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SYMBOLIC LANGUAGE DATA PROCESSING
SYSTEM

This application is a continuation of application Ser.
No. 450,600, filed 12/17/82, now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates to a data processing
system which is programmable in a symbolic processing
language, in particular LISP.

LISP is a computer programming language which
originated as a tool to facilitate Artificial Intelligence
research. Artificial Intellignce is a branch of computer
science that seeks to understand and model intelligent
behavior with the aid of computers. Intelligent behavior
involves thinking about objects in the environment,
how objects relates to each other, and the properties
and uses of such objects. LISP is designed to facilitate
the representation of arbitrary objects and relationships
among them. This design is to be contrasted with that of
other languages, such as FORTRAN, which are de-
signed to facilitate computations of the values of alge-
braic formulae, or COBOL, which is designed to facili-
tate processing the books and records of businesses.

The acronym “LISP” stands for “List Processing
Language”, as it was dubbed when Professor John Mc-
Carthy of MIT (now of Standford University) invented
LISP in the 1950’s. At that time, the notion of represent-
ing data objects and complex relations beween them by
“lists” of storage locations was novel. LISP’s motion of
“object” has been incorporated into many subsequent
languages (e.g., SIMULA 67), but management believes
that LISP and the languages derived from it are the first
choice of Artificial Intelligence researchers all over the
world.

LISP also facilitates the modeling of procedural
knowledge (i.e., “how to do something” as opposed to
“what something is”). All procedural knowledge is
expressed as “functions”, computational entitites which
“know how” to perform some speciifc action or compu-
tation upon supplied objects.

Although the text of LISP functions can be from one
line to several thousand lines long, the language imposes
no penalty for dividing a program into dozens of hun-
dreds of functions, each one the “expert” in some spe-
cific task. Thus, LISP facilitates “modularity”, the
clean division of a program into unique areas of respon-
sibility, with well-defined interaction. The last twenty
years of experience in the computer science community
has established the importance of modularity for cor-
rect program operation, maintenance and intelligibility.

LISP also features “extensible syntax or notation”.
This means that language constructs are not limited to
those supplied, but can include new constructs, defined
by the programmer, which are relevant to the problem
at hand. Defining new language constructs does not
involve modification of the supplied software, or exper-
tise in its internal detals, but is a standard feature of the
language available to the applications (and systems)
programmer, within the grasp of every beginner.
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Through this feature, LISP can incorporate new devel-
opments in copmuter science.

LISP frees programmers from the responsibility for
the detailed management of memory in the computer.
The common FORTRAN and PL/I decisions of how
big to make a given array or block of memory have no
place in LISP. Although it is possible to construct fixed-
size arrays, LISP excels in providing facilities to repre-
sent arbitrary-size objects, set of unlimited numbers of
elements, objects concerning which the number of de-
tails or parameters is totally unknown, and so forth.
Antiquated complaints of computers above fixed-size
data stores (“ERROR, 100 INPUT ITEMS EX-
CEEDED”) are eliminated in systems written in LISP.

LISP provides an “interactive environment”, in
which all data (knowledge about what things are and
how they are) and functions (knowledge about how to
do things) co-exist. Data and functions may be in-
spected or modified by a person developing a program.
When an error is discovered in some function or data
object, this error may be corrected, and the correction
tested, without the need for a new “run”. Correction of
the error and trial of the repair may sometimes be ac-
complished in three keystrokes and two seconds of real
time. It is LISP’s notion of an interactive environment
which allows both novices and experts to develop mas-
sive systems a layer at a time. It has been observed that
LISP experts enter programs directly without need for
“coding sheets” or “job decks”; the program is written,
entered, and debugged as one operation. Functions can
be tested as they are wriiten and problems found. The
computer becomes an active participant in program
development, not an adversary. Programs developed in
this way build themselves from the ground up with
solid foundations. Because of these features, LISP pro-
gram development is very rapid.

LISP offers a unique blend of expressive power and
development power. Current applications of LISP span
a broad range from computer-aided design systems to
medical diagnosis and geophysical analysis for oil ex-
ploration. Common to these applications is a require-
ment for rapidly constructing large temporary data
structures and applying procedures to such structures (a
data structure is complex configuration of computer
memory representing or modeling an object of interest).
The power of LISP is vital for such applications.

Researchers at the M.I.T. Artificial Intelligence Lab-
oratory initiated a LISP Machine project in 1974 which
was aimed at developing a state-of-the art personal
computer design to support programmers developing
complex software systems and in which all of the sys-
tem software would be written in LISP.

