped onto existing locations.
The new store a2 is simply the old store a1. in the case of the overlay. When new locations have
been obtained from the store. howe~er . these locations must be mapped into something other
than ~ to avoid their possible re-use. This is done with setba(w, <O>) a 1. in the case of n�2.

The next type of variable we will look at is the array ~ariable. Its semantics is quite similar ,
except for the complications introduced by’ the additional dimension. In order to deal with this
added dimension. we need to introduce another two support functions , size and reshape.
They are defined by

(SF19) size:P—~N Gives “size ” of a P
size(p) = abs(p 41-p42) + 1

(SF16) reshape:(NXW)’-*A Reshapes a W into an A

reshape(n,~ ) =
<< a41 .a42 a4m> ,

<w4(m + 1).~ 4(m + 2) 

+ 1) , w4( (n .1) m + 2). ... , w4 (n * m)>>
where m = (# ..4/n
for n�1 and (#w mod n ) = 0

size is used to yield the number of elements implied by ” a particular indexing pair. For example ,
size(<0 ,7>) = 8. reshape is similar to the dyadic APL reshape operator p. Given a string o
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and a nonnegative integer n . it ields a sequence of n element s. each ele m ent conta ining
successi’e # ~.,/n elements from ~~~.

Looking at the definition for array ~ariable declarations. then . we have

(P1) P[(words (bits I X 1) ~ ‘,)] n~~qpa 1 =

q[I] = true— err2(2) ,
xq[truel(lupdate(update(p,1 ‘p 41 [<a.S[~~1],S[~ ’,)>/ I]) .2 ,p’4 2[e/ I])a,

where a = (n  = 2 — ~~~.reshape(size(S[X 1]),~a))
a’, = (n = 2— a1,setba(w ,<0>)a1)

= get(m.a1)

m = size(S [~ 1J) size(S[Y~2l)

The major difference in this equation is in the definition of the location string ~, and in the fact
that both the word and bit structure of the variable are placed in the environment. The string ~i

is first formed by obtaining the appropriate number of locations from the old store. This str ng is

then shaped into an array location string , using the reshape function. As before , the locations
obtained must be marked as used in the new store.

The next variable type consists solel~ of an identifier ‘1” . Its semantics are

(P4 ) P(I ]nxqp =

q[I] = true— ’err( 2) .
n� 1— ’ err(3).
xqEtrue/ llupdate(update(p, 1 ,p4 1[~~/ IJ),2.p 42[~~/ l})

As in (P1) and (P3) abo’e. the ~alue of q(I ] is checked. U n l e~ the variable occurs within a
procedure declaration (n = 1). an error has occurred. This is due to the fact that in the case of
the ~ariable declaration or the overlay , the purpose of the ariable is to define a new storage
entity . Without any structure components . the variable cannot be properly defined. Note that
the language could have defined a default bit structure for this case. in which case the definition
would have appeare d similar to definition (P3) for simple bit structured ‘ariables. If the variable
occurs wi th in  a procedure declaration . howe~er , the identifier will  have some purpose. that of
denoting the procedure associated with it. In that case, the en~ironment is simply’ updated with
the undeclared element ~ in both the ‘ariable and procedure components.

The remaining ~ar iable type is always an error when it occurs as a declarat ion. This is the case
where a word structure is given without  an accompanying bit structure. The semantics is simply

(P2) P[(words I X)] n~qp = err(3)

We now come to the semantic function P0 . As was said earlier , this function is used solely- in
conjunction with the overlay construct. The synta x of an o~erl ay is quite general. A new
variable is somehow’ equated with a list of previously defined ariables . ‘There are. of course.
many’ possible interpretations of this general mechanism. The interpretation we have chosen may
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i~ot coincide wi th  the reader ’s in tu i t i \ e  notion. It series to show , howe~er. that even the most
complicated of interpretations can be precisely specified by this definitional method.

I’he basic idea behind our interpretation of the overlay is that the location strings associated with
the pre~iouslv defined variables areindividuaIIi~reshaped to coincide w ith the length of the new
variable. Thesc reshaped strings are then row -wise concatenated to form a new structure which
must match exactly the dimensions of the new variable.

An example is in order. Consider the following collection of AMDI. declarations

(bits old l (pair 3 0))
(bits (words old2 (pair 0 5)) (pair 1 0))
(bits (words oId3 (pair  0 1)) (pair 1 0))
(over (words new (pair 0 3)) (pair 4 0) (a b c)

or the equivalent ISPS declarations

old 1<3:0> ,
old2[0:5]<1 :0> ,
oId3[0:1J<1:0> ,
new: = oldl @oId2@oId3

Then the following figure show’s that the locations associated with the variables old 1, old2 and
oId3 are combined together to define the variable new.

I 5 6~
Ii 5 6 7 1 7 1  I 7 8~
12 8 9 10 181 < = = >  I i  2 3 4 1 I 9 1O I 117 181
13  11 12 13 191 l i i  121 119 20 1
J 4  14 15 16 2 0 1  113 141

115 161

( n e w )  < = = >  o l d i  o l d 2  o l d 3

In this case a 4 by’ 5 array is being defined as the concatenation of a 4 bit word. a 6 by’ 2 array’
and a 2 by 2 arra~. Note that the locations for each of the variables oldi . old2 and oId3 fit
exactly into one or more columns of the left hand side. This is a requirement of all o~erlays.
Note that if this rule is obeyed and the total number of locations in the defining expression is
equal to the number of locations required for the new’ variable, then the resulting arra y obtained
from concatenating the arrays in the defining expression will alway s have a word length equal to
that of the new variable. This is. in fact , the algorithm used to check the legality of an overlay in
the ensuing definitions.

The f ormal def inition of over lays is spli t between the definition of P0 and the definition of
declarations. The function P G. with which we are now concerned , is applied only to variables in
the defining expression of an overlay . Given the length of the new’ variable, the intermediate
result of P0 is an array location string reshaped to that given length. We introduce the overlai ’
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conh!Plual,on o : O = A — . ANS which accepts this reshaped string as its argument. We must use a
continuation , because an error may be disco’ered within P0. In particular. a variable in the
defining expression might not reshape evenl y into the given length.

As we have seen. there are four variable ty’pes to be examined. Rather than starting w ith the
simplest case, we will  first treat the most difficult one. Once this definition is understood.
however , the other cases will follow easily from it. First , however , we must define another
support function. aconc. aconc yields the row-wise concatenation of two array location strings
and is defined as follows.

