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Abstract. This paper describes a compiler generator (cogen) designed for inter-
active graphics, and presents preliminary results of its application to pixel-level
code. The cogen accepts and produces areflectiveintermediate codein continuation-
passing, closure-passing style. This allows low overhead run-time code genera-
tion aswell as multi-stage compiler generation. We extend partial eval uation tech-
niques by allowing partially static integers, conservative early equality, and unre-
stricted lifting. In addition to some standard examples, we examine graphics ker-
nels such as one-dimensional finitefiltering and packed pixel access.

1 Introduction

Interactivegraphicsisagrowing application domain wherethe demandsof latency, band-
width, and software engineering collide. The state of the art, represented by systemssuch
asQuickDraw GX(R) [44], Photoshop(tm) [42], RenderMan(tm) [52], Explorer(R) [25],
and DOOM(tm) [10], isto write in C and assembly language. Programmers use hand-
specialized routines, buffering, coll ection-oriented languages[46], and embedded/dynamic
languages, but inevitably we face trade-offsin

program size Largelibrarieswithmany specialized but infrequently used routineswaste
space.

latency and memory Using larger batches/buffersreducesinterpreter overhead but in-
creases latency and memory traffic.

design time Optimizationrequirestimeand planningthat are unavailableto exploratory
and evolutionary programmers.

Run-time code generation (RTCG), as exemplified by Common LISP [51], Pike's
Blit terminal [43], Masselin’s Synthesis operating system [36], researchers at the Uni-
versity of Washington [32], and elsewhere [14][35] is one way to attack this problem.
With these systems, onewrites programsthat create programs. Generating rare casesand
fused, one-pass loops as needed directly addresses the program size and latency trace-
offs outlined above.

However, RTCG has suffered from alack of portable, easy-to-useinterfaces. Lisp's
guasi-quote, Scheme'ssynt ax- r ul es [5], and parser generators such as YACC [27]
automate the mechanics of constructing certain classes of programs, but it remains un-
clear how we can build an RTCG system that is effective on awide-range of problems,
and is automatic enough that design time and programmer effort can really be reduced.



Partial evaluation (PE) as described in [28] is a semantics-based program transfor-
mation. With the cogen approach the programmer can type-check and debug a one-stage
interpreter, then by annotation and tweeking, produce an efficient two-stage procedure
(a compiler). Binding times manage program division, memoization handles circular-
ities, and the specializer creates variable names and the rest of the mechanics of code
construction. The programmer concentrates on higher-level issues such as staging and
generalization. Other current attemptsto apply PE to RTCG are Fabius [35] and Tempo
[8].

Thispaper exploresthe application of adirectly implemented compiler generator for
an intermediate language to pixel-level graphics kernels. The nature of graphics loops
is exploited with cyclic integers, which make the remainder (eg modulo 32) of an inte-
ger static. A conservative stati c-equality-of-dynamic-val uesoperator allows static elim-
ination of software caches, thus reducing memory references. The combination of these
features allows us to convert bit-level code to word-level code.

For example, say onewere converting apacked 24-bit RGB imageto 8-bit grayscale.
An efficient implementation reads three whole words, breaks them into twelve samples
with static shifts and masks, computes the four output bytes, and assembles and writes
an output word (see Figure 1) Such ablock can make good use of instructionlevel paral-
lelism. Our objectiveisto produceresidual code like thisfrom ageneral routine (called
say i mage- op) that can handle any channel organization, bits per pixel, per-pixel pro-
cedure, etc.

three words oneword
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= RGB Al
- RGB ALl
= RGB A
reading writing

Fig. 1. efficient pixel access

The rest of this paper consists of a system overview followed by a description of
cogen, two examples, and experimental results. Sections 6 and 7 place the system in
context and conclude. Readers not interested in the intermediate language and its effect
on cogen might read only Sections 2, 4.1, and 4.2.2 before skipping to the examplesin
Section 5.

More discussion but few details can befoundin [11]. This paper assumes the reader
isfamiliar with binding times, C compilers, L1SP macros, caches, and pixels. [16] pro-
vides agood introduction to graphics and [22] to chip architecture.



2 System Overview

Our system is called Nitrous; within it, we identify three kinds of program transformers
(see Figure 1):

— front ends(traditional and generated) which producer oot programsfrom programs
in user-defined languages.

— acompiler generator cogen for an untyped intermediate languager oot .

