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By providing a macro facility, languages such as Scheme and Common Lisp alow
usersto define new specia formsas|ocal, syntactic program transformations. This a-
lows usersto abstract away what would otherwise be repetitive or cumbersome syntax.
One limitation to the power of macro facilitiesis that only textually local transforma-
tions can be defined—the user cannot, for example, define adel ay macro which au-
tomatically insertscallsto f or ce at all required pointsin the program. In this paper,
we present a new kind of macro, called a data path macro, in which transformations
can take place at any point along the dataflow path that includes the macro invocation.
The heart of the data path macro facility is a dataflow analysis mechanism that allows
the user to easily request powerful data flow analyses.

1 Introduction

Macros are a valuable abstraction mechanism in Scheme [Cli91]. They are used to abstract away
what would otherwise be tedious, redundant, or less perspicuous syntax. But macrosare limited in
that they can only perform textually local transformations. While a macro can be used to define a
del ay abstraction for which the user putsin explicit callsto f or ce, a macro cannot be used to
defineadel ay abstraction which automatically inserts any necessary callstof or ce.

We have devel oped anew kind of macro, called adata path macro, whose expansion can be non-
local. Using adata path macro, it is easy to define an abstraction which delays one operation and
automatically inserts any necessary callsto f or ce. The definition of a data path macro is broken
into two parts. Thefirst part performsaflow analysisto determine which parts of the program need
to be transformed. The second part, which resembles a traditional macro definition, performs the
actual transformations. A major contribution of thiswork isamechanism that makesit possible for
usersto easily and concisely request the desired flow analysis.

For another application of datapath macros, consider acomputation, likeamaximum likelihood
estimation, that multiplies hundreds of small probabilitiestogether and then normalizes the result.



The intermediate computations may underflow the floating point representation. One solutionisto
represent theintermediate valuesby their logarithms, doing multiplicationsby addition. Thiscan be
conveniently expressed by wrapping intermediateresultsthat might underflow in adata path macro.
Flow analysis can then find the computations that contribute to those results or that use them, have
them use the logarithmic representation, and insert the necessary coercions. The code stays clean,
and there is no chance of missing a coercion.

Both of these examplesinvolve making surethat other parts of the program are prepared to deal
with an aternative representation of a data value—the delay example prepares other parts of the
program to deal with promisesinstead of actual values, the maximum likelihood example requires
other parts of the program to deal with logarithms of actual values. But there are other uses of data
path macros as well. Consider some low level vision code that does various filtering operations
on pixel arrays. Many computations will include subcomputations that are functions only of pixel
coordinates (e.g. the tangent of acoordinate). If therange of coordinatevaluesisrelatively small, it
may be appropriateto precompute these results and store them in atablefor fast lookup at runtime.
While this transformation can be done manually by the programmer, doing so would obfuscate the
codeand isproneto error. It isalso easy to miss expressions where the optimization can be applied.
With data path macros, a macro can be wrapped around expressions that are known to evaluate to
a pixel coordinate. Then aflow analysis can identify all points in the program those values will
reach. Then all expressionsin the program that depend only such values can be replaced with table
lookups. Inthisexample, datapath macrosareused to propagate specialized information about data
values, which is then used to perform optimizations.

In short, data path macros provide the user with a mechanism for syntactically transforming the
program based on the results of user-defined flow analysis. Because they can operate at adistance,
data path macros tend to be semantics preserving.

The next section of the paper presents the core of the data path macro mechanism. Thisisin-
tertwined with apresentation of how delayed evaluation with automatic forcing isimplemented. In
the following sections, we present more detailed issues, related and future work.

2 An Example

We want to define a data path macro, | azy, so that we can write the code in Figure 1. The syn-
tax {| azy} in thefigure indicates an occurrence of the data path macro saying that the following
expression should be evaluated lazily. Processing of the macro will wrap adel ay around each of
those expressions and wrap af or ce everywhere necessary—as it happens here, the argument to
each of thecar sor cdr s, since any of them will receive a promise as their argument.

Whereas normal macros operate on lists, the need for data flow analysis requires that data path
macros operate on a parsed representation of the program. We first present the data structures used
to represent parsed programs and how macro occurrences are represented in those data structures.
We then present the mechanism that supports user-defined flow analyses and show how the defi-
nition of | azy usesit. Finally we present the mechanism for doing program transformations, and
show how the definition of | azy usesit.