The first stage of the project, was a simulator for a
LISP machine written on a timeshared computer sys-
tem. The first generation LISP machine, the CONS,
was running in 1976 and a second generation LISP
Machine called the CADR incorporated some hard-
ware improvements and was introduced in 1978, replac-
ing the CONS. Software development for LISP ma-
chines has been ongoing since 1975. A third generation
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3
LISP machine, the LM-2 was introduced in 1980 by
Symbolics, Inc.

The main disadvantages of the aforementioned prior
art LISP machines and of symbolic language data pro-
cessing systems in general, is that the computer hard-
ware architecture used in these systems was originally
designed for the more traditional software languages
such as FORTRAN, COBAL, etc. As a result, while
these systems were programmable in symbolic lan-
guages such as LISP, the efficiency and speed thereof
were considerably reduced due to the inherent aspects
of symbolic processing language as explained hereinbe-
fore.

SUMMARY OF THE INVENTION

The main object of the present invention is to elimi-
nate the disadvantages of the prior art data processing
systems which are programmable in symbolic languages
and to provide a data processing system whose hard-
ware is particularly designed to be programmable in
symbolic languages so as to be able to carry out data
processing with an efficiency and speed heretofore un-
attainable.

This and other objects are achieved by the system
according to the present invention which is preferably
programmable in symbolic languages and most advanta-
geously in Zetalisp which is a high performance LISP
dialect and which is also programmable in the other
traditional languages such as FORTRAN, COBAL etc.

The system has many features that make it ideally
suited to executing large programs which need high-
speed object-oriented symbolic computation. Because
the system hardware and firmware were designed in
parallel, the basis (macro)instruction set of the system in
very close to pure Lisp. Many Zetalisp instructions
execute in one microcycle. This means that programs
written in Zetalisp on the system execute at near the
clock rate of the processor.

The present invention is not simply a speeded-up
version of the older Lisp machines. The system features
an entirely new design which results in a processor
which is extremely fast, but also reboust and reliable.
This is accomplished through a myriad of automatic
checks for which there is no user overhead.

The system processor architecture is radically differ-
ent from that of conventional systems and the features
of the processor architecture include the following:

Microprogrammed processor designed for Zetalisp

32-bit data paths

Automatic type-checking in hardware

Full-paging 256 Mword (1 GByte) virtual memory

Stack-oriented architecture

Large, high-speed stack buffer with hardware stack

pointers

Fast instruction fetch unit

Efficient hardware-assisted garbage-collection

Microtasking

5M words/sec data transfer rate

The system according to the present invention com-
prises a sequencer unit, a data path unit, a memory
control unit, a front-end processor, an I/0 and a main
memory connected on a common Lbus to which other
peripherals and data units can be connected for inter-
communication. The circuitry present in these afore-
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mentioned elements and the firmware contained therein
achieved the objects of the present invention. In partic-
ular, the novel areas of the system include the Lbus, the
synergistic combination of the L-bus, microtasking,
centralized error correction circuitry and a synchro-
nous pipelined memory including processor mediated
direct memory access, stack cache windows with two
segment addressing, a page hash table and page hash
table cache, garbage collection and pointer control, a
close connection of the macrocode and microcode
which enables one to take interrupts in and out of the
macrocode instruction sequences, parallel data type
checking with tagged architecture, procedure call and
microcode support, a generic bus and a unique instruc-
tion set to support symbolic language processing.

The stack caching feature of the present invention is
carried out in the memory controller which comprises
means for effecting storage of data of at least one set of
contiguous main memory addresses in a buffer memory
which stores data of at least one set of contiguous main
memory addresses and is accessible at a higher speed
than the main memory. The memory controller also
comprises means for identifying those contiguous ad-
dresses in main memory for which data is stored in the
buffer memory and means receptive of the memory
addresses for directly going to the buffer memory and
not through the main memory when the identifying
means identifies the address as being in the set of contig-
uous addresses or for going directly to the main mem-
ory and not through the buffer memory when the iden-
tifying means idenifies the address as not being in the set
of contiguous memory addresses.

The central processor of the system which operates
on data and produces memory addresses, has means for
producing a given memory address corresponding to a
base pointer and a selected offset from the base pointer
and means for arithmetically combining the given ad-
dress and offset prior to applying same to the addressing
means. Further, the central processing means produces
the base pointer and offset in one timing cycle and arith-
metically combines the base pointer and offset in the
same timing cycle in a preferred manner by providing a
arithmetic logic unit which is dedicated solely to this
function.

Moreover, the addressing means advantageously
comprises means for converting the addresses from the
cpu to physical locations in main memory by using the
same circuitry as the identifying means.

Further, in order to more efficiently carry out these
functions, the cpu has means for liming the offset from
the base pointer to within a preselected range and for
insuring that the arithmetic combination of the base
pointer and offset fall within at least one set of memory
addresses. This is advantageously carried out in the
compiler which compiles the symbolic processing lan-
guage into sequences of macrocode instructions.