— abackend for code assembly and the rest of the run-time system.

hand

compiler
M
generated

compiler r oot backend machi ne

recur

generated
compiler

i mage- op

Fig. 2. System Diagram

r oot isasimple abstract machine code, like quad-code [1] with an unlimited num-
ber of registers but in continuation-passing closure-passing style (CPS-CPS) [3]. Thus
the stack and closures are explicit data structures and all values are named uniformly.
The model includesreflection and reification [17], simple data structures, arithmetic, an
open set of primitive functions, and represents higher-order values with closures.

recur isasamplefront end. It is a ssmple recursive equations |language with par-
dlel | et i f, and multi-argument procedures. The cogen-created compiler produces
straightforward code. It compilestail-recursive calls without building stack frames, but
is otherwise non-optimizing.

| mage- op isthe hypothetical procedure described above. The compiler might be
run when the user opens a new file, repositions a window on the screen, chooses a new
brush, etc.

A compiler generator transformsaninterpreterintoacompiler. Thatis, cogen trans-
formsar oot program and binding times (BTS) for its argumentsinto a generating ex-
tension. The BTs categorize each argument as static program or dynamic data; essen-
tially they aretypes[21]. The extension consists of amemo table, followed by the static
parts of the computation interleaved with instructions that generate residual code (ie do
RTCG).

The backend executesr oot programs. We examine current and future backendsin
Section 5.3.



By supporting refl ection we make code-producing functionsfirst class. Nitroustakes
thisastep further by making the compiler-producingfunction (cogen) first class: rather
thanworkingwithfiles, it just maps proceduresto procedures. To facilitate thisthe back-
end supportsreification: ther oot text of any code pointer can be recovered.

Becausethe compilersproducethe samelanguagethat cogen accepts, andther oot
text of the residual programsis easily accessible, multiple layers of interpretation can
be removed by multiply applying cogen. Thelift compiler (see Section 4.2) worksthis
way; other possibilitiesincludeusingr ecur to createinput for cogen, or providinga
compiler generator asaprimitiveinther ecur language. Such multi-stage application
requires that the generated compilers create correctly annotated programs, which can
bedifficult. In[18] and [19] Gliick and Jargensen present more rigourous and automatic
treatmentsof layered systemsusing specializer projectionsand multi-stage binding-time
analysis.

3 Thelntermediate Language

The core of the system isthe intermediate languager oot . Itsformal syntax appearsin
Figure 3. A program is called a code pointer, or just acode. When acode isinvoked,
itsformal parameter list is bound to the actual arguments. Thelist of pr i mand const
instructions execute sequentially, each binding a new variable. i f tests a variable and
follows one of two instruction streams. Streams always terminate with aj unp instruc-
tion, which transfers control to the code bound to thefirst argument and passestherest.
Formal semantics can be foundin[11].

code — (code name args instrs) v —» variable
instr — (primyv prim . args) instrs — instr | i st
| (const v constant) args — variable |i st
| (if v truebranch) true-branch — instrs
| (junp v . args) prim — primitive operation

Fig.3.r oot syntax

Structured higher-order control flow is managed with closure-passing [3]. A closure
pairs a code pointer with its bound variables, and is invoked by jumping to its car and
passing itself as the first argument. Normal procedure call passes the stack as the next
argument. The stack is just the continuation, which is represented with a closure. See
Figure 4 for an example.

Factors that weight in favor of an intermediate language liker oot include: r oot
1) makescogen smaller and easier to write; 2) providestarget for arange of sourcelan-
guages, 3) provides an interface for portability; 4) opens opportunity to schedule large
blocks and utilize instruction level parallelism; 5) exposes language mechanism (such
as complex optional arguments and method lookup) to partial evaluation; 6) reduces as-



append(k I m {
if (null? 1) (car k)(k m
frame = (list k1 m
cl = (close cont frane) b
append(cl (cdr 1) m

cont(self r) {
(k1 m = (cdr self) c
nr = (cons (car |) r)
(car k)(k nr)

}

Fig.4.r oot codeforappend, in sugary-syntax. Notes. a return by jumping to the car
of k, passing k and mas arguments. b cl ose islike cons, but identifies a closure. ¢
destructuring assignment.

sembly overhead because it is essentially an abstract RISC code; 7) allows expressing
optimizations not possible in aHigh Level Language.

And against: 1) typeswould simplify theimplementation and formalization; 2) good
loops (eg PC-relative addressing) are difficult to produce; 3) explicit stacks and excep-
tions would reduce consistency requirements and make optimization easier; 4) using a
languagelike GCC [49], OmniVM [48], or the G-machine[29] would leverage existing
research.

