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. INTRODUCTION

An intermediate graph-like format has been designed for internal use by VAT compilation sysiems.
The VAL compiler in use at MIT uses this internal format. The full compiler is actuably scvcr;ﬂ programs == a
parser, linker, code gencrator, and cell allocator. The linker writes its output in essentially this format, which
the generator then reads. The format has been carcfully (after some trial and error) chosen to be the correct
format for data flow program transformations and optimizations. "That is, program structures are represented
in a manner amenable to the transformations of interest. Furthermore, the format is used at a point in the
compilation process far cnough along that aspects of the program that are not relevant to the transformations
have been rc_muvcd and other irrelevant aspect (things that depend on the target machinc) have not yet been
put in, Some simple optimizations have been performed on programs represented in this format by an

cxperimental optimizer, and it is expected that much more sophisticated optimizers will use it in the future.

In this paper. the format will be described in an informal graphical way, using pictures. The concrete
format used in the fiies produced by the VAL linker and optimizer 1s dependent on the C1LU implementation

of those programs and will be described in another memao.

The format is a graph corresponding to the structure of the data flow program. Each node corresponds
to one operator (arithmetic, array or record operation, etc.) or one complex structure (conditional, tagease, for

loop, or forall).
2. LINK STRUCTURE

Links exist between nodes when there is a data path from onc node to the other. In the internal

computer format, these links are bidirectional, so each nodc possesses a pointer (0 the othczr.1 The

L. In the actual file written out by the VAL tinker, the back links arc not yet in. ‘They are added by the
optimizer afier reading in the file.



information about cach link contained in the twe nodes is enough that, starting from just one of the nedes. the
link can be compleiely removed or modified.  Fach node has some input links and some output finks
associated with it. The input links point to the other nodes that send data to this node. and the output links

point to the other nodes 0 which data arc sent.

The inputs of a node are urganized into wrms. with cach arm divided into args. Fora simple if-then-else
of arity two, there are three arms, with 1. 2, and 2 args rcspectively.} This will be diagrammed as shown:

if P then A, B else X, Y endif

Ordinary arithmetic operators have only one arm. with some number of args in it.

‘A B Q
A+B ~Q -
The outputs of a node are organized into results, with each result divided into arcs. For a structure of

high arity, there are as many results as the arity. For each result, there are as many arcs as there are places to

which that result is to be sent. Ordinary operators have only one result, with some number of arcs.

1. ‘This is actually a lie. The true nature of the if block will be clarificd later.



A pical interconnection might look like this

T, U := if P then A, B else X, Y endif ;

W, Z := if T > X then U, T else Y, X endif ;
R := 2+T ;

S = W

Each group of boxes along the top of a node corresponds to an arm, and each box is an arg. Fach group

of boxes along the bottom corresponds to & result, with each box corresponding to an arc.

In the actual data structure for a node, cach incoming link (box along the top) has three pieces of

information with it:

1. The node pointed to

2. lts result number



3 I'he are number for that result

Note that this is sufficient informuation to Jocate the painter at the other end of the link, if it is desired 0

modify the link.

Each outgoing link also has three pieces of information:

1. The node pointed to-
2. lts arm number

3. The arg number in that arm

Naote that this is also sufficient information to locate the pointer going the other way.

A typical link, viewed undcer a microscope, might look like

node a \ IF

... ] ... | node B AU
eee fo..|arm 1
veo ... |arg 2

... | node a
... | result 1
... larc 3

[

node B +

The assignment of arcs for a result is of course arbitrary -- the same result goes to all destinations. The

following are cquivalent:
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and

The back pointers must be consistent in all cases. The assignment of args for an arm is of course not arbitrary.

The input data associated with cach node comprise an array of arrays of triples. These triples are

records containing

node - pointer to a node
result - integer

arc - integer
(the type and symbol name arc here also and will be discussed below)
ted as a two-dimensional array, since the amms de

This array of arrave can not nocessarily be imnlemen
hig array of arrave can Aot NOCESsarty DO IMMCInGS

not all have the same number of args, and hence the lower level arrays arc not always the same length. The

C1.U imptementation of arrays works well here.

