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Introductionj

We havc implemented a prototype language for the Connection Machine (henceforth CAI) (11J called CLI
* 141. CLi extrapolates serial machine programming language technology to the purposes of massively parallel
* machines. We observed that the individual CM processing elements could be modeled by a compiler in much
* the same way as a serial machine compiler models the target machine s CPU and registers. A CLI program

talks to the CM's communications network in much the same was as a conventional machine talks to its
* memory.

* By experimenting with this language, we hoped to expose its inadequacies and learn from them. We
* present here the details of our largest experiment, an interpreter for Scheme (141. a dialect of Lisp. Our aim

was not to propose Scheme as a language for CM programming, but to gain experience using CLI. to
implement an interesting and familar algorithm.

Consideration of the difficulties we encountered has led us to the conclusion that CLI. programs do not
capture enough of the causal structure of the processes they describe. Starting from this observation, we have
designed a successor language called COL (for Connection Graph Language), which we will describe in [51.

The Connection Machine

* The CM is a massively parallel computer now being designed and built at the MIT Artificial Intelligence
Laboratory. It consists of a large array of identical small processor cells connected by a communications
network. The cells combine features of both the processors and memory words of traditional architectures. $
By distributing processing power across a large address space, the CM architecture avoids the bottleneck
between processor and memory characteristic of conventional architectures [31.

Like the memory of a conventional machine, the CM is intended to have enough cells that the expense of
* allocating a new cell should be comparable to that of allocating a new word of memory on a conventional

machine. The current design includes one million cells -- a 20-bit address space.

* Like the CPU of a conventional machine, each cell has a few hundred bits of state. The cells do not have
* any local program storage or program counter. Instead, instructions are broadcast by the host machine to all

cells at once over a common instruction bus. The CM is thus a SIMD (single-instruction, multiple-data)
* architecture, although the SIMI) nature of the machine does not play any role in this paper (except in the

section about efficiency considerations). Each cell has a serial ALU capable of executing any of a small
* number of operations. The programmer can specify that only a certain subset of the cells in the machine

should execute a given instruction by making execution of that instruction conditional on the value of a status
flag in each cell.

The cells are connected by a communications network. If cell A has the address of cell B in its local
* memory, then A can use the network to transmit a "message" of any length ito B. Neither cell need know --

anything about the structure of the network in-between. 'Ibis network's transmission protocol has been kept
simple because of the sobering ob%cr% ation that one pays for any feature one adds to the cells a million times
over. The hardware provides no mechanisms for message arbitration: there is no hardware support for
queucing, for example. flecause of this. CM programming languages mrust provide more useful message
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%ending abstractions built on the primitive foundation provided by the hardware.

Programming a Connection Machine

["lle CM was originally designed as a peripheral for storing and operating on semantic network databases.
Since the CM's design was more-or-less finalized, we have been able to experiment with programming it (in
microcode) for other applications. Here are the basics 1 f CM programming as we now understand them; see '
161 for more dctils.

In the CM, as in a conventional machine, one builds data structures by allocating cells and connecting
them together by storing addresses of cells -- "pointers" -- in the memory of other cells. Since a pointer can

),ily be used as an instruction to the communications network for delivering a message, the pattern of pointers
in a CM might best be thought of as a virtual communications network. The ability to pass pointers from cell
to cell as data can thus be thought of as the ability to dynamically reconfigure the network to suit the occasion.
'Ibis ability .o form new "connections" through the communications network, under software control, gives
the Connection Machine its name.

Cells in the CM. like words of a conventional machine's memory, will typically be used for a number of
different purposes in any particular computation. Some cells might be linked into a binary tree to represent a
set. Others might act as record structures to represent objects with components. A space-ship might have a
position, a velocity, and an owner.

The manipulations performed by a cell on the data in its local storage closely resemble those of a Z
conventional general-rcgister computer on die data kept in its register set. Calculations are perfirmed on
data. and the resulLs are written back over data that is no longer needed. Tempornary storage is allocated to.
contain intermediate results. Since there is no run-time storage management. the layout of local storage is
static and mist be established at compile-time. There is no natural way to implement stacks, arrays, or heaps.
The programmer has a complece model of the usage of each bit in a cell's local storage.

Programrers most commonly deal with the lack of synchronization or queueing features in the message
transmission facilitv by limiting the circulation of a cell's address. Adoption of appropriate conventions about
the handlinj of pointers can guarantee that no more than one cell will ever wish to transmit messages to any
given cell. If many cells might potentially wish to communicate with sonic target cell. then a tree of
intcrniediat( cells can he built to hindle the "fini-in" ofme..ages. elf.cti\ ely constructing a queue out of cells.
(See I111.) Other higher-level protols can he supported by approprialely coordinating nesiS,
tr, m nssion. and by huildinu auxiliary sopporting stiucturcs outl of cells. 'to a large extent. die design of
algorithms I'r the (A'I is the design of such communications protocols.

.Somuetinm the r4pre,,entH' an object that the programer %ishes to treat atonically will require
I1*1i e slor.lgoe Illt thlat of' a single cell. In this case., sceraI cells iist he allokated anld linked (oeg'ther, by a

-Il0tl el.inc (Iof addres%s if" nolhilig else. This force, the progr.mimer t) deal *.ith inic'rn".
LC11111 tI l iois -A ilhin her di,.struciures. as well as exenal communications hem ven them,. '.
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CLI Summary

The chief motivation behind the design of CI.A was the observation that the storagc management in a
single CM processing element closely parallels management of the registers in a conventional general-rcgistcr
von Neumann machine. Many expressions in a conventional programming language can be compiled into
"straight-line" code which uses only the fixed storage contained in the register ile of a conventional machine.
Since a single CM cell contains about the same amount of storage as a conventional register file. such code
can be executed on a single CM cell. Ihis suggested that we try programming individual cells in such a
language. We can support message passing by simply adding primitive transmitting and receiving operators
to our language.

Having chosen to view programming a CM in this manner, we built a compiler using off-the-shelf
compiler technology. We drew on techniques from 1121. as well as some more standard techniques such as
those found in 12). "lbe resulting language, a dialect of Lisp resembling Scheme 1141, is documented
completely in 141.

C1.1 programs are thought of as executed by single CM cells. This limits the kind of programs that can be
executed. Since each cell has a fixed number of bits of state. programs requiring unbounded state will not be
executable. CIA disallows two features which in more powerful I.isps allow programs to employ unbounded
state: recursion other than tail-recursion, and runtime closures. Truncated in this manner. CLI cannot be

:*. used for programs that require more than a fixed amount of state, as determined at compile time. CIAI is
basically a language for writing finite state machines.

In the CIA model of a CM. every allocated cell is in some "state". Each state has associated with it a
number of "state variables". Ie values of these variables at any cell in that state are stored in bits allocated
from that cell's local storage. Also associated with each state is a straight-line (non-branching) piece of code to
he run by any cell in that state. Iat code performs computations with the cell's state variables, computes a
new stae for it. and provides values fi)r any new state variables.

