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Abstract 

227 

We present a design for a class of computers whose •instruction sets• 
are based on LISP. LISP, like traditional stored-program machine languages 
and unlike most high-level languages, conceptually stores programs and data in 
the same way and explicitly allows programs to be manipulated as data. LISP 
is therefore a suitable language around which to design a stored-program 
computer architecture . LISP differs from traditional machine languages in 
that the program/data storage is conceptually an unordered set of linked 
record structures of various sizes, rather than an ordered, indexable vector 
or integers or bit fields of fixed size. The record structures can be 
organized into trees or graphs. An instruction set can be designed for 
programs expressed as such trees. A processor can interpret these trees in a 
recursive fashion, and provide autoaatic storage management for the record 
structures. 

We concentrate here on the issues of memory management in such a 
computer, and the reasons why a layered design strategy is not only desirable 
and natural but even mandatory. 

A prototype VLSI LISP microprocessor has been designed and fabricated 
for testing. It is a small-scale version of the ideas presented here, 
containing a sufficiently complete instruction interpreter to execute small 
programs, and a rudimentary storage allocator. We intend to design and 
fabricate a full-scale VLSI version of this architecture in 1979. 

Keywords: microprocessors, large scale integration, integrated 
circuits, VLSI, LISP, SCHEME, li5t structure, garbage collection, storage 
management. 
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Introduction 

An idea which has increasingly gained attention is that computer 
architectures should reflect specific language structures to be supported. 
This is an old idea; one can see features in the machines of the 1960 • s 
intended to support COBOL, FORTRAN, ALGOL, and PL/1. More recently research 
has been conducted into architectures to support string or array processing as 
in SNOBOL or APL. 

An older and by now well-accepted idea is that of the stored-program 
computer. In such a computer the program and the data reside in the same 
memory; that is, the program is itself data which can be manipulated as any 
other data by the processor. It is this idea which allows the implementation 
of such powerful and incestuous software as program editors, compilers, 
interpreters, linking loaders, debugging systems, etc. 

One of the great failings of most high-level languages is that they 
have abandoned this idea. It is extremely difficult, for example, for a PL/I 
(PASCAL, FORTRAN, COBOL •.• ) program to manipulate PL/I (PASCAL, FORTRAN, 
COBOL ••. ) programs. 

On the other hand, many of these high-level languages have introduced 
other powerful ideas not present in standard machine languages. Among these 
are ( 1) recursively defined, nested data structures; and (2) the use of 
functional composition to allow programs to contain expressions as well as (or 
instead of) statements. The LISP language in fact has both of these features. 
It is unusual among high-level languages in that it also explicitly supports 
the stored-program idea: LISP programs are represented in a standardized way 
as recursively defined, nested LISP data structures. By contrast with some 
APL implementations, for example, which allow programs to be represented as 
arrays of characters, LISP also reflects the structure of program expressions 
in the structure of the data which represents the program. (An array of APL 
characters must be parsed to determine the logical structure of the APL 
expressions represented by the array. Similar remarks apply to SNOBOL 
statements represented as SNOBOL strings.) 

It is for this reason that LISP is often referred to as a •high-level 
machine language~. As with standard stored-program machine languages, 
programs and data are made of the same stuff. In a standard machine, however, 
the •stuff• is a linear (ordered) vector of fixed-size bit fields; a program 
is represented as an ordered sequence of bit fields (instructions) within the 
overall vector. In LISP, the • stuff• is a heterogenous (unordered) set of 
records of various sizes linked to form lists, trees, and graphs; a program 
is represented as a tree (a •parse tree~ or •expression tree•) of linked 
records (a subset of the overall set of records). Standard machines usually 
exploit the linear nature of the •stuff• through such mechanisms as indexing 
by additive offset and linearly advancing program counters. A computer based 
on LISP can similarly exploit tree structures. The counterpart of indexing is 
component selection; the counterpart of linear instruction execution is 
evaluation of expressions by recursive tree-walk. 