The output data associated with each node comprise an array of arrays (of different lengths -- the

preceeding paragraph applics here also) of triples. The triples are
node - pointer to a node
arm - integer

arg - integer



3. TYPE INFORMATION

Anather piece of information associzted with cach input link is the input data type. This is a poinker o
the global canonicalized type list. No information on result types is stored. It can be deduced from the

operator, and could. in any casc, be found by tracing the output link and examining the input link at the other

end.
4. DIAGNOSTIC INFORMATION - SYMBOLS

There is diagnostic information, that is not cssential to compilation or execution. but is an aid to
debugging and analysis. This information consists of symbol names and finc numbers. The intention is that,
if an overflow occurs in

X := P*Q

zmdmcumrmmnmuamdadmgmﬁkpﬁnmunfmmhummn&smnmhmgwﬂﬁmpﬁnwdmmhas
*s+ pos_over[real] created by multiply ***
i%% arg (P) = 3.14ezY
2" arg (Q) = 2.72e21
at line 4 of function foo
called from line 13 of function bar
called from line 27 of function main

The symbol information s stored with the input links. In addition to the node, result, and arc, there is a 4th
itemn - the name. This is an index into the global symbol table, which is merged from all of the symbol tables

of all of the modules.

The name may be absent. 1f we have

Tet



the graph is

The feft argument of the addition has no symbol.

A common operation in VAL will be the packing of many values into a record. binding that record to a

name (perhaps sending it to a function) and them selecting and using the fields. If we have

PP := ...
Q0 := ... :
RR := ...

7 := foo{record[p: PP; q: QQ: r: RR]) ;

function foo(X: ...)
X.p * X.q + X.r
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then, assuming static function expansion, the graph might look like

RECCON

RECSEL(p) ) (RECSEL(q) ) \RECSEL(F)

Now a common optimization would be the removal of record construct/select pairs. If this is done

preserving the symbol names. we would get

This is not a good idea, because a diagnostic printout would show symbols that arc actually defined in

another function. We want the printout to show what the arguments looked like at the place in the text where

the operator appeared. Therefore, the symbol information stored with an input link can have record field

selectors, and the correct optimization of the above graph should yield



r -1l -

A similar sort of thing can happen with array sclects using a cnnst;nﬁ index. though this will be far less
common. So the symbol information can have arbitrary record fields and array indices. and a diagnostic
printout of an argument might look like

X.p[7].q[6][10]
‘I'his is stored as an array of symbol table indices and array index values. This array is the name part of cach

input link. An cmpty array significs a namelcss argument.
5 DIAGNOSTIC INFORMATION - LOCATION AND CONTEXT

The rest of the diagnostic information is the location of the operator and its context. This information 18

accoviatad with
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function, or the line number and the file. (The two implementations are equivalent - given the file and line

number, one can tell what function it is in.}

When functions arc dynamic, that is, not expanded statically by the compiler at every invocation, this is
all the location information that is present in the node. To print out the context information {where the
function was called from, all the way back 1o the top-level function), some run-time data will be needed,

which must be obtained by decoding the "stack™, or the equivalent structure in a data flow computer.

If functions are statically expanded, the nodes in each cxpansion must give the line number and the
context, instcad of line number and function. ‘The context is a pointer into the context table. Every time a
function is cxpanded by a graph transformation program, an entry is created in the context table giving the

called function, line number (in the calling function) from which it was catled, and a pointer to the entry in



the context table for the calling function. When a run-time error oceurs, it will be possible to print the full

context by chasing pointers in the context table.
6. FUNCTION INVOCATION AND EXPANSION

T'he output of the VAL linker does not expand functions, so that it can be used with dynamic data flow
projects. This output is a collection of graphs. one for cach function. Invocations of functions appear as node

types. giving the function:

4 inputs

3 outputs

An optimizer or code generator for a static machine must remove atl these nodes, replacing them with

copics of the indicated subgraph. The present experimental VAL code generator does this.

Inputs to functions are represented by an arg node type. which has only outgoing links. Qutputs are
represented by a result node type, which has only incoming links. The table of functions has pointers to these

special nodes for each function -- they are the “handles” for the functions.
7. NODE TYPES

There are the following general node types. In addition to the information specific to cach node type,

all nodes have the line numbers and context information described above, and the input and output links.

Elementary operators -- these are the "scalar” operators of the VAL language
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§pecial vperators -- these are operators that the compiler makes available as though they were
library functions because the hardware is capable of executing them directly. Fxamples of

such operations are logical and arithmetic shifts, square root, and trig functions.

Compound operators -- these arc the array, record, and oneof operations. 1t is these nodes that

an optimizing compiler is (o should be) interested in.
JFunction invocations
Arg and result nodes
Constant values

if, tagease, iterif. itertag, for, and forall blocks -- these are described below.