(SF2) acon c :(AXA )—’ A Row concatenation of two As
acon c(a1.a2 ) =

1 §a’, 4 1 ,a 142~a2~2 a14( # a1)~ a2 4( # a’,)>
for

Examining (P01). then we have

(P01) P0((words (bi ts  I Z 1) ~~)]npoa =

~~ARRAY — a err2(5),
‘(IegaI(S[~~1],.5 42)AIegaI(S[>.2].843))—. err2(5),

(size(S[11] ) a size(S [~ 2]) mod n)�0—~ err2(6),

o(aconc(a~resha~ e(n 1 a~4 1 §~~p4 1 + 1 § 
“

where ö =p 4 l [ I ]
= extract(norm(S[~ 1],&i’2),&41 4i)

p= norm(S[~ 2].ô43)

The first thing that must be true is that the identifier referenced corresponds to an array variable.
Second. the structures and 

~2 
must be legal references. Third, the number of bits in the

referenced portion of the variable , computed by size(S[~ 1]) size(S[~ 2]). must be an even
multiple of the new variable length n. If all this is true , then the overlay continuation o is
applied to the concatenation of the existing array location string a and the reshaped structure.
This reshaping is done by first concatenating together the appropriate bitstrings in the appropriate
words. The appropriate bitstrings are found by 

~~, = extract (norm(S(E 1], 642) , & 4 1 4 i) .  The
range of words referenced is given by p= n orm(S[X 2] 643).

The next variable type specifies a word range but does not give a bit range. Its semantics is:

(P02) P0[(wo rds I ~)]npoa =
&~ ARRAY— ’err2(5),
‘ legal(S [E] ,8 43) —.’ err2(5),

(size 6 42) size(S[~ ]) mod n)�0—~’err2(6),
o(aconc(a , reshape(n~~~4 1 §‘~~~ 1 + 1 § 

~~where 6 = p 4 1 ( 1 ]
CL)j =6414i

p = norm(S[~ ],6 43)
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This definition is identical to the previous definition . with the exception that instead of using a
user—provided structure ~ for the bit reference. the full bit range is assumed. The equation

= extract(norm(S[~ 1].642), &4 1 U) then becomes a~ = ext ract(norm(642 ,842),64 1 U).
which further reduces to the above = 641 4i.

The next variable ty’pe specifies a bit range but not a word range . Lnlike the previous two types.
this reference can refer to a word variable or an array variable. These two cases are distinguished
in the definition below .

(P03) P0[(bits I �) ] npoa =
&Eø— ’err2 (5),

‘legal(S[ J , 642)—’err2(5),
6€ WORD—.

(size(S[fl) mod n) �0—. ’err2 (6) ,
o(aconc(a, reshape(n,extract(norm(S[~ ],S 42),64 1))))

6€ ARRAY— .’
(size(S[~ ]) a size(& 43) mod n)~~0—.’ err2(6),
o(aconc(a~reshape(n w~ 4 1 § W (p41) + 1 § 

“

where 6 = p 4 1 [ I ]
= extr ac t(norm (S[ ~ ] , 64 2) , 6 4 1 4 i)

p = norm(64.3,643, = < 1.size(643)>

In the case that the variable is an array variable , the definition is similar to the first definition.
The only difference is that instead of using a user—supplied word range , the entire word range is
assumed. If the variable is a word variable , then the appropriate locations are extracted from the
word location string 64 1 and are reshaped and passed to the overlay continuation as usual.

The final variable ty’pe specifies neither a bit range nor a word range. Its definition is identical to
the previous definition , except that both ranges are defaulted to their full value.

(P04) P 0 [ I ] n p o a =
6E0— .’err2(5),
‘ legal(S [~

] ,6 42)— .’ err2(5),
6€ WORD- .’

(size(8 4 2) mod rm)�0 — ’err2(6) ,
o(acon c(a , reshape(n ,6 41)))

6EARRAY— .’
(size(642) * size(643) mod n) �0—+ err2 (6),
o(aconc(a reshaPe(n w~ 41~ W~ 4 1 + “

where 6 = p 41(l~
(0j 64 l4 i  -

p = norm(& 43,643) = <1 ,size(643)>
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4.3.12 Declarations (D:De c—. ’ X— X. DP:Dec—.’ U —’.’C--.C)

The semantics of declarations is among th e most complicated in AMI ) 1.. ‘I ’ here are actually two
semantic functions, 0 and OP. The first. 0. can be thought of as the “ top -level” semantic
function. The second, OP . is required for the semantics of the proc declaration. We will
consider the top level function first.

The domain for D is the same as for the function R which we hat e already ’ examined. Gi~en a
binding function q. an environment p .  a store a and a declaration continuation x. it produces an
answer by applying the declaration continuation to an updated binding function , environment and
store. The simplest ty’pe of declaration has the simplest semantics, as follows:

(D3) D [f l ]  = P [fl](0)

Here we see that the meaning of the declaration is simply P(fI ] with an argument of “0” which
denotes that the variable occurs by itself. This is another example of how currying reduces the
size of these equations.

The next type of declaration, the o~erlay’ , is not quite as simple. We have already looked at the
most complicated part of the semantics, however , in our examination of P0. The definition is

(D2) O((over I1~ ~‘~‘i ~ 2 “ fl n))]X =

P[110](2) {Aqpg.PO[fl 1]np{P0(fl 2]np ... { P 0 [f l ~ ]~ p O} ...

where o = (Aa. #(a L 1) �size(84 2) —. ’err2(12) ,
xqp 1a)

n = (6EARRAY— .’ s ize(543),
‘l)

6 =p 41(PI(fl 0])
P1 = update(p,1 ,p4 i[update(6.1 (6€A RRAY—”a.a41))/PI [110]])

First , the variable I1~ is evaluated with an argument of 2. showing that the variable is being
defined in an overlay declaration. The continuation passed to P then applies P G to each of the
variables in the defining expression , passing to them the updated p and the new variable length
n. The length n is determined by examining the upda ted p and examining the variable ’s newly
defined structure . If it is a word variable , the length n is simply 1. If it is an array. then the
length is found by taking size(643) where 6=p41 (PI(I ’10] ) .

The concatentation of the array location strings is accomplished by supplying each application of
P G with a continuation consisting of an application of PG to the next variable. Note again how
the currying has allowed us to perform this concatenation concisely. The partial application of
PG provides us with a declaration continuation without the need to form a lambda expresion.
The <> appearing just inside the rightmost “}“ is an empty array location string which is passed
to P0(111] to initialize things.

