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“This report describes the results of the program cf

researcn carried cut af _Harvard Unliversity curing tne pericc
Jdctober 1, 1973 tnrough _Aucust 31, l§7§ utilizing tne £JP=-1C

and various resources on>the ARPANET during tnat perioc.

Fhework was divided in®e three major areas: Automatic
Prograrntnc Research and Tools for Software Production;
MHetwork Research; and, Operattng System Research.,

Ponay

-

. .

. In the first area, our major results have been related

LI: to the enhancemerit of the ECL Programming Syste: and the
iy utilization of ECL as the basis for tools for software
s production.. ile have also experimented with a number of
Py applications of &CL. Finally, a number of efforts have been

concerned with various &spects of the question of progréa

<1: optinization.
Q
<

~ Durinec the neriod considerable use has been mede of the
ARPANET anc a rajor proorannnnc system developed (FfL on the
PDP-11/45) using a variety of tools ana resources &t severcl
sites on the net, i

Our efforts in the operating systens area have been :
rather mocest with vork concentrated primarily on cevising !
system architectures for iigher level languages,

Finally, the last few months have seen the becinnina cf
desiogn wori on various corponents of & Procrar ilanipulaticn
System -- & syste:r cdevised to intearate the varicus tools
for program development, optinization, and maintenance. .
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SECTICN 11

INTRODUCTION

This report describes the results of the program of
research carried out at Harvard University during the period
October 1, 1973 cthrougih Aucust 31, 1975 utilizing tne i DP-10
and various resources on the ARPANET durlng that perioce

The major area of effecrt has been that of ceveloping
tools for software production and investigating various
aspects of automatic progrenming, particularly those having
to do with prograr transfcrmation and optimization. Uuring
the period the tCL system has Leen considerably enhanced and
a number of new tools developed based on &CL. The system
has also been used for procuction problems by at least one
government aqgencye.

A second ar a of interest has been in the use of the
ARPANET ana various resources available at several locations
on the net. Pernhaps the nejor accomplishment here was in
tying together tne resources available at several sites to
provide the tools which we used to implement a najor
programming system -- a full PPL system for the PUP-11/45
comnputer.

The third area, that cf operating systems research, has
been concerned primarily with the question of iéchine
architectures for higher level languages.

The sections following are devoted to the various
research areas in which ve have been working in the course
of the contract periode. In each we have atteiptea to
provide a brief review ¢i the problems witii wnicn wve have
been ccncerned, cite the accomplishments durina the contract
period, and provice reference to the Bibliocrapny wicie the
reports, peapers, and nenoranda whicin contain the cotsilcc

results are listecd. ..e wvoulc note that not ail tie rescarca
done durina tie contract period has been written up at this
point in time; it is our hope that the wor:. will continue

anc these results will be reported in the coming ncnths,.
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SECTIOi I11
AUTOGATIC PRUGRAMMING AL TOLLS FOR SOF TLARE PRODUCTION

l. Construction of Jicols

le1 Development of the ECL System

General Improvements

As part of the general effort to improve the usability
of ECL for other tasks in this contract, a number of new
features were added during, this contract perioc, The errcr
reporting and trapping fecility was greatly expanded. The
number of specific errors vwas increased from 7tifty to one
hundred and twenty-four. Error messages of varying cegrees
of verbosity keyed to each specific error were put into an
error message file, expanding the text of the error nessages
from about 5000 characters to 23,000 characters, ang, fcr
each error, appropriate user accessible parameters are
provideds Ly revealing tine precise nature of error , tnese
nev dicgnostics nave greatly facilitated the repid cebugging
of programs. In acadition, they have been of great nelp to
those just learning the £CL language,

Direct access I/0 routines were added to the systen
allowing octh rancom readirg and writing of given bytcs of a
file. These routines were of areat utility in allowine tie
error message file to be incexed anu the specific nessage
for a given errcr to Le rapidly accessea, Also, by
rermemberinc the byte position at which routines are cefined
in files to be conpilec, it has now becorie possibie to
seqgment the compilaticn of large packages etficiently. The
direct access l/. features were alsoc of great wuse in the
implementation oi paged prccedures.

In acdition, the CLSE stateient, Imore poverful
selecticn SELEncics, perallel JcCls, and il oce
validation vere acced, anc tincse features cecui.enteu in  the
new ECL rarnual Linanualle The &ClL system assenbly languace
coce wvas niodularized, and nonitor cependent code isolated in
one mnmocule in orcver to wmalke the process of producing & pure
Te..€EX version of {CL in tne future easier. A document
describing the intcernal representation of Ll wata types was
produced to encble better wnaintenance, anu to aiu in
inplementing cCL on other nachines (Conrad 1J.

