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TECHN4ICAL SUi-uARY 9 / , 'U 1 / 74/

-his report describes the results of the program ef
research carried out a' Harvard Universi-y curing tne pericc
Llptober 1, 1973 EhrougAusust 31, 1975 utilizinC the 1-iP-10
and various resources on, the ARPANET during that perioc.

pmhe--work was divided inlSo three major areas: Automatic

Programming Research and Tools for Software Production;
Network Research; and, Operating System Research.

In the first area, our major results have been related
to the enhrncemer,t of the ECL Programming Syste;; and the
utilization of ECL as the basis for tools for software
production. !ie have also experimented with a nuiber of

S applications of ICL. Finally, a number of efforts hive been
concerned with various espects of the question of progrzii,

S optimization.

- During the period considerable use has been rade of the
ARPANiET ane a major prograrming system developed (NIL on the
PDP-11/45) using a variety of tools anci resources at several
sites on the net.

Our efforts in the operating systems area have been
rather mocesL with work concentrated primarily on cevisirg
system architectures for higher level languages.

Finally, the last few months have seen the beginning cf
design worn on various corponents of a Progra: ;ianipulaticn
System -- a syste;r devised to integrate the various tools
for program developfemnt, optimization, and maintenance.,
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SEC TIO4 I I

IN iRODUC TION

This report describes the results of the program of
research carried out at Harvard University during the period
October 1, 1973 through August 31, 1975 utilizing tne j-DP-1O
and various resources on the ARPANET-during that perioc.

The major area of effort has been that of ceveloping
tools for software production and investigating various
aspects of automatic prograrmming, particularly those having
to do with program transf.crmation and optimization. Lburing
the period the ECL system has been considerably enhanced and
a number of new tools developed based on ECL. The system
has also been used for procuction problems by at least one
government agency.

A second ar a of interest has been in the use of the
ARPAiNET anc various resources available at several locations
on the net. Perhaps the major accomplishment here was in
tying together the resources available at several sites to
provide the tools which we used to implement a major
programming system -- a full PPL system for the P-)P-11/45
computer.

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

The sections following are devoted to the various
research areas in which 'e have been working in the course
of the contract period. In each we have atterpteo to
provide a brief review cf the problems witih wnicri we have
been ccncerned, cite the accomplishments durinc the ccntracr
period, and provi.e reference to the ibl ioc-rapny ,..cte toe
reports, papers, ard nti,,orrlda which contain the kAtai Icc
results are Iistec. '.,e ;oul;I note that not ail cie r,searcs
done durino tihe contract period has been written up at zais
point in time; it is our hope that the wor;. will continue
and these results will be reported in the coming mcnths.

""no



Page 3

SECTIOi1. III

AUTOc ATIC PRUGAA1MING AihL TOLLS FOR SOFTIARE PRODUCTION

1. Construction of Tools

1.1 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 addeu during, this contract perioc. The errcr
reporting and trapping facility was greatly expanded. The
number of specific errors uas increased from rifty 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 messages
from about 5000 characters to 23,000 characters, anc, fcr
each error, appropriate user accessible parameters are
provided. Oy revealing the precise nature of error , these
new diagnostics nave greatly facilitated the rapid cebugging
of prograls. In audition, they have been of great nelp to
those just learning the ECL language.

Direct access I/0 routines were addeci to the system
allowing octh rancom readirg and writing of given Lytcs of a
file. These routines were of great utility in allcwin tihe
error message file to be incexed anc the specific -.;essaje
for a given error to Le rapi ly accessec. Also, by
remembering the byte position at which routines are cefined
in files to be compilec, it has now becoiie possiuie to
segment the compilaticn of large packages efficiently. The
direct access I1 features were also of great use in the
implementation or paged prccedures.

In acdition, the C,-3E state;.ient, imore po%.,erfuL]
selecticn seriantics, piral Iel DCLs, and i-.uC i,,oce
vaIi cation were iLcced, anc tintse features ccui.entLu in Lte
new;' ECL r,,anual Lanual]. The ECL system asse;,ibly languace
code was modularized, and ivonitor Gependent coce isolated in
one modulc in orcer to iriale the process of producing a pure
TE..E/( version of LCL in the future easier. A aocument
describinq the internal representation of LCL Lata types was
proauccd to ena± Ie better i,,aintenance, anc to ai L in
implementing LCL on other iachines [Conrad 1J.

(a) The ECL C(;npiler

The LCL co;.:pi ier hias been tuned and i :;proved
durinc trie contract period. Its new features are
principally ('ocumentec in Lj;anualJ anc [upt-fina11, so

I
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they will only be suniarized here.