4 The Compiler Generator

cogen isdirectly implemented (rather than produced by self-application), polyvariant
(allows multiple binding time patterns per source procedure), handles higher-order con-
trol flow, and is based on abstract interpretation. This section summarizes how cogen
and its extensions work, in theory and practice. The subsections cover binding times,
cyclic integers, lifting, termination, and special primitive functionsin greater detail.

cogen convertsacode and abinding-time patternto an extension. An extensionis
identified with the name of the code pointer and the BT pattern, for exampleappend( D
S D.

The extensions memoize on static values to produce programswith loops. Arbitrary
dynamic control flow can be produced: a recursive equations language can specify any
graph. The interaction between cyclic arithmetic and memoization can result in aleast
common multiple (LCM) computation.

To support variable splitting and inlining the extension renames the variables in the
residual code and keeps track of the shapes (names and cons structure) of the dynamic
values. The shape of adynamic valueis the name of its|ocation. Shapes are part of the
key in the static memo table; two shapes match if they have the same aliasing pattern,
that is, not only do the structures have to be the same, but the sharing between parts of
the structures must be the same. The effect of variable splitting is that the members of
a structure can be kept in several registers, instead of allocated on the heap (abstracted
into one register).

Inlining is controlled by the dynamic conditional heuristic [4], but setting the special
$i nl i ne variable overridesthe heuristic at the next jump.



In CPS-CPS continuati onsappear as arguments, so static contextsare naturally prop-
agated. Figure5 showsthetrandationof (+ S (if D 2 3)) intor oot . Theexten-

sondyn-if(D S D) callstheextensoncont((close S (lzst DSD) D).

dyn-if(k s d) {
frame = (list k s d)
cl = (close cont frane)
if (d) (car cl)(cl 2)
(car cl)(cl 3)

}

cont(self r) {
(k s d = (cdr self)
rr =r +s
(car k)(rr)

Fig. 5. Propagating a static context past a dynamic conditional.

4.1 Binding Times

Binding times are the metastatic values from self-applicable PE. They represent prop-
erties derived from the interpreter text while a compiler generator runs. Primarily they
indicateif avaluewill be known at compiletime or at run-time, but they are often com-
bined with the results of type inference, control flow analysis, or other static analyses.

Fig. 6. Lattice Order. ( const c) CScceyccD

cogen’shinding-timelattice appearsin Figure 6. Conscells are handled with graph
grammarsasin Mogensen [37]: pairsin binding times arelabeled with a‘ conspoint’. If
the samelabel appearson apair and adescendant of that pair then the graphis collapsed,
perhaps forming a circularity. An annotation may provide the label, much like a type
declaration.



We denote apair (cons bt bt) (thelabel isinvisible here). list X y ...) ab-
breviates( cons X (cons y ... (const nil))).Inthelattice, SC( cons bt bt) CD.
We use familiar type constructorsto denote circular binding times. Figure 7 depi cts sev-
eral useful examples.

For example, avaluewith BT D | i st hasno static value, but its shapeisalist of
variable names. The dynamic values are placed in registers as space permits.

Asin Schism[6], control flow information appearsin the bindingtimes. cogen sup-
ports arbitrary valuesin the binding times, including code pointers, the empty list, and
other typetags. Such aBT is denoted ( const c),orjustc.

Closures are differentiated from ordinary pairsinther oot text, and thisdistinction
is maintained in the binding times. Such a binding time is denoted ( close bt bt) .

An additional bit on pair binding times supports a sum-type with atoms. It is not
denoted or discussed further.

(<D o)
(o) COIENECIIC
OO & )

Fig.7. Threebindingtimes: (S * D) |i st isanassociation list from static keysto
dynamicvalues, D | i st isalist only whoselengthisstatic, stack-bt isthebindingtime
of acontrol stack.

CyclicIntegers Thereare many ways of dividingintegers. Nitrous can break an integer
into static base, dynamic quotient, and static remainder®: i = bg+r. Such abindingtime
isdenoted cyc. If b is apower of two (eg 32) then we have a static bit field (eg the 5
low bits are static). In thelattice, SCcyc=D.

We have to make special cases of al the primitives that handle cyclic values. The
easiest are addition and multiplication. The static code works like this:

v = (+s (cyclicbqgr)) - v = (cyclicbq (+sr))

v = (* s (cyclicbqgr)) —v = (cyclic (* sb) q(* sr))
v=(+sd — v=(_(cyclic1ds)

v=(*sd — v = (cyclicsdDQo

! Here's another way to divide integers: a static bitmask divides the bits into static and dynamic.