Just as the •linear vector• stored-program-computer model leads to a 
variety of specific architectures, so with the "linked record• model. For 
concreteness we present here one specific architecture based on the linked 
record model which has actually been constructed. 
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List Structure and Programs 

One of the central ideas of the LISP language is that storage 
management should be completely invisible to the programmer, so that he need 
not concern himself with the issues involved. LISP is an object-oriented 
language, rather than a value-oriented language. The LISP programmer does not 
think of variables as the objects of interest, bins in which values can be 
held . Instead, each data item is itself an object, which can be examined and 
modified, and which has an identity independent of the variable(s) used to 
name it. 

The precise form of LISP data objects is not of concern here . The 
most important one, however, is the list cell (or cons cell), which is a 
record with two components which are pointers to other data objects; such 
cells are chained together by their pointers to form arbitrarily complicated 
graph structures. LISP provides primitive operators (CAR and CDR) following 
pointers, and more complex operators (ASSOC, MEMBER, PUTPROP, GET, etc.) for 
searching and restructuring such graphs in stylized ways. 

The philosophically most important operator (CONS) effectively creates 
a new list cell •out of thin air". As far as the LISP progranuner is 
concerned, new data objects are available in endless supply. They can be 
conveniently called forth to serve some immediate purpose and discarded when 
they are no longer of use . While creation is explicit, discarding is not; a 
data object simply disappears into limbo when the program throws away all 
references (direct or indirect) to that object. 

The inunense freedom this gives the programmer may be seen by an 
example taken from current experience. A sort of error message famil~r to 
most progranuners is "too many nested DO loops" or "more than 200 declared 
arrays" or "symbol table overflow". Such messages typically arise within 
compilers or assemblers which were written in languages requiring data tables 
to be pre-allocated to some fixed length. The author of a compiler , for 
example, might well guess, "No one will ever use more than, say, ten nested DO 
loops; I'll double that for good measure, and make the nested-DO-loop-table 
20 long." Inevitably, someone eventually finds some reason to write 21 nested 
DO loops, and finds that the compiler overflows its fixed table and issues an 
error message (or, worse yet, doesn't issue an error message!). On the other 
hand, had the compiler writer made the table 100 long or 1000 long, most of 
the time most of the memory space devoted to that table would be wasted. 

A compiler written in LISP would be much more likely to keep a linked 
list of records describing each DO loop . Such a list could be grown at any 
time by creating a new record on demand and adding it to the list. In this 
way as many or as few records as needed could be accommodated. 

Now one could certainly write a compiler in any language and provide 
such dynamic storage management with enough programming. The point is that 
LISP provides automatic storage management from the outset and encourages its 
use (in much the same way that FORTRAN provides floating-point numbers and 
encourages their use, even though the particular processor on which a FORTRAN 
program runs may or may not have floating-point hardware) . 
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Besides providing automatic storage management, LISP provides a 
standardized representation for programs using standard data structures within 
the language. Moreover, it provides a standard operator (EVAL) which will 
interpret a program expressed in this standard form . This operator can itself 
be expressed in LISP, and the definition of such an operator constitutes a 
description of a processor which can execute LISP programs. This operator 
must be able to traverse the data structures representing the program being 
executed ; and, because of the recursive nature of the interpretation process, 
needs additional temporary storage to hold intermediate results and control 
information. This storage can be in the form of LISP data objects. 

A complete LISP system can therefore be conveniently divided into two 
parts: (1) a storage system, which provides an operator for the creation of 
new data objects and also other operators (such as pointer traversal) on those 
objects ; and (2) a program interpreter, which executes programs expressed as 
data structures within the storage system. (Note that this memory/processor 
di vision characterizes the usual von Neumann architecture also. The 
differences occur in the nature of the processor and the memory system. ) 

Storage Management 

Most hardware memory systems which are currently available 
coi!VDercially are not organized as sets of linked lists, but rather as the 
usual linearly-indexed vectors. (More precisely, commercially available RAMs 
are organized as Boolean N-cubes indexed by bit vectors . The usual practice 
is to impose a total ordering on the memory cells by ordering their addresses 
lexicographically, and then to exploit this total ordering by using indexing 
hardware . ) 