A number of compiler options have been a(ced to
increase tiv efficievcy of co;,pi led coe in situations
where critical silii11ying assuiiptions about the
program or its cata are not othierwise avail, le. For
exa;aiple, expression data (list structures chat c~n be
both nanipulated and evaluated) are very comirion in ECL;
however, they must normally remain uncompilec. A means
has now been proviaed for specifying which expression
data values will not Le modified and may therefore be
compi led. As another example, options now make
possible the eli .minat ion of run-tiiie checks Luring
access of data cooponents and pointer referents, so
that thoroughly debugged production prograrms are not
burdened with redundant type checking.

A variety of declarations about free varia;ioes may
be used, causing thel. to be "frozen"3 to giver, constant
or shared values, or else providing infor.mation about
their modes and dynamiic behavior. Uther declarations
allow the prorair,;er to control the accessibility of
local and global names in his production package,
creating precisely tne environment he wants its user to
see.

Two methods now exist by which procecure calls ,azy
be eliminatec during com.;pilation for efficiency. The
call .,ay Le replace(d Ly an expression derived rroi.; the
procecure bocy by substituting actual expressio,s for
formal parameters. Or a user-defined routine i;m.y be
invoked curing coipiIation to supply a replacem-Jent
derived fror the given actual arguments. These
substitution featurcs are useful for efficient
integration of user-cefined mode behavior fuictions
with compiled code.

An optiot.al opil. i zation phase has recently meen
acded to ttie compiier. The opti aizer is desi.tled to
remove the sorts of rcuncancy that rn;csc cohmlcnliy arise
in ECL programs, wiile staying within the strict
resource I i ,i ts tnat usually govern use of the
compiler. Althougi, LCL's semantic flexibility
complicates the data flow analysis prob es of
reduncancy rei..cval, tie optiiizer incorporates a siiiple
data invalidation dt-ection scheme that erab l es
significant ii,.provewer t.. without elaborate analysis.

Lhe user interf-ace cL ith cow pi ier, Lhe cci cctic ii
of prc7rais ;,at hel p tiic progra i;.,er Levelop tne, ]coz.l
declaraiur. Lhat bin. iis routinces irLO a prouucLicri
packaj c, ,.., S cern (x,.rdec dnd i,;CcLlicc. Ilhe use C.
LCLs procrru. edi Lor in Lii s pac;.qge Lui I Ulrn process
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has permi-ttec many features that It,-prove tile hurman
engineering of the interface to be aidcec quickly anio
inexpensively. Using a new d ata .3 ccu I linking
pac Jir e, Jaci lities iiave been a ced that peri.i!t
coulpilIing large proc rat -, inr li;-iLeii Stora-t±, ei rier
through separately coipi led rocjulcs link~ec at loading
time or by partitioning the progra., cyz~ai~ical ly curirng
compi lat ion.

Wb User-Defined Data Types

The notion or user-definec icata types was
clarified anc strenfgthened by th-e aucition of several
features. First, user-define,6 generation functions are
now used consistently throughout the systewm in all
instances ot: reneraticn. Second , the us4Lr ceneration)
funicticn is now used as a left hana ccnversicn futicticn
by taking ccnversicn to be a case of 'eneraticn by
examplIe. Tiird, 6hroud h thie acci ticn oi- uscr- efincd
apparent cope vectors, it is now possible to model
sequences conveniently even though tile actual
impler.ientaticn is donc with objects (suchi as pointers)
whI ch have no di rens ionalI Ity. The double colo-n
operator vicii allows thie specificatiov of extended
modes was chiangeci to take keyworLs fiol lcweG by ian
argunent t(, allow: fle;...bility in Lefining tile b1ehavicr
of tshese imodes.

(c) Free Storage iihanagement

The co;;:pacti 4yi r.- rarbac'e collector anroc t ihe
asi c e or Ureei count " storage alIlIccaticr rethocG

made possible by thie c o,,-,,a c t Ifyine cr rbiz(ie collecto~r
becc;e arnrega T,.rz cf ti>c ZCL systc.-. ea~rly in tli-c
ccritrzct 1rLc 167 i ~eccA.e LOc i;l1Lo ..i c uCi
largeor prob i e, s ift a sal i or pe r i of- 0 S !.e Lec-Cuse ti~e

cc,-.pactLiI fyir, Cari.agie coi iectcr eriables "fral1, Cnti it."r
of storarle to bC correctec b)y consoliiatirg
ciscontinLous free s t o ragE. rer-ions i nto cne Ilarce
contircus i-rce zrez. LCcause o. L.i~s ali.'to unco
tile dzi anii jq effects c4' fIraqi.entation;1, it 'i_ s becr,
possibe toc ailccatc_ pi:,es of core storace witnioct
doing~ a r~bcc colecti ov (-,vry ti;,;e tLie storzace free
list becoiics a, ;['ty. Thiis abi lity to allocate stcra~e
f fr (ely w i thiou t d;, -a,- i(si c f -c~c ts ;;as cut typ ic-lI
r~ijr~ao coillczic. ti ,c i uLre-- by a factor cf f ru
five to ter Li;:aS LCorrzc 21.