Note that let blocks are not represented here. ‘Yhey are expanded as part of the process of putting the
program into this graphical form. A block such as
lTet P := X—Y in P*P endlet

is represented as

GRS

11}
8. COMPLEX STRUCTURES - IF

Complex structures - if, tagcase, for, forall, and the structures for iteration bodies, have subparts that
have tokens flowing through them perhaps many times, and perhaps not at all, for a given operation. It is
necessary to generate appropriate token control instructions (gates, merges} at the boundaries of the subparts.

For example, the tests and result clauses of an if block need gates to allow tokens into only the sclected clause.



An if is represented this way, where PLQ. %Y. and 7 arc arbitrary subgraphs:

if P then X
elseif Q then Y
else Z

endif

Y
CFilefeef-2 Tl (]

‘The boxes at the wp are called gates. and the numbers inside them are the case numbers. Al inputs 1o
the subgraph for the M clause of the if pass through a gate with case 1. All inputs to the subgraph for the

predicate enabling the P clause pass through a gate with case - 1.

Al of the controtl values enter the if in one ann. Since control values have arity 1, it would be wasteful
to give them separate arms. That arm is arm number 2, for reasons that will be discussed below. The clauses

of the if cach use an arm of the node, starting at arm 3. Those arms have as many inputs as the arity of the if.

‘Nothing can get to a subgraph without going through an appropriately numbered gate. All subgraphs
are completely inside the structure for the if. There are no "leaks” across the dotted line, nor cross-links

among different subgraphs.

The gates are actually part of the if node. They are drawn in a row at the top, connected to the actual
node by dotted fines, only to make the graph geometrically reasonable. In the computer representation, they
arc part of the node, and their inputs and outputs are inputs and outputs of the node. The reason for doing

{his is so that all data links rclated to the if will have a uniform structure.
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The gates are handled as follows: Their inputs collectively comprise arm number 1. This is why the
control values went to arm 2 and the clanses went (o arms starting at 3. The number of inputs for urm 1 is just
the number of gates. The outputs of the gates are all distinct outputs of the node. The Teftmost gale’s output
is output 0, 1t has as many arcs as needed to convey its data w of all the places that require it. 'The next gate 1s

output number -1, and so on. using negative numbcers.

Posilive outputs are thus truc outputs of the if-then-clse structure. Nonpositive outputs go to internal
cubstructures. Arm 1 receives true inputs to the i-then-clse structure, Higher numbered arms come from
internal substructures. There are ne nenpositive arm numbers. The cases are kepl in a scparate array

associated with the node.

A reasonable diagram for
if A > B then C, C+D else E*D, D endif

would be




A fanaticatly faithful diagram would be

A B C D E
SRRy
T 1T r1rr 1711
arm 1 2 3 4
IF
cases:
output -5 -4 -3 -2 -1 0 1 2 -1 -11122

F ) @ i
9. TAGCASE

This is similar to if except as follows:

1. Arm 2 (the one bearing the boolean test values in an if) has only onc arg. ‘That arg is the
oncof datum 1o be tested. This datum does not pass through any gate. It gocs from the

external source of the dawun directly into arg 1 of arm 2.

2. The tagease node contains another piece of data -- the raglist. This is an array of integers.
If the oneof datum has tag 1 (all oneof and record types have canonical numbers assigned to
their tags and fields, which numbers arc used in the type table and in all operations) then

taglist[i] gives the clause to be evalvated.

3. The tagcase block makes the constituent value of the oreof type available inside the arms.
The operation of extracting the constituent value is a separate "get_oneof_v alue”
operator in the graph. This operator yields a result whose type is fixed. Itis the type of the
constituent value of the oncof datum. There is a field in the operator node giving that type.
The compiler guarantees that, since this operator will only appear within certain arms of a
tagcase, the tag of the incoming datum will always be such that the constituent value will be

of the indicated type.
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Fxample:

type T=oneoffq,r:real; irinteger];

tagcase P := 1 % 7 is of type T
tag gq,r: P*2.0

tag i: exp(3.0,P)

endtag

get_oneof_value
[real]
exp
[real,int]

TAGCASE

" taglist: 2 11

Since the canonical order for the tags of type Tis (i, q.1) the taglist denotes the mapping i-—+_2, q—1, r—1.
10. ITERIF AND ITERTAG

'mmwmnMﬁmmemdwwmmHﬂdmmmabwﬁ%wme%mﬂﬂm&ﬂmﬂmmgwm

except that their clauses are classified into three categorics: “yes”, "no”, and "maybe”.