Commercially available memories are, moreover, available only in 
finite sizes (more's the pity) , Now the free and wasteful throw-away use of 
data objects would cause no problem if infinite memory were available, but 
with i n a finite memory it is an ecological disaster. In order to make such 
memories useable to our processor we must interpose a storage manager which 
makes a finite vector memory appear to the evaluation mechanism to be an 
infinite linked-record memory. This would seem impossible, and it is; the 
catch is that at no time may more records be active than will fit into the 
finite memory actually provided. The memory is •apparently infinite• in the 
sense that an indefinitely large number of new records can be •created•. The 
storage manager recycles discarded records i n order to create new ones in a 
manner completely invisible to the LISP program interpreter . 

The microprocessor we have designed therefore actually consists of two 
processors, side by side. One (the evaluator, EVAL) operates in terms of a 
LISP-style record-structure memory, and interprets LISP programs . The other 
(the storage manager , or garbage collector (as it is traditionally called in 
LISP systems), GC) serves as an intermediary between EVAL and the external 
memory . GC deals with the finiteness of the external memory by locating data 
objects which have been discarded and making them available for recycling. GC 
also provides EVAL with operators for dealing with the data objects. 
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The storage representation is a standard one using two consecutive 
words of memory to hold a list cell, where each word of memory can hold a 
p_ginter consisting of a type field and an address field. The address part of 
a pointer is in turn the address within the linear memory of the record 
pointed to . (This may seem obvious, but remember that until now we have been 
noncommittal about the precise representation of pointers, as until this point 
all that was necessary was that the memory system associate records wi th 
pointers by any convenient means whatsoever. The evaluator is completely 
unconcerned with the format or meaning of addresses ; it merely accepts them 
from the memory system and eventually gives them back later to retrieve record 
components . One may think of an address as a capability for accessing a 
record using certain defined operations such as "fetch component number 1" . } 

New data objects are created in successively higher memory locations . 
When the finite memory is exhausted, the storage manager performs a garbage 
collection procedure which determines which data objects are accessible to the 
evaluator and which not, and compacts the former toward the low end of the 
memory, leaving the unused memory space in a block at the high end in which to 
allocate new objects. 

Many techniques for garbage collection are well-documented in the 
literature (McCarthy 1962] [Minsky 1963] (Hart 1964] [Saunders 1964] 
[Schorr 1967] (Conrad 1974] [Baker 1978] (Morris 1978], and will not be 
discussed here. (In fact, the storage manager in the prototype we have 
constructed actually includes no garbage collector. The prototype was one 
project of a •project set• including some two dozen separate circuits, all of 
which had to be fit onto a single chip together . This imposed severe area 
limitations which restricted the address size to eight bits, and required the 
elimination of the microcode for the garbage collector . We anticipate no 
obstacles to including a garbage collector in a full-sized single-chip 
processor . The complexity of a simple garbage collector is comparable to that 
of the evaluator shown above . } 

Physical Layout and Implementation 

The evaluator and the storage manager are each implemented in the same 
way as an individual processor . Each processor has a state-machine controller 
and a set of registers. On each clock cycle the state-machine outputs control 
signals for the registers and also makes a transition to a new state. 

The contents of any register is a pointer, containing an address field 
( 8 bits in the prototype) and a type field ( 3 bits in the prototype). The 
registers of a processor are connected by a common bus ( E bus in the 
evaluator, G bus in the storage manager). Signals from the controller can 
read at most one register onto the bus, and load one or more other registers 
from the bus. One register in each controller has associated incrementation 
logic ; the controller can cause the contents of that register, with 1 added 
to its address part, to be read onto the bus. The controller can also force 
certain constant values onto the bus rather than reading a register. 
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The processors can communicate with each other by causing the E and G 
busses to be connected . The address and type parts of the busses can be 
connected separately. (Typically the E bus might have its address part driven 
from the G bus and its type part driven by a constant supplied by the 
evaluator controller . ) The G bus can also be connected to the address/data 
lines for the off-chip memory system. The storage-manager controller produces 
additional signals (AOR and WRITE) to control the external memory. In a 
similar manner, the evaluator controller produces signals which control the 
storage manager. (Remember that from the point of view of the evaluator, the 
storage manager is the memory interface!) 