(a) The €CL Cumpiler
ine (CL coipiler has been tuned and iaprovegd

durinc tne contract period, Its new features are
principally docunientec in [iianual] anc [upt=finalj, so
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they will only be surwarized here,

A numbcer of compiler options have been acced to
increase tiv efficieicy of coipiled coce in situations
vhere critical siupliiying assumptions about the
program or its cata are not otuerwise availevle. For
exanple, expression deta (list structures that c<n be
both nanipulated and evaluated) are very conmnon in £CL3;
however, tney must normally remair unconpiled. 4 means
has now been proviaed for specifying which expression
data values will not te modified and may therefore be
compi led, As another example, opticns now make
possible the elimination of run-tiile checks «curing
access of <data conponents and pointer referents, so
that thoroughly debugced production programns are not
burdened with redundart type ciheckinge.

A variety of declarations about free variauvies nay
be wused, causing thei to be Y“frozen' to given constant
or shared values, or else providing informnation about
their modes and dynemic benavior. Uther declarations
allowv the procrairer to control the accessibility of
local and gilobal nemes in his productionr package,
creating precisely the environment he wants itls user to
see.

Two methods now exist by which procecure calls nay
be eliminated durinc conpilation for eificiency. The
call ray be replaced Ly an expression derived iron the
procecure bocy by substituting actual expressiois for
formal parancters. OCr a user-defined routine .y be
invoked during compilation to supply a replacenent
derived from the given actual aragunents, These
substjtution features are useful Tor efficient
integration of user-cefired mode benavior fui.ctions
with conrmpiled code.

An optioral optitization pnase nas recently oeen
acded to tne conpiier. Tne coptimizer is desigred to
remove tne sorts of rcuuncancy tict mest counichly arise
in E&CL oprograms, while staying within the strict
resource liwits that wusually covern vuse ot the
compi ler. Althougt. €CL’s semantic flexibility
conplicates tne date flow analysis problems cf
reduncancy reicval, the optiuizer incorporates & siwmpile
data invalidation detection scnene that enables
significant inproveierts without elaborate anclysis.

ine user interfece te tic compiler, the coilecticn

of procraims liat help tie prograii.er cevelop tne « lcbal
declarations Lhat binc nis routines into a prouuctich
packaore, 1S LEEN  €X uhdel dnd 5L0CLilce, The use ofF

- 4 . . e . - ..
cCL%s procraii editor in tiiis paciage wLuiluine process
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has permittec many features that I[wmprove tie hurmen
englneering of the interface to be adceu quickly and
jnexpensively, Usinrg a new data moaule linking
packare, iacilities nave been acaed that periiit
conpiling large procrais in liniteud storace, ejtner
throuch separately coipiled nmoswules linkec at Jloading
time or by partitioning the prograi: cynaiically curing
compi lation.

(b) User-Defined Data Types

The notion of wuser-definec data types wES
clarified anc strencthened by the acdition ¢f severeal
features. First, user-definec generaticn tunctions are
now used consisiently througnout the systei In aill
instances o/ ceneraticn. 3econc, the user ceneraticn
functicn is now used &€és a left nana ccnversicn ftuncticn
by taking ccrnversicn to be a case oF ceneraticn by
exanple. inird, toroush tiue acditicn or user-defincd
apparent c<ope vectors, it is now possible toc nmodel
sequences ccnveniently even thougn the actuel
implenientaticn is done vith objects (sucii as pointers)
which have no dirensionality. iiie double colcen
operator vivicii allows tiie specificaticn of extenced
modes was changeu to take keyworces qvollcwea by &n
arqument to allow vlexibility in <efining the Lehavicr
of tihese wodes.