The declaration continuation o performs some final checking and then applies the original
declaration continuation x to the updated results. The check is that the word size of the resulting
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array’ location string a is equal to the word size of the new variabl e, This , in addition to the
in’ idua l checks occurring in PG . assures that the total number of locations required by the new

~ariable equals the total number of locations in the defining expression. The binding function q
and the store a passed to the declaration continuation are the same q and a which w ere passed
from P [fl 0]. A new environment p

~
. howe~er. includes the definition for the new variable. If it

is an array sariable. then the array location string a is simply’ used as the defining location string.
If it is a word variable , then one layer of structure must be removed from a which is always
formed as an array’ location string, a will contain exactly one location string. in this case, and this
one string is referenced simply by a4 1,

We now examine the pr ocedure declaration. The following definition is incomplete. The
function OP provides the majority of the semantics for pr ocedures.

(DI )  D((proc 11~ ~
11i ~~2 “ 11n ) 

~ 1 ~ 2 “ ~ m A)]X
P(l’l0](1 ){Aqpa.x(q)(update(p,2,p 42[<I,n>/Pl(11~ ] ))a[0/I}}

where n is the subscript in 11n
I = new(a)

‘l’h e operation performed by this function is to declare the identifier, through the application of
P(110]. and to then place a new location I and the number of procedure arguments n in the
function component of the environment. The location I will later be used as a pointer to the
denotation of the procedure body. The number n is used as a check to insure that the number of
actual parameters matches the number of formal parameters when evaluating call expressions.
The store a is updated to reflect the fact that the location I is no longer available.

We now come to the function OP. As mentioned earlier , this function performs the heart of the
operations for defining procedures. The function takes an environment, a store . and an action
continuation and produces an answer, The definition is quite involved and we will have to
examine it carefully.

(DPi) OP((proc 
~~ ~~~ ~ 2 “ 11n ) 

~ 1 ~ 2 “ ~ m A)lp i O i =
P(fl 1]0{P[fl 2]0 .. . {P[fl 0]Ox1))q 1p 1 9 1

where q 1 =xi.e
Xi = {O[ L~1]{D[~2]
X2 = {Aq2p 2 .0P[ ~ 1]p 2 {0P( ~ 2]p 2 ... {OP ( ~ m] p 2 O 2) ) )
02 = { X s 1.0 1( a 1 [ t / l] ) )

I = p 42 (P 1(110] ) 4 1
f =A (e 1,e2, ... ,e~)y2 .x 1ox 2o ... ox ~~o9

3

03 = A [A]p 3y 2 [ upda te( ’y (I), 2,83) / I]{ ’y ( l) 4 1)
= se t ba (p 41(P l [f l ~] ) 41 ,e1 )

P 3 = up da te(p, 4,l)
and “0” denotes functional composition
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The content of the definition can be summarized as follows:

1. Declare the procedure arguments.

2. Declare the internal definitions.

3. Place the denotation of the procedure action in the store.

4. Apply the action continuation 0 to the updated store.

The procedure arguments are evaluated with P as if they were simple variable declarations. The
binding function q1 = X 1.~~ is a constant to show that no identifiers ha~e been declared yet.
Then the internal declarations are evaluated (shown as Xl) using the function 0. Recall that for
procedure declarations, 0 simply declares the identifier to be a procedure and establishes its
number of arguments and location. 0 does not add to the environment the declarations which
are internal to a procedure. In this way, after applying 0 to all of the declarations A 1 A 2 Am.
the correct environment has been established for the further e~aluation of the declarations
internal to the A’s and the evaluation of A locally. This is done by passing the continuation x2
to the final D [ A m] .

X2 applies OP itself to each of the A’s. Note that each call to DP uses the same environment P2
as an argument. This makes sense, as the declarations local to (say) A 1 do not affect A 2. The
new stores produced by OP are passed along, however, through the nesting of the continuations.
The continuation is the final step in the process. It applies the original continuation 01 to the
new store produced by placing the denotation I of A in the store location I.

But what is this f? Well , first of all, it is a function of n expression values. Second, it takes a
procedure continuation containing, as you recall, the return addresses or “rest of program ”s for
previously invoked procedures. The body- of f consists of the functional composition of several
components. The x1 are store-to-store functions which place the expression values passed in the
locations associated with the formal parameters. This indicates that AMDL uses a call-by’-value
convention for passing of parameters . After this is accomplished, the continuation 83 is applied
to the resultant store. 03 is defined to be A (A] applied to the environment P3- an updated
procedure continuation ‘y2. and an unusual action continuation

The environment P3 is just the environment P2 w’ith the last component set to the location I
associated with the current procedure . How is the procedure continuation Y2 updated? Recall
that the entries in ‘y are a triple of jumps. corresponding to the leave , restart and resume
operations for the associated procedure. The second (r estart) component of the entry for the
current procedure (pointed to by I) is set to be 03 itself. An ensuing restart , then , will cause
the action A to be re-evaluated. Note that this is not the same as restarting I, for the actual
parameters to the procedure are not reassigned to the formal parameters.

The unusual continuation {‘y2(I)41) is simply the leave component of the current procedure
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entry , established by the calling procedure at the time of call. In other words, an implicit leave
operation is performed after the last statement in any ’ procedure.

The definition of OP for the other two types of declarations are (mercifully) quite simple. Since p

OP is used only for a “second-pass ” over procedure declarations, the semantics in the following
two instances is to simply pass along the action continuation 0.

(DP2) OP[(over 
~~ ~~ ~ 2 “

(DP3) OP(fl0]pO = 6

4.3.13 Pro grams (PR 0G :Dec—. ’ ANS)

An &MDL program is syntactically just a declaration. (We shall soon see that this is further

limited to only procedure declarations.) But what is the meaning of an AMDL program? From
the above it would appear that it is just a constant, some member of ANS. This turns out to be
quite sensible in that we have included no w’ay to accept any input to the program. Let us look
at how this constant is derived.

(PROG1) PR OG[AJ =

n�0—.’er r2(20),
D[A]{Aqp.DP[A]pB)q0p0a0

where A = (proc I1~ (fl 1 112 ‘ 11n) A 1 A 2 ... Am A)
n is the subscript in
q0 = {Xl.9)

P0= <{x I.~~),{x1.e), {xI .e),e>
a0 = {XI. ~~)
o = {Xa1.a1(11)(<>)’y1a 1}
l~ =(p 42 (fl O]) 41

Ti =

9~ = {Xa.<>)

We chec k , fi rst of all , that there are no parameters to the procedure. We then apply’ the
declaration function 0 to the procedure with an initial binding function q0. environment P0 and
store 00. The continuation to 0 then applies OP to the new environment (now containing the
entry for A) and a continuation 0. 6 extracts the procedure abstraction for A by using the
environment p to determine the location (.