It is the Cf. I compiler's job to hide this state-machine model of program execution from the programmer
wherever possible. [he programmer noniially expresses the heha% ior of cells in a flexible. I.isp-like language.
I However, sometimes the programmer must cxplicillm talk about a state with its associated variables and code.
This is usually done using the DE FSTATE form, which allows a programmer ito give a name to a state:

(DEFSTATE FACTORIAL-STATE (NUMBER)
(LABELS ((FACT (LAMBDA (ACCUMULATOR COUNTER)

(IF (< COUNT 2) ACCUMULATOR
(FACT (* COUNTER ACCUMULATOR)

(I- COUNTER))))))
(GO NEXT-STATE (FACT I NUMBER) NUMBER)))

1hi, Irm defines a state nai ed f ACTOR I AL- STATE. % ith a single state %.ariable name.d N(IUM11 R. IIf'c.'el is
pl.ced iii siI," FAC I Or I AL - SI ATE ,,md uIs l.11 hl'.I Lil is iuili.li,'d it Co utaiun Soume inte'er. th.,I cell %%ill
llIiced 1h C0 lpole Ihe t001.hil l that numbe'r. \hen it i% lim h1d. il % ill set itIN sm.II to NE X - SL ATE.

mieisfir-A stIlv 1.e) m cbl o m.im 11w k11 l ct'i 1pmied I'ormil .111d i-, ouds~te~,i~ 't

6.
6" .PIIl~ I 'I'. I i ,I s~ l ,~ ,ll) ) I'l~~ j! Il' Ik\ l .u q l,' It o ',I ,ld I% s '. ld ',.1 a ide I
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Notice that most of the body of a DE FSTATE form looks like ordinary L.isp code. This, after all, was the

major goal ini implementing CI .!: to allow familiar tools to be applied to CM programming.

Support Ilir ncssagc passing in C1I. is quite simple. A cell can have a number (if chinnels to reccive

mess.ages. ic TRANSMIT function takes a pointer to a channel in another cell and a message and causes that

message to arrive as input in that channel. The WITH-CHANNEL special form allocates a location within the

executing cell to be a channel and creates a pointer to that location, e.g..

(WITH-CHANNEL (CHANNEL POINTER)
(MAKE-CELL NEW-CELL-STATE POINTER)
(INPUT CHANNEL))

In this example, the variable POINTER will be bound to the new pointer and the variable CHANNEL will be
bound to the "channel object" at which the pointer xints. A poinler poinis to a channel within a cell, not to

ihe cell istel.f '[e location of the channel will be deallocated when the body of the WITH-CHANNEL form is

finished executing. The cell will be able to read any message transmitted to it using this pointer by applying

the INPUT 'uinction to the channel. In the example the executing cell creates a pointer-channel pair, allocates

a new cell using the MAKE-CELL function (not a trivial operation; see [61). places that new cell in the state
NEW-CELL-STATE, initializes its single state variable to contain the new pointer. and then waits for a

message to arrive from the new cell. A version of TRANSMIT, called TRANSMIT-WAIT, performs arbitration
when more than one cell sends a message to the same channel at the same time. Fach TRANSMIT-WAIT call

hangs until the receiving cell's INPUT call gets around to that message. The TRANSMIT-WAIT construct is

not a hardware primitive; it compiles to a complex protocol.

Since CI.I has no theory of data other than providing a pointer datatype to represent CM addresses, the

%alues manipulated by CIA programs in the present implementation are simply Macl.isp objects. )ata types
other than CI.1 pointers are left to the programmer to simulate as best she can. Short fixed-length lists, for
example, are commonly used to implement records. 'The programmer is on her honor not to use these objects
in ways that are clearly impossible on an actual CM.

Coding cliches

In the course of w riting the first few CI .A programs. a number of conventions and coding cliches arose that
%c ha \ tricd to capture with macros. I lere we present the ones that are conenient to explain outside the
:oolest olf Sc,:hemne intcrprctcr diescibed in the next section..

I ecI.nnel in] it cell uises one ol two mnessage-paissing contracts. A c'nhinmahisit channel. typically ~
createvd .I, aI pilae lbranothier cell it) send the resuilt of its calculation, to % hich there is exactl) one pointer in
the s sten. Oneuses TRANSMIT hi s.'d a Ine'.Igi' ho a .'ninuation. , wiam/,an w' is used h. a cell io

'Iter sonme co tllt Ill ail% taker. Nless.iges to con.innd channels, called nopimiJ. are sent using

TRANSMIT WAIT. lcoliinlnd has .I # ,,l h t.'l' and i used Ilthe.'/id.. the 1' ol which must he
S.cotllilli.lio I tl sl hih thl tile t J shotuld lie sent.

\hen .i ell crtes a .le : ll "ilh MAKE-CELL. the fidlmhiinC s-heme is ofien used to estblish
L. ll ; l Ih IIt.' V 'll lIIte III" t.'ll .1 d it% 4 i wi, I.. IlI' Ii l I %%ill 1l.1%C' .11110111! it% iuili.Il %1.11 .ri.l .,.
1 1,. 1 .1 kI I W1JI R. 1\1,h k 1 i, 11 1.t cd.. ' .J I t er h . il0l , l p t 4.hI. ,.Ill ( ie LvII thII Ill.ade it. ' lie 'I!A

-% """ " "



Many types of cells arc quit passive. merely handling one command aftr another. Stich command-loop
cells recall th "objects" of languages like Smalcalk. As ain xample. here is a piecc of CI- code taken from

the Scheme interpreter that illustraics these three conventions:

(DEFSTATE CONS-NODE (OWNER CAR-PART CDR-PART)
(WITH-CHANNEL (COMMAND-CHANNEL COMMAND-POINTER)

(TRANSMIT OWNER COMMAND-POINTER)
(DO ((COMMAND (INPUT COMMAND-CHANNEL)

(INPUT COMMAND-CHANNEL)))
(NIL)

(DISPATCH COMMAND
((GET-CAR CONTINUATION)
(TRANSMIT CONTINUATION CAR-PART))

((GET-CDR CONTINUATION)
(TRANSMIT CONTINUATION CDR-PART))

A CONS-NODE sends its owner a pointer to its command channel and then enters an eternal loop, dispatching
off the type of each new command and transmitting the appropriate answer to the command's continuation.

lle DE FOBJECT macro can be used to suppress the first four lines of this definition:

(DEFOBJECT CONS-NODE (CAR-PART CDR-PART) (COMMAND)
(DISPATCH COMMAND

CO((GET-CAR CONTINUATION) (TRANSMIT CONTINUATION CAR-PART)
((GET-CDR CONTINUATION) (TRANSMIT CONTINUATION CDR-PART))

'he DISPATCH form dispatches on the type of a command, locally binding the fields of the command to

variables. The clause of a DISPATCH corresponding to a given type of command is commonly called that

command's method. The code for CONS-NODE has a GET-CAR method and a GET-CDR method.

One commonly sends a cell a command and calls INPUT on the provided continuation to await a response.
the DE FCOMMAND macro can be used to define a lunctional binn to capture this cliche. For example.

(DEFCOMMAND GET-CAR (CONS-NODE)) allows one to ohcain the CAR-PART o"t a CONS-NODE by
si)ing (GET -CAR cell). This flonn will expand into: .

(WITH-CHANNEL (TEMPORARY-CHANNEL TEMPORARY-POINTER)
(TRANSMIT-WAIT cell
(MAKE-COMMAND 'GET-CAR TEMPORARY-POINTER))

(INPUT TEMPORARY-CHIANNEL))

Not.ice that a cell that uses GET - CAR or in i other DE FCO 4MAND fi inn must sit waiting in INPUT until the

I.ruec cell co lplites and retirus the ,ns er.

'I he If F tAKI R m n.cro delhimes , I'ttin .itl I Wmin o c rat a I ll t lm h e ,lilI'• the OWN- R com cntion. e.g..
( I)1 IAKI I CONS NOL)F ( CAI PAR c l? PIAI I )) bli o i hta. a pollilkt to. (Ile coi iml , m,ld clt .miim (o a
Ii".- , h cc,.a d )N. NO[)t li .I\ mli (, IAil CN , Noll , t it (.n ip-/ 1  ). 1111% l 'm \mIl 'i.md h11 111-Into:

• ... .. ,.*,,....,.,..* . .*.5j* - . . .* SI. * 5***.. *.--
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(WITH-CHANNEL (TEMPORARY-CHANNEL TEMPORARY-POINTER)
(ItAKE-CELL CONS-NODE TEMPORARY-POINTER 'arpar! cdr-par)
(INPUT TEMPORARY-CHANNEL)) 

C 
.