"yes” clauses always iterate. Their arity is the number of iteration variables in the loop, and the
values going into a "'yes" arm are the new values to be assigned to the toop variables, in the
order in which those variables are listed in the for block. A clause labeled "yes™ does not
have to be an iter block in the source program == it could be a complex conditional all of

whose clauses are iter blocks. That is, the VAL linker cffectively tarns
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if P the iter I, J := F, G enditer
else iter 1, J := §, T enditer

endif

into

jter I, J := if P then F, G else S, T endif enditer

Al of the Toop variables need not be assigned inan iter block. ‘T'he semantics of VAL states
that unassigned variables retain the same value on the next eycle. The VAL linker takes
care of this. All "yes” clauses provide the new values of ¢/l loop variables, just giving the
old value where necessary. The finker also takes care of the distinction between "new” and
"old"” values of loop variables in an iter block. When a loop variable appears on the right
hand side of an assignment in an iter block, it refers to the "new™ value if that variable has
heen reassigned in an assignment appearing carlier in the iter block: otherwise the "old”
value is used. The VAL compiler and linker know about this and create the correct data
fiow graph going into the "yes” arm of the iteril or itertag. 1f the VAL language is changed
to use some other mechanism (o identify "new™ and "old” values. the intermediate graph

representation will not have to change.

“no™ clauses never iterate, They indicate that the loop is to exit. ‘Their arity is the arity of the for

loop, and the values of the clause arc the values to be returned from the loop.

"maybe” clauses may or may not iteratc. They are special - their arity is always one, even
though many values may be returned or reassigned. The data arc going into a "maybe” arm

comes only from another iterif or itertag.

o

The classification of clauses as "yes", "no”, or "maybe” is stored in the controls array of the node.

All iterif and itertag nodes always appear to return one value. (Phat is, their only positive output is
number 1: they still have nonpositive outputs from their gates.) The single output value has only onc arc, and

jt mustgoto a "_maszbc" arm of another iterif or itertag node, or to the single arm of a for node.



1. FOR

“This node has the budy of the for loop as arm 2, and the gate inputs as arm 1, as for the other nodes with
gates, Arm 2 is, except in pathological cascrs,1 a "maybe™ arm linked from an iteril or itertag node. The for

has 2 controls arcay with one entry which is "maybe™ except in pathological cases.

This node has a number K of loop variables. (The number N is onc of the data ficlds of the node.) The
lefumost N gates are for these foop variables. The inputs to these gates have the initial values of the variables,
and the gates have case =1, All reassignments in an iter clause (“yes™ arm anywhere inside the body) contain
the new values in the same order. The remaining gates have case +1 and are for "free variables™ of the Toop,
that is, data passing into the loop that arc not loop variables and do not change value from one cycle to the

next.

‘I'here are as many positive-numbered outputs of the for node as there are values returned from the

joup. As usuadl, nONPOSILive LULPULS arC OUIPULS from gates.

jinitial values other data

[ 1] l\//\\

»Fﬂ Dot e ][+ safe}
<

body -- a tree of
iterif's and itertag’s
{and other stuff)

L “for I :=0do 7 endfor"issuchacase. It bodyis classified as "no™. A "yes" body such as "for I :=
Ddoiter := I+1enditer endfor”isillegal.



Example:

for I, J =X, 2
do if I>Y then
if J=5 then I*2 else iter I := I+3 enditer engif
etseif I>1 then X
elseif I=0 then iter I, J := I-1, J+1 enditer
else iter I, J := I-2, J+2 enditer
endif

endfor
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12. FORALL

This node has the body as arm 2, and the gate inputs as arm 1, as for the other nodes with gates, The first two

gates receive the Jow and high index limits. These gates have case -1. The output of the first gate is the index

variable, and goes to wherever it is nceded in the body. The second gate has no output arcs.



For cach value of the index variable between the limits. the body must be evaluated. yiclding a number
of values equal to the arity. Those valucs are to be combined according to a serics of operators =~ onc operator
per arg. The list of operators is part of the data of the forall node. The operators are the oncs that arc legal in

eval clauses, plus the operator *null_is_undef” for construct clauses.

Data other than the index variable, that is,

forall 1 in [S, T]
eval plus I+P, I*I
construct 1

endall

[TT] .
FORALL }~ operators: +, +, null_is_undef
L J I I
|

Multi-index forall’s, as in

forall I in [P, Q], J in [R, S]

are decomposed into scparate nested forall’s. The forall node in the graph always denotes a one-dimensional

forall.