~~. This I~ then indexes into 
~ 1 to obtain the procedure

abstraction. We know that this procedure abstraction takes no expression value parameters, so we
apply it to the null list <>. We furthermore apply it to the initial procedure continuation
This initial procedure continuation contains an initial entry Oo for the leave component which
defines a null continuation for the procedure. The other two entries are 

~~~~ . Finally, the
procedure abstraction is applied to the store to obtain the program answer.

- .
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5,0 conclusion

Two sets of observations come to mind when considering the foregoing definition , one concerning
denotational semantics in general and one concerning the semantics of AMDL,

Looking first at the issue of denotational semantics, we see how denotational semantics has been
able to precisely describe even the most complex and tedious details of AMDL. Furthermore , it
has done so without reverting to an operational model where unwanted objects such as registers
and stacks enter in. On the negative side, the use of Greek characters and short function names
greatly reduces the readability ’ of the definition at first glance. I say “first glance .” because after
working with the equations for a long period of time the reduction in the size of the terms
resul ting from these conventions seems more important in relation to having mnemonic variables
names. Another problem arises in the use of nontrivial data structures, such as we saw with the
environment. References such as 64341 are not easily processed by the human reader. The

solutions to both of these problems are obvious , one simply uses mnemonic variable names and
record structures with mnemonic selectors. The notation used in this definition is similar to die
that used originally in [Milne and Strachey’].

Several things that can also be said concerning the semantics of’ AMDL. First of all. there are
severa l, rather difficult semantic concepts in AMDL. most notably

o Overlays
o Leave. Restart and Resume
o Use of same identifier for structure and procedure

No matter how the semantics of the above features is determined, it is likely to be extremely
difficult to understand.

Another problem. referred to earlier, is whether or not to explicitly specify the order of evaluation
of constructs. This problem arises due to the possibility of side-effects in AMDL expressions and .
in the case of a transfer. the possibility of nondisjoint variables.

The question of run-time errors in a program should also be examined. The current procedure
simply’ says that the first error encountere d in program evaluation results in an immediate
termination of the program. A method of error recovery might be desirable w hich , of course.
should be rigorously defined.

Finally , it must be mentioned again that parallelism , a fundamental feature of any HDL. has been
totally ignore d in this definition. The addition of this feature to the definition will have a
significant effect. Questions of shared variables , synchronization and process termination will
have to be examined. This undoubtedly will increase any’ conceptual difficulties that currently
exist.

All things considered. howe ver, one must be encouraged about the problem of precisely
specifying language semantics and. in particular, the semantics of HDLs. Hopefully’, th is
definition will work as a catalyst for further efforts in this area.
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6~0 Appe ndir

6./ Syntactic Domains

A:Act Actions

B:Bin Binary Operators
X:Con Constants
Z:DcI Decode Clauses
A:Dec Declarations
E:Exp Expressions
I:Ide Identifiers
N:Num Numerals
P:Ref Variable References
K:SRI Structure References
X:Str Structures
T:Tra Transfer Operators
T:Una Unary Operators
fl:Var Var iables

1’
57

— 
-:

~
)i, 

~~~~~~~ ,~ ~~~
‘ ‘ ‘

~~~~~
‘
~
“ “ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— — — —



6.2 Syntactic Equations

A ::= (cond (E A)) I (decode E Z 1 Z’, ,.. Zn) I (label I A) I (leave I)
(restart I) I (resume I) I (repeat A) I (seq A 1 A., ... A~)
(par A 1 A 2 ... An) I (call I E~ E2 ... En�0) I E (wr i t e E)

B ::= usp lus I usdifference ustimes usquotient I usremainder
useq l J usneq usiss usgtr I us leq I usgeq ustst
tcplus tcdifference I tctimes I tcquotient I tcremainder
tceq l I tcneq I tc lss I tc gtr I tc leq I tcg eq tctst
ussrO ussr l ussrr ussrd f uss lO ussli uss l r uss ld I
usor usxor usand I useqv I
usconc

X :: = (bconst N1 N2) I (hconst N1 N2) I (oco nst N 1 N2) I N
Z :: = 

~~~ ~2 ‘~~‘ 
Xn) A) I (I A) I A I (otherwise A)