Tile comractifyir, r ar bare colloctor ihaos also
il .I. I,. u(. Z! i CA Oi CXp) nL.a.:- IC StdCkS to tu~e LCL
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system. Ey allowing stack overflows to be trappec, and
the stacks to be len.thened without losing the ccntext
of the prograim being run, the nurber of failures cf
programs to run because of stack overflow has been
greatly reduced. This ability of progratis to Zajust
their stacks as thcy run is particularly ivportant
because it is difficult in advance to ceter. ine the
stack requirements of a particular program with varying
sets of data.

A CEXPR (compilec procedure) paging mechanism was
implemented in order to run larger programs in smaller
core sizes. The basic method usec was to prepare a
small "little brother" for each CEXPR to be paged which
determines whether its "big brother" is alreacy in core
or whether it must be read in frori a disk file. The
"little brother" contains the file name ano byte
position of its ;big brother" in the paging file, anrc
by use of the recently li;ple|.iented direct access I/U
routines, the "big brother" may be rapidly brought into
core. Routines to flush other CEAP.,s not currently in
use and to add the freed space to the system's free
list without a garbage collection were also written.
This paging mechanismi has been successfully used to
page the ECL editor, a very large program, which only
needs snall subsets cf its many routines to be in core
at any given tine.

Despite initial promise, the attempt to implement

the Sobrow-L;egbreit control model revealec serious
questions relating to its overall effect on the
efficiency of the ECL system. Basically, the fact that
new nomenclature (namd vzriables) may be introcuced in
any ECL statei,;ent (as contrasted to LISP) points to the
possiblity of very high overhead if the bobro--'esbreit
contrcl rodel is directly i.mplemented. The matter is
treatec i r; more cetail in the reference,
"obrow- eib reit Control ;Iocel Reconsicerecil LConrzd
33.

(d) SPECL Compiler

The SPLCL (Syster.s Programmivg in ECL) project is
inten.ed to extend the use of ,-CL into areas normally
reserved for so-cal ec "irplementation languages. " It
is a -ialct of LCL tkat can -e co;, pi led to rcchine
code that runs. without Li;c support of ECL's runtii.e
facilities. It offcrs tne oppcrtunity to "lccntract"
LCL fcr sp;eciJ applications, since 2iLCL-procuccc co(e
can ue auqientec by -Ju',t the runtimne support (such as
storare r;,na'nenh.ct or I/u) that i - actually neeuec.
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SPECL also offers access to the implementation cf
operators and the choice of underlying data
representations at the hardware level. For example,
suppose a progranmer warts to ir-plement doubly linked
lists using a mininur, of storage for tile lirks. une
trick is to give each element a single link fielG
containing t..e bitwise exclusive-or of the 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 the
list.

SPECL is ideal fcr such an application since it
permits the user to ranage storage as he chooses and
allows him to give machine coue definitions for the
necessary pointer operations. Access to tie hardware
level is isolated in coce generation templates called
Compiler Control Expressions (CCE). CCE's tell the
compiler how to imple.ent a given operator, cepcnding
on the states of its operands. The descriptions cf
operand states serve as goals for the coce generator as
well as enabling ccce selection. Tie CCE's contain
enough infor;,ation abcut register use and side erfects
that optimization of expressions containing
user-specifiec operatcrs need not be incerrupted.

The coiiDiler consists of three phases. The first
labels the progra. tree with temporary storace
requi rements (for subtrees free of comncn
subexpressions (CSE)) in a manner sir ilar to the
Sethi-Ullman method. Properties required for reeister
allocation and assirninent are attachec to the tree:
principally lists of variables potentially invalidated
by assi gnz.erts, vari abl es whose acdrcsses ;ay be
tracked by rerister allocation anc a variety of mincr
properties necessary for code generation such as the
nubUer of loczls occiarec in a block. /,rV initial
pruning of ct;e possiuLe coce rieneration tei;mpltes takcs
place as well.