The parallel data type checking and tagged architec-
ture is achieved by providing the main memory with the
ability to store data objects, each having an identifying
type field. Means are provided for separating the type
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field from the remainder of each data object prior to the
operation on the data object by the cpu. In parallel with
the operation on the data object, means are provided for
checking the separated type field with respect to the
operation on the remainder of the associated data object
and for generating a new type field in accordance with
that operation. Means thereafter combine the new type
field with the results of the operation. This system par-
ticularly advantageously executes each operation on the
data object in a predetermined timing cycle and the
separating means, checking means and combining
means act to separate, check and combine the new type
field within the same timing cycle as that of the opera-
tion. The system also is provided with means for inter-
rupting the operation of the data processor in response
to the predetermined type field that is generated to go
into a trap if the type field that is generated is in error or
needs to be altered, and for resuming the operation of
the data processor upon alteration of the type field.

The page hash table feature is carried out in the sys-
tem wherein the main memory has each location de-
fined by a multi-bit actual address comprising a page
number and an offset number. The cpu operates on data
and stores data in the main memory with an associated
virtual address comprising a virtual page number and an
offset number. The page hash table feature is used to
convert the virtual address to the actual address and
comprises means for performing a first hash function on
the virtual page number to reduce the number of bits
thereof to form a map address corresponding to the
hashed virtual page number, at least one addressable
map converter for storing the actual page number and
the virtual page number corresponding thereto in the
map address corresponding to the hashed virtual page
number and means for comparing the virtual page num-
ber with the virtual page number accessed by the map
address whereby a favorable comparison indicates that
the stored actual page number is in the map converter.
Means are also provided for performing a second hash
function on the virtual page number in paralell with that
of first hash function and conversion and means for
applying the accessed actual page number and the origi-
nal offset number to the main memory when there is a
favorable comparison and for applying the second
hashed virtual page number to the main memory when
the comparison is unfavorable.

In a particularly advantageous embodiment, the con-
verting means comprises at least two -addressable map
converters each receptive of the map address corre-
sponding to the first hashed virtual page number and
means responsive to an unfavorable comparison from
all converters for writing the virtual page number and
actual page number at the map address in the least re-
cently used of the at least two map converters.

In the event that the first and second hashed ad-
dresses do not locate the address, the main memory has
means defining a page hashed table therein addressable
by the second hashed virtual page number and a second-
ary table for addresses. The cpu is responsive to mac-
rocode instructions for executing at least one microcode
instruction, each within one timing cycle and wherein
the converting means comprises means responsive to
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6
the failure to locate the physical address in the page
hash table for producing a microcode controlled look-
up of the address in the secondary table.

A further back-up comprises a secondary storage
device, for example a disk and wherein the main mem-
ory includes a third table of addresses and the second-
ary storage device includes a fourth table of addresses.
The converting means has means responsive to the
failure to locate the address in the secondary table for
producing a macrocode controlled look-up of the ad-
dress in the third table of main memory and then the
fourth table if not in the third table, or indicating an
error if it is not in the secondary storage device. An-
other feature provides means for entering the address in
all of the tables where the address was not located.

The hardware support for the key feature of the close
interrelationship between the microcode and mac-
rocode comprises an improvement in the cpu wherein
means are provided for defining a predetermined set of
exceptional data processor conditions and for detecting
the occurrence of these conditions during the execution
of sequences of macrocode instructions. Means are re-
sponsive to the detection of one of the conditions for
retaining a selected portion of the state of the data pro-
cessor at the detection to permit the data processor to
be restarted to complete the pending sequence of mac-
rocode instructions upon the removal of the detected
condition. Means are also provided for initiating a pre- -
determined sequence of macrocode instructions for the
detected condition to remove the detected condition
and restore the data processor to the pending sequence
of macrocode instructions. In a particularly advanta-
geous embodiment, the means for initiating comprises
means for manipulating the retained state of the data
processor to remove the detected condition and means
for regenerating the nonretained portion of the state of
the data processor.

The cpu has means for executing each macrocode
instruction by at least one microcode instruction and the
means defining the set of conditions and for detecting
same comprises means controlled by microcode instruc-
tions. Moreover, the means for retaining the state of the
data processor comprises means controlled by micro-
code instructions and the means for initiating the prede-
termined sequence of macrocode instructions comprises
means controlled by microcode instructions.