A : :=  (proc 
~o (“i 112 “ 11fl

~~~~~ 
A~ A 2 ... A m�0 A) I

(over 110 (11i 112 , ,  1’1n~ 
I ~

E ::= (ussub E K) I (B E1 E~,) I (T E) I (call P E1 E2 ... En�0)
(T (P 1 P 2 ... P~) E ) ) I P I X

I :: = The set of legal identifiers
N :: = The set of numerals consisting of the digits 0.9
P : := (words (bits I K) E) I (words I E) (bits I K) I I
K ::= (pair X 1 X2) I E
I ::= (pair X 1 X 2) I X
T :: = usset tcset
T : : =  tcminus usnot
H :: = (words (bits I 1i) 12) I (words I 1) I (bits I 1) I I
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6.3 Se,na,::ic Dom ains

v:V = {0 .1) Bits
Bit Strings

e:E = {<m ,n>j m,nEN. n�0, 0<m�2”~-1 ) Expression \-‘alues

t:T = {true ,fa lse} Booleans
m,n:N = {O,1 2,...) Non-negative Integers
z:Z ={ . . . , .2 ,.1 ,0, ’1 ,2,...) Integers
p:P=NXN Pairs of N
0 = {~

) Set consisting of the “undeclared” element
ERR= N Error codes
OUT = N Output from w rite action
ANS = (ERR + OUT) Final answers

a:S=L— ”(V+ Fi .  0) Stores

= L + Word Location Strings
a:A = W + Array Location Strings

w:WORD = WXP Word \‘ariable Descriptors
a:ARRAY = A X PX P  Array Variable Descriptors

0:C = S— ’ANS Action Continuations
,c:K = E—. C Expression Continuations

= P—.C Structure Reference Continuations

= W—~C Variable Reference Continuations

o:O = A— ’ANS Overlay’ Continuations
= Q—~U— ’C Declaration Continuations
= L— ~((JX(J + 0)X(J + 0)) + 0) Procedure Abstraction Continuation s

~t:V = E— *ANS Binary Operato r Continuations

= C Jumps

f:F = E —’G--’C Procedure Abstractions

q:Q = lde—.({t rue) + 0) Local Binding Functions

p:U = UVARXUPROCXULABXL Environments
UVAR = (ide—.’(ARRAY + WORD +0))
UPROC = (lde-..’((LXN) + 0))
ULAB = (Ide—.’((JX,J ) + 0))

= All finite domains which can be constructed from given primitive domains and a
finite number of construction operations
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6.4 Semantic Functions

6.4.1 Actions (A:Act-.U-.G’-~C’—’ C)

(Al ) A[(cond (E A)) ] p y 8 =E ( E ] p ’y {Xe .e41 *O— . ’A(A] p ’y 9,
8)

(A2) A[(decode E (Z 1 Z2 ... Zn))]py O o
~

E[E ] p ’y {Ae.Z(Z 1] (e4 1 )(0){Z (Z 2] (e4 1 )(1)
{Z(Z n](e4n)(n 1) {err (16))p ’y O) ... p -y6 } py 8)

(A3) A ( (label  I A) ]p ’yO =
A(A]update(p,3,p43[(8,A [(l abel I A) ]p ’y O >/ l] ) yO

(A4) A((leave I) lpyO=
p 4 3 [I ] ~~O—’p 4 3 [ I ] 41 ,
6E 0—.err( 7),
y ( 6 4 1 ) E 0 — ~err( 8) ,
,y(6 4 1)4 1

where 6 = p 42(I]
(A5) A((restart l)]py8 =

p43(I]qe—.’p43[I]42,
ÔEO —.err(7),
y(641) E0—~’err(8) ,
y( &4 1)4 2

where & =p 4 ’2( I]
(A6) A ((resume I)] py 8 =

6E0—’err (7),
y(641)E0—’err(8),
y (641)4’3E0—’er r(8) ,
y( 841)43

where 6 = p42[I]

(A7) A((repeat A)]p’yO =
A [ A ] p y { A [ (repeat A)]p 18)

(A 8) A((seq A 1 A 7 ... A~)]p’yO =
A(A 1]py{A[A 2]py ... {A(A~]py8} ... )

(A9) A [ (par A 1 A 2 ... A n)]py8
A[A 1]p’y{A[A 2]p’y ... {A[A~]p yO} ... )

(AlO ) A [(call I E1 E2 .. .  En>0)Jp ’yOc i =

6E 0 —~~ err2(9),
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6t2#n—.err2( 10) ,
‘(‘y(64 1)E0)— ’err2(17 ) ,

E[ E 1]p -y{ Ae 1 .E (E 2]py {Ae2 E[E~ ]py
(Xe~ .cr 1(64 1 )(e 1 .e2 e~)y 1J . . .

w here 6 = p 4 2 ( l)
j = 8
n is the subscript of En

= y[update(y(p44),3,j )/ p44I[<j .~~,e>/641]
if n = 0. then the last clause in the equation reduces to

a( 641) ( <>)y 1

(Al l )  A[E]py8=E(E]py{Ae.0)

(A 12) A ( ( wr i te  E) ] p y8 = E (E] p y {X ea.O (cr )~ < e41 in OUT>)

6.4. 2 Binar y Opera tors (B:Bin —’(EXE)—.Y --.’ANS)
(Bi) B(us p lus] (e 1,e2)~~= iJ ’(<e 141 +e241 , m + 1>)

where m = max( e1 42 ,e242)
(B 2) B[usdifference ] (e 1 ,e2)4’ = 4~(enorm(e1 4 1 — e241 ,m + 1))

where m = max(e1 42 ,e242)

(B3 ) B(ust imes ] (e 1 ,e2)iJ’ = q~(<e 14i ‘e241 ,e 1 42 + e1 42>)
(B4 ) B[usquot ient J (e 1,e2)i~i =

e24 1 = 0— ’err( 15),
4?(<e 1 41/ e241 ,e 1 41 >)

(B5 ) B[usrema inder ] (e 1,e2)~t =

e24 1 = 0— ”er r (15),
4’(<e 1 41 mod e24l.e241> )

(B6) B (useql] (e1 ,e2)4.=4’(<(e1 41 =e 241— .1 ,0),1>)

(B7) B [usneq] (e1 ,e2)~/’ = 4 ’(<(e 1 4 1 *e24 1 —.1 ,O’l ,l> )
(B8) B (uslss](e1 ,e2)4~ = ~(‘((e 1 41 �e241 —.0,1)1>)
(B9) B(usgt r]~e1 ,e2) 4’ = i~(<(e141 <e24 1 —.0, 1)1>)
(BlO) B(us leq](e 1 .e2)4~ = i,~(’( (e14.1 �e24 1 —‘1.0), 1>)
(Bil) B(usgeq j (e 1 ,e2)~J’ = 4’(’((e141 �e241 —.1 ,0),1>)
(B12) B[ustst](e 1 .e2)4~ = 4 ’(<(e 1 41 = e24 1 —~1 e1 11 �e240-’-.1,2),2>)
(B13) B[tcp lus] (e1.e2)4’ = 4’(’(tcex t( e1, m)4 1 + tcext(e 2,m)41 ,m+ 1>)

where m = max(e 1 42 ,e242)
(B 14) B(tc di fference ](e 1 ,e2)i~ = ~I’(enorm(tcext(e1 ,m)4 1 — tcext( e2,m)4 1 ,m + 1))