(defi ne ones
{lazy}
(cons 1 ones))
(define (add-streans sl s2)
{lazy}
(cons (+ (car sl1) (car s2))
(add-streanms (cdr sl1) (cdr s2))))
(define (stream>list s |len)
(if (=1len 0)
()
(cons (car s)
(stream>list (cdr s) (- len 1)))))
(define (n-twos n)
(stream >l i st (add-streans ones ones) n))

Figure 1: Code implementing infinite streams using a data flow macro.

21 Program Tree

Sinceflow analysis must operate on a parsed representation of the program, data path macrosinter-
act with that parsed representation. We represent parsed programs with a program tree data struc-
ture. The parser doesminimal processing, so that thetreeresemblestheoriginal program (e.g. rather
than converting| et r ec toacall toal anbda, thereisa special type of nodefor | et r ec). The
one element of extended processing done by the parser is that call nodes which can be determined
to awayscall primitivefunctionsare represented in a special way. An example of the programtree
corresponding to a source program fragment is shown in Figure 2.

There is a node in the tree for each expression in the program. An occurrence of a data flow
macro pertainsto some otherwise ordinary node in thetree. Asshown onthecons nodeinthefig-
ure, anode liststhe data flow macrosthat were specified for it. The small circlesin thefigurerepre-
sent connectors, the points from which a node can connect to other nodes. The lines between con-
nectors are called seams, which provide links in both directions. Seams correspond to value flows
between nodes during program execution; they are where data flow information will be recorded.

In amanner similar to the CLOS Metaobject Protocol [KdRB91], the nodes are represented as
objects whose class corresponds to the kind of expression they represent. The various classes of
nodes are arranged into a hierarchy as shown in Figure 3. Dataflow analysis and rewrite handlers
are defined as methods specialized to these classes. This makes it possible to use object-oriented
inheritance to write these handlers concisely—a single handler can be defined for all kinds of call
nodes, for example.

It ispossible to edit the program tree. Thisis generally done by splicing in new tree fragments
made from lists and other tree fragments. For example, Figure 4 shows a tree edit that inserts a
call to f or ce and the code required to perform that edit. (We have used Common LISP for our
metalevel code because of its standard object system.)
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{lazy}
(cons (+ (car sl) (car s2))

(add-strems (cdr sl) (cdr s2)))

vari abl e
add- st reans

vari abl e vari abl e
sl s2

Figure 2: The program tree for a code fragment with a data path macro.

node

//////////

variable-binding form
expression
/ \
value-constructing compound variable-access
/
self-evaluating call variable
/ A\ |
boolean constant primitive-call

A

cons car cdr ..

special-form

quote lambda begin if set!

Figure 3: The inheritance structure of node classes.



(car sl) (car (force sl))

car —
* cal |

vari abl e
s1

vari abl e vari abl e
force sl

(defun splice-in-force (node)
(splice node * (FORCE , node)))

Figure 4: The tree rewrite that inserts a call to force and the code that implements this rewrite.



2.2 Flow Analysis

The basic mechanism required for data path macros is user-definable flow analysis. The user needs
to be ableto do analyses like: find out what places a special representation (e.g. adelay object) will
reach; find out what places will receive only a specia subtype (e.g. afixed range of coordinates);
or, inthe opposite direction, find out what places can produce valuesthat will need to have aspecial
representation (e.g. alogarithmicrepresentation of real numbers). These analysesrequirethe ability
to propagate information around the tree, along the normal data flow paths.

Our system provides the user with a framework for supporting these kinds of analyses. The
system keeps track of the paths along which data can flow, while the user picks a domain of flow
information and says what information to flow and how to combineit.

The system takes responsibility for the mechanismsthat pass data values around without alter-
ing them. 1t computes which | anbdas could end up at each call (OCFA in Shivers's terminology
[Shi91]), so it can know where the argumentsto the calls can go; and it computes where the results
of acall to aconstructor, like cons, can end up (1CFA in Shivers'sterminology), so it can know
where the arguments to the constructor can go. For example, in the program in Figure 1, the sys-
tem automatically determines that the result of the first call to cons isthe only possible input to
add- streans.