Each controller effectively has an extra "state register• which may be 
thought of as its "micro-Pc• . At each step the next state is computed by 
combining its current state with external signals in the following manner. 
Each "microinstruction" has a field explicitly specifying the next desired 
state, as well as bits specifying possible modifications of that state. If 
specified, external signals are logically OR'd into the desired state number . 
In the prototype evaluator these external signals are: (1) the type bits from 
the E bus; (2) a bit which is 1 iff the E bus type field is zero and a bit 
which is 1 iff the E bus address is zero. In the storage manager these 
signals are: (1) the four control bits from the evaluator controller; (2) a 
bit which is 1 iff the G bus address is zero. This is the way in which 
dispatching is achieved . 

Once this new state is computed, it is passed through a three-way 
selector before entering the state register. The other two inputs to the 
selector are the current state and the data lines from the external memory 
system. In this way the selector control can "freeze• a controller in its 
current state by recirculating it, or jam an externally supplied state into 
the state register (both useful for debugging operations). The "freeze" 
mechanism is used by the storage manager to suspend the evaluator until it is 
ready to process the next request. In the same way, the external memory can 
suspend the storage manager by asserting the external FREEZE signal, thereby 
causing a "wait state" . 

(The FREEZE signal is provided as a separate control because the 
dynamic logic techniques usual in NMOS were used; if one stopped the 
processor simply by stopping the clock, the register contents would dissipate. 
The clocks must keep cycling in order to •refresh" the registers. The state 
recirculation control allows the machine to be logically stopped despite the 
fact that data is still circulating internally. We discovered that this 
technique imposed constraints on other parts of the design: the 
incrementation logic is the best example. It was originally intended to 
design an incrementing counter register, which would increment its contents in 
place during the recirculation of a clock cycle in which an "increment" signal 
was asserted. If this had been done, however, and the processor were frozen 
during an instruction which asserted this signal, the counter would continue 
to count while the processor was stopped! This could have been patched by 
having the FREEZE signal override the increment signal, but it was deemed 
simpler to adopt a design strategy in which nothing at the microcode level 
called for any data to be read, modified, and stored back into the same place . 
Thus in the actual design one must read data through modification logic and 

I NNOVATI VE LS I DES I GNS SESS I ON 



Storage Management in a LISP-base d Mi c roproces s o r 

IA7 s - 0117 
'1 

- v 

1A6 o L oA~ 

- BVS U T 

IAS EVAL GC T : oAS 

- INTER.- L 

IA'( REGISTERS fl.E.GT.STE ICS 
r f o.A.Y 

- v )( 
C.ONNIEGT 

0 
IA3 T It 

OA3 

f--

.It £VAL GG OA2 

f.-:-- PRIV E pt..S Pfl:X Vl!pt..S -
;i. - GNI> OAI 

f-

~"filE EV.AL OA¢ 
t-- NE. X T E VAl-
STUFF 

STAT~ GC OT4 
Pi(..011E Mill< 

f--
IA2 NE.><T Gc O TI 
.__ STKTE r~t.o8E MIJX 

IAI o ·r¢ 
,___ 
J:A~ 

E. VAL- APR 
~ - GC. 

ITZ p S Pc;~. 