(c) Free Storage i.anacenent

The «coipactiivira carbace collectcr and tite
"fastiode® or #freeviec count® storace allccatici' retihcg
made rossible by the compactifyinag carbaege collecter
vecane an intearal pirt of toe cCL systen carly in tie
cortrect pericue 1¢ 14as 1ecare nessible (o hidicic iU
larger proilc. s in @ sialler pericd of tiie Lecause tie
corpactifyine carcace coliecter enables “rracrentetion?

of storaage to se correctec by consolicating
discontintous free storaece recions into cie larce
conticucus irec arcde oiCausc o. tais cuility to unco
tne deraniig effects ¢ "iragientetion¥, it a.s been

possiile tc ailccate panes of core storace witinout
decing a narovare cellection every tiiie tane storcce free
list becones ecurtye This ability to allocate sterace
freely without cavacive side efiects nas cut typicel

rarvace  collecticr wi¢ dicurce by a facter cr rron

five to ten times LCorrad 2Je

ine connactiry
alloven  tawe  acditi

r carbace collector ras also
1 o expunuable stdeks to the CCL

.
[}
L&}

[V
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systen. Ly allowing stack overflows to be treppec, and
the stacks to be lenctihiened vithout losinec the ccntext
o7 the prooran beinaga run, tiae nuiber of failures cf
programs to run because of stack overflow has been
greatly reduced, Inis ability of prograns to <cajust
their stacks as they run is particulerly inportant
Lecause it is difficult in advance to ceter.iine the
stack requirements of a particular program witn varying
sets of data.

A CEXPR (compile< procedure) paging mechanism was
implemented In order to run larger programs in smaller
core sizes. The basic nmethod usec was Lo prepare a
small "licttle brother® tor each CEXPR to be peged which
deternines whether its "big brother" is alreacy in core
or whether it nust be read in from a disk file. The
"little brother" contains the file name a&ana byte
position of its “bic brother" in the paging tile, and
by use of tihe recently inplemented direct access 1/u
routines, the #big brotner® may be rapidly brought into
core. ARoutines to Tlush other CEXPis not currentiy in
use and to add the freed space to the system’s free
lJist without @ garbage collection were also wvrittene.
This paging mechanisi has been successfully used to
paae the ECL editor, & very larqge progcraii, which only
needs snall subsets cf its many routines to be in core
at any given tine.

Despite initial promise, the attempt to inmnplement
the ©bBobrow-llegbreit control mocdel revealec serious
questions relating to its overall effect on the
efficiency of tihne ECL systen. Basically, tine fact thet
new ncrienclature (nared veriables) may be introcuced in
any £CL stateiient (as contrasted to LISP) points to the
possiblity of very hich overhead if the becbrow-iecbreit
contrecl rodel is directiy inplemented, The matter is

treatecd in riore cetail in the refcrence,
ilobrow-.equrecit Control ilocel reconsicerect [Conre&d
31

(d) SPECL Compiler

The SPZCL (Systers fFroqramming in &CL) project s
intenced to extend the use of &(CL into areas nornally
reserved ior so=-callcce #jrplementation languaces.? 1t
Is a cialect of CCL that can .e compiled to rachine
code tpat runc without tiie support of ECL s runtive
facilitiese. It offers tne oppecrtunity to ¥centract®
oCL fecr special a@pplicaticns, since SicCL-procucec coce
can  Le augiented by just the runtime support (sucihh &s
storace nanaacuent or [/u) that is actually needec,




SPECL also offers access to the implementation cf
operators and the choice of underlying data

representations at the hardware level, For example,
suppose a programiier wvarts to inplerent doubly linked
lists using a mininuim of storaage for tne links, uhe

trick is to gqive e€acn element a sincle link fielc
containina t,.e bitwise exclusive-or of tne accress of
its predecessor with that of its successor. Given
pointers to any two successive elements it is then a

simple matter to move forward or backward along tkre
]'Sto

SPECL is ideal fcr such an application since it
permits the wuser tc narnage storage as he chooses and
allovs him to give nmachine coage definitions for the
necessary pointer operations. #Access to tne nhardware
level is isolated in coce generation templates called
Compiler Control Expressions (CCE)e. CCE’s tell the
compiler how to implerent a given operator, «epending
on the states of its cperands, The descriptions cf
operand states serve &s goals ror the coce cenerator &s
well as enakblinc ccce selecticn. Tiie CCE’s contain
enough inforiation abcut register use and side erfects
that optimization of expressions conteining
user-specifiec operatcrs need not be interrupted,

The coiipiler consists of three phases., Tine first
labels the proqgrat tree with temporary storace
requirements (for subtrees free of conncn
subexpressions (CSE)) in a manner siwnilar to the
Sethi=-Ullman method. Properties required for recister
allocation and assichnient are attachec to the tree:d
principally lists of variables potentially invalidatec
by assicnnents, variables whose acdresses ey te
tracked by recister allocetion anc a variety of wmincr
properties necessary for code aeneration sucih &s the
numbar of locals «ceclarec in a block, An dnitiel
pruninec of tne possiuvie cocce ceneration tenplates tahes
place as well.