The system uses this information to perform flows requested by data path macros. Asis stan-
dard, the flows start with each seam having some initial value, which increases monotonically as
information from various paths arrives, until global quiescenceisreached. To request aflow, adata
path macro definition supplies:

e Theinitia value stored on each seam (the bottom value of the flow information domain).

¢ How to start theflow propagation. The user provides handlers, specialized to thetype of node
and type of information, that say what, if any, information flows out of the nodeto initialize
the flow analysis. (The organization of the node types into a class graph, combined with a
default method that providesno additional information, meansthat the user can usually cover
all the cases with just afew handlers.)

¢ How to propagate flow information through nodes which can transform data, such as arith-
metic nodes. The user provides handlers, depending on the type of node and type of infor-
mation that say how each data transforming node transduces flow information. (The defaullt,
not to propagate anything, sufficesin many cases.)

¢ How to combineflow information from several pathsthat merge. (Thisisthe meet operation
on the domain of flow information.)

e How to tell if two pieces of flow information are equivalent (This is used to detect quies-
cence.)

We can now start defining thel azy datapath macro. We declarethe macro’sname and definea
new category of dataflow information, pr om se- i nf or mat i on, whichwill betheinformation



required to implement the new macro. All we need isthe 2-point domain':

possibly-promise

nil

At the start of thisflow, theflow informationat all ssamsissettoni | and then call nodeswith
the lazy macroinitialize the analysis by indicating they produce possi bl y- prom se. Thisgets
propagated around the program tree. After theflow quiesces, only ssamswhosedataispossi bl y- prom se
might carry promise objects; all others are guaranteed not to. The code implementing this flow is
shown below.

;;; The new mark is |azy, the new datafl ow information category is
;;; promse-information. The starting value at every seamis nil.

(defi ne-dat a- pat h-macro | azy (prom se-information))
(define-category prom se-information nil)

;7 Wien the flow first starts up, call nodes with the lazy mark
;;; flow out possibly-promse. Al other nodes flow out nothing.
(defmet hod start-flow ((node call-node)
(info (eqgl 'prom se-information)))
(when (nmenber '|azy (node-dat a-path-nmacros node))
(fl owout info node (root-conn node) ’possibly-promse)))

(def met hod conbi ne-info
((info (eql *promse-information)) first-info second-info)
(or first-info second-info))

(def net hod equal -info
((info (eql *promse-information)) first-info second-info)
(eq first-info second-info))

'We are using a f or ce that can handle both promises and non-promises. If we wanted to make sure that only
promise objects would reach forces, we could use afour point domain of: nothing, promise, non-promise, and either.
Then it would be possibleto check that only promises could reach forces.



2.3 EditingtheTree

Oncetheflow analysisiscomplete, any required editsto the tree must be performed. Sincethe edits
might be anywhere, a handler is run on each node of the tree, specialized to the kind of node and
type of information. The handler uses acollection of tree examining primitivesto gain accessto the
state of the tree and the results of the flow analysis. Other primitives make it possible to perform
therequired edits. The codefor thel azy macro illustrates these.

For thel azy macro, there aretwo categoriesof rewritesto do after the flow terminates: insert-
ing del aysand inserting f or ces. The code handles them separately.

(defrmethod edit-tree ((info (eql ’prom se-information))
(node node))
(possi bl y-insert-del ay node)
(possi bly-insert-forces node))

Inserting of del aysis based ssimply on the macro occurrences, not on the flow information;
call nodes specified as| azy rewrite themselves as being wrapped in adel ay form.

(def met hod possi bly-insert-delay ((node call-node))
(when (nenber '|azy (node-dat a-path-nmacros node))
(splice node * (DELAY , node))))

Forces must be introduced wherever there might be a delayed value at a“touching” point in the
computation. Theseare: functionargumentsof call nodes, test argumentsto conditionals, and argu-
mentsto “touching” primitivessuch as+. Testing for the last case isfacilitated by the parser’scon-
version of callsto primitivesinto special node classes. Because all these classes are subclasses of
primtive-call,asnglemethod can be used to affect all such calls.? Then, for non-touching
primitives such as cons, afurther specialized method is used to prevent insertion of thef or ce.