- MIC~ocoPE fl E _ 
L 

IT/ MIC.P.Oc oP E 0 E rc1 a 
-
:C.TJ>I P.,oM 

~ 

Pl,.>'sico-1 ) o.j o v t:" 

rr-o"t:o"tlfC. /.. ISP 

3 . 9(. ...,,., X 

IS ' ... :ts X 

of 

rr-oc.e ss or 

3.38 ....... 
133 .,.;Js 

E c_ 
T 

pc¢ 
RoM -

IV,\XTE 

0 

'<0 
1----,.,-ils...__.__~ 

23 3 

CALTECH CONFERENCE ON VLSI, January 1979 



Steele and Sussman 
234 

then onto the bus, to be stored in a different register ; then if this 
operation is repeated many times because of the FREEZE signal it makes no 
difference . ) 

Each state-machine controller consists of a read-only memory 
(implemented as a programmed-logic-array), two half - registers (clocked 
inverters, one at each input and one at each output), and some random logic 
(e .g . for computing the next state). The controllers are driven by externally 
supplied two-phase non-overlapping clock signals; on phase 1 the registers 
are clocked and the next state is computed, and on phase 2 the next-state 
signals appear and are latched . 

All of the signals from the two controllers (62 = 34+28 in the 
prototype) are mult i plexed onto twelve probe lines by six unary probe-control 
signals . (These signals are derived from the three binary-encoded off-chip 
signals PCO-PC2 . ) When a probe-control signal is asserted, the memory output 
pads (11 data pads plus the ADR signal in the prototype) are disconnected from 
the G bus and connected to the twelve probe lines. In this way the chip can 
be frozen and then all controller outputs verified (by cycling the 
probe-control signals through all six states). Also recall that the 
controller states can be jammed into the state registers from the memory input 
pads . This should allow the controller microcode to be tested completely 
wi thout depending on the registers and busses working. 

The diagram shows the physical layout of the prototype chip. The two 
controllers are side by side, with the evaluator on the left and the storage 
manager on the right . Above each controller is the next-state logic and probe 
multiplexor for that controller . Above those are the register arrays, with 
the busses running horizontally through them. rhe bus connections are in the 
center . The input pads are on the left edge, and the output pads on the right 
edge. The input pads are bussed through the evaluator's register array 
parallel to the E bus lines, so that they can connect to the G bus . 
(Unfortunately, there was no time to design tri-state pads for this project . ) 

Discussion 

A perhaps mildly astonishing feature of this computer is that it 
contains no arithmetic-logic unit. More precisely, it does have arithmetic 
and logical capabilities, but the arithmetic units can only add 1, and the 
logi cal units can only test for zero . (Logicians know that this suffices to 
build a "three-counter machine", which is known to be as universal (and as 
convenient!) as a Turing Machine. However, our LISP architecture is also 
universal, and considerably more convenient . ) 

LISP itself is so simple that the interpreter needs no arithmetic to 
run i nteresting programs (such as computing symbolic derivatives and 
integrals, or pattern matching) . All the LISP interpreter has to do is 
shuffle pointers to and from memory, and occasionally dispatch on the type of 
a pointer. The incrementati~n logic is included on the chip for two reasons . 
In the evaluator it is used for counting down a list when looking up lexical 
variables in the environment; this is not really necessary, for there are 
alternative environment representation strategies. In the storage manager 
incrementation is necessary (and, in the prototype, sufficient) for imposing a 
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total ordering on the external memory, so as to be able to enumerate all 
possible addresses. The only reason for adding 1 is to get to the next memory 
address. (One might note that the arithmetic properties of general 
two-argument addition are not exploited here. Any bijective mapping from the 
set of external memory addresses onto itself (i.e . a permutation function) 
would work just fine (but the permutation should contain only one cycle if 
memory is not to be wasted!). For example, subtracting 1 instead of adding , 
or Gray-code incrementation, would do . ) 

This is not to say that real LISP programs do not ever use arithmetic . 
It is just that the LISP interpreter itself does not require binary arithmetic 
of the usual sort . This architecture is intended to use devices which are 
addressed as memory, in the same manner used by the PDP-11, for example . We 
envision having a set of devices on the external memory bus which do 
arithmetic . One would then write operands into specific "memory locations" 
and then read arithmetic results from others. Such devices could be very 
complex processors in themselves, such as specialized array or string 
processors . In this way the LISP computer could serve as a convenient 
controller for other processors, for one thing LISP does well is to provide 
recursive control and environment handling without much prejudice (or 
expertise!) as to the data being operated upon. 