The second phase operates on tne tagaed tree, It
reorders conmputations to try to mininize the use cf
temporary storage, Tilis step is necessary because the
Sethi-Ullmnan algorittn <oes not allow for CSE’s. The
methoc¢ is aecuristic anc incouplete because the
ninimizatio:. probler is polynoinical coiplete.

legister allocation anc assiognnent ere also
perforrcd wuring tiic seccend phases Like nminirization,
the assionrient probler is polynounical conpiete, and it
will Le nanaled neuricticallyes
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The third phese is stralghtforwvard coce
generation.

Starting from a trial orcering of the expressions
in each context (straicint-line program section), the
temporary-minimizatior. procedure examines the variation
in storage requiremnents over each context, The
vicinities of peaks in the requirements are scannea for
target positions th&t meet a simple nuneric criterion
based on the temporary usage and result size of the
nel ghboring computations. Expressions are nmnoved to
these favorable positions in order to reduce overall
storace use. Subtrees iree of conmon sub-expressions
move as units, subject to safety contraints. icst  cf
the time used by this process is actually spent in
recalculating the temporary requirements after a r.ovee.

Register allocation begins with live~deac anglysis
of wvariables and cciron sub-expressions and ceteriiines
the mininun distance to next use for these itens, ihis
inforration suffices itor optinal register allocation in
straicht line code, where branches are invclvec,
however, a simple distance-to-next-use is not
designatec. Instead the allocator nust ccrpare
distances with a heuristic., The best one would inciuce
inforration about relative probabilities of tekincg one
branch over another. Lacking such infornaticn the
choice pay be made on a simple average, unce the
allocator decides which portion of the prograin the
assignment process nmust determine wvhich register rfor
each such generation of a variable and nust do it
consistently at orarches and Join points of the
progranie It must &lso allow for occasional specific
register assiannents. lleuristics are neeced to reduce
the conputation frcecm a Ytry all assignments®™ approach.
At present, we have oniy simple algorithms +for this
prooleria 53 usual, tne Issue is the Lrace-cii beiween
tiie cecst cf tite alqgoritnn ana the inproveients in (he
coce i{ makese.

In sumimary, then, SPECL will extend to the
hardware level the nethodology that will characterize
code inmprovement at nigner levels. Users will be
permnitted to become involved in the cptinmization cf
their prograns, and they vwill not neec to forsake goodu
structure to achieve highly efficient perforuence,

(e) ECL ilodel

ine original (woecbreit 2J andg upcatec defititions
of tihne seciwntics oi tie cll languagye were ceiined by
giving an cll-codeu version of tine interpreter.e Ly the

s e
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fall of 1973, major revisions Iin the LCL system head
rendered these out of date as well as inconplete, In

the fall of 1973, work was started to develcp a newv
riodel,

There are a nunper oi motivations fcr this worke
fFirst, as was the cese in the two tiheses cite. &bove,
this metnod of mocdelling nas proved to be valuecle botn
in develcpient and cccumentation. FPartial nocels nave
been codec on several occasions:

e An upcated nocel of portions of the interpreter

vas prepared for instructional purposes «uring
fall, 1973.

2. The revised rmcde compiler was modellec [Conrad
2].

3. iiodelling was usec extensively in preparing the
- - - ' - rd

revisea cdition of the cCL prograuner’s rnanual

{ianuall.

4, The parser anc parser wincow have recently been
modelled.

In the first two instances, the main purpose was

pedanogicale. In the seconc instance, howvever, tie
ncdel precede. the inplementation of the revisicn c¢f
declaraticn semantics, iiodels nave been an inportant

quide in the current developnent of the 2PDP-11/4L5
implementation of ECL.