On the left is a source instruction with binding times, on theright is the code in the ex-
tension. No case has any dynamic component; because the quotient passes through un-
changed we canjust copy theshape(q). Rulesfor (+ cyc cyc) and(* cyc cyc)
might also be useful, but are not explored in this paper.

zer 0?,i nod, andi di v are more compicated because the binding time of the re-
sult depends on the static value. For zer 0?, if the remainder is non-zero, then we can
statically conclude that the original valueis non-zero. But if the remainder is zero, then
we need adynamictest of the quotient. Thisisaconjunction short-circuiting acrossbind-
ing times. It makes direct use of polyvariance.

v = (zero? (cyclic bgr)) — if (zero? (inod r b))
emt v = (zero? q)
v = #f

See Section 4.2.2 for a brief description of the other affected primitives.

Note that the rule given for addition doesn’t constrain theremainderto 0 < r < b
by overflowing into the quotient as onewould expect. Instead, the congruencemodulo b
is maintained only at memo points: thisislate normalization of cyclic values. The extra
information propagated by this technique (early-equality across cycles) is required to
handle multiple overlapping streams of data.

Thuswhen the compiler beginsto make adynamic code block, al cyclic values are
normalized by adjusting r to satisfy 0 < r < b. Thisis done by emitting counter-acting
additionsto g. The sharing between these values must be maintained across this adjust-
ment.

4.2 Lifting

Liftingisgeneralization, or ‘ abstracting away’ information. If we abstract away theright
information the compiler will find a match in its memo table, thus proving an inductive
theorem. The simplest lift converts a known value to an unknown value in a known lo-
cation (virtual machine register). Lifting occurs when

— ametastatic code is converted to a static value. It is replaced with its extension,
this requires a binding time.

— apr i mhasargumentsof mixed bindingtime, causing all the argumentsto belifted.

— aj unp hasdynamic target, causing al the argumentsto be lifted.

— alabel repeatsin a binding-time grammar, causing its collapse.

— alift directive appears, generally the result of manual annotation.

Lifting isinductively defined on the binding times. The base cases are:

1. S— D allocatesadynamic location and initializes it to the static value.

2. cyc —» D emitsamultiplication by the base (unlessit is one) and addition with
the remainder (unlessit is zero).

3. S— cyc results from an annotation used to introduce a cyclic value. The con-
version is underconstrained; currently a base of oneis assumed.

4. (cons D D) - D emitsadynamiccons instruction.



5. (c/l;s/e (% p) frame) — D generatesandinsertsacall top( ( close D X)
DD... ) (al but thefirst argument are D), then emits the cons.

6. (close S frame) — D sameasthe previouscase, but the extension has already
been computed, so just emits acall and acons.

Case 5is particularly interesting. Any static information in frame is saved by reas-
sociating it into the code pointer before it is lifted. This introduces a complication, as
explained in Section 4.3 below. Thelift compiler handles applying these casesto struc-
tured and circular binding times.

Manual lifting is supported in r oot with an instruction understood by cogen but
ignored by ther oot semantics:

instruction — ... | (lift v) | (lift vbt)y | (Iift v (args) proc)

Thevariablevislifted to D, unlessthe target bt is given. Any legal lift is supported,
including lifting to/from partially static structures with loops and closures. Instead of
giving abindingtime bt, one can give a procedure proc whichis executed on the binding
times of args. This provides a rudimentary lift language.

Lifting Structures If aliftisn't one of the base cases outlined above, then the lift com-
piler isinvoked to create a procedure that takes the value apart, applies smple lifts at
the leaves, and reassemblesthe structure. cogen insertsacall to this procedureinto the
source program, and recurses into it.

For example, consider thelift (S * D) |i st —D. Thecompiler hasalist of val-
ues and alist of variable names. It recurses down the lists, and emits a const and a cons
instruction (making a binding) for each list member. At the base it recovers the termi-
nator, then it returns up and emits cons instructions that build the spine.

Itturnsout that thislift compiler canbecreated by cogen itself. Themeta-interpreter
isjust a structure-copy procedure that traverses the value and the binding timesin par-
alel. A delayed lift annotation is used wherethe BTsindicate asimplelift. Specializing
this to the binding times results in a copy function with lifts at the leaves. The value
passed to the copy function has the binding time that was just a static value. When the
continuation is finally called the remaining static information is propagated. The copy
function may contain cals to itself (where the BT was circular) or to other extensions
(to handle higher-order values).

Thisis an example of multi-stage compiler generation because the output of agen-
erated compiler is being fed into cogen. The implementation requires care ascogen
is being used to implement itself, but the possibility of the techniqueis encouraging.

Special Primitive Functions cogen treats some primitive functions specially, gener-
aly inorder to preservepartially static information. Figure 8 givestheimproved binding
times possible, and in what situations they occur. Notes:

a implement copy propagation by just copying the shape.
b becauser oot isuntyped.
¢ for variable splitting.



d theresult is metastatic if the pair has never been summed with an atom. nul | ? and
at on® are also supported.

e appl y takestwo arguments: a primitive (in reality, a C function) and alist of argu-
ments. If the primitive and the number of arguments are static, then the compiler
can just generate the primitive instead of building an argument list and generating
an appl y. This supports interpreters with an open set of primitives or a foreign
function interface. Notice this doesn’t improve the binding times, it just generates
better code.

f extensionsfor both S and D are created, the compiler chooses one statically (see Sec-
tion4.1.1).

g the sourceinstruction on theleft producesthe static code on theright. Rather than the
error, one could take a dynamic path, as does case e above.

v = (inod (cyclic bgr) s) — if (zero? (inod b s))
v = (imod r b)
error

h likei mod but

v = (idiv (cyclic bqgr) s) — if (zero? (imod b s))
v = (cyclic (idiv bs) qr)
error
Note that it is necessary that the division primitive round down even for negetive
inputs,ie(idiv -1 10) — -10.
i ear| y=conservative static equality of dynamic values, see Section 5.1.

(+ cyc 9 cyc

(identity x X a .

(cons S S) S b E+ Eyg) S) gyg
(cons S D) (cons S D) * D 9 Czc
(cons D D) (cons DD) c 5 bot h f
(car (coms XVY)) X (;erg. cyc)s OS
(pair? (cons - ) S d E:g?v gyg S; ccﬁ
(apply S (D list)) D e y y

(early=DD S i

Fig. 8. Seethetext for notes.

4.3 Detailsand Complications

Static Control Stacks Becausethe stack isan explicit argument, when cogen encoun-
tersastatic recursion the same label will eventually appear on two stack frames. In the-
ory, because( const X) u ( const y) = S,whenthisloopiscollapsedthemetastatic
continuations would be lifted to static, thereby converted to extensions and forming a



control stack in the compiler. However, to simplify the implementation cogen uses a
special lift that suppliesthe return BT(s) and sets up the stack:

instruction — ... | (lift v stack ret-bt ...)

Thiscausesthelift ( close p frame) — stack-bt andusesextensionp( ( close S
frame) ret-bt ... ) to createthe extension for the continuation.

For example, consider append( D S D) 2, with lift directives asit shown in Fig-
ure 8. The key sequence of extensions and lifts that create the recursion appearsin Fig-
ure 9. cogen could avoid producing the (probably over-) specialized entry/exit code by
checking for the end of the stack explicitly.

append(k I m {
if (null? 1) (car k)(k m
frame = (list kK1 m
cl = (close cont frane)
lift ¢l stack dynamic

append(cl (cdr 1) m )
}

cont(self r) {
(k1 m = (cdr self)
nr = (cons (car |) r)
lift nr
(car k)(k nr)

Fig. 9. Annotated code for a static recursion.

aep\e/nd(D SD
(close cont (list D S D))
— stack-bt
cont ((close S (list DS D)) D)

append(/gg:k—bt S D
cont ((close S (list
stack-bt D S)) D)

Fig. 10. Building a static recursion.

Shape un/lifting and Sharing Herewe consider lift case 5 from Section 4.2 in greater
detail. Say f hasoneargument besidesitself. Thenlifting ( close f frame) — Dcre
ates acall tothe extensionf ( ( close D frame) D). Theextensionisusedto foldthe
static part of frameinto f . The problem s, according to its binding-time pattern, the ex-
tension expectsthe dynamic part of the frameto be passed in separate registers (because
of variable splitting), but at the call site the valueis pure dynamic, so they are all stored
in one register.

2 Only amore complex recursion really requires this, but append is easier to understand.



Nitrous uses special code at the call site to save (lift) the shape, and in the extension
wrapper to restore (unlift) the shape. This code optimizes the transfer by only saving
each register once, even if it appears several times in the shape (typically alexical en-
vironment appears many times, but we only need to save the subject-values once). The
same optimization prevents a normal jump from passing the same register more than
once.

Dynamic Control Stacks How do we extract the dynamic stack of ar ecur program
from the stack in the r ecur interpreter? Say cogen encounters do- cal | ( stack-bt
S S alist-ht) (see Figure 10). When cl islifted we computecont ( ( close S ( list
stack-bt S)) D) .Wewanttogenerateaprocedurecall wherecont jumpstoappl y,
soinlining is disabled and we lift the stack (k) to D, invoking lift base case 4. The prob-
|lem isthe extensi on was made assuming the code pointer would be static, but now it will
be dynamic. The unlift codeinserts an additional cdr to skip the dynamic value, thus al-
lowing an irregular stack pattern to be handled.

do-call (k fn exp env) { cont(self arg) {
frame = (list k fn) (k fn) = (cdr self)
cl = (close cont frane) lift k
lift cl stack dynamic $inline = #f
eval (cl exp env) a appl y(k fn arg)

}

Fig. 11. annotated code to produce a dynamic stack frame. Notes: a the call to evaluate
the argument isinlined.

Alternative Representations of Cyclic Values Cyclic values as described in Section
4.1 areinadaquate for the filter exampl e described below. The problem is the addresses
are cyclic values so before you can load aword the address must be lifted, resultingina
dynamic multiplication and addition. Theway to solvethisisto use adifferent represen-
tation: rather than use g as the dynamic value, one can use bg. Thisis premultiplication.
On most RISC architectures the remaining addition can be folded into the load instruc-
tion.
Thedisadvantageof premultiplicationisthat multiplicationand division can nolonger

maintain sharing information. Which representation is best depends on how thevalueis
used. A simple constraint system should suffice to pick the correct representation.

5 Experiments

This section presents examples of the code transformations possible with Nitrous, and
measures their effect on time consumed. Two graphics examples are examined in the



subsections, then the benchmark datais presented.
These examples make novel use of partial evaluation to optimize memory access
by statically evaluating alignment and cache computations. Thus code written using a
| oad- nybbl e procedure(with bit pointers) can be convertedto codethat usesl oad- wor d
and static shifts and masks.

5.1 Sequential Nybble Access

Say we sequentially access the elements of avector of packed sub-word-sized nybbles3.
Figure 12 gives code for reducing a vector of nybbles. The code on theright is special-
ized to 8 bits per nybble and a bit vector length to zero mod 32. There are three things
going on:

— Becausetheloopindex iscyclic, three zer 0? tests are donein the compiler before
it reachesan evenword boundary and emitsadynamictest. Theseadjacent iterations
of theloop canrunin parallel.

— Theshift offsetisstatic because (i nod cyc S) isstatic. Shiftswith constant off-
sets generally take one fewer register of space and one fewer cyclein time.

— Redundant loads are eliminated by inserting a static cache: we use the procedure
| oad- wor d_c instead of thel oad- wor d primitive.

The hard part is making the cache work: the cache-present test has dynamic argu-
ments, but it must be eliminated. Thisis exactly the purpose of ear | y=, it returnstrue
if the compiler can prove the values are equal (are aliases). Since the shapes track the
locations of the dynamic values, this is accomplished just by testing them for equality.
Note how this equality information is propagated through thei di v primitive.

Note that in the actual implementation, a store is threaded through the code to pro-
vide the state for the memory and its cache.

Even if the index were completely dynamic we could still use this fast loop by ap-
plying the Trick to makeit cyclic.

5.2 1D Filtering with Software Cache

A one-dimensional finite-response filter transforms an input stream of samplesinto an
output stream by taking a sliding dot-product with a constant kernel-vector (see Figure
14). If the kernel has length k then each word is loaded k times. If one makes the outer
loop index be cyclic basek, then in the residual codethe loop is expanded and the loads
areshared. A window on memory iskept inregisters but rather than rotating it, we rotate
the code around it.

As before, this can be done using a caching load procedure, though the cache now
must maintain several values. A cachehasBT (cyc * S * D) |i st,thetupleisof
the address, the dirty bit (or other cache control information), and the word from mem-
ory. Thelength of thelist controlsthe cache’s size, this must be set manually. The cache

3 Historically ‘nybble’ means precisely four bits. | have adopted the term to mean anything from
one to thirty-one bits.



i = cyclic; sum= D

while (i) {
i =i - bpn whi | .
nyb = | oad- nybbl e(i bpn) :qe:(:g)_{l
sum += nyb w = | oad_wor d(i q)
J sum+= (w >> 24) & 255
| oad- nybbl e(i bpn) { sum += (w >> 16) & 255
addr =i / 32; sum += (w >> 8) & 255
offset =i % 32; sum += (w >> 0) & 255

word = | oad-word_c(addr) }
return w2n(word bpn of fset)

Fig. 12. Genera and specialized code to reduce a vector of nybbles. For simplicty, this
code doesn’t handle nybbles that overlap words.

| oad-word_c(cache) (addr) {
if (early= addr cache.addr) w2n(w bpn ny) {

w = cache. word mask = ((1 << bpn) - 1)

w = (| oad-word addr) r = mask & (w >> (ny * bpn))
cache = (list addr w) returnr
return w }

}

Fig. 13. Helper functions.

is managed with the Least Recently Used (LRU) policy. The entry code that ‘fills the
pipeline’ is produced automatically because the memo-test doesn’t hit until the cache
getswarm.

This example was the motivation for the late normalization described above. The
address p is kept premultiplied to avoid a dynamic multiplication when it is lifted at
every load.

5.3 Implementation, Backend, and Benchmarks

cogen iswrittenin Scheme48 [30], which compiles an extended Schemeto bytecode?.
cogen is2000 lines, supported by 4000 lines of utilities, thevirutal r oot backend, the
compiler to GCC, examples, test cases, etc. It has not yet been optimized for speed (eg
it doesn’t use hashing or union-find). The source code and transcripts of samplerunsare
availablefromht t p: / / www. cs. cnu. edu/ spot/nitrous. htm .

* In fact the bytecode interpreter is written in Pre-Scheme [31] and compiled to C.



| oad- wor d( p)

| oad- wor d( p-1)

| oad- wor d( p- 2)
S sum = 2*wW0+5* wl+2* w2

SE3

stride = S; kernel = S
p =cyc; g =D, klen =

while (p) { store-word(q sum
dp = dot (0 p kernel klen) p -= 3; g++
storeword(q dp) while (p-=3) {
p -= stride w0 = | oad- wor d(p)
g-- sum = 2*wl+5*w2+2* w0
} store-word(qg sum
. wl = | oad-word(p-1
dot(suml in { sum = 2*w2+5*w(()52*3/vl
while (n--)

store-word(g+l sum
e el
return sum -
, store-word(q+2, sum
g += 3;

sum += | oad-word.c(i ++)

Fig. 14. Genera and specialized finitefilter code. Thekernel is[ 2 5 2] andthestride
isone.

Except for the lift compiler (see Section 4.2) the only working front end is a macro
assembl er, using Scheme as the macro language. So far the code fed to cogen has been
writteninr oot (with lift annotations) by hand. Ther ecur compiler produces good
code but is unfit for use as afront end because it does not yet produce annotated code.

The hypothetical ideal backend performs register allocation, instruction selection
and scheduling, dead-code elimination, constant sharing, and linking to convert thislan-
guageinto executable code. | am budgeting about 2000 instructionsto produce each dy-
namic instruction.

The backend used to producethese benchmarkstranslatesawholer oot programto
asingle GCC [49] function which is compiled, run, and timed using ordinary Unix(tm)
tools. Therun-timeisjust 350 lines of C and does not support garbage collection. These
times are on a 486D X4/75 running linux (x86), and a 150Mhz R4400 SGI Indy (mips).

Support for reification and reflection istrivial in the interpreted virtual machine, but
non-existent in the GCC backend. The ideal backend would support reflection either by
transparent lazy compilation or with a‘compilingeval’ procedurein the run-time. Reifi-
cation could be supported by keeping a backpointer to the intermediate codeinside each
code segment (unless proven unnecessary).

The benchmark programs are summarized bel ow:

recur thefront end describedin Section 2 run on three simple programs. at r ee per-
forms a mixture of arithmetic and procedure cals, even tests the parity of 100 by
mutual recursion, append alist of length 5 in the usual way.



nybble reduceavector of nybblesas above, but handles nybblesthat crossword bound-
aries. Ran on 2500 bytes with nybbles of size 4 and 12.
filter avector of integers, kernel size3and 7.

In the nybble and filter examples, the nitrous-int code uses calls to the cached mem-
ory operations, but the cache sizeis set to zero. The manual-int code uses ordinary loads.

The numbersare reported in Figure 15. Appreciable speed-ups are achieved in most
cases. The hand-written C codeis about twice as fast as the compiled r oot programs.
We speculate that this is because we use ‘ computed goto’ and the && operator for all
control flow.

mips x86
nitrous manual  nitrous  manual
intspec intspec int spec int spec

recur atree 100 25 600 15
recur even 1900 3.7 11000 13
recur append 150 3.6 710 23

nybble 4 12000 160380 14064000 460 1500 380
nybble 12 4700 77180 5925000 210 680 170
filter 3 6500 140400 4553000 620 650 230
filter 7 13000 380880 68 7601400 450

Fig. 15. Benchmark data, times in microseconds, two digits of precision. All timetrials
run five times; best time taken. The ‘int’ columns are for the general interpreters; and
‘spec’ for the speciaized residual code. The ‘nitrous’ columns are for code written in
r oot and produced by cogen, and ‘manual’ for normal C code written by hand.

6 Related Work and Alternate Paths

This section places Nitrousin context of computer graphics systems practice, and other
research in partial evaluation and RTCG. First, we list the standard approaches to the
generality/performance trade-off with a collection of examples of each.

custom hardware Blitters, MPEG codec chips. Provides the highest performance at
the highest price with the greatest design time and least flexibility.

programmable hardware DSP chips, MediaProcessor(tm) [38]. Requireassembly lan-
guage and specia toolsto fully utilize them, but they can run C.

application specific compilers MINT [53], Apply [20], Cellang [13]. Usually compile
to C and run on stock hardware.

dynamic linking Photoshop(tm) [42], Netscape(tm) [39]. Knownas' plug-ins' . Theap-
plication dynamically loads code modules adhering to published interfaces.



batching/buffering APL, RenderMan(tm) [52], fnord [12]. Rather than applyinganin-
terpreter and one program to each of many data, abatch interpreter sequencesvector
primitives over the data, thus reducing interpreter overhead. Strip-mining and tiling
[55] is necessary if the data don’t fit in the cache.

embedded/dynamic languages Emacs lisp [50], Tcl/Tk [40], Microsoft’s Visual Ba-
sic(tm) [54], PostScript(tm) [24], ScriptX [45], etc. The dynamiclanguage sequences
routines implemented with a static languages.

Hardware support for byte-pointers and an on-chip cache have similar effect as our
| oop optimizations (the hardware repeats the computation, but the hardwareisvery fast).
However, note that the Alpha[47] doesn't support byte pointers, and DSP chips some-
times provide an addressing mode for on-chip SRAM bank, rather than a cache. This
isan application of RISC philosophy (factoring from hardware into the compiler to in-
crease the clock rate).

Similix [4] is a sophisticated, freely-available compiler generator. It uses a type-
inference BTA, supportshigher order Scheme-like language with datatypesand an open
set of prims. It supportspartialy static structs, simple manual lifts, andismonovariant. It
produces small programs and runsfairly quickly. It's file-based interface could be com-
bined with a Scheme compiler (provided it had theright interface) to do RTCG. Schism
[7] issimilar but nicer.

DCG[14] and[33] provideC-callablelibrariesfor RTCG. They usetypica C-compiler
intermediate language for portable construction and fast compilation with ‘ rudimentary
optimization’. The ratio of static instructions used per dynamic instruction produced is
300 to 1000.

‘C [15] augments C with backquote-like syntax to support manual RTCG. It pro-
vides anice interfaceto DCG, and can handle complex interpreters (eg Tiny-C). By re-
targetting C-mix [2] to * C one might be able to combine the strengths of these systems
(constraint-based BTA, fast code generation, a popular language).

Fabius[35] isacompiler generator for asimplified first-order ML-likelanguage. The
programmer uses curry notationto specify theprogramdivision, and aBTA compl etesit.
Thisisavery natural means of annotation. The compilersproduce machinecodedirectly,
thusthey are very fast; itsratio is about 7.

Tempo [8] is aoff-line, template-based specializer for C aimed at operating systems
code. It contains sophisticated pointer analyses and other features to make it work on
‘real’ systems. So far no results are available.

Staging transformations[26], ordered rewriting [9], program slicing [ 23], and metaob-
ject protocols [34] contain related ideas from other parts of the language research com-
munity.

7 Conclusion and Future Directions

We havedescribed Nitrous, arun-time code generation systemfor interactivegraphics. It
uses compiler generation of intermediate code to provide sophisticated transformations
with low overhead. It augments standard partial evaluation techniques with new anno-
tations and binding times. While the preliminary results from the graphics kernels are



promising, the front and backend are still too incomplete to conclusively demonstrate
the utility of this approach. Besides the immediate goals of fleshing out the system and
scaling up the experiments, we hopeto

formalize the binding-timelattice in EIf [41] and develop a constraint based analy-
sis.

merge the static and shape environments, if possible.

reduce unnecessary memoi zation.

reduce the size of the extensions by improving lifting.

return to self-application.

bootstrap the system by compiling the experiments (and ultimately itself) with a
generated compiler.

— when shape un/lifting data, use vectorsinstead of lists.

— automatically pick the right representation (pre/post multiplied) of cyclic values.
— can dynamic just be a special case of cyclic (when baseis one)?
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