Scheme interpreter

"1o sec wtat programming in CIA is like, we wrote an interpreter for Scheme, a lexically scoped and
tail-recursivc dialect of Lisp. ' e most obvious interest of this exercise is the promise of being able to employ

* arbitrarily diffcrentiated processing on the putatively SIMI) Connection Machine: by multiplexing the CM's
instruction stream among the different kinds of objects in a running Scheme program. thousands of different
Schcme prog.'ams can he executed in parallel at the cost of a moderate constant factor slow-down. (A similar
tick is taken in 191.) Even so, we don't consider Scheme to be particularly well-suited for programming

* parallel machines: it provides no better account than the average language of the important linguistic issues of
how best to express methods of process decomposition and synchronization.

We chose Scheme interpretation as our first experiment in CIA programming not because Scheme is the %
ultimate parallel programming language but because the Scheme interpreter is an interesting and relatively
simple algorithm that we understand thoroughly. "Ibere is an extensive literature and culture of the .
implementation of Scheme and its neighbors in language-space (see [151). The Turing-universality of the
algorithm provides some vague promise that a wide variety of programming issues must be addressed in its
implementation. A less familiar programming problem would have introduced uncertainties unrelated to the
linguistic issues that were our real interest. C

- We assume that the reader has a reasonable grounding in Scheme and the issues involved in its
interpretation" see [14] or [I]. For our purposes, the most important features of a Scheme interpreter are:

* The language is lexically seoped (as is. for example. Algol-60). A procedure object is created by
combining a pointer to the body of the procedure with a pointer to the current environment. When a

*: procedure object is applied to arguments, the body is interpreted in an environment constructed by
extendilig the procedure object's environment with the new bindings of the procedure's formal
parameters.

* Procedure objects are first-class data: they can be passed as arguments. returned as values, and
incorporated into compound data strLictures. 'Iha one should be able to make general usc of procedure

,. tdohcts V% ilhout excessi% C penially is part of the SLheme programming philosophy and a strict constraint
. on the nScheme implenentor.

* A\ Scheme intcrpreftri must be hl1-rec'ur.ii-r. While a recursie pro:edure must mait fir the result
ho it Ill. rc ur ike cull miit '.mn tcrIrm additional oprafion. % ith that rctilt. ,, tail-iecursi C prmcedureL_
lI,.1ilm n ,oaddli,,n.ml opsl, ' iw; 1o perijirn. need no( pi h a retti alddre' . (S',' I111.) ,ihe interlpreter.
Shecll %IIling itselI' on .1 %lh t'e' ioll of a 2iaP ell epre%N lo1. %a%\es onk the ii rlhiion th.lt A ill Ix.

nevd d twi.r ilIh ' .il, h' h ,'n oft I he i\l il' in II h % hen lcoll i p letd. Il ddli i ,411 1 h. it , nl.I'. Il ""to
,nw.V r, we.hr' e.mll lil'.i~ h thi ,illo ' ,liicient io all tortmion conirol co'nIItict% in
lerills ol ltiidiloqi.illl II.\ .hiumi *ind the ir .'edire call.

".. L
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*" "-" -~ In our CI.I Scheme interpreter. a program is represented as a network of cells that is produced as a parse
tree by a syntaxer (roughly speaking, a parser). For instance, Figure I portrays the network corresponding to
the cxpression:

(DEFINE MAKE-INCREMENTER
(LAMBDA (INCREMENT)

(LAMBDA (X)
(PLUS INCREMENT X))))

T lo evaluate a Scheme expression in an environment, one sends it an EVALUATE command, providing a
continuation and the cnvironmcnt implemented as a chain of FRAME and ALIST cells. Figure 2 shows a
portion of the global environment after the definition of MAKE- INCREMENTER has been evaluated by
sending such a command to the DE F IN IT ION cell at the top of the tree. Figure 3 shows the environment
aftcrthe form (DEFINE INCREMENTER (MAKE- INCREMENTER 7) ) hasbeen syntaxed and evaluated.

The contract of an EVALUATE command is that the result of evaluting the receiving expression in the
• indicated environment should evcntually be sent to the indicated continuation. On a serial machine, the

Scheme evaluator dispatches on the type of the cell being evaluated, but in our interpreter each object knows
how to evaluate itself. ('This is reminiscent of what on serial machines is called object-oriented programming.)
T herc arc eight types of cells in a program:

CONDI T IONALs. as in (I F predicale then else)
VARIABLEs, such as CAR and PATTERN
DEFINITIONs& as in (DEFINE symbol expression)
LAMBDA- EXPRESS IONs, as in (LAMBDA variables body)
PROCEDURE-APPL ICAT IONs and OPERAND-CONSes. as in (prim'edure . operands)

" SEQUENCEs, as in (SEQUENCE expressions)
PARALLELs, as in (PARALLEL . expressions)
CONSTANTs, such as (QUOTE (EATS KITTY FISH)) and 23

As an example, consider the CONDITIONAL cell type. It has state variables called PREDICATE. THEN. and
E L S E. each pointing at the cell for some other Scheme expression. Here is one way that the COND I T I ONAL
cell could ha% c been implemented:

(DEFOBJECT CONDITIONAL (PREDICATE THEN ELSE) (COMMAND)
(DISPATCH COMMAND

((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT (IF (EVALUATE PREDICATE ENVIRONMENT)

THEN
ELSE)

COMMAND))

A CONDI T I ONAL cell ,ncccpls a stream of EVAL IATE coinmanud,. It tses (le EVALUATE ium del'med uising,
DE F COLMANI) iw fimd ihe ujlv ol the pitlicae~c anud hamids the result to 0 I'I , l , ich delcrm es ' helhcr
I IIFN or EL SE %%ill lie ei.liacd i) pr idc the rcsul. I le \%innie expressio1n is sc1 the c. .i.uud tic

CONI) I IONAL rcccievd. juod so %ill pass its resul! l i., t . ul d\ cnuti luiou itself Ml.u1i hil. .h"
CONI I I IUNAL cell can Iouu eon it ne . LVAt UArIL cmm~ind. I fis c11i i.uIiuqu-p.ivin. iik Wi . ll)

* ,.'* ,', . .'.- ,'o . . .. ..... , . . . -.

.. .. ..... .*~* ,* _ . .- .** ***P , '_l ", "- ;: *-*. % % * . . .o. • _ .. *.*. . .
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Figure 1. CM representat ion of a Scheme program.
Ibce syntaxcr for our C1.1 Scheme interpreter lays out a Scheme program in thc CM as a tree of cells. one -

for cach part of the code. To evaluate a piece of Scheme code in some environment. onc sends thc ccli at the
top of the trcc a command of thic formi (EVALUATE confinuation environinlent). Trhe network corporately

guarantees thait thc right answer will eventually arrive at the continuation.

DEFINITIO

SYMBL: MKE-ICRENNTERLAMMFft

EXPRESSION

goo "f

CONS-110.

ft~EISI INCREMENTft.

.. ,.ft-..t-..ft-ft.ft~fRfST:t~t . .~ ffffffffff~tt

ft - ft. ***** * *~** fL.AMM-FORMft*
... .. .. .. .. .. ... .. .. .. ~f-- ---YMBOLStffttf
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l'igurc 2. After defining MAKE - INC REMENTE R.
A CIA Scheme environment is organizecd as a sequence of FRAMEs. cach of which is composed of a

sequence of binding pairs (a chain of AL 1ST cells). LOOKUP and SET-VARIABLE commands propagate
from a FRAME to its chain of AL IST cclls, and from thc last AL 1ST to thc following FRAME. Procedures arc
data objects like any others and a procedure is normally fetchcd by looking its name up in the current
environment. lbc object that embodies thc procedure is a ccll of type CLOSURE. A CLOSURE is created by
the evaluation of a LAMBDA- EXPRESSION and contains not only thc parameter list and body of the
LAMBDA- EXPRESSION but also thc environment that was current when the LAMBDA- EXPRESSION was
evaluated. Thc body will be evaluated in this environment when the CLOSURE is applied to arguments.