Another important feature of the present invention is
the unique and synergistic combination of the Lbus, the
microtasking, the synchronized pipelined memory and
the centralized error correction circuitry. This combi-
nation is carried out in the system according to the
present invention with a cpu which executes operations
on data in predetermined timing cycles which is syn-
chronous with the operation of the memory and at least
one peripheral device connected on the Lbus. The main
memory has means for initiating a new memory access
in each timing cycle to pipeline data therein and there-
out and the cpu further comprises means for storing
microcode instruction task sequences and for executing
a microcode instruction in each timing cycle and means
for interrupting a task sequence with another task se-
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quence in response to a predetermined system condition
and for resuming the interrupted task sequence when
the condition is removed. The Lbus is a multiconductor
bidirectional bus which interconnects the memory, cpu
and peripherals in parallel and a single centralized error
correction circuit is shared by the memory, cpu and
peripherals. Means are provided for controlling data
transfers on the bus in synchronism with the system
timing cycles to define a first timing mode for communi-
cation between the memory and cpu through the cen-
trallized error correction circuit and a second timing
mode for communication between the peripheral device
and the cpu and thereafter the main memory through
the centrailized error correction circuit. In accordance
with this combination of features, data is stored in main
memory from a peripheral and data is removed from
main memory for the peripheral at a predetermined
location which is based upon the identification of the
peripheral device. Moreover, the cpu has means for
altering the state of the peripheral device from which
data is received, depending upon the state of the system.

The feature of the generic bus is provided to enable
the system according to the present invention, having
the cpu in main memory connected by a common sys-
tem bus to which input and output devices are connect-
able, to communicate with other peripherals and com-
puter systems on a second bus which is configured to be
generic by providing first interfacing means for con-
verting data and control signals between the system bus
and the generic bus formats to effect transmission be-
tween the system bus and the generic bus and second
interfacing means connected to the generic bus for con-
verting data and control signals between the generic bus
and a selected external bus format to permit data and
control signal transmissions between the system bus and
the peripherals of the selected external bus type. A key
feature of this generic bus is that the first interfacing
means converts data and control signals independently
of the external bus that is selected. Thus the first inter-
facing means includes means for converting the control
signals and address of an external bus peripheral from
the system bus format to the generic bus format inde-
pendently of the control signal and address format of
the external bus.

The pointer control and garbage collection feature
associated therewith is carried out by means for divid-
ing the main memory into predetermined regions,
means for locating data objects in the regions and means
for producing a table of action codes, each correspond-
ing to one region. A generated address is then applied to
the table in parallel with the operation on that address
to obtain the action code associated therewith and
means are provided which are responsive to the action
code for determining, in parallel with the operation on
the address, if an action is to be taken. In a particular
advantageous embodiment, the action code is obtained
and the response thereto is determined within the same
timing cycle as that of the operation on the address.
This is done by controlling the determining means by
microcode instructions.

The cpu includes means for executing a sequence of
macrocode and microcode instruction sequences to
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effect garbage collection in the system by determining
areas of memory to be garbage collected and wherein
the means for producing the action code table produces
one action code which initiates the garbage collection
sequences. In accordance with the invention, the gar-
bage collection is effected by means for examining the
data object at a generated address to see if it was moved
to a new address, means for moving the data object to a
new address in a new region if it was not moved, means
for updating the data object at the generated address to
indicate that it was moved, and means for changing the
generated address to a new address if and when the data
object is moved and for effecting continuation of the
operation on the data object of the generated address.

The system according to the present invention pro-
vides hardware support for garbage collection which
enables it to carry out this garbage collection sequence
in a particularly efficient manner by dividing the main
memory into pages and providing storage means having
at least one bit associated with each page of memory.
The given address is thereafter located in a region of
memory and means are provided for entering a code in
the at lest one bit for a given page in parallel with the
locating of the address in a region of memory to indi-
cate whether an address therein is in a selected set of
regions in memory.

This means for entering the code comprises means for
producing a table of action codes each corresponding to
one region of memory. An address is applied to the
table and parallel with the locating thereof and means
are provided for determining if the address is in one of
the selected set of regions in response to its associated
action code. The garbage collection is effected in the set
of memory regions by reviewing each page and means
sense the at least one bit for each memory page to en-
able the reviewing means to skip that page when the
code is not entered therein.

The bus system in accordance with the present inven-
tion is another feature of the present invention which, in
the context of the system according to the present in-
vention includes the data processor alone, the data pro-
cessor in combination with peripherals and peripheral
units which have the means for communicating with the
data processor on the Lbus. The data processor includes
bus control means for effecting all transactions on the
bus in synchronism with the data processor system
clock and with a timing scheme including a request
cycle comprising one clock period wherein the central
processor produces a bus request signal to effect the
transaction and within the same clock period puts the
address data out on the bus. The request cycle is fol-
lowed by an active cycle comprising at least one next
clock period wherein the peripheral unit is accessed.
The active cycle is followed by a data cycle comprising
the next clock period and wherein data is placed on the
bus by the peripheral unit. The bus control means also
has means defining a block bus transaction mode for
receiving a series of data request signals from the cen-
tral processor in consecutive clock periods and for
overlapping the cycles of consecutive transactions on
the bus.