where m = max(e1 42 ,e242)

(B15) B(tctimes](e 1 ,e2)4 ’ = 4’(enorrn(tcval(e1) (cval(e2),e1 42 + e242))

(B16) B(tcquotient](e 1, e2)~ =

e241 = 0—.err (15),
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~4’(enorm( tcval(e1 )/ tcval(e2) .e 1 42))

(B 17) B [tcremainder ](e 1.e2)~I =

e24 1 =0— .’err(15),
4’(enorm(tcval(e1) mod tcval(e2),e242))

(B18) B(tceql](e 1.e2)4i = 4(<(tcva l(e1)= tcvaI(e2) — ~1.0), 1>)
(B19) B[tcneq](e 1,e2)~ = i/’(<(tcval(e1)�tcval(e2)—’. l,0),1>)
(B20) B(tclss](e 1 .e2)4’ = P(<(tcval(e 1)> tcval(e2)—.O,1), 1>)
(B21) B(tcgtr](e 1 ,e2) 4~ = 4 ’(< (tcva l(e 1 ) < tcval (e2)— .O, 1 ) .1 > )
(B22) B[tc leq] (e 1 ,e2)4’ = ~P(<(t cvaI(e1)< tcval(e2)—’ l .0)1 >)
(B23) B[tcgeq ] (e 1 ,e2)’J~ = ili(<(tcval(e1)> tcval(e2) — 1  ,0),1>)
(B24) B[tctst]( e 1,e2)4’ =

4’( <(tcval(e 1) = tcval(e2)—’ 1, tcval(e1 ) � tcval(e2)—.0,2),2>)
(B25) B [ussrO](e 1,e 2)iJ’ =

e241�e1 42—’~p(< 0,e1 42>),

~‘(eco nv(pwr ( e241 ,0)~ extrac t (< 1 ,e1 42— e24 1 >,fl )))
where ~ = bconv(e1)

( B26) B[us s r1]( e 1.e2)~’ =
e241 �e1 42—’ 4~( econv(pwr(e 1 42 , 1))),
4’(econv (pw r(e24 1 1 )~ extract( ’< 1 ,e1 42— e24 1 >j3)))

where $ = bconv(e1)
(B27) B(u s s r r](e1, e2)4’ =

n =0-.~ (e1),
‘J’(econv(extract(<e1 4 2 — n  + 1 .e~ 42 >, $) ~ extrac t (< i.e1 42—

wheren = e24 1 mod e1 42
$ = bconv(e.~)

(B28) B(ussrd](e 1,e2)4i =
e24 1 �e1 42—~4’(econv(pwr(e1 42 ,$4 1))),
~P (econv(pw r( e2 41 ,fl 41 )~ extr act( <1 ,e1 4 2 —  e24 1 > ,$)))

where $ = bconv(e1)
(B29) B(usslO](e 1,e 2)4. =

e24 1 �e1 42—’~t( <0 ,e 1 42>),
4 ’(econv(extrac t(< e 2 41 + i.e 1 42 > ,f l) ~ pw r( e241 ,O)))

where $ = bconv(e1)
(B30) B(uss l 1](e 1.e2)~ =

e24 1 �e 1 42-i 4~(econv(pwr(e1 42 ,1))),
4’(econv(extract(<e24 1 + 1 ,e1 42> ,$)~ pwr(e241 , 1)))

where $ = bconv(e1)
(B31) B[usslrj (e 1.e2)q’ =

n =0-.~’(e 1),
ili(econv(extract(<n + 1 ,e1 42 > ,$)~ extr act(<1 ,n> ,$)))

wher en = e 24 1 mod 142
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/3 = bconv( e1 )
( 1332) B[ussld](e 1,e2)J =

e24 1 �e 1 42— ’ econ v( pwr (e1 42 ,$4(e1 42))),
econv(extract(<e24 1 + 1 ,e1 42> ,$)~ pwr( e24 1 ,/34(e1 42)))

where $ = bconv(e1)
(B33) B[usor](e i , e&4/ = 4’(econv($))

where $4 i = or(adjust(bconv(e1 ), m ,0)4 i,adjust(bconv(e2),m,0)4 I)

= m = max(e142 ,e242)
where or.(VXV)-.V

or( v 1, v2) = ( v 1 +v 2�1—’ l,O)

(B34) B[usxo r] (e1 ,e2)~’ = 4’(econv(f3))
where /3 4 i = xor(adjust(bconv(e1 ) , m,0)& I ,adjust(bconv(e2), m,O)4 i)

#fl = m = max( e1 42 ,e242)
xor.(VXV)—’V
xor(v 1, v2) = (v 1 +v 2= i— . 1,0)

(B35) B[usand](e1.e2)4’ = ~/‘(econv(fl))
where $4 i = and(adjust(bconv(e1 ), m,O)4 i,adjust(bconv(e2), m,0)4 I)

= m = max(e1 42 ,e242)
and:(VXV)—’V
and(v1 ,v 2) = (v 1 

s
V
2)

(B36) B[useqv](e1 ,e2)4’ = i11’( econv (/J))
where /34 i = eqv(adjust(bconv(e1 ) , m,0)4 i ,adjust(bconv(e2),m,O)4,)

= m = max(e142 ,e242)
eqv:(VX V) -. V
eqv( v1 ,v 2) = (v 1 + v 2�2—. 1 ,0)

(B37) B[u sconc] (e1 ,e2)~ = ~ (econv(bconv(e1 )~ bconv(e2)))

6.4.3 Constants (C:Con—’E)

(Cl) C[(bconst N1 N2)]=<N[N1].N(N2]>

(C2) C[(hconst N 1 N2)]=<N(N1],N(N2]>

(C3) C[(oconst N1 N 2)] =

6.4.4 Decode Clauses (Z:DcI N N—’ C—’U—’G—’C)

(Zi)  Z [ (( 1 1 12 1n) A)] nmO 1py O 2 =
(S(11]41<n<S[11]42)V(S(12]41<n<S(12]42)V ... V

(S(I n]4 1 �f l �S (E n] 4 2) 4
~4 (A]p YO 2 _

(Z2) Z[ ( 1 A) ] nmO 1p yO 2 =
S(1]41 �n�S[X]42—’A(A]py O2
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(Z3) Z[A] nm O 1p yO 2 =
n = m—’A(A]py8 2
01

(Z4) Z[(otherwise A)] nm0=A[A]

6.4.5 Declarations (D:Dec-.X—’X, DP:D ec-’ tJ-.C— ’C)

(Dl) D[(proc I1
~ 

(
~~i ~ 2 11n) A 1 A 2 ... Am A)]~

P(fl0](1){Xqpii.x(q)(update(p,2,p 42[<I,n>/PI[fl0]]))a[o/l]}
where n is the subscript in l1~

= new(o)

(D2) D[(over ~ 0 (Il l 112 ‘.,

P(110J (2) {Xqp a.PO (fl 1lnp{PO (112] np .. {PO(H~jnpo)
where o = {X a . #(a41)�size(642) err2(6),

~qp 1 a)
n = (6EARRAY—’ size(x43),

1)
6 =p4 i (P I [ f l ~~)

P1 = update(p,1 p4 1[update(6 ,1 ,(o EARRAY—+a.a4 1))/P/[r10]])

‘ 
(D3) D ( H ] =P ( f I ] ( 0)

(DPi) DP [(proc I1
~ ~~ 

112 11n~ 
A 1 A2 ... Am A)]p191=

P[H u10~P[fl 210 , .. fP(fI 0~0~ 1}) q 1p 1 81
where q 1 = X I.~~

{D[A m] X 2) ) )
X2 = {Xq2p 2.DP (A 1] 0p2 {DP[A 2] op , ... {DP[A m]0p 2 02)))

= {X s 1.8 1(a 1[f II]) )
= p 42 (Pl [ 110]) 4 . 1

f =A ( e 1, e2, ... ,e~~)’y2.x 1
ox

2
o .., ox ~~o~~3

83 = A [A]p3y2[update(y(l),2 ,0 ~)/l ]{y(I)4 1)
x~ = set ba(p4 1 (PI[ fl

~
] )4 i  ,e~)

P3 = update(p1.4.l)

(DP2) DP((over 11~ (
~~i 