NEXNS- FRAME:NNIL

AL IS 

SYSYMBOLS:

VALUE: CLSG

NEXT : NILS:

* ~ ~ LE ..... . . . . . . . . . . . .

.'.*. * *..... .*..*-*..--* .. . - . * * * *~* t * * *..- NEXTt't.* . .. ~ , - .
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Figure 3. After defining INCREMENTER.
Whcn (D!:FINE INCREMENTER (MAKE- INCREMENTER 7)) isevaluated.a newALISTccll iscrcatcdin

the global environment, this cell binds INCREMENTER to a ncw CLOSURE. A new FRAME is created to serve
as, thc environment of that closure. in which X has the value 7. 'Ienew FRAME's parent environment is the
global environment.

RANE[NEXT-FRAME:
AL 1ST:

;YNUOL: INCREMENT

ALUE: I

ETFA: IL

INCREMEN

4LST
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* . corresponds to the tail-recursive nature of the evaluation of conditionals in serial-machine Scheme
interpreters.

Yct conditional evaluation isn't qulite tail-recursivc. since thc CONDITIONAL cell must wait on dhc result of
the evaluation of the predicatc. If that predicate is at complicated expression, a large number of new

* commands could back tip in tic CONDITIONAL's input qucuc. Not only that, bit if thc evaluation of the
predicate involves Mi~lluating that same COND I I ONAL in some environmen the system will deadlock with
the CONDITIONAL and its predicate waiting on one another.

* lTherefore, the CONDITIONAL creates a temporary cell to wait on the value of the predicate and pass the
EVALUATE command on to THEN or ELSE:

(DEFOBJECT CONDITIONAL (PREDICATE THEN ELSE) (COMMAND)
(DISPATCH COMMAND

((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT PREDICATE
(MAKE-COMMAND 'EVALUATE

(FORK (RESULT-CHANNEL)
(TRANSMIT-WAIT (IF (INPUT RESULT-CHANNEL) THEN ELSE)
COMMAND))

ENVIRONMENT)))

S (MAKE -COMMAND makes commands:, it shouldn't be confused with the forms created by DEFMAKER.) 'Ibe
FORK macro suppresses the details of mnaking it temporary cell to wait on the predicate outcome and then
perform' the inner TRANSMIT-WAIT. TIhe user thinks of the FORK formn as returning a pointer to the
temporary cell's R ESU LT- CHANNE L: this is the continuation for the evaluation of the predicate. Here is the
code into which the FORK form expands:

(WITH-CHANNEL (TEMP-CHANNEL TEMP-POINTER)
(MAKE-CELL (KAPPA (TEMP-OWNER)

(WITH-CHANNEL (RESULT-CHANNEL RESULT-POINTER)
(TRANSMIT TEMP-OWNER RESULT-POINTER)
(TRANSMIT-WAIT (IF (INPUT RESULT-CHANNEL)

THEN

COMMAND)))EL 
)

TEMP- POTNT ER
(INPUT TEMP-CHIANNEL))

0l I s KAPPA .llows one by kiCl~~i ~tl.5S.ISl anagltigv to the Scheme LAMBDA construct for creatitig
ianon11 ur1is procedtires. 'I lie teniporatr% cell, then. is started tip in at state in which it creates it channel. sciid% a
po)111 tel to it to) its o"l ile ill the ti-Aliio111 1,110. Miu~ uead Al is' Ii r the on tco me ofthe pred icatec to a rri~c inm that
chaiuel. Afer senldin" [lie (I uiiml COMMAND to eiher TAtN or ELSE dhe teinporar% cell becomes garhage.
((-' I exienldN the .inal& '% hem~een KAPPA and I AMHDIA 1wv mnk inu sure that ' ariahies tiee in a KAP PA Iiwnii.
i 111his cas-e COMM'AND. T h1' N. aund Ft 1Sr. 1ae aliioliaiicalh ti'aisinitted to anv cell ceeated inl the state detfined

I111. le'mplkcllpl.1%,0 cic.iicd ll Itii' 1lKe'.% IN %lit'~us(0tesack .p1,ce 1ial .1 setial-nIachinle Skchemuk'
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interpreter must occupy during its recursive call on the" predicatc of a conditional. Such cells are used in
*seeral pla cs in the Cf.l Scheme interpreter. each of dem corresponding to a non-tail-rccursive call in the -

usual mcta-C:ircular (that is. written in Scheme) Scheme interpretcr (see [151). Tail-recursion in the CIA .

Scheme int(rpretcr both increases the throughput of cells by not making them wait for answers and saves
space by not making them create temporary cells to do that waiting.

Thus the evaluation of a CONDITIONAL cell involves little more than passing the EVALUATE command
offto other ells. A similar tick is taken by PROCEDURE-APPLICATION cells:

(DEFOBJECT PROCEDURE-APPLICATION (PROCEDURE OPERAND-LIST) (COMMAND)
(DISPATCH COMMAND
((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT PROCEDURE

(MAKE-COMMAND 'EVALUATE
(FORK (RESULT-CHANNEL)

(TRANSMIT-WAIT (INPUT RESULT-CHANNEL)
(MAKE-COMMAND 'EVLIS
CONTINUATION
OPERAND-LIST
ENVIRONMENT)))

ENVIRONMENT)))

When a PROCEDURE-APPLICATION cell receives an EVALUATE command, it must evaluate the
PROCEDURE expression in the provided environment and then tell the resulting closure to evaluate the
operands and apply itself to the resulting arguments. Rather than wait for that evaluation of PROCEDURE to L
rcmtrn a %alue. though. it uses the FORK form to create a temporary cell to do the waiting and send the EVLIS
command to the closure. Once the forked cell finishes sending the EVLIS command. it has no more code to
cxcctce amd so passes into the null state and is deallocated.

A closurc in Shchme is an object created by the evaluation of a LAMBDA expression. It contains the L.-
paramietcrs i nd body given in the LAMBDA together with de environment that was current when the LAMBDA
expression ,'as evaluated. When a procedure is applied to operands. the operands are evaluated in the

* current en'ironmrent: once the parameters have been hound to the resulting arguments. the body of the
procedure is caluated in the environment that is stored in the closure. "'lat the closure and not the caller
determines tie environment of evalation fIr the body of a newly called procedure is the essence of Scheme's -
lexicau usopc, as opposed to the dynamic %Lope of traditional lisp.

In oir" il)Iplemen, iion. a cell of type CLOSURE is creatcd by the evaluation of a LAMBDA- EXPRESSION
01object ill soie cn ironment:

(DEFOIIJECT LAMIIDA-EXPRESSION (SYMBOLS BODY) (COMMAND)
(DISPATCH COMMAND

((EVALUATE CONTINUATION FNVIRONMENT)
(MAKE-CELL CLOSURE CONFINUATIUN ENVIRONMENT SYMBOLS BODY))

A Ci O , sI i p 'F" , PVI IS coliuhr.tnd% sent (o it h PROC [OfIRF - A)PI ICA T ION,. '[he fie'Ids of ,- .
I VI IS L 1 1-ll llud .11.1: (1) 1hC Contilill on,lll 1t ' hiti hh OW '0 '11,II 1- 1hlt IS t0 1C ''um. ( ) C tllh .'li.uted

i'-..--.-.... .........-... ............. . .... -..-....................-..-......-.... ~...-...-,.-...--....'.
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operand list. and (3) the environment in which these operands are to be evaluated:

(DEFOBJECT CLOSURE (ENVIRONMENT PARAMETERS BODY) (COMMAND)
(DISPATCH COMMAND

((EVLIS CONTINUATION OPERANDS OPERAND-ENVIRONMENT)
(TRANSMIT-WAIT BODY
(MAKE-COMMAND 'EVALUATE
CONTINUATION
(MAKE-FRAME ENVIRONMENT

PARAMETERS
OPERANDS
OPERAND-ENVIRONMENT))))

Upon receiving and destructuring the EVLIS command, the CLOSURE object extends the environment and

tail-recursively initiates the evaluation of the body in the resulting environment. The MAKE-FRAME form,
which initiates the process of evaluating the operands and extending the environment. does not wait for that

proccss to finish: instead it immediately returns a pointer to the FRAME that will lie at the head of the

extended environment.