(defun seam possi bl y-prom se-p (seam
(eq (seam data seam ’ prom se-information)
' possi bl y-prom se))

(def met hod possi bly-insert-forces ((node if-node))
(let ((test-conn (if-node-test-connector node)))
(when (seam possi bl y-prom se-p test-conn)
(splice-in-force (node-at-other-end-of-connector test-conn)))))

(def met hod possi bly-insert-forces ((node call-node))
(let ((head-conn (call-node-function-connector node)))
(when (seam possi bl y-prom se-p head-conn)

2Primitive functions passed as first class functions are implemented as | anbdas which call the primitivein their
body, so they are also handled correctly by this mechanism.
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(splice-in-force (node-at-other-end-of-connector head-conn)))))

(def net hod possibly-insert-forces ((node primtive-call))
(mapc # (| anbda (arg-conn)
(when (seam possi bl y-prom se-p arg-conn)
(splice-in-force (node-at-other-end-of-connector arg-conn))))
(cal | -node- ar gunent - conns node)))

(def met hod possi bly-insert-forces ((node cons-node))

()

3 Extended I ssues

In this section we briefly mention issues of data path macros which we cannot discuss in detail in
this short abstract. In the full paper, these will be treated in greater depth.

A number of issues arise when the user wants to define more than one kind of data path macro.
These includeissues of ordering among the data path macros, sharing of data flow analyses among
data path macros, what happens when the rewrite of one data path macros introduces uses of other
data path macros and what happens when one node is marked with more than one data path macro.

Other issues have to do with the effect data path macros can have on the call graph. We have
developed a mechanism for adata path macro to inform the underlying dataflow machinery of how
it affectsthe call graph.

4 Related Work

Expansion-passing style [ DFH86] was devel oped to provide more control over thetheway inwhich
macros were expanded. In EPS, macro expansions are performed by functions called expanders.
An expander controlshow formsare expanded, and decides which subformsto expand. In EPS, any
subform can be expanded, including | anbdas and calls. While EPS provides better control over
amacro’sexpansion, it differsfrom data path macrosin that EPS is limited to the lexical scope of
theform being expanded. For instance, EPS can be used to convert an entire program from call-by-
value to call-by-need or call-by-name semantics, but it can not be used to arbitrarily mix all three
parameter passing semantics in one program, since a dataflow analysisis needed to determine how
each variable access should be performed.

Like EPS, context sensitive abstract macrog She90] give users more control over macro expan-
sion by allowing expansions to be based on aform’stype.

Monadg{Mog89, Wad90] provide functionality similar to data path macros except in an inter-
preted context.



5 FutureWork

Since data path macros require a global flow anaysis, they present a problem for separate compi-
lation. There is a spectrum of responses to this issue, from not doing separate compilation, to re-
stricting data path macrosto only have an effect within a compilation unit, to meshing them with a
module system so that i nter-modul e eff ects could be recorded and/or declared in modul e interfaces.
This last raises anumber of issues that we haven't yet explored.

An analogous question is whether data path macros can be interpreted. It appears that some of
them can, likeimplicitly forced delay, which uses the results of data flow information very locally.
The ideawould be to have the interpreter carry data flow information along with values, in effect,
to do a completely precise data flow. Then, when evaluating a form, the interpreter can do any
transformationsindicated by the data flow information at hand.

What we have done can be seen as opening up the flow analysis part of the compiler to user
intervention. Theuser can extend thenormal flow analysesand can program certain transformations
based on the extended analyses. We believe that by opening therest of the compiler in thisway we
will achieve further benefits. The user might, for example, want delayed objectsto beindicated by
aspecial tag value. We are working on aproject to open up a Scheme compiler thisway. Data path
macros arethe result of thefirst phase of thisproject. We are aso planning to give the user accessto
the data representation, data structure, and environment organization phases of the compiler. This
will allow the user to use the high-level constructs of the Scheme programming language while at
the same time controlling the implementation of those constructs to meet their particular needs.

6 Conclusion

Data path macros provide users a mechanism for syntactic transformationsthat can take advantage
of information garnered from the semantics of a program. Just as ordinary macros, they are a pow-
erful tool that should be used circumspectly. But when used appropriately, they alow the program
to concisely and explicitly express concepts that would otherwise by buried in convoluted code.
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