Expanding on this idea, one could arrange for additional signals to 
the external memory system from the storage manager, such as "this data item 
is needed (or not needed)", which would enable external processors to do their 
own storage management cooperatively with the LISP processor. One might 
imagine, for example , an APL machine which provided tremendous array 
processing power, controlled by a LISP interpreter specifying which operations 
to perform . The APL machine could manage its own array storage, using a 
relatively simple storage manager cued by "mark" signals from the LISP storage 
manager. 

The possibility of additional processors aside, this architecture 
exhibits an interesting layered approach to machine design. One can draw 
boundaries at various places such that everything above the boundary is a 
processor which treats everything below the boundary as a memory system with 
certain operations. If the boundary is drawn between the evaluator and the 
storage manager, then everything below the boundary together constitutes a 
list-structure memory system . If it is drawn between the storage manager and 
the external memory, then everything below the boundary is the external 
memory .. Supposing the external memory to be a cached virtual memory system , 
then we could draw boundaries between the cache and main memory, or between 
main memory and disks, and the same observation would hold. At the other end 
of the scale , a complex data base management system could be written in LISP, 
and then the entire LISP chip (plus some software, perhaps in an external ROM) 
would constitute a memory system for a data base query language interpreter. 
In this manner we have a layered series of processors, each of which provides 
a more sophisticated memory system to the processor above it in terms of the 
less sophisticated memory system below it. 

Another way to say this is that we have a hierarchy of data 
abstractions, each implemented in terms of a more primitive one. Thus the 
storage manager makes a finite, linear memory look "infinite " and 
tree-structured. A cache system makes a large, slow memory plus a small, fast 
memory look like a large , fast memory. 
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Yet another way to view this is as a hierarchy of interpreters running 
in virtual machines. Each layer implements a virtual machine within which the 
next processor up operates. 

It is important to note that we may choose ~~ boundary and then build 
everything below it in hardware and everything above it in software. Our LISP 
system is actually quite similar to those before it, except that we have 
pulled the hardware boundary much higher. One can also put different layers 
on different chips (as with the LISP chip and its memory) . We choose to put 
the evaluator and the storage manager on the same chip only because (a) they 
fit, and (b) in the planned full-scale version, the storage manager would need 
too many pins as a separate chip. 

Each of the layers in this architecture has much the same 
organization: it is divided into a controller ("state machine") and a data 
base ("registers"). There is a reason for this. Each layer implements a 
memory system, and so has state; this state is contained in the data base 
(which may be simply a small set of references into the next memory system 
down). Each layer also accepts commands from the layer above it, and 
transforms them into commands for the layer below it; this is the task of the 
controller. 

We have already mentioned some of the analogies between a LISP-based 
processor and a traditional processor. Corresponding to indexing there is 
component selection; corresponding to a linearly advancing program counter 
there is recursive tree-walk of expressions. Another analogy we might draw is 
to view the instruction set as consisting of variable-length instructions 
(whose pieces are joined by pointers rather than being arranged in sequential 
memory locations) . Each instruction (variable reference, call to CONS, .call 
to use function, etc.) takes a number of operands. We may loosely say that 
there are two addressing modes in this architecture , one being immediate data 
(as in a variable reference), and the other being a recursive evaluation. In 
the latter case , merely referring to an operand automatically calls for the 
execution of an entire routine to compute itl 