In sprinag, 1974 ve started a lonc-term erfort to
cdevelcp a rnccel fer tie entire LCL systen; not Jjust for

the interpreter. Toe pajer gcal of tie rniodel is to
serve as a guice fcr inplementations of £CL on other
N8rovere <Ysierse mCCoTdinaly, wucn  of tie cesicn

effort in toc occl i.as tcen tne attespt to 1.olete &s
nuciv as possivic tne reachine-cepenaentl aspects or tie
systenm (as ..as Leen donr in the nacihine lancuage coce
for the FLP-10 inplenentation of the sytei) vwiaile, &t
the same tine, preserving wmaxinun reacapbility of the
ccdes A nmajor revisien of tie inpleentaticn stratecy
for tine iouel toolk plece in spring, 1975 to this end,

(f) Ecitor

The ECL list structure ccitor (LLIT) is an in=-core
editor whic. operétes on tne internal representation ¢f
unconpi lec routines are urevaluaccd data (that is, upen
ferms) ratuer  toner. on  character strings, &S O
cenventicnal cditors,

BT e e e ek}
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lie have extencded the editor to incluce & file
editing facility (FIXIT), FIAIT &allows & peckace
consisting of one or rore source files to be ceiinec,
It loads the packavge vy parsing each file to construct
a sincle block containing all of the conrnends in eacn
source file in the package, At the same tine, it
constructs properties for each cefinition (tnat s,
assignment command) in the file which relate the
identifier aia forn which is bounc to it at top level
to the corresponding source file. The source files are
similarly related to the package so that several
packages may be in core at the same time, This process
is equivalent to loading, except that the properties
allow the file to be reconstructec for output,

A routine, FIX, 1ay Le used at any tire curing
debugcing t &pply EJIT to any rcutine loaded or to the
form representing any file loaded by §fIXIT. in the
Jatter case, upon exit frocm the ecitor, FIX rebincs tie
definiticns in the +ile in case new or revised
definiticns iiave been edited into tine Tile forn,.
Finally, the routine LUiPE, applied to a package nai.c,
will write out new versions of any files in the packace
which have Leen editec or any of vhose definiticns have
been edited.

1.2 Procrcrmapie Theoren Prover

A number of i ssues relevant to ceveloping a
progremmacle thecorem prover were Investigated, inclucing
techniques fcr specifyinc the behavioral propertics of sore
cata structure in an inplerenteticon incepencent ianher wnica
allows verification cf tie correctness of concrete
inplenentations c¢f the «cata structure, Tihese resulis are
described in (Spitzen & llecbreit].

1.3 Jleesurernent “ackarce

A nuncer of acditional nechanisns for neasurince ard
probing ECL prograns have Leen conpleted durine the contract
periode A procedure which takes a specification of a class
of data oLjects, tnat is, @ mcde specification, anu returns
the amount of sgace on a PLP-10 an object fron that class
will require, accerding to tine £CL data packing conventicns,
is one such mecnanisme #He have also extended the basic
meterinn facility to pernit a (non-recundant) measure tc be
mace of an arbitrary collection of statenents witihin a
procndurce. s port of this extensior we can now procuce a
profile <isplay <¢f the netering results for creater
readability.

C e e o




les Closure .iechanisn

Procecure  closure {lecbreit 1] is & procre:n
transfcrination taat replaeces a procecure oy an equivalert
one in wnicn ti.e velues of soie formal paralieters ane free
variaules nave pvcen fixed ard correspcnding simplificetions
nave been made,

It is a kind ¢f optimization that becomes increasingly
relevant as we learn ncre ebout Yprefabricateu construction®
techniques for building larce systens from standara
components by tailoring ther, to special neecds, It is
well-suitec to procrar cdevelop.ent by stepwise refincnent,
an inplementation discipline that appears to enhance
rellability an< maintainability of programs.

Just before and durinc the early part of the contract
period, we <constructed & preliminary procedure ciosure
mechanisiie 1Tne intent was twe-fold, It was to provice
i mmeciate benefit to cCL users as a practicel
code~improvenent tcol, and it was to give us insig.t into
the nature of increnente optimization technigues. As a
practical tool, that prelininary closure progran was not a
success. It provec avkwarc anc very inefficient tc use, It
was not released to the cereral £CL user cornunity, anc in
its steac several features wvere incluced in the coigiler
(the ability to "freceze¥ few veriables to conztant or snarec
values or to +f{ix thelr rnoces; ftacilities for in-line
procedure expansion anc invocation; redundant expression
optinization, and so on).