~~~~~

(DP3) DP(I10]pO =9
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6.4.6 Expressions (E:Exp—’U--.G—’K-.C)

(El) E[(ussub E K)]py,c =
E[E]py{Xe.k[K]py~i)

where ,s = {Xp.p 4 1 �P42—’K(econv(extract(norm(p, <n — 1 ,0>),$))),
err( 14) ) ,

n = max(p 4 1 + 1,e42)
/3 = adjust(bconv(e),n,0)

(E2) E((B E1 E2)]pyK =

E[ E 1] py{X e 1 .E(E2]p y {Ae 1 a.B(B](e1 .e2){Ae..c(e)a)))

(E3) E[(T E)]p-yK =
E(E] p ’y {Ae ., c (U[ T] (e)) ) )

(E4) E((ca ll P E 1 E2 ... En>O)IPTKa1 =
6E 0— ~err2(9),
642 �n— ’err2 (1O) ,
y(64 1)q 0— err2(17) ,
E(E 1] py {Ae 1 .E[E2]py{Ae2. ,. ~[E~Jp~

{Xe~.a1(64i )(e 1 ,e2 e~)y 1)
where & = p42(R/[?] )r 

~i = y [up date (y (p 44) , 3,j)/ p 4 4] [ <j , e ,e>,’&41]
=

n is the subscript of En
• if n = 0. then the last clause in the equation reduces to

(ES) E[( ( P 1 P1 ... P~) T E))JpyK =

E[E]py{Ae.R(P1]py{X~,,,1 .R(P2]py{Aw 2. ... R(P~]p y ,~
where i~ = {Aw~a.Ke(TfT]((~)1~~)2~ ... §w~),e)a))

(E6) E (P] py ic = R(P]py{Xwa.ic(deref(w,a))c)

(E7) E(X]p’ytc=ic(C[X])

6.4. 7 Identifiers

6.4.8 Numbers (N:Num’-.’N)

6.4.9 Programs (PROG:Dec-.ANS)

(PROC 1) PROG(A] =
n*0—”srr2(20) ,
D[ti]{Aqp.DP[A]pO)q0p0g0
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where A = (proc f10 ~
11i ~~2 fl u) 

~ 
A 2 .. . Am A)

n is the subscript in fl~
q0 = {X I.~~)
P~ 

<{XI.e},{ xI.~~),{x1.e) ,e>
a0 = {xl.e)

9 =
p l i = ( P 4 2 [~1O])41

=

‘y0 = {Xl.G}
0o = {A a.<>}

6.4.10 Variable References (R:Ret— ’ U--’G--.H—,C, RI:R ef — ’lde)

(Ri) R((words (bits 1 K) E)]pyq =

&~ ARRAY —’err( ’I1).
E(E]py{Xe.~-iIegaI(<e41 ,e4 1 > ,643)—” err( l 2),

K(K]p-y,~)
where &=p41[I]

= {Xp. ’legal(p,642)-.err(i3),
t~(ex tract(nor m(p,&4 2),~.,))}

where ~, = ext ract(norm(’(e41 ,e4 1> , &43) , &4 1) 4 1

(R 2) R[(words I E)]pytj =
&~ ARRAY —.’err(11),

• E[E]py{Ae. ’Iegal(<e41 ,e4i >,ö43)~~err(i 2),
ij(extract(norm(<eJ, 1 ,e4 1 >,& 43),64 1)41))

where & = p 41[I]

(R3) R[(bits I K)]py~ =
&~ WORD—’ er,(i 1),
K(K]py{Xp. iIegel(p,642)-.er,.(13),

i7(extrac t (norm(p, 642), 6 41)))
where & =p 4 1 [ I ]

(R4) A(Ij pytj =

&~WORD—’err (11),

~j( 841)
where & = p 41(I]

(R H ) Rl((words (bit s I K) E)]=I

(R 12) RI((words I E)]= I

(R l3) Rl[(bits I K)] = I

(RI4) Rl(I] = I
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6.4.11 Stru cture References (K :SRI—’ U—’G—’M--’C)

(Ki )  K ((pair  X 1 X 2)]py ~i = ,s(C(X 1]41 .C(X 2]4 1)

(K2) K(Ejpy~ = E(E~py{Xe.~s(e41.e41))

6.4.12 Structures (S:Str—’P)

(Si) S[(pa ir X 1 X2)] = <C(X 1]41 ,C[X2]4 1>
(S2) S(X] = <C(X]41 ,C(X]41>

6.4.13 Transfer Operators (T:Tra—’ (WXE)--’S--’S)

(Ti) T(u sset](~o,e) = set ba(w, bconv(e))

(T2) T[tcset](w ,e) = set b(w ,adjust(/3 , # w , 1))

where / 3= bconv(e)

6.4.14 Variables (P:Var-.N--’X--.X , PO:Var-+N--’ U—’O--’O)

(P1) P((w ords (bits  1 1~) 12)]nxqp a1 =
q[I] = true—’err2(2)a ,

• xq[truell]update(update(p,i ,p4l [<a,S[X 1],S[12]>II]),2,p42[~~/I])o2
where a = (n = 2— ’e,reshape(size(S[11]),ø))

= (n = 2-.a1,setba(~ ,<0>)a1)
w= get(m ,a1)
m = size(S[11]) ’size(S[12])

(P2) P((words I I)]n~qp = err(3)

(P3) P[(bits I 1)]nxqpo1 =
q[I] = true— ’err(2) a ,
xq[true/l]update(update(p, l,p’4 1 [<w ,S[1J>/IJ),2,p4 2(e/l])cr2

where

a2 = (n = 2—+a1 setba(w,<0>)a1)
= size(S(S])

(P4 ) P(1]n~qp =
q[I] = true—’err(2),
n*1—’err(3),
xq[true/I]update(update(p,l ,p41 [e/IJy ,2,p 4 2[~~ /1])

(P01) PO[(words (bits I~) 12)]npo a =
&EARRAY —’err2(5) ,

i(Iegal(S[ 11], 8 42)AIegaI(S[12],&43))—.err2(5),
e([ ’ size(S(12]) mod n)�0-. err2(6),

o(aconc(aresha~e(nw~41~w~41 + i~
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where 6 = p 41(l]
W i = extract(norm(S(11],642),6414j)
p = norm(S[12] 643)

(P02) PO((words I E)]npoa =

8~ ARRAY— ’err2(5),
I ‘Iegal(S(I] ,643) —.err2(5),

(size(&42)’ size(S(1]) mod n)�0— ’err2(6),
o(aconc(a, reshaPe(nW~4 1 §~L~p~ 1 + 1 