It is the responsibility of a FRAME, then, to see that the operands are evaluated and bound to symbols in

fresh ALIST cells. After identifying itself to its owner, it starts a BIND command propagating down the

operand list. ITis results in a pointer to the first of a newly created ALIST chain being returned to it,
whereupon it settles into a command loop.

* (DEFSTATE FRAME (OWNER NEXT-FRAME PARAMETERS OPERANDS ENVIRONMENT)
(WITH-CHANNEL (COMMAND-CHANNEL COMMAND-POINTER)

(TRANSMIT OWNER COMMAND-POINTER) .
(LET ((INITIAL-ALIST

(IF OPERANDS
(BIND OPERANDS PARAMETERS ENVIRONMENT NEXT-FRAME)
NEXT-FRAME)))

(ITERATE FRAME-LOOP ((ALIST INITIAL-ALIST))
(LET ((COMMAND (INPUT COMMAND-CHANNEL)))

(DISPATCH COMMAND
((LOOKUP CONTINUATION SYMBOL)
(TRANSMIT-WAIT ALIST COMMAND)
(FRAME-LOOP ALIST))

((SET-VARIABLE CONTINUATION SYMBOL VALUE)
(TRANSMIT-WAIT ALIST COMMAND)
(FRAME-LOOP ALIST))

((DEFINE CONTINUATION SYMBOL VALUE)
(IRANSMIT CONTINUATION T)
(FRAME-LOOP (MAKE-ALIST SYMBOL VALUE ALIST)))

'I li h0aligaioll il'oper'and lusls is a little tricky and nol entircl pleasant. An operaind list is implemented
; ; nh,u o' OPt RAND- CONS cells. eodh rcpiesennling tw o1 tle operands. When an OPr RANn-CONS cell

r cmv s i B I Nt) Iumesate. it eallultes its operand expressions il the pro\ ided em ilolment and Iuilds ALIS r
t0% 4cll1 ti ic r.stilis and the Il'l n il.r lr c crs.

-.. *...

- . *- - - •*•.- . ... * . , . * ... .** *. * . . *,P " ' " " e e e #" " *" " * * .% - - - - - - - - -." • ." " * - "t ' " "" " "' % " " • " " " • -
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"'lThc code for OPERAND-CONSes and ALISTs requires a fair bit of explanation. The EXPRESSION
variable of in OPERAND-CONS Ioints to (the command channel of) the operand, which is some arbitrary
expression. 'lbe NEXT variable contains eiher NIL. indicating that this is the List opcrand, or a pointer to

, another OPERAND-CONS cell. When an OPERAND-CONS receives a BIND command, it propagates it down
. the chain, making a new ALI ST cell at every step:

(DEFOBJECT OPERAND-CONS (EXPRESSION NEXT) (COMMAND)
(DISPATCH COMMAND

((BIND CONTINUATION PARAMETERS ENVIRONMENT NEXT-FRAME)
(IF (NULL NEXT)

(MAKE-CELL LAST-PROTO-ALIST
CONTINUATION
(GET-CAR PARAMETERS)
EXPRESSION
ENVIRONMENT
NEXT-FRAME)

(TRANSMIT-WAIT NEXT
(MAKE-COMMAND 'BIND
(MAKE-PROTO-ALIST CONTINUATION

(GET-CAR PARAMETERS)
EXPRESSION
ENVIRONMENT)

(GET-CDR PARAMETERS)
ENVIRONMENT
NEXT-FRAME))))

Bfore und(rstanding how OPERAND-CONSes work, consider one way they mighl have worked. An
O P E R AND -C ON S cell could: ,.-KJ

(1) valuate its operand,
(2) wait while subsequent operands arc evaluated to yield the tail of the new chain of binding pairs.
(3) i ttach a new AL IST cell that binds its symbol to its value to the front of that tail. and
(4) return the newly created ALIST to the continuation, be it the previous OPERAND-CONS cell or

the CL'OSURE fork that is waiting on the new environment.

Ibis might vork, but it would require the OPERAND-CONS cells at the front to spend almost all their time
waiting when they could I eialuaing their exprcssions in the scrvice of other CLOSUREs. Other kinds of
cells, like CL )SUREs. sohled this problem by using the FORK foni to make a temporary cell to do the waiting.
But in die c. se of OPERAND-CONScs there is no need to go to the extra expense: the newly created ALIST
cell call do the %aiting it lf. ''his trick is the reason why it is OPERAND-CONS cells that evaluatc angumenls
rather than ?ROCEDURE-APPLICATION cells, as a direct translation of the usual meta-circular Scheme
int,,preter i ,ito CH would h,,,e it.

'l'here arl tNo cases. A ne ALI ST can wail on the reilts ohI' operand ealuation or ol both that
c I II' ion ai d the cLo 'stru ll lctIiti ol the remaining At. IS Is. dcpeinding in % hether it is the last AL IST in Uiat

i Ollie. (.'n~kf cOclljl].. thle are Is o dil'l rit state,, in - hich a0n AL I S7 cell can he created. PROTO- AL IST - -
' a*id tAS1 - PROTO-ALI ST:

..-. ..

- . .. **\ .t.4 e. -'..,, -~~ ~.. .



(GO ALIST OWNER SYMBOL (EVALUATE EXPRESSION ENVIRONMENT) NEXT))
(DEFSTATE PROTO-ALIST (NEXT-SOURCE OWNER SYMBOL EXPRESSION ENVIRONMENT)

(WITH-CHANNEL (EVAL-CHANNEL EVAL-POINTER)

(TRANSMIT-WAIT EXPRESSION
(MAKE-COMMAND 'EVALUATE EVAL-POINTER ENVIRONMENT))

(WITH-CHANNEL (NEXT-CHANNEL NEXT-POINTER)
(TRANSMIT NEXT-SOURCE NEXT-POINTER)
(GO ALIST

OWNER
SYMBOL
(INPUT EVAL-CHANNEL)
(INPUT NEXT-CHANNEL)))))

(DEFSTATE ALIST (OWNER BOUND-SYMBOL INITIAL-VALUE NEXT)
(WITH-CHANNEL (COMMAND-CHANNEL COMMAND-POINTER)
(TRANSMIT OWNER COMMAND-POINTER)
(ITERATE ALIST-LOOP ((VALUE INITIAL-VALUE))

(LET ((COMMAND (INPUT COMMAND-CHANNEL)))
(DISPATCH COMMAND

((LOOKUP CONTINUATION SYMBOL)
(COND ((EQ SYMBOL BOUND-SYMBOL)

(TRANSMIT CONTINUATION VALUE))
((NOT (NULL NEXT))
(TRANSMIT-WAIT NEXT COMMAND))

(T
(FORMAT T

"UNBOUND SCHEME VARIABLE: -S"
SYMBOL)))

(ALIST-LOOP VALUE))
((SET-VARIABLE CONTINUATION SYMBOL NEW-VALUE)
(COND ((EQ SYMBOL BOUND-SYMBOL)