4,887,235

9

The Lbus control according to the present invention
also has means for executing microdirect memory ac-
cess transfer to achieve communication between a pe-
ripheral device and the cpu and thereafter the main
memory. In a particularly advantageous embodiment of
the present invention, a single centralized error correc-
tion circuit is shared by the memory, central processor
and peripheral device and all data transfers over the bus
are communicated through the single centralized error
correction circuit.

Thus, a data unit for use with a data processing sys-
tem according to the present invention has means
therein which is responsive to a transaction request
signal on the bus for receiving address data in a request
cycle comprising one system clock period, means for
accessing address data in an active cycle comprising at
least one system clock period and for producing a
weight signal when more than one system clock period
is necessary and means for applying data to the busin a
data cycle comprising the next system clock period.
The data unit also may comprise means for receiving
request signals in consecutive clock periods and for
overlapping the request, active and data cycles for con-
secutive transactions.

A data unit in accordance with the present invention,
is also able to effect data transfers on the bus in synchro-
nism with the system timing cycle under microcode
control to effect a micro DMA data transfer.

These and other objects, features and advantages of
the present invention are achieved in accordance with
the method and apparatus of the present invention as
disclosed in more detail hereinafter with regard to the
attached appendix including a microcode listing, a lis-
ting of the microcode bits, the microcode compiler, the
front end processor program, a summary of the list
implementation language and listings of the program
array logic devices referred to in the attached system
drawings, wherein:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of the system according to
the present invention;

FIG. 2 is a block diagram of the sequencer of FIG. 1;

FIG. 3 is a block diagram of the data path of FIG. 1;

FIG. 4 is a schematic of the data path data type tag
circuitry;

FIG. 5 is a schematic of the data path garbage collec-
tion circuitry;

FIG. 6 is a schematic of the data path trap control
circuitry;

FIG. 7 is a block diagram of the memory control of
FIG. 1;

FIG. 8 is a data path diagram of the memory control
instruction fetch unit;

FIG. 9is a block diagram of the memory control map
circuitry;

FIGS. 10-23 are a schematic of a 512 K memory card
according to FIG. 1.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1is a block diagram of the system according to
the present invention. As shown therein, the basic sys-
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tem of the present invention includes a sequencer SQ, a
data path unit DP, a memory controller MC, a front end
processor FEP an I/0 unit and the main memory all
connected in parallel on a common bus called the Lbus.
As is also shown therein, other devices such as periph-
erals and the like can be connected in parallel along the
Lbus.

The basic system includes a processor cabinet having
reserved, color-coded slots are provided on the L bus
backplane for the DP-ALU, SQ, FEP, IO and IFU-
MEM boards. The rest of the backplane is undedicated,
with 14 free 36 bit slots on the basic system. Plugging a
memory board into an undedicated slot sets the address
of that board. There are no switches on the boards for
this purpose. For diagnostic purposes, the FEP can
always tell which board is plugged into what slot it can
even tell the serial number of the board.

No internal cables are used in the system. All board-
level interconnections are accomplished through the
backplane. An external cable is provided for connecting
a console to the processor cabinet.

While the system according to the present invention
is physically configured by components in the manner
set forth in FIG. 1, many of the novel features of the
system have elements thereof on one or more of the
system components. Thus the system components will
be described with respect to the function of the detailed
circuitry contained therein followed by the operation of
the system features in terms of these circuit functions.

SEQUENCER

The sequencer is shown in block diagram form in
FIG. 2.

The sequencer controls the operation of the machine,
that is, it implements the microtasking. In carrying this
out, it utilizes an 8K X 112 microcode control memory.

Each 112-bit microcode instruction specifies two
32-bit data sources from a variety of internal scratchpad
registers. There is normally no need for one to write
microprograms, since many Zetalisp instructions are
executed in one microcycle.

The system micromachine is time-division multi-
plexed. This means that the processor performs house-
keeping operations such as driving the disk in addition
to executing macroinstructions. This has the advantage
of providing a disk controller and other microtasks with
the full processing capability and temporary storage of
the system micromachine. The close coupling between
the micromachine and the disk controller has been
proven to be a powerful feature.

Up to eight different hardware tasks can be activated.
Control of the micromachine typically switches from
one task to another every few microseconds. The fol-
lowing other tasks run in the system:

Zetalisp emulator task—executes instructions

Disk transfer task—fetches data from main memory
and loads the disk shift-register; handles timing and
control for the disk sequencing.

Ethernet handshaking and protocol encoding and
decoding, where Ethernet is a local-area-network
for communication between computer systems and
peripherals, and their users. The physical structure
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of the Ethernet is that of a coaxial cable connecting
all the nodes on the network.

The FEP and microdevices (i.e., those devices ser-
viced by microcode, such as the disk controller and the
Ethernet controller) can initiate task switches on their
own behalf. The task priority circuitry on the sequencer
board determines the priority of the microtasks. Multi-
ple microcontexts are supported, eliminating the need
to save a microtask’s context before switching to an-
other.

More specifically, the sequencer includes tasks state
capture circuitry, task state memory for storing the
tasks state, a task state parity, a task memory output
register and a task priority circuit which determines the
priority of 16 tasks which are allocated as follows:

Tasks 8~15 DMA or 1/0 tasks. Assigned to devices
during boot time wakeup requests come from
open-collector bus lines.

Task 7 Not used. The task state memory for this task
is available for the FEP to clobber for debugging
purposes. The only way this can become the cur-
rent task is by the FEP forcing it.

Tasks 1, 2, 5, 8 Software. Wakeup requests are in a
register; bit n can be set by doing a special function.
One of these tasks is the background service task
for all DMA tasks (set up next address and word
count); the others remain unassigned.

Task 4 Low-speed devices; wakeup request from
open-collector bus line.

Task 3 FEP service (wakeup settable by FEP)

Task 0 Emulator, Wakeup request is always true.

DMA tasks normally only run for 2 cycles per
wakeup. The first cycle emits the physical address from
A memory, increments it, does DISMISS, and skims on
a condition from the device (e.g. error or end of
packet). The second cycle decrements the word count
and skips on the result (into either the normal first cycle
or a “last” first cycle). The data transfer between device
and memory takes place over the Lbus under control of
the memory control. The “last” first cycle is the same as
normal, but its successor sets a “done” flag and wakes
up the background service task. It also turns off wake-
up-enable in the device so more transfers don’t try to
happen until the next DMA operation is set up. For
some devices there is double buffering of DMA ad-
dresses and word counts, and there are two copies of
the DMA microcode; each jumps to the other when its
word count is exhaunsted. Processing by the background
service task is interruptible by DMA requests for other
devices.

Tasks 1, 2, 5, 6, the software requested tasks, are only
useful as lowered-priority continuations of higher-pri-
ority tasks. They would not normally be awakened by
the Emulator (although START-1/0 would do that).

Wakeup requests for the hardware tasks (8-15) are
open-collector lines on the bus. These are totally unsyn-
chronized. Each device has a register which contains a
3-bit task number and 1-bit tasking-enable; task numbers
are assigned to devices according to the desired prior-
ity. A wakeup in the absence of enable is held until
enable is turned on. Once a device has asserted its
wakeup request, it should remain asserted (barring
changing of enable or the assigned task number) until
the request is dismissed. The request must then drop an
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adequate time before the end of that microinstruction
cycle, so that 2 cycles later it will be gone from the
synchronizer register and the task will not wake up
again.

Delay from wakeup request to clock that finishes the
first microinstruction of service is 4 to 5 cycles (or about
a microsecond) if this is the highest priority task and no
tasking-inhibit occurs. Really high speed devices may
set their wakeup request 600 ns early. The processor
synchronizes and priority-encodes the wakeup requests
and

Dismissing is different for hardware and software
tasks. When a hardware task is dismissed it executes one
additional microinstruction when a software task is
dismissed it executes two additional microinstructions.
The hardware task timing is necessary so that a DMA
task can wake up and run for only two cycles.

If a dismiss is done when a task switch has already
been committed, such that the microinstruction after
the dismiss is going to come from a different task, then
the machine goes ahead and dismisses. This means that
the succeeding microinstruction, which would nor-
mally be executed immediately, will not be executed
until the next time the task wakes up. This does not
apply to a task which dismisses as soon as it wakes up,
such as a typical DMA task; since a task will not be
preempted by a higher-priority task immediately after a
task switch, when a task wakes up it is always guaran-
teed to run for at least 2 cycles.

Task-switch timing/sequencing is as follows:

First cycle, first half:

Prioritize synchronized task requests. Hardware task
requests are masked out of the priority encoder if
they are being dismissed this cycle.

First cycle, second half:

Selected task to NEXT NEXT TASK lines. If this
differs from current task, NEXT TASK SWITCH
asserted. Fetch state of selected task into TASK
CPC, TASK NPC, TASK CSP registers. Just
before clock, decide whether to really switch tasks
or to stay in the same task, in which case the TASK
CPC, etc. registers don’t matter, and NEXT
TASK SWITCH is turned off.

Second cycle, both halves:

TASK SWITCH asserted. TASK CPC selected onto
CMEM A: fetch first microinstruction and new
task. TASK NPC selected into NPC register. CPS
gets CMEM A which is TASK CPC. TSKC regis-
ter gets NEXT CPC, NEXT NPC, NEXT CSP,
and CUR TASK lines. NEXT TASK lines have
new task number.

Second cycle, second half:

Control-stack addressed by NEXT TASK and
TASK CSP: CTOS gets top of new stack (unless
switching to emulator and stack empty, gets IFU in
that case). CSP gets TASK CSP.

Third cycle, both halves:

Execute first microinstruction of task. Fetch second
microinstruction of task. If only waking up for 2
cycles (dismiss is asserted), choose next task this
cycle (line first cycle above).

Third cycle, first half:
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Task memory written from TSKC (save state of old
task). Address is TSKM WA which got loaded
from CUR TASK during second cycle.

Fourth cycle:

Execute second microinstruction of task. If only
woke up for 2 cycles, TASK SWITCH is asserted
and we do not choose another new task this cycle.

Another feature of the sequencer circuitry is trap
addressing. The sources of traps are mostly on the data
path board, with the memory control providing the
MAP MISS TRAP. Slow jumps all come from the data
path board. The sequencer executes normally if no trap
or slow jump condition is present. With regard to the
trap address interpretation:

Bit 12 is the skip bit; Bits 8~11 are the dispatch bits.
Bits 0-7 are capable of incrementing. Thus each macro-
instruction gets 4 consecutive control-memory loca-
tions; although there is a next-address field in the micro-
instruction. It is used for many things and so consecu-
tive addressing is often important. It is also possible for
most macroinstructions to skip into their consecutive
addresses (except for the small opcodes where this con-
flicts with a wired-in trap address).

In order to do a dispatch, it is nexessary to find a
block of 16 locations (in bits 8-11) which are not in use:
this is done either by finding a block of opcodes that
don’t use all 4 of their consecutive locations, or by
turning on bit 12 (there are a few dispatches that skip at
the same time).

Each task gets 16 locations of control-stack since
adders and multiplexors come in 4-bit increments. The
CADR doesn’t use the top half of its 32-location stack
much. Really only 15 locations of control-stack may be
used, because the memory is written on every cycle
whether or not you PUSHJ.

The CSP register always points at the highest valid
location in the stack. Thus it contains 17 when the stack
is empty. We do write-before-read rather than read-
before-write on this machine, however there is pipelin-
ing through the CTOS register. In fact a 1-instruction
subroutine will work.

When the emulator stack is empty (CSP-17 and the
emulator task is in control), there is an “extra” stack
location which contains the next-instruction address
from the IFU. POPJing to this location generates the
NEXT INST signal and refrains from decrementing the
stack pointer (leaves it 17 rather than making it 16).
NEXT INST tells the IFU to advance and does one or
two other random things (it clears the stack-adjustment
counter in the data path).

In the first half of each cycle, NPC is written into the
next free location (for the current task) in the control-
stack. This is 1+ the location CSP points at. NPC usu-
ally contains 1+ the control-memory address from
which the currently-executing microinstruction came.

In the second half of each cycle, the top of the con-
trol-stack is read into the CTOS register. In the next
cycle, CTOS and CSP will agree with each other.
When switching tasks, we read from the new task’s
stack.

Note that what happens when we POPJ, results from
the pipelining. In the cycle before the PIPJ, the subrou-
tine return address (or IFU next-instruction address)
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was read into the CTOS register; this came from the
stack location pointed to by CSP if the previous cycle
did not PUSHJ or POPJ. Now when we POPJ we
decrement CSP and read the next lower subroutine
return address into CTOS, in case the next cycle also
POPJs. When POPJ goes to the next macroinstruction,
CSP is not decremented and CTOS is loaded with the
address for the macroinstruction after that.

Trapping forces a “PUSHJ” so that NPC gets saved.
Slow-jump does the same, whether or not you wanted
it. If we trap out of a POPJ, we change our mind and
increment CSP rather than decrementing it. CTOS gets
loaded with the NPC that we saved.

The control stack may be popped without jumping to
it by specifying POPJ but not specifying for the control-
memory address to come from CTOS.

To sum up what happens on the NEXT CSP lines,
which are both the input to the CSP register and the
address for control-memory, we first ignore tasking to
keep things simple:

In the first half of each cycle, NEXT CSP contains
CSP-+1.

In the second half of each cycle, NEXT CSP contains
CSP normally, but contains CSP-1 in the event of a
POPJ or CSP +1 in the event of a PUSHJ. A POPJ that
causes NEXT INST generates CSP rather than CSP-1.
A trap or slow jump generates CSP+ 1, like PUSHJ.

The first half is a write and the second half is a read.

In the first half of each cycle, the high bits are the
current task; in the second half the high bits are the next
task and the low bits may get swapped with the next
task’s CSP.

When pclsring out of a trapped instruction, it is neces-
sary to set the CSP back to —1. This is done by using
the -CTOS CAME FROM IFU skip condition, which
is true when CSP-1 and this is the emulator task. One
can POPJ (without using the CTOS as the microin-
struction address source) until this condition becomes
true.

TABLE 1
Microcode Control of Sequencer
U SEQ <1:0>

0 no function

1 pushj (i.e. increment CSP)

2 dismiss current task

3 popj (i.e. decrement CSP)

This field is effectively forced to O when the sequencer is stopped,
and forced to | when a trap or slow jump is taken.

U CPC SEL <1:0>

Selects address from which next microinstruction will be taken,
except for bit 12 which may be selected from -COND (skip).

0 NAF (next-address-field of current instruction)

1 CTOS (control-stack or IFU, normally used together with POPY)
2 NPC (take-dispatch, restore from trap)

3 (spare)

A trap or slow jump supplies an address and ignores this field.

U NPC SEL

Selects source for loading NPC register.

Normally:

0 NAF modified by dispatch in bits 11:8

1 NEXT CPC + 1 (only the low 8 bits increment)

With SPEC NPC SEL 1 and MAGIC = 3 (or 0 on rev-3 board).
0 CTOS (restore from trap)

1 CPC (forced when taking trap or slow jump)

UNAF <13:0>

Next-address field
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TABLE 1-continued
Microcode Control of Sequencer

These fields also used by data-path:

U COND FUNC <1:0>

0 nothing

1 SKIP (CMEM A 12 gets -COND)

2 (TRAP IF COND)

3 (TRAP IF -COND)

U SPEC <4:0>

30 ARITHMETIC TRAP WITH DISPATCH

(If trap to address in NAF, bits 11-8

get replaced by high type bits of Abus and Bbus.)

31 HALT

Stops the machine after executing this microinstruction.

32 NPC MAGIC

Modifies U NPC SEL above, also allows connection between the
data path and the sequencer (see MICROINSTRUCTION.BITS).
33 AWAKEN TASK

Set wakeup for software task selected by U MAGIC <1:0>
34 WRITE TASK

Write task memory from address and data on Obus.

35 TASK DISABLE

Forces the current task to be the same in the cycle after
next as in the next cycle. Because of this pipelining, you
need to do this function twice in a row before it really

takes effect.

The clocking circuitry shown in FIGS. 35 and 36
effects controls of the tasking of the machine.

The data path board always gets an ungated clock.
Decoding of the microinstruction is modulated by NDP
where necessary.

NDP is the DR of nop due to taking a trap, nop due
to the machine waiting (see below), and nop due to the
machine being stopped, either by the FEP or by a parity
error or by a halt microinstruction.

Waiting is a kind of temporary stop. When the ma-

_ chine is waiting it continuously executes the same mi-
croinstrution without side-effects, until either the wait
condition goes away or it switches tasks (other tasks
might not need to wait). Upon return from the task
switch the same microinstruction is executed again.
Waiting is used to synchronize with the memory and
IFU; a wait occurs if the data path asks for data from
memory that hasn’t arrived yet not in the temporary
memory control, if an attempt is made to start a memory
cycle when the memory is busy. If an attempt is made to
do a microdevice operation when the bus is busy, or if
the address from the IFU is being branched to (this is
the last microinstruction of a2 macroinstruction) of a
macroinstruction) and the IFU says that the address is
provided (in the previous cycle) was bad.

The wait decision has to be made during the first half
of the cycle, because it is used to gate the clock in some
places.

A wait causes a NDP, inhibiting side-effects of the
microinstruction, but only partially inhibits task switch-
ing in the sequencer. If a task switch was scheduled in
the previous cycle, i.e. TASK SWITCH is asserted,
then the sequencer state (CPC, NPC, UIR, CSP) is
clocked from the new task’s state, but the old task’s state
is not saved; thus the current microinstruction will be
executed again when control returns to this task. If no
task switch was scheduled, the sequencer state remains
unchanged and the microinstruction is immediately
retried. During a wait new task wakeups are still ac-
cepted and so the wait can be interrupted by a higher-
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priority task; when that task dismisses the waiting mi-
croinstruction will be retried.

A trap causes a NDP, inhibiting the side-effects of the
microinstruction, but when a trap occurs, the sequencer
still runs. The cycle is stretched to double-length so that
the control-memory address may be changed to the trap
addresses. Trapping interacts correctly with tasking.
The cycle is still stretched to double length when
though the actual control-memory address is not chang-
ing. The revised contents of the NEXT CPC lines (the
trap address) gets written into the task-state memory.
Note that NDP is not valid before the leading edge of
the clock, and cannot be used to gate the clock.

In order for the memory control, which needs to
decide whether to start a memory cycle well in advance
of the clock, to work, things cannot be be this simple.
NDP actually consists of an early component