Pro1ect HistorY 

In January 1978 one of us (Sussman) attended a course given at MIT by 
Charles Botchek about the problems of integrated curcuit design . There he saw 
pictures of processors such as 8080's which showed that half of the chip area 
was devoted to arithmetic and logical operations and associated data paths . 
On the basis of our previous work on LISP and SCHEME [Sussman 1975] 
[Steele 1976a] [Steele 1976b] [Steele 1977] [Steele 1978a] [Steele 1978b] it 
occurred to him that LISP was sufficiently simple that almost all the 
operations performed in a LISP interpreter are dispatches and register 
shuffles, and require almost no arithmetic . He concluded that if you could 
get rid of the ALU in a microprocessor, there would be plenty of room for a 
garbage collector, and one could thus get an entire LISP system onto a chip . 
He also realized that typed pointers could be treated as instructions, with 
the types treated as "opcodes" to be dispatched on by a state machine. (The 
idea of typeq pointers came from many previous implementations of LISP-lik.e 
languages, such as MUDDLE [Galley 1975], ECL [Wegbreit 1974], and the LISP 
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Machine [Greenblatt 1974]. However, none of these uses the types as opcodes 
in the evaluator. This idea stemmed from an aborted experiment in nonstandard 
LISP compiler design which we performed in 1976.) 

In the summer of 1978 Sussman wrote a LISP interpreter based on the 
state machine specification . It worked . 

In the fall of 1978 Lynn Conway came to MIT from Xerox PARC as a 
visiting professor to teach a subject (i.e. course) on VLSI design which she 
developed with Carver Mead of Caltech. Sussman suggested that Steele take the 
course "because it would be good for him" (and also because he couldn't sit in 
himself because of his own teaching duties). Steele decided that it might be 
interesting . So why not? 

The course dealt with the structured design of NMOS circuits. As part 
of the course each student was to prepare a small project, either individually 
or collaboratively. (This turned out to be a great success . Some two dozen 
projects were submitted, and nineteen were fit together onto a single 7 mm x 
10 mm project chip for fabrication by an outside semiconductor manufacturer 
and eventual testing by the students.) 

Now Steele remembered that Sussman had claimed that a LISP processor 
on a chip would be simple. A scaled-down version seemed appropriate to design 
for a class project. Early estimates indicated that the project would occupy 
2 . 7 mm x 3 . 7 mm, which would be a little large but acceptable. (The average 
student project was a little under Z mm x 2 mm.) The LISP processor prototype 
proje~t would have a highly regular structure, based on programmed logic array 
cells provided in a library as part of the course, and on a simple register 
cell wbich could be replicated. Hence the project looked feasible. Steele 
began the design on November 1, 1978. 

The various register cells and other regular components took about a 
week to design. Another week was spent writing some support software in LISP, 
including a microassembler for the microcode PLAs; software to produce 
iterated structures automatically, and rotate and scale them; and an attempt 
to write a logic simulator (which was "completed", but never debugged, and was 
abandoned after three days). 

The last three weeks were spent doing random interconnect of PLA's to 
registers and registers to pads. The main obstacle was that there was no 
design support software for the course other than some plotting routines. All 
projects had to be manually digitized and the numbers typed into computer 
files by keyboard (the digitization language was the Caltech Intermediate 
Format (CIF)), This was rather time-consuming for all the students involved. 

In all the design, layout, manual digi tization, and computer data 
entry for this project took one person (Steele) five weeks of full-time work 
spanning five and one-half weeks (with Thanksgiving off). This does not 
include the design of the precise instruction set to be used, which was done 
in the last week of October (and later changed!). (The typical student 
project also took five weeks, but presumably with somewhat less than full-time 
effort . ) 

During this time some changes to the design were made to keep the area 
down, for as the work progressed the parts inexorably grew by 20 microns here 
and 10 microns there. The number of address bits was chopped from ten to 
eight. A pie~e of logic to compare two addresses for equality (to implement 
the LISP EQ operation) was scrapped (this logic was to provide an additional 
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dispatch bit to the evaluator in the same group as the E-bus-type-zero bit and 
the E-bus-address-zero bit). The input pad cell provided in the library had 
to be redesigned to save 102 microns on width. The WRITE pad was connected to 
the bottom of the PLA because there was no room to route it to the top, which 
changed the clock phase on which the WRITE signal rose, which was compensated 
for by rewriting the microcode on the day the project was due (December 6, 
1978). Despite these changes, the area nevertheless increased. The final 
design occupied 3.378 mm x 3.960 mm. 