On the c¢ther hand, our experience vith closure
profourdly shaped our views cf bow tie programniic prccess
can be automated. It has lec us, in fact, to try to solve

the problem by generelizing it. Some of the key
difficulties were:

(1) ieec for precise user qui dancee. i"S a
seni-autciatic tool, closure requires taat sinplivyinc
assunptions be suppliec from which to cerive
specielizations. The restriction to assertions about

tne free variables arc rermail paraneters cf earn entire
procecure was too severe. In practice, one needs to
quice tie siwnplifier te particular program regions
selected by pattern, oy iuerntivier scope, by the data
types of constructs tc be affectec, an« tine like.

e nove pequn to satisfy this need for recicse
auicance in progra; transrcriation vy the cevelopaent
of a newrite ecnarisi  LJones) and by recernt
improvenents in tne £CL procram editor (ianualle. ile
Rewrite i"ecihianis

m is ¢ pattern-directed transioriaticn

it e ke
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facility that perrits replacenent rules to tLe
associated with thne lexical scopes 1¢r vwvaricbles,

Rewritina rules reléex the restrictions tnat procecure
closure irposcd by cercralizine tie ncticn of irocecure

definition. They c¢in enpecy sinpliiyicg as ui,.tions
anc they will (in a feturc systewn) tieiselves ve tihe
object of simplifications, ine LCL tagiter i< alszo

pattern-directed, and it is now fully procrarmaile, =o
that user-defined transformation routines c«cn ue
applied to pattern-selected program regionse.

(2) Need for proaram investigation aics, Even thcuch a
progran inproversent tocl 3y require user help to
achieve significant resulis, it shoulc noct bLe assunec
that the wuser is intinately faniliar with the progran
being processed. In tne important case that & library
routine 1is being tcilcred tc special requirenents,
quite the opposite ey Le true, netner, facilities
that hnelp the user vecore ftaniliar witn a proqgran
packarce shoulc be proviuce, s¢ that ne car be sure his
simplifyine assumptions cibout its benavior are valia,

As a step towerd such a facility, we have
inplementecd a progran that studies rtree variable
reference patterns in an ECL rfackace .(Jensen,e. lie

inforratior is displayed in a sueletal rercerinn «f tihe

progren tihnat also exnibits its recurcsive celling
structure.

(3) lieed for a deta base supporting stepvwice
developrent. Large-ccale software seens to ve nost
reliable anc least expensive viien it is prccucec in
careful increments, eacn of which specializcs sole
aspect of an aosstract aGlooriti:s into rnore ccncrete
termse. Lptimization shculu be involvec at eacn step,
or vital infernation ray !e lost in the clutter ci lcw
level  detail. If tiec crogra: ust Le reanclvzed eaca
tive «n optinizer is inveaed, tic cost iu linCiy LO  Le
extrerely singh  and cisciplinec i pierentaticr ey
disintegrate., «Ketner, tiac optiiizer siacula bc aile to
make incremertal inrrovements without fuLll reanclysis
by maintaininc a data base of infori;aticn &bout tie
prograi acquired cthrouain user arcseriion, ile&gsurernent,
and analysis. Since inplementation often prcceees Ly
trial and error, th¢ cdta base snoula include a nistory
of the deveijopment anc the user shoulc be dable to unco
decisions, iecvise tlen, an<¢ then repeat unatrrectec
portions oi tiie iuplerentation,

(4) i.ced ior a cornon store or ceneral-purpo:e
opticizuticn tecihiniguese he clonure experinert vas <h
attenpt te «acnicve a Jitited class oF coue inproveients
witn linmitec rescurcess It wenonsirule. Lue ciariculiy

- vt .t ——
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of trying to factor global prograr analysis into a set
of lIndependent tools without gross duplication cf
effort. Instead, autcmatic prograiming tcols should be
inteqrated around a single, general-purpose serantic
analyzer, e} that all can share a conmon
representation, a cc.fpnon data base, and & store of
analytical anc manipulative expertise,

To answer these neecs, a new program manipulation
system 1is under developlrent. Its basis will be a full
Symbolic Evaluator for ECL programs. This analyzer will
maintain a Program Data Lase to support increnental
optmization and to preserve the refinement nistory c¢f the
user’s procram as its implenentation progresses,

These facilities will not be cheap. Deep analysis of
practical programs is ccstly to obtain anc to :alrtain.
1 They can be vieved, bhovever, &s an investiernt vhose
divi cends will be the relative simplicity of <&dding
special-purpose tocls, like clcsure, better coce g¢enerators
for ECL and SPiCl, and a data representation optinizer, to
the kernel system.