§ 
~~~

where &=p 4i [I]
ca 1 =&414 i
p = norm(S(I],643)

(P03) PO((bit s I I)] npoa =
8€0—’err2(5),
‘—t legal(S(E],642)—+err2(5),
ÔEWORD—’

(size(S[X]) mod n)~ 0— err2(6),
o(aconc(a, reshape(n,extract(norm(S (E] ,6t2) ,64 1))))

6€ ARRAY —’
(size(S[X]) size(öi3) mod n)�0—. err2(6),
o(aconc(a resha~ e(n w~ 41~ c.~~4 1 + i~ ~

‘ 

~“
p42)))

where ö = p41 (I]
= ext ract(norm(S(E] ,&1’2),&4 141)

p= norm(&43,&43)=<i ,size(&43)>

(P04) PO(I]npoa =
&€0—’err2(5),

—‘ Iegal(S [1] .642)-. err2(5),
• 6€ WORD-’

(size(642) mod n)*0—’err2(6),
o(aconc(a,reshape(n , Si1 )))

&EA RRAY—’
(s ize(842) ’slze( & 43) mod n)t O— ’err2( 6),
o(aconc(a reshe~e(nw~41~ w~41 + 1~ ~~‘p42 )))

where ô=p4 1[I]
w~=6414i
p=norm(& I3,&L3)=<1 ,slze(643)>
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6.5 Support Functions

(SF1) abs:Z—’N Absolute value
abs(z) =

z�0—’z,
— z

(SF2) aconc:(AXA)—’A Row concatenation of two As
aconc(a1,a2) =

<a 141 §a2 41 ,a142~a2 42 , ... ,a14(#a1)h24(# a2)>
for

(SF3) adjust:(BXNXV)—’B Shortens a bitstring, or extends it on the
left wi th copies of a given element from V

adjust(/3,n,v)=
n �#/ 3—’ ex t rac t ( <#/ 3 - n + 1 ,#$> ,$),
pw.(n. #$,v)~$

(SF4) bconv’.E—’ B Converts an E to a B
bconv(e) = $
such that econv(/3) = e

(SF4 .1) dere f~(WXS)-.E Dereference function
deref(w.g) =

‘
~ ecOnV(< a (W41),o ( W42) 

for #w�1. a(w4i )EV , i = 1 ,2,...,# W

(SF5) econv:B—’E Converts a B to an E
econv(/ 3) = <n 1 #$>
where n=(#$= 1—.’$4i ,

/34(#fl)+2’(e41))
e = econv(extract(<1, #fl -

(SF6) enorm:(ZXN)—’E Normalizes <Z ,N> to an E
enorm(z ,n)=

z�0—” <z mod 2~,n> ,
enorm(2”1 + in)

for n�1

(SF7) err.N—’S—’ANS Program Error
err(n)a = <n in ERR>

(SF7a ) err2:N—’ANS Program Error
•rr2(n) = <n in ERR>

(SF8) ext ract:(PXD + )—‘ D + Returns subsequence of member of D +
ext ract (p ,6) =
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<&4(p4 1),&4((p4 1) + 1 ) .  &4 (p42)>
for 1<p41�p42 �#6

(SF9) get:(NXS)-+L Gets locations from an S
get(n ,a) =

n= i—’<new(a)>,
<new(a)>~ get(n-1 ,a[0/new(a)])

for n�1

(SF10) Iegal:(PXP)— ’ T Determines if access is legal
Iegal(p1,p2)=

p24 1 �p242—’(p24 1 41 �P1 42<p242),
(p241�P1 41�p 1 42�P242)

(SF11) max~(NXN) - ’N Maximum
max( n 1 ,n2) =

ni �n2—+n2,
ni

(SF12) new:S—.L Gets a sequence of locations from an S

new(a) =
I such that a(I) =~~

(SF13) norm:(PX P)—. P Normalizes access
norm( p 1 .p2) =

P241�P242 <P 1 4 1 P 241+1 ,Pi 4 2 P 241f 1> ,

<p241 — p 1 41 ÷i ,p241 —p 1 42+ 1>

• for legal(p1 ,p2)

(SF14) pwr (NXV)— ’ B Generates tuples of an S
pwr(n,v) = <v 1.v2 
where v 1 =v , i={ i ,2, ... ,n}
for n�1

(SF15) ravel:A —’W Concatenates rows of A
ra veI(a )=a41~~a41~ ... § a4 . (#a)

(SF16) reshape:(NXW)—’A Reshapes a W into an A
reshape(n,ø) =

<<a4 1 .a42 a4m> ,
<W 4(m + 1),w 4(m + 1), ...

<w 4((n — 1)’ m + 1),ø4((n — 1)’ m + 2) ø4(n ’m)>>
where m =(#w)/n
for n~~ I and (# w mod n) =0
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(SF17) setb:(WXB) —’ S--’S Updates S with a B
setb(W ,$)a = a[/341/c.~4 1][$42/t.,42] ... [$4n/~,4n]
for # W = #$

(SF18) setba:(WXB) —’S-.S Updates S with adjusted B
setba(w ,f3) = setb(W,adjust(/3, # W.0))

(SF19) size:P—’N Gives “size” of a P
size(p) = abs(p4 1 — p42 ) + 1

(SF20) tcext:(EXN) — ’ N Extends E and return s “value” part
tcext~e,n) = econv(adjust(/3,n,/341))4l
where $ = bconv(e)
for n�1

(SF21) tcval:E— ’Z Two’s complement interpretation of E
tcval(e) =

e41�2”~~~-’e4i ~2n,
e4 1

where n = e 4 2

(SF22) update:(D + XNXD )— ” D + List update function
update(8,n,d) =

<641 ,842 64(n- i), d,&4 (n + 1), ...

for 1�n�#&

4:.
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6.6 EnvrC4es

1) Program defined with formal parameters

2) Multiply defined identifier

3) Variable declared without bit structure

4) Undefined variable reference in overlay

5) Illegal word or array reference in overlay

6) Variable reference does not map evenly in overlay

7) leave, restart or resume of undefined procedure or label

8) leave, restart or resume of inactive procedure

9) Reference to undefined procedure

10) Number of actual parameters does not match number of formal parameters in procedure call

11) Undefined or improper variable reference

12) Illegal word specified in array reference

13) Illegal bit sequence specified in word reference

14) Illegal bit sequence specified in u ssub expression

15) Division by zero

16) Unsatisfied decode

17) Recursive procedure call

f

t
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