The prototype processor layout file was merged with the files for the 
other students' projects, and the project chip was sent out for fabrication. 
Samples were packaged in 40-pin DIPs and in the students' hands by mid-January 
1979. As of the conference (January 22, 1979) three of the nineteen projects 
on the chip had be~n tested and found to work. The microprocessor described 
here will be tested in early February. 

We intend to implement a full-scale version of a LISP processor in 
1979, using essentially the same design strategies. The primary changes will 
be the introduction of a full garbage collector and an increase in the address 
space and number of types. We have tentatively chosen a 41-bit word, with 31 
bits of address, 5 bits of type, 3 bits of •cdr code•, and 2 bits for the 
garbage collector. 

Conclusions 

We have presented a general design for and a specific example of a new 
class of hardware processors. This model is "classical" in that it e~hibi ts 
the stored-program, program-as-data idea, as well as the processor/memory 
dichotomy which leads to the so-called "von Neumann bottleneck" [Backus 1978]. 
It differs from the usual stored-program computer in organizing its memory 
differently, and in using an instruction set based on this memory 
organization. Where the usual computer treats memory as a linear vector and 
executes a linear instruction stream, the architecture we present treats 
memory as linked records, and executes a tree-shaped program by recursive 
expression evaluation. 

The processor described here is not to be confused with the "LISP 
Machine" designed and built at MIT by Greenblatt and Knight [Greenblatt 1974] 
[Knight 1974] [LISP Machine 1977] [Weinreb 1978]. The current generation of 
LISP Machine is built of standard TTL logic, and its hardware is organized as 
a very general-purpose microprogrammed processor of the traditional kind. It 
has a powerful arithmetic-logic unit and a large writable control store. 
Almost none of the hardware is specifically designed to handle LISP code; it 
is the microcode which customizes it for LISP. Finally, the LISP Nachine 
executes a compiled order code which is of the linearly-advancing-PC type; 
the instruction set deals with a powerful stack machine. Thus the LISP 
Nachine may be thought of as a hybrid architecture that takes advantage of 
linelr vector storage organization and stack organization as well as 
linked-list organization. In contrast, the class of processors we present 
here is organized purely around linked records, especially in that the 
instruction set is embedded in that organization. The LISP Machine is a 
well-engineered machine for general-purpose production use, 
variety of storage-management techniques as appropriate. 
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described here is instead intended as an illustration of the abstracted 
essence of a single technique, with as little additional context as possible. 

We have designed and fabricated a prototype LISP-based processor. The 
actual hardware design and layout was done by Steele as a term project for a 
course on VLSI given at MIT by Lynn Conway in Fall 1978. The prototype 
processor has a small but complete expression evaluator, and an incomplete 
storage manager (everything but the garbage collector). A more complete 
description of the prototype processor, plus some exposition on the nature of 
LISP evaluators in this context, may be found in [Steele 1979]. We plan to 
design and fabricate by the end of 1979 a full-scale VLSI processor having a 
complete garbage collector, perhaps more built-in primitive operations, and a 
more complex storage representation (involving "CDR-coding" [Hansen 1969] 
[Greenblatt 1974]) for increased bit-efficiency and speed. 

A final philosophical thought: it may be worth considering kinds of 
"stuff" other than vectors and linked records to use for representing data. 
For example, in LISP we generally organize the records only into trees rather 
than general graphs. Other storage organizations should also be explored. 
The crucial idea, however, is that the instruction set should then be fit into 
the new storage structure .in some natural and interesting way, thereby 
representing programs in terms of the data structures. Continui,ng the one 
example, we might look for an evaluation mechanism on general graphs rather 
than on trees, or on whatever other storage structure we choose. Finally, the 
instruction set, besides being represented in terms of the data structures, 
must include means for manipulating those structures. Just as the usual 
computer has ADD and AND; just as the LISP architecture presented here must 
supply CAR, CDR, and coNs; so a graph architecture must provide . graph 
manipulation primitives, etc. Following this paradigm we may discover yet 
other interesting architectures and interpretation mechanisms. 
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