2. Applications

2.1 Parallel Processing

The SY.iNck system has been developed during the
contract rperioc. The SYiVERN systeuw pernits a hign level
specification of probless in cchecurrent contreol in the SaAlL
specification language, which has been designec anc
irplenenteac. ine SYT.NVEA synthesizer tihen cenerates E&CL
runnable code winich enables concurrent processes Lo
cominunicate vithn eccn other in the manner cpecifiecs A

technique has nov been developed wiereby tine correctress cf
the specification can be verified,

Currently cowe gencrated to erfect the syncnronization
is written Jor use witin tne cCL control extension vacility
(Frenner’s Cl), anc the aucptation for a coce cenerator fcr
roare’s onitcrs (CACii, UCte 1974) is written vut not
inplenentec. In acdition ¢ coce generator for Ui jkstra’s 2
anc V secwmapiwore operaticns is being developeds initiel
results for this code generator are very encouragings in
many cases generated code is eguivalent to tnat vihicn would
be nand=-writtcene.

The resulils of this wcrk are described in {aritfiths
2]

2.2 and 2.2 bata Iype uUptinization
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The extension to ECL to accormodate sets, tuples,
stacks, and oqueues has Lcen done., The extension includes
new notational facilities (in the case of sets) for rore
natural specification of operations. \ie have usec it ricce
behavior facility to specify the intencec belhavior cf
objects from tie classes of data objects. In the cese cf
sets we have inmnplementec several «ifrerent underlying
machine representations for objects, In each case we have
defineu tihic necessary primitive operations. iie have nct yet
solved the problem, however, of (mechanically) cicosing
efficient representations for ob jects, taking into
consideration the access patterns and other prinitive
operations. (e.g. insertions, deletions) on tile ouvjects.
This 1is a more difficult problem than anticipated though it
still promises high pay-off.

2.4 Compound Ubjects and Uperations

lle have developed the foundations for explorin. the
custoriizii.g¢ c¢f qgereral-purpose algorithms for the conein of
matrices. We have implemented a package of basic
general-purpose operations and defined a collection cf
representations for natrices, with particcliar concern fcr
sparse watrices. The peckace will use invormatiorn abocut
aloevraic properties (in perticular algeoraic identities) cf
he matrices and do sone optinization of the cperctiors
taking into account thnese properties. It will also cefire
for the user soie non-Lasic operations, like transitive
closure, pernitted by the properties. The package includes
a number of notational extensions to facilitate tihe user”’s
writing of iterations (e.ge iill,*] to specify the selection
of the Ith row) and pértitions of a iratrixe Several
uncerlying represeritations nave veen inplenented fcr sparse
matrices anc we are just ncv at the stage of consicering tie
interactior. ar:ong representations anc optinizations over
them.

2.5 nesource irishagement

A linkage loacding and dunmping racility (LIiK) iies been
added to thne sytem wiich is more general tinan troese in
previous systeis. winile the earlier version of the systen
alloves a package to be compiled in several ioduies, waich
vere tien loadec togetiier ior execution, linkace Letween
uifferent nocules vas effectec by inveocation o/ the
interpreter. In order to eliidinate this interpretution &t
rur-ti.e, a rcicrence to a routine external to tie pcckace
ceing corpiled ay be repliced at loau tine by a pointer to
an exterral (o that particular coipilation) routing,
affording exactly cs Cigiit bincing as weuld ave ool tie
case i, tie twe routines niw ween coimpiled togetnere

—~
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ctxternal references are defined to the compiler by a
coripiler criver list, external pairs, vhich contains the
identifiers arc ioces of external rcutines anc/or <atc.
Follovinc ccnipi lation, the linkace «cunper traces ail
coirpiled reoutines in order to locate il external rererences
in the coipiled code, Tle results of cowmpilcticn are tien
cumped, tocetner with tables wnich allow the linkace loacer
to link separately-compilec mocules to each other &ana, where
reguireg, to routines and cata which are alreacy lcacec,

The link dumper may, in fact, be used to separste a
mass of loaded routines ane data into separate files,
together wvith information required for linkage lo&ding,
incdependent of use of the compiler. Due to the ianner in
which routines anc data are represented in ccre, such
separation cen ve effected for any cdata objects wihich are
bound to icentifiers at top level or on tihe nane stacke.
Thus, for instance, if a cate table consisted oi, amnong
other thincs, @ seguence c¢i routines, <ciiferent routines
might be cumpcd into ciifferent files with the resulting
files being relocecable. A fortiicoiiing version of the
package will extend this Lehavior to arbitrary data oijects
which are rot recessarily related to a compilation.