The second phase operates on the taggec tree. it
reorders computations to try to minim-ize the use cf
temporary storage. Tiis step is necessary because the
Sethi-Ullman algorit.- coes not allow for CSE's. The
methoc is .curistic anc, i nco,'plete because the
minimizatio, probler is polynomical corplete.

Register allocation anc assignmient are also
perfornc uc ,juring tq e second phase. Like i-ininT-izction,
the assi;nrent prnblei is polynom ical con~plete, and it
will 1 c ii '(Jec iiuristically.

-R
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The third phase is straightforward coce
generation.

Starting from a trial ordering of the expressions
in each context (strairht-line program section), the
temporary-minimizatiori procedure examines the variation
in storage requirements over each context. The
vicinities of peaks in the requirements are scannea for
target positions that meet a simple numeric criterion
based on the temporary usage and result size of the
neighboring computations. Expressions are moved to
these favorable positions in order to reduce overall
storage use. Subtrees free of comimon sub-expressions
move as units, subject to safety contraints. 1'cst cf
the time used by this process is actually spent in
recalculating the temporary requirements after a i,.ove.

Register allocation begins with live-deac analysis
of variables and ccuron sub-expressions and ceteriiines
the minivt:un distance to next use for these items. This
inforration suffices 1or optimal register allocation in
strai ght line code. ',here branches are involvec,
however, a simple distance-to-next-use is not
designatec. Instead the allocator iust ccmpare
distances with a heuristic. Tie best one would incduce
inforr.ation about relative probabilities of takinc one
branch over another. Lacking such inforv;aticn tLe
choice may be made or a simple average. unce the
allocator decides which portion of tile program the
assignment process must determine which registcr for
each such generation of a variable and r'ust do it
consistently at branches and join points of tie
program. It must also allow for occasional specific
register assionrnents. Neuristics are neeced to reduce
the computation from a "try all assignments" approach.
At present, we have oly simple algoriEhms for this
proble,. ..s usual, the issue is the trace-ofi between
the cost of ite alqorl Lnr. anc the i.provei.ients ir tife
code it makes.

In summ;,ary, then, SPECL will extend to the
hardware level the ,ethodology that will characterize
code improvement at higher levels. Users will be
permitted to become involved in the cptirization of
their prograr.s, and they wiill not nee, to forsake goo t.
structure to achieve highly efficient perforarice.

(e) ECL iodel

7he original "'acr.reit 2i anc uif.iLe(c i 1ii tiors
of the seo:.ritics oi the ,'LI language were ceiii.ed by
givin., an LLl-coce,; vtrsion of the interpreter. Ly Lihe

- .- -
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fall of 1973, major revisions in the ECL system had
rendered these out of catf as well as incou,,plete. In
the fall of 1973, work was sLarted to develop a new
mode1.

There are a numrer o1 i,.otivations for thi s work.
First, as was the case in the two theses cite,. above,
this method of modelling has proved to be valuaLle botn
in deveiop;nent and cccumentation. Partial mocels have
been codec on several occasions:

1. An upcated mocel of portions of the interpreter
was prepared for instructional purposes curing
fall, 1973.

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

3. ilodelling was usec extensively in preparing the
reviseG edition of the ECL progra.w7;er 's manual
[ilanua ]3.

4. The parser anc parser window have recently been
modell ed.

In the first two instances, the m-ain purpose was
pedagogical. In th- seconc I rnstance, however, the
mcdel precede the imple;entation of the revision cf
declaration semantics. ilodels have been an important
guide in the current development of the ?DP-1/45
implementation of ECL.

In sprinq, 1574 ve started a lono-term effort to
develcp a [ccel fcr LIe entire ECL syste;; not just for
the interpreter. The Tiajcr goal of tie riodel is to
serve as a guide fcr iplerentations of CCL on other
iiarr\:are ryS~e-s. mccor ri-, I y, u.;uc of ti-o .esi ,n
effort i, cY. c occl i.as Lcen tie attc-,pt to i. Glate as
much as possible tne riachine-cepencnt aspects of tihe
systerm (as ',as Leen con( in the i,-achine lancuage coce
for the PEP-1L iviplemntation of the sytei.) Wi iie, at
the same ti-e, pre-ervin; ;;;a:i.ui. reacdai lity of the
code. A ajor revisicr c4 thie iimiplei.entaticn stratecy
for the :: ocel tooL plzce in sprinG, 1-75 to this end.

( Ecitor

The ECL lisL sLrucLurc cci Lor (iLiT) is an in-core
edi or whico, operates or; LIC internal representition cf
uncopi lec r(:utines at,. urCvalua(-d dbta (that is, upon
forms) ratlicr ti,-r. or ciharacter strings, as C-o
corventLionl Cdi tors.

L _ _ _ _ __ _ _ _ _ _

.. . . .. . I,
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1;e have extended the editor to include a file
editing facility (FIXIT). FIXIT allows a pzcka~e
consisting of one or core source files to be ceflnec.
It l oads tile packi ;e Ly parsing each f i Ie to construct
a s ino le bliock conta in!ing alIl of the commrands in eachi
source file in the package. At the samae tit:.e, it
constructs properties for each cefinition (that is,
assignment coiuiand) in the file which relate the
identifier atno forn wh~ich is bound to it at top level
to the corresponding source file. The source fi les are
similarly related to the package so that several
packages may be in core at the same time. This process
is equivalent to loacing, except that the properties
allow the file to be reconstructec for output.

A routine, FIX, i~ay Le used at any ticre curing
debugging t, apply ENIT to any routine lo-aded or to thle
forr. representing any file loaded by FI;,IT. in the
latter case, upon exit from the eci tor, Fl;% rebincs ti~c
definitions in the file in case new or revist-d
definitions iiave been edited into tile file f orrm.
Finally, the routine LUiiPE, app1led to a package nam,
will write out new versions of any files in the packace
which have IIeen editec or any of whose definiticris have
been edited.

1.2 Progrzamriable Theorem Prover

A number of issues relevant to ceveloping, a
programmable theorem prover were investigated, inciudir.g
techniques fcr specifyinc' the behavioral propertics of so.e
data structure in -an irplerentztion iLCepencetT ;,manner VOIC1l
allows verification c-4 tile correctness ofC concrete
implementations of thle cata structure. These resulLs are
-described in L'Spitzen C. '.Iegb-reit].

1.3 ;:ezsurcrr-ent .'acl,,arc

A nu;.ier or acdi tional --cchani sins for ivea stir i r ar6
probing ECL prograi-.s have Leen completed durinc- tile contract
period. A procedure which takes a specification of a class
of data oLjects, that is, a mcdie specification, an-u rcturrs
the amount of space on a PEP-10 an object f ro.. that class
w!Il requi re, zcccr g to the ECL data packinin conventicns,
is one such rechani sm. n--e have also extended tile basic
metering7 facility to pernmit a (non-recun-dznt) measure to be
macte of an arbitrary collection of staterents with-in -a
proc'2durc. ii pz.rt of tilz extension we car, not.. precuice a
profile cisplzy of the meterinq results for (-reater
readability.
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1.4 Closure .,echanism

Procecure closure [L'ecbrei t I] is a prorz:,
transfcr;,ation th at rcplzces a procecurO ;y an equivaler.t
one in which tie vz-lucs of so;me foral para:.meters an free
variables halve ucen fixed ard corresponding simplificztiors
have been mace.

It is a kind cf optimization that becomes increasingly
relevant as we learn mcre zbout "prefabricateu constructior"
techniques for building large systems from standard
components by tailoring thern to special needs. It is
well-suitec to protoram devclop:..ent by stepwise refinement,
an implementation cdiscipline that appears to enhance
reliability and maintainability of programs.

Just before and durinc the early parL of the contract
period, we constructed Z prelimi.i nary procedurc closure
mechanis i,. The intent was twe-fold. It was to provice
i mmeci ate bene fi t to -CL users as a practical
code-improvement t.ol, and it was to give us insil..t into
the nature of incremental optimization techniques. As a
practical tool, that prelirnary closure program; was not a
success. It provec awkwarc anc very inefficient to use. it
was not released to the ereral ECL user cor.m.unity, and in
its steac several features were included in tne co.piler
(the ability to "freeze" fc%. variables to constant or snarcc
values or to fix their r.,oces; facilities for in-line
procedure expansion and invocation; redundant expression
optimization, and so on).

6n the other hand, our experience with closure
profourdly shapec, our vic.s cf how tiie prograzrmi .- prcce-s
can be automated. It has led us, in fact, to try to solve
the problem by generalizing it. Some of the key
difficulties wcre:

(1) ;,ecc for prEcise user gui uance. ;.s a
seni-auto;atic tool, closure requires tiiat si.,pli yi r '.
assumptions 6e suprliec fror which to ceri ve
specializations. Thc restriction to assertions about
the free variables arc for.ai pararmieters cf an entire
procecure was too severe. In practice, one needs to
Ouicc the si;,plifier tc particular progran regions
selected by pattern, in,'y iccr.tifier scope, by the data
types of constructs tc be affectec, ant the like.

;.e nave uepin to satisfy this n2ed for ,reci se
Su (.'a co in pro!7ra;i trirsfcrimation iy the Ceveioprert

of :, i,,,.r i t e , ecn-r i a i JO;,esj ana by recen-t
irproveL;er Ls in the ECL procrar; ecitor i~anualj. 71-.c
Pewri te ecirani s1 is L pattern-di rected tran!4or;,.aticn

A"'
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facili ty C hatL perri1ts replaceiment rule- to Le
associatec %.ith trie lexical scopes i cr v..,r i zc Ies.
kewri ti n- rules relzx the restrictions Lriat Vrocecure
closure i.u-pos_(_d by rcereralizirc- tie notionr of rcur
-definition. They ct-n eitoocy sinpliiyir.9, as w;,Liors
anc! they widll (in a ro-turc systeim) tnci.se Ives ~c tfne
object of sirrplifications. "Tre LCL LLi tc r if alIs o
patt e rn- d ire c te d, a nd i t i s nocw f ullIy ;3r o rr ai-jimna L I C so
that user-defined t rans iormat ion routines c~n Le
applied to pattern-selected program regions.

(2) Need for program investigation aicds. Even though a
progran~ inprovem -ent t, olI na y requi re user help to
achieve sionificant resuiLs, it shoulc not be as sur,'eG
that the u ser i s i nt i rma telIy f ami i ar w ith the progrzn
being processed. In tile inportant case that z library
routine is being tei Icred to special requirei'ents,
qui te tne opposi te czy iuc true. i'latner, fa ili U es
that help the user uccoume f ai..I! ar wi ti a program,
packace sihoul1c be provi uEc, sc; ttkit nE car De sure hi s
simplifyinq assunptiors about its oenavior are vaiic.

As a step towerd such a facility, we have
inplemented a prograrl that studies free variable
reference patterns in Qr ECL Packac'e taenscnj-. 7ije
i nf orr-at ior~ is di sPlIayecj inr a skc leta I rer.cerirnry r fti-e
progrzam that also c;,niitLs its recursive c ilIi r.!3
structure.

(3) Ideed for a data base supporting stepwise
development. Larqe-sczile software s eems to Lye rnost
reliable anc least expensive %,n-en it is prccucec in
careful increments, eacni of whi1c h spec!aIi zes soi e
aspect of an ab3stract- a Ir'oriti into vore concretee
terms. Lpt!iZation snculc be involvec at eacii step,
or vital information ray le lost in the clutter ci ]cy
level ce(tal I.* i ; tt' v :_roqr.; :.uSt cc rczncl) ' "zc (e c ;
tiie azn optimiJzer is !rVVC-c ~, L,,( coSt i , lit,' "L LQ
extrecmely ;i h and ci scipi i iec i; i:nevcrLtLLicr i._y
disintegrate. k~tihcr, tiec opti-izer siiculu Li aide to
make i ncremeitalI i1[rovei--ents without f.lu rean.Aysis
by naintaininr a cdata base of inrf oriat icn about tihe
program acqui red rhrougi user arser Lion, ,;ezsurerlent,
and analysis. Since ii~ipleiientation often prcccetcs Ly
trialI and error, t~ioc-a Lasc shoulo< i ticlIuue c, iistory
of the dnevelopmrent ant the user shoulc oe able to unco
decisions, revise L Im anic then r ept.at iuna frfCtC L
portions of thie icmple enL.Etion.

(4) Aheed for a cot -,on stere or jA Iere I-h.urpo!
optiumi ori Lehiu .s. ine clrosure experii Hurt a.s :r
attei-pt LC .iCl;i VP' c~li i iiQi C iasn ou c(,tc irvec
wi tii litli tec res ourcc,. * iL (,uvcnsr...tc Lu" U Li Cu I y
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of trying to factor global prograL analysis into a set
of Independent tools without gross duplication cf
effort. Instead, autcnatic prograjmming tols should be
integrated around a single, general-purpose ser:antic
analyzer, so that all can share a comon
representation, a cc,;,.mon data base, and a store of
analytical an6 manipulative expertise.

To answer these neecs, a new prograin manipulation
system is uncer developLent. Its basis will be a full
Symbolic Evaluator for ECL programs. This analyzer will
maintain a Program Data base to support increLental
optmization and to preserve the refinement history of the
user's program as its implebientation progresses.

These facilities will not be cheap. Deep analysis of
practical programs is costly to obtain anL to ;;airtair .
They can be vie .ed, ho.ever, as an i nvest;.,ert whose
dividends will be the relative simplicity of zdding
special-purpose tools, lkE closure, better coce generators
for ECL and SPlCL, and a data representation optiTizer, to
the kernel system.

2. Applications

2.1 Parallel Processing

The S Y I .VE; system lias been developed during ti-,e
contract period. The S);;VEj\ systev, pernits a higo. level
specification of proble;.ms in concurrent control in the SAL
specification language, whi ch has been designec anr
i .pl erientec. The S'Y.'iV ,, synthesizer then generates LCL
runnable coue which enables concurrent processes to
coruiunicate vi th each other in the r;anner specifie . A
technique has now been developed uhereby the correctress cf
the specification can be verified.

Currently co, e gencrateu to effect tue syncorcnizaticn
is wri tten ,:or u-e witil the LCL control e-tensiorn faci lity
(Prenner's CI), an(. the a.Eptation for a co~e _enerator fcr

rHoare' ,ioni tors (CAC; , uct. 1974) is written out not
inpler.ientec. In acaition c cote generator for oijkstrz's d
and V se;,apiiore operaticns is being developed. ini tial
results for this code generator are very encouragins; in
many cases generated code is equivalert to taiat wiiici would
be hand-wri tten.

The results of this wcrr are descri beo in £6ri ffi ths

23.

2.2 and 2..3 ata Jype Uptitization
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The extension to ECL to accoirimodate sets, Cuples,
stacks, and queues has Leen done. The extension includes
new notational facilities (in the case of sets) for more
natural specification of operations. lhe have usec Jie r.;oce
behavior faci lity to spccify the intencec bel-,avior cf
objects from t;ie classes of data objects. In tile c-se cf
sets we have i ipl ermentec several Lifferent under l yi ng
machine representations for objects. In each case we have
defineu the necessary primitive operations. iie have not yet
solved the problem, however, of (mechanically) crioosing
efficient representations for objects, taking into
consideration the access patterns and other primitive
operations. (e.g. insertions, deletions) on tle oi.Jects.
This is a more difficult problen than anticipated though it
still promises high pay-off.

2.4 Compound Objects and Uperations

W.e have developed the foundations for expiorin. tile
custor,:izi,.g of general-purpose algorithms for the cor,;ain of
matrices. he have implemented a package of basic
general-purpose operations and 6efined a collection cf
representations for r:atriccs, with particLiar concern for
sparse ,atrices. The peckace wi l use inri-ormiatior, about
aineoraic properties (in perticular algebraic identities) cf
he matrices and do sore optimization of the cperztior.s

taking into account these properties. It will also cefine
for the user soie non-Lasic operations, like transitive
closure, permitted by the properties. The package includes
a number of notational extensions to facilitate the User's
writing of iterations (e.g. Ii-l,*j to specify the selection
of the Ith row) and p-rtitions of a vatri x. Several
uncerlying representations hive oeen irlmplerented fcr sparse
matrices and we are just now at the stage of consicerirg tl.e
interactior, ar.;ong representations ard optinizatiors over
them.

2.5 .%esource ;Ianajerment

A linkage loading and duvping facility (LIi.hK) ',,s been
a ded to the syteii wnich is more general thian ticse in
previous syste.s. lhi le tkhe earlier version of tihe systmi,
a]lowe( a packagc to be compiled in several i,.ouuies, wiich
were tihen loadec toqether I-or execution, I ikage LCtwecn
ci fferent mocules was effectec by invocation o1 tile
interpreter. In order to eliiinate tiils interpretation zt
run-Li, 0, a reference to a routine external to t.e ckae
ceing co-mpilc6 i.,ay be rep .ce(. at Ioa tine by a poi iter to
an extc:rr.zil (Lo that T.articuiar coi.;pi la io,) rCuti nc,
affording e;,actly .s Li,: t bincing as uculc ;a.av,- Leel2 tie
case is' the two rcuti tes h.t o Crot io ,,pile togethLer.

F
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External references are defined to the compiler by a
compiler criver list, external pairs, which contairis tle
identifiers arc. i:.oces of external routines and/or data.
Followinc compilation, the I i r:,-ace cunlper traces all
co;::piled routines in oruer to locate all external references
in the coinpiled code. TLe results of coj.pi lation are then
cumped, tocether wi th tables wolch allow the Iinlace loacer
to link separately-co-pi lec r.ocules to each other anc, where
required, to routines and cata which are alreacy loacec.

The link dumper may, in fact, be used to separate a
mass of loaded routines ano data into separate files,
together with information required for linkage loading,
independent of use of t}.e compi ler. Due to the ianner in
which routines anc data are represented in core, such
separation can be effected for any cata objects which are
bound to icentifiers at top level or on the na.e stack.
Thus, for instance, if a cata table consisted of, among
other things, a sequence cf routines, cifferent routines
might be cun.peci into cifferent files with the resulting
files being reloacable. A forth;coi ng version of the
package will extend this Lehavior to arbitrary data oL, jects
which are rot necessarily related to a cor,,pilation.

3. Relatec Research Efforts

3.1 Property Extraction

Property extraction is a 'eneric name for a set of
techniques for efficiently extracting from sorne set of
programs a collection of properties which enable program
transfcr-ation and opti, izztior. During the contract pericd
a prototype syster, to expicre the technique v.as cevcloped
anc reported in L.cherlis1. ..crk is continuing.

.~ -~-.1
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SECTIC' IV

DATA STORIGE A ;D TA;FER

4.1 Use of the DATACLi1PUTZ[

Experience with the use of the DFTP (Datacomputer File
Transfer Procra:) developec by CCA has shown that a vore
automatic methoc of file archiving antd retrieval, wilie
feasible, is probably nct worth the developrent effort
recuired. he have also investigated the feasibility cf
referencln files stored on the Dataconputer f ro.,- ECL
pronra;,-s. Lhhile this facility is easily implemenable in
ECL, given recent imrprovei.ients in the input-cutput ar
error-handlinn facilities, the result woulc< be to cverburden
the currently Iiritec nurber of retwork ports on CCA-7E.EX
at very little gain to our o,:n operation. Therefore, ro
actual developieit work has been undertaken in this area.

4.2 Datacorputer and Dacalanguage Development

Except for several corsultations with CCA, no work has
been done in this area. dur current attitude with regard to
conversion of c(ata stored on the Dataccmputer is that, in
the absence of ccononic Justificaton in the case cf ary
particular application, the actual computations recuireCG
should take place at other sites. Such conversions r..ay Le
done with significantly less overhead by a facility which
knows both the source and target data types than is possible
at a centralized facility %.-hich must deal with a far larger
set of data types and formats.

4.3 Graphics Studies

Th;e develop;,.cr,t of a sopjiisticateL ,;ra;..ics systci., Weas
uncertaken. Tihe objecti yes of thi s effort were to
experirent with t.,e viabilicy of rraplics processors witi
graphics instructions sets capable of directly interpreting
a high level data structure to produce graphical output.
This approac; is to ie contrastec wi th toe classical
real-tire cormpi lation f a data structure into sor.e
low-level object iormat suitable for execution by a ,,raphics
control lor.

A system that L .,oulc support research in
-i cro-pronran,ec rapihics instruction sets was desi cred arG
partially ir pl .Itntec. I consistnu of a rcrapsics processor
(u;-1 1/4o) 1 in.11e- LC, a local processor (1 iI-lI/lc)anc a
iKi'-0 U hos r.- nc, r.. 7ho E,) -11/4C was extensively i.;oti ficd
to ae a .yrna;i C..i y i cr(-;:r(. rwi,,ab I e oraphics processor.
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..e adder: a writea,le contrcl store, hardware micro-progrzn
develop-ient aids, anc (partially i rpl emented) rei sters
accessable at t. e ; icro-prcgrar., level which crive displyEy
h-artwarc, special interfzce azlows the two Fj-?-lls to
share the sa:e a(W.ress space. A ih-speec parallel channel
was built to pe rziAt fast access tc the PDP-l0.

A larce amount of software development stands in the
way of the relatively siiall amourt of hariware work
necessary to complete the system. The investigation was
conducted by a one-half tir-e research assistant until his
time was preempted by his thesis research. The project is
currently inactive, pencinn the av.ilability of students
with appropriate interests and background.

7 -! ,
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SECTIUJl V

SYSTE ", ARChI TECTURE FU, HIGH-LEVEL LANGUAGE

The problem ot implerenting co.plex corputations as
embodied by, say, high-level languages has customarily 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 specJific computational problems, (in
particular ELI prograns), is currently being InvestiCatec.
The objective of this effort is to cevelop fortmal u:etnods by
which one may take a representation of a desired computation
and transform it into an implementation that capitalizes on
the specific nature of the computation.

The approachi being pursued represents the computation,
(e.g. the ELI interpreter), within a formalism that
introduces no overhead ane exhibits all potential
concurrency. This representation, resembling an infinite
Petri net, is then subjected to a series of transformations
that reduce it to a finite forri, and in particular, a form
with properties -.ahing it readily implementable by some set
of harcware primitives. Each transformation is chosen by
the system desirer and has a quantitative effect cn
performance that may be readily perceived.

This research is almec at developing a system that
derives increased representational anc execution efficiency
from the fact that ELI is the lowest level of miachine
language and determining the facilities and characteristics
such a system should possess as a whole.

tt
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