(TRANSMIT CONTINUATION T)
(ALIST-LOOP NEW-VALUE))
((NOT (NULL NEXT))
(TRANSMIT-WAIT NEXT COMMAND)
(ALIST-LOOP VALUE))
(T
(FORMAT T

"ATTEMPT TO SET AN UNBOUND VARIABLE: -S"
SYMBOL)

(ALIST-LOOP VALUE))))

There is quite at hit going on here. lere is th inagc: as the BIND command propagates down the chain of

OPERAND-CONS cells, a parallel chain or PROTO-ALIST cells is created. e hd of whichi has initiated the

e\altialion of its corresponding operand and is wailing Ifor the next AL 1ST cell along to identiry its.ll'. When

the BIND command rcach % the lI t OPERAND-CONS cell alotie. control "turns around" at a
LAST-PROTO-AL IST cli. piopaip.aIin2 hack along t i n oi prohl-,o ls . each'oh d ic. niiiahis

iisi' (Surn h mom ing imo Ih' AL ISl sml'. (OpI'.,n'i% a 11)11" eIh l II.Iho t inl p. hll.) le locess is

comp'eied ,hei th l'lt AL IS I cvll in the chain identiies itself to tihe new F NAME.

- .,u :AA ,.'.,,.;' " .
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We usec such a peculiar pattern of message sending and receiving to implement operand list evaluation so

that no cell that could be doing useful work has to wait for anything. In particular, we don't want the

OPERAND-CONS that creates a new binding pair to have to wait for all the downstream binding pairs to be

created firt. But each ALIST cell requires a pointer to its successor. Consequently, when an

0. OPERAND-CONS cell creates a PROTO-ALIST cell, the PROTO-ALIST cell returns to it a pointer (called

NEXT- POINTER) to a channel (called NEXT-CHANNEL) to which (a pointer to the command channel of) the

next ALIST cell along should be sent once it is known. 'Ibis pointer is sent along to the next

OPERAND-CONS as part of the BIND message. "lhe oundary case of this process is at the last

OPERAND-CONS, for which the correct value of the new ALIST cell's NEXT variable is known. (This value is

not NIL. hut rather the next frame in the environment, where failed LOOKUP and SET-VARIABLE

commands +hould he propagated.) Therefore, LAST - PROTO-AL IST cells perform only half of this complex

protocol: tdcy wait on the evaluation of the operand, but are given the NEXT right away rather than having to

wait for it a; well.

-'" Once alt ALIST cell has entered its command loop, it can accept two types of commands --

SET-VARI kBLE and LOOKUP, with the obvious semantics. The LOOKUP command is used by VARIABLE

-* cells:

(DEFOBJECT VARIABLE (NAME) (COMMAND)
(DISPATCH COMMAND
((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT ENVIRONMENT
(MAKE-COMMAND 'LOOKUP CONTINUATION NAME))) ,

I he only obscure point in the AL IST command loop is the SET -VAR IABLE command's returning a value.

.. his siatisfic. the contract of a command and also infons any caller who might he curious that the setting has

hccn compl:ted and whether it succeeded. One cannot set or look up a variable in an environment in which it

is not hound. 'Ibc calls to FORMAT would not carry over to a CM implementation, which would have to have

its own ways of signalling errors. Support for error-handling in CM languages is as yet poorly understood.

Ibis concludes our explanation of procedure application in the Cl. I Scheme interpreter.

SEQUENCE and PARALLEL consinicts differ only in their attitude toward the result of executing the first
ot the two c (pressions. LHS and RHS. (If there are more than two forms in a SEQUENCE or PARALLEL form,

the s mnaxcr will make a chain otSEQUENCE or PARALLEL cells.) A SEQUENCE must set up a FORK to await

tihc completion of the evaluation of the LHS befire sending the EVALUATE command on to the RHS. A

PARALLEL. on the other hand. tells tie LHS to send its result to a hit hucket and then immediately passes the

EVALUATE :ommand to the RHS. (CI.l does not support hit buckets specially. so there is a kind ofcell called

BT -BUCKFT just for this purpose.)

7" -.

'i
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(DEFOBJECT SEQUENCE (LHS RHS) (COMMAND)
(DISPATCH COMMAND
((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT LHS ,

(MAKE-COMMAND 'EVALUATE
(FORK (RESULT-CHANNEL) "- ":

(INPUT RESULT-CHANNEL)
(TRANSMIT-WAIT RHS COMMAND))

ENVIRONMENT)) ))

(DEFOBJECT PARALLEL (LHS RHS) (COMMAND)
(DISPATCH COMMAND
((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT LHS
(MAKE-COMMAND 'EVALUATE (MAKE-BIT-BUCKET) ENVIRONMENT)) L.

(TRANSMIT-WAIT RHS COMMAND))

(DEFOBJECT BIT-BUCKET () (COMMAND))

Constants are the simplest expressions to evaluate. Upon receiving an EVALUATE mcssage, a CONSTANT
cell simply sends its constant back to the continuation:

(DEFOBJECT CONSTANT (DATA) (COMMAND)
(DISPATCH COMMAND

"((EVALUATE CONTINUATION ENVIRONMENT)
(TRANSMIT CONTINUATION DATA))

All that remains is the initialization of the run-time environmcnt. iliere is a separate cell type for each
primitive the language supports, and these arc bound to the appropriate symbols in the initial environment.

'l'e initial environment is set to the Macl.isp variable GLOBAL-ENVIRONMENT using a sequence of calls to

theDEFINE firm(which wascreatedby (DEFCOMMAND DEFINE (FRAME SYMBOL EXPRESSION))):

(DEFSTATE INITIALIZE-GLOBAL-ENVIRONMENT ()
(LET ((GLOBAL (MAKE-FRAME NIL NIL NIL NIL)))

(SET 'GLOBAL-ENVIRONMENT GLOBAL)
(DEFINE GLOBAL 'CONS (MAKE-PRIMITIVE-CONS-CLOSURE))
(DEFINE GLOBAL 'CAR (MAKE-PRIMITIVE-CAR-CLOSURE))
(DEFINE GLOBAL 'CDR (MAKE-PRIMITIVE-CDR-CLOSURE))
(DEFINE GLOBAL 'E0? (MAKE-PRIMI°IVE-EQ?-CLOSURE))
(DEFINE GLOBAL 'I+ (MAKE-PRIMITIVE-INCREMNT-CLOSURE))
(DEFINE GLOBAL '1- (MAKE-PRIMITIVE-DECREMENT-CLOSURE))
(DEFINE GtOBAL -ZERO? (MAKE-PRIMITIVE-ZEROP-CLOSURE))
(DEFINE GLOBAL '+ (MAKE-PRIMIIVE-PLUS-ClOSURE))
(DEFINE GLOBAL "* (MAKE-PRIMITIVE-iIMES-CLOSURE))
(DEFINE GIOIAL 'LIST? (MAKF-PRIMITIVE-LIS1P-CLOStIRE))
(DEFINE GLOBAL 'SYMBOL? (MAKE-PRIMITlVE-SYMDOLP-CLOSURE))
(DEFINE ;LORAL 'PRINC (MAKE-PRIMITIVE-PRINC-CLOSURE))
(DEFINE GLOIAL 'NIL 'NIL)
(DEFINE GLOBAL 'T 'T)))

"% ","- ,1
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rhc definitions of PRIMITIVE-CAR-CLOSURE and PAIMITIVE-CDR-CLOSURE illustrate two different

ways of wriring unary primitives. Fach is defined using DEFOBJECT and uses an ordinary command kxop,

and each firks off a temporary cell to wait on operand evaluation. "rhc dilTerence is that while the fork

created by PRIMITIVE-CAR-CLOSURE waits for the result of an EVALUATE-FIRST request sent to the

operand list by the closure. the fork created by PR IMITIVE-CDR-CLOSURE does all of the work itself:

(DIFOBJECT PRIMITIVE-CAR-CLOSURE () (COMMAND)
(DISPATCH COMMAND

((EVLIS CONTINUATIrN OPERAND-LIST OLD-ENVIRONMENT)
(TRANSMIT-WAIT OPERAND-LIST

(MAKE -COMMAND 'EVALUATE-FIRST
(FORK (RESULT-CHANNEL)

(TRANSMIT-WAIT (INPUT RESULT-CHANNEL)
(MAKE-COMMAND 'GET-CAR CONTINUATION)))

OLD-ENVIRONMENT)))

(DIFOBJECT PRIMITIVE-CDR-CLOSURE () (COMMAND)
(DISPATCH COMMAND

((EVLIS CONTINUATION OPERAND-LIST OLD-ENVIRONMENT)
(MAKE-CELL (KAPPA ()

(TRANSMIT-WAIT (EVALUATE-FIRST OPERAND-LIST
OLD-ENVIRONMENT)

(MAKE-COMMAND 'GET-CDR CONTINUATION)))))

The asymmctry is for only expository purposes: each definition could be written either way. The other
primitive closurcs are turned out by macros operating on these models.

Primilie proccdures do not construct alist,. but rather send EVALUATE - F I RST and EVALUATE-SECOND
conmand% to the operand lists they are given. lhe DISPATCH clauses for these commands were omitted in
the definition of OPERAND-CONS given above.

(DEFOBJECT OPERAND-CONS (EXPRESSION NEXT) (COMMAND)
(DISPATCH COMMAND

((BIND CONTINUATION PARAMETERS ENVIRONMENT NEXT-FRAME)

((EVALUATE-FIRST CONTINUATION ENVIRONMENT)
(TRANSMIT-WAIT EXPRESSION

(MAKE-COMMAND 'EVALUATE CONT INUATION ENVIRONMENT)))
((EVALUATE-SECOND CONTINUATION ENVIRONMENT)
(1RANSMIT-WAIT NEXT

(MAKE-COMMAND 'EVALUATE-FIRST CONTINUATION ENVIRONMENT)))

I here are ,v. .ie pieces missing from the present impkientaition. Were we to develop Sheme into a
P.o .ilhcl 11-41:r!1 1i 11 l l...ui,,ge. 'AC %ould h'lC to pro% ide Iacilities Ior c(nimuli.'iclion betweei programs.

Ai IINW'It. lilfterCII Sheine progr1is that are niine in parallel can contntinicatle on1 through a shared "" "

g1411.11 cni ir 111nwnlt. and there ;ire no 1* 'clities tor rctmiing the comnition that results 'Ahen progr~ams hare
emhii ir ii " m iell . i li lf a ' r ;i l i , 1 o,1 il f (ti e (1 i 'e llill o r ' s I; ' 1 1ic I kp it I' %11 hn lll 16o .id des not
iddrv'-s t111hc rt.ues i \o11d in hmildiiie real (N l Iinket- ,i1d loaders. % 1.' e i o a 1 1 , ll,- age"

',~",,,, "i,".
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collection.

Almost everything we learned in the course of writing the interpreter is so obvious in retrospect as to be
nearly invisible. (The most confusing aspect of the interpreter. the BIND protocol. arose naturally and was
confusing only in retrospect.) '[here were three main stages in the program's development:

* "lhe first version was written almost entirely in terms of the coding cliches described in the
previous section.

* The second version introduced the FORKing trick described in the context of CONDITIONAL and
so implemented the tail-rccursion of thc Scheme interpreter properly. Various optimizations to avoid
unnecessary waiting by cells made most uses of the DE FCOMMAND and DE FMAKER cliches disappear.

* 'Ilie third version made DEFINE expressions work properly and considerably cleaned up the
interpreter's modularity by changing the implementation of environments from a simple list of binding
pairs to the two-level fraic-and-alist structure.

We have used the CIA Scheme interpreter, in simulation, to run some substantial Scheme programs, - -'

including a simple relational database system (about 100 lines of code). "lhe main thing we learned from
these exercises is how much of our usual programming practice assumes a serial virtual machine.
Programming in Scheme for a highly parallel virtual machine, we found that efficiency considerations often -

differentiated between ways of writing our programs that were equally efficient on serial machines. Although
our programs ran correctly, we have little absolute idea how quickly they would be executed on a real CM.
On the basis of the few rough calculations we can perform, we guess that the cross-over point between

i' running N Scheme programs in parallel on the CM and in serial on a serial mainframe is reached with N in
the thousands.

Some Connection Machine efficiency considerations

A working programmer constantly makes design decisions according to some model of what kinds of
processes arc efficient or inefficient on her machine. Our ideas about how to design CM languages and write
logically correct programs in them arc derived from bits and pieces of ideas about the corresponding
problems on serial machines. Nothing. however, has prepared us to reason about the relative efficiencies of
different logically correct CM programming methods. It's very hard. And lacking an actual CM, we nave
little empirical evidence on which to formulate ideas about efficiency considerations.

On one analysis. die central consideration is that the whole machine has only one instruction stream and so
only one type of cell can be running during any given wall-clock tick. To a first approximation, then. in a
pnopr.iin %ith a hundred different states 99 of them will be donnant at at fimc. Butt because the CM's
controller is free to run the states in any order it likes, this can be a poor approximation in real programs.
Compile-iimc and run-tmc analyses can detrminc what the most heam il) populatd states arc likely ti be at a
given time. Since semantics of' Cl I dicat iliat (hlie otilcone of a progran is independent of ihe order in
whIch the states are run, the CI.1 programnler can't help the controller out. 'lhis is one less thing ror tie
progrnimer to hialc ti worry ahotut and one leSS opportunity ti use one's understanding of %htill happens -_
dien in dcsigiiini ,in elliient program. '

5'.'
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congestion Ninn predominate in reasoning about efficiency. If the programmer can't derive or intuit any

models of tt ese matters to guide her efficiency judgements. she's going to be in trouble.

A CM p -ogrammer pays not for the total amount of computation done by her program (as on a serial

machine) bit for the number of different things that must be done on each step. Consider, for example, an
algorithm fr r locating the unique element of a linear list that satisfies somc complicated predicate. On a serial

machine it ii best to test each element of the list in turn, proceeding to the next element only if the test fails.

On thc CM one would be better off traversing the whole list putting each element into a state in which it is

about to apply the predicate. "hen all of the predicate tests can be run in parallel. Alternating predicate-test

and next-ec ment operations would allow only one predicate-test to be executed at a time.

Another important consideration in CM programming is that one often pays not for the average case of an

algorithm. ,s on a serial machine, but for the worst case. Consider an algorithm in which every cell in the

machine goes through some loop until some calculation converges. Since only one so!t of thing can happen at

a time, the c ode for the inside of the loop must be broadcast repeatedly until all one million cells' loops have

converged. If a cell converges it must sit idle until all its siblings have converged too.

We have! deliberately avoided discussing the more traditional considerations of SIMI) machine

programmi, g, many of which concentrate on formulating one's algorithms so that the computation is as
homogcnoui as possible. 'Ihis is frequently possible in applications that are governed by differential
equations, , s in low-level vision, or their symbolic analogs, as in constraint networks. The applications in
which we ar,2 interested, however, generally do not appear to enjoy this luxury.

What we I arned

Becauwe we had little a priori idea of what would make a good Connection Machine programming
language. CI is inevitably little more than a minimal extrapolation from the archetypes of the culture of

serial machi ic programming. Experience using CIA has led us to a number of conclusions as to what the next

language should look like.

CIH has no mechanisms for explicitly assigning a type to a cell. Instead, the CIA programmer typically
uses the hui t-in state mechanism to give types to cells. A cell is considered to be of a certain type just in case

its state is in the set of states that implement the type. A difficulty with this is that the CIA language forces all
of the states associated with a certain type to be collected into one place. For example, consider the code for
the CONS-IIODE cell type provided above. A cell placed in the state CONS-NODE performs the usual
handshake with its owner and then goes into an infinite loop receiving commands and responding to them.
lis conm ,d loop understands two types of commands. GET-CAR and GET-CDR. The cell responds by

transmitting the requested part back to the continuation provided in the command.

Suppose w'e were to use CONS -NODE cells to store a list ol" items in the conventional Lisp manner, linking
thrtgh their CDR-PARTs i scr 's i dCONS-NODEs %l% hse CAR-PARTs are the elennts oftthe list. Giwen the
dcl'0ntion ,0 )o~c. it likes rouir Imesages to retrieve the seLond element of a list: to conmands and twq.
de'mionaios . itLksfumesVn

It'%% i i difi (the definition of CONSNODE by addingl at new "miethod" (in the sense of' current

VV
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object-oriented programming languages [8. 161) to its conimand-type dispatch:

(DISPATCH COMMAND

((GET-CADR CONTINUATION)
(TRANSMIT-WAIT CDR-PART (MAKE-COMMAND 'GET-CAR CONTINUATION)))

then we can obtain the second clement of a list in only three messages: a command of type GET-CADR from
the requesting cell to the first cons, a GET-CAR command from the first cons to the second. and a third
message from the second cons back to the requester.

Having to modify the code that implements the CONS-NODE type whenever a new operation such as
GET-CADR is needed is a severe modularity violation. We would prefer to be able to write our methods
wherever convenient, potentially in lexically distant locations. The ClI compiler could achieve this by

looking through the program and collecting together each set of related methods before beginning
compilation of the lexical context in which they all must appear. But this is only a shallow solution to a deep
problem.

'o see why. suppose we additionally required that the CLI compiler automnatically generate additional
mcthods whenever they can be useful. For example, the GET-CADR method we demonstrated above should
ideally be generated whenever the programmer writes something like (GET-CAR (GET-CDR ...)) in her
code; an analysis of the message passing should reveal to the compiler that two of the four messages involved
can be compressed into a single nessage directy from the first cons to the second. Such optimizations as this B

require the compiler to consider all relevant entities simultaneously. hut the Cl.I compiler's view
encompasses only one cell at a time. We would like the compiler to maintain a compile-time model of the
joint behavior of several cells.

This requires the compiler to identify situations in which each of a group of cells is in a known state. It can
do so when, for example, a command has been received by a CONS-NODE cell from a particular type of
cdr-rcquesting cell. When this happens. the state of both cells is completely determined: the requesting cell
must he waiting for a reply to its request, and the cons is starting to reply. 'he compiler would now he free to %expand its viewpoint to include both cells, if only the language allowed the uscr to tell the compiler which

states can send GET-CDR commands to CONS-NODEs.

A related shortcoming thal can be traced to Cl.'s cellular view of the machine is the excessive amount of
code devoted to mcssage handling in most CLI programs. CIls support for message transmission cannot he
made significantly more powerfu l becat, mesage transnission is a non-local phenomenon and CI.1
maintains onl) a local model of the machine's behavior. Ilecause the code implementing our communications
protocols was oalien spread over several lexically distain lIcations, we fiund it dilfictill to deline abstractions --. . --

Ijir them. lhe macros we did write came in cooperating sets: DE FMAKE R. DE FOBJECT, and FORK all use the
OWNER con'eolion. and DE FCOMMAND and DE FOBJECT both s. the command channiel on cntion. "b._-
ill.cros do mno preci ely absrct tihe r)oni elions they use but rather particular. local. % ;is ol' sing them.
W ien %e re\ ied the code to in.rcse parallelism and redoce Ii.%sae transmi.sion. the iIacros ,tuallh Iiled

tio a turc the rcsuling paItcrns.

-:Z
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I -or example, when the initialization of a cell involved more than the OWNER protocol. DE FOBJECT was no
longcr useful (and could not be extended to be usefil). I.ikewise, macros dcfined with DE FCOMMAND failed "

in die presence of tail-recursion. Fach of these macros expands into a form that waits on a result and returns
it. When. ai in the evaluation of the THEN or ELSE expressions of a CONDITIONAL. we intended the result
from a corn hand to be sent not to the originator of the command but to some other continuation, we had to
recert to coiistructing the command explicitly.

It was exactly CIl's relative inability to allow users to define abstractions of message-passing cliches that
defeated an attempt to implement the nile-based language Amord [71 in CL1.

Yet the clearest indication of the underlying problem is how difficult CLI code can be to read. When
hand-simulating the execution ofa CIA program, one's finger must jump from page to page, following chains

of causality that were real enough to the programmer but arc only implicit in the code. This is graphically
demonstrated by the code for the interface between OPERAND-CONSes and ALISTs, in which no indication is
given as to which TRANSMIT corresponds to which INPUT.

These symptoms all reflect a single disorder. There are two kinds of causality vectors in CI,
state-transition and message-transmission, but CIA explicitly represents only the first. Because of this, code
must be grt,uped inconveniently, common patterns of causality are difficult to abstract, the behavior of the
code is hare to reason about. and the compiler can have only a weak model of the computation. For the sake
of both the iser and the compiler, then, a programming language must make all causality explicit.

We are implementing a successor to CL1 that does not distinguish between state-transition and

messagc-tra:ismission. or equivalently, between objects and messages. By unifying these two kinds of
causality into a single construct the new language, called CGI. (for Connection Graph Language) allows all
causality to be made explicit 'his proposal realizes the duality between message and recipient that can be
seen in the protocol for creating and chaining together new AI.IST cells. That protocol can be described
either as a ,:ollection of processes passing an object around, or as a single process moving from object to
object. We vill report on CGI. in 151.

'To dem( nstrate how this unification can relieve some of the problems we experienced, consider the
breakdown if our simple macros when we optimized our code. The way in which our proposal addresses this
issue can bcit be understood by considering an analogy between a CM compiler and a Scheme compiler. In

i 21. Steele -lemonstrates how a compiler with a strong understanding of the simple semantics of Scheme can
ease the mnro writcr's task by reliably optimizing the results of macroexpansion. 'Ihe macro writer is freed to
concentrate tin the semantics of the macro. We want macros as simple as thoc defined by DEFMESSAGE and
DE F OBJE C" to express commtnications protocols without paying a runtime penalty. 'Ihus we want a CM
conpiler to perform the kinds ofopuimizations we performed by hand on the result% of expanding our simple
i1lti ros. Ior this even to be theoretically po ssible requires that the compiler hate a non-local model of the
comiputafioi : for it to le reliable and clicient requires that thil model be .impIc. We hope that our
t il I ci1ti m oto state-transition and mcs.ag-transmi.sion will play the role that the lanbda construct plays in -

Scheme.

I1hC ('' disiniltion hNIAt I e Me-transition and nessa.c-tr;mnmi,%ion w-t derihed from ihe ('N .'. .

ark h i teL umm i h ich makes ex~aLI Ithat.1 dt I 1mci ionl. I'l i% C4orrespit indcnoce deni mies anl ob% itonts a~siiniient of
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events in the virtual machine to events in the physical machine. Once wc unify our two forms of causality, the
compiler acquires considerably more freedom in deciding what quantities move about in the hardware and
which stay fixed in processor cells. 'lbe B I ND command, for example, moved four quantities in its fields
down a chain of OPERAND-CONS cells, each of which has only two state variables. 'The compiler ought to
have the option of keeping the processes embodied by propagation of B I ND commands fixed and streaming
chains of OP E RAND- CONSes over them.
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