3. Relatec Research Lfforts

3.1 Property Lxtraction

Property extraction is & ceneric namne Tor & set cf
techniques for efficiently extracting from sore set cf
prograns a collection of properties wvhich enable progren
trensicrration anc optimizetion. OQuring the contrect pericd
a prototype syster to explcre tihhe technique wvas ceveloped
anc reported in [3cherlisle .ork is continuinge.
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DATA STORéGe AIID TRANIFER

4el Use of the JATACUSIMPUTCL

Experience with the use of the DFTP (Catzconputer File
Transfer Froara;:}) developec¢ by CCA has shoun that & ore
automatic metnoc of file archiving &and retrieval, wiile
feasible, 1Is probably nct worth the developiient effort
recuired. ie have also investigated the feasikility of
referencine files stored. on the Catacomputer from ECL
proaranse. Wnile this facility is easily implementable in
£ECL, given recent improvenerts in the input-cutgut anc
error-inandling facilities, tie result would be to cverburcen
the «currently liritec nurber of network ports on (CAa-TEi.EX
at very little qgain to our own operation. Thereifore, ro
actual developnernt work has been undertaken in this area.

4.2 Datacomputer and Datalenquage Development

Except for several corsultations wvith CCA, no work has
been done in this area. Jur current attitude with recgard to
conversion of data stored cn the Dataccmputer is that, in
the abtsence oF ccononic justificaten in the cese cof any
particular application, tlke <&ectual computations recuired
should take place at other sites. Such conversions nay Le
done with significantly less overhead by a facility which
knows both the source and target data types than is possibie
at a centralized rfacility which must cdeal with a fer larger
set of data types and formetse.

4,3 Graphics Studies

Tive developiernt of a copnisticatec wrapi.ics systcli  wes
uncertaken. Tiic objectives of tiis eiffort were to
experirent with tie viability of —crapinics processors witn
graphics instructions sets capable of directly intcrpreting
a high level data structure to produce crapiiical output.
ihis approacii is to Le contrastea wvitih tne classicel
real-time compilation f a data structure into sore
low=level objecct Jormat suitable for execution by & .raphics
controllor.

A systern that wvoulc support resecrch in
nicro=proaranea < raphics instruction sets vas desicned arc
partially inplenenteds [t consisted of a grapnics processcr
(Fuir=11/80)  linkee o a locel processor (PuF=11/1¢) ancg a
#Li=10 nost nacnines  Ine [0°=-11/40C was extensively iodified
to oe <& cynaiicuily icre=progrannable arapinics processor.
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e accec a writedwle contrcl store, hardware mnicro-progren
developnent aids, anc (partially irplenented) registers
accessable at t. e .icro~-prcgrarn level which «c<rive displey
narcware, A special interfece allows the two FJiP-11s to
spare tihe sa: e au.ress spacc, A nian-speec parallel channel
was built to pernit fast access tc the PDP-10,

A larce amount of soiftware develogpment stands 1In the
way of the relatively siaall amourt of hardware work
necessary to complete the systen. The investigation wes
conductcd by a one-half tine research assistant until his
time was preempted by his thesis research, The project is
currently inactive, pcnaing tihe avcilability of students
with appropriate interests and background.
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SYSTEM ARCHITECTURE FGR HIGH-LEVeL LAGGUAGE

The problem o+ implerenting conplex corputations &s
embodied by, say, high-level languages has customsrily been
attacked in relation to <classical machine architectures,
These architectures have been and persist in being rather
arbitrary in that they dc not, in any formalized way,
reflect the nature of the computations that are anticipatec.

The problem of constructing machine architectures that
are appropriate to specific computational probleis, (in
particular EL1 procrans), is currently being investicatec.
The objective of this effort is to develop forwial rethcds by
which one may take a representation of a desired computaticn
and transform it into an implementation that capitalizes on
the specific nature of the computation.

The approac:a being pursued represents the computation,

(e.g. the cll interpreter), within a formalism that
introduces no overhead anaua exhibits all potential
concurrency. This representation, resembling an infinite

Petri net, is then subjected to a series of transfornations
that reduce it tc a finite form, and in particular, & form
with properties ;aking it readily implementablie by scre set
of harcware prinitives, Each transformation is chosen by
the system desicrer and nas a quantitative eifect c¢n
performance that may be readily perceived.

This research is aimec at developing a system that
derives increased representational anc execution efficiency
from the fact that EL1 1J1s the lowest level of nechine
lanquage and deternining the facilities and characteristics
such a system should possess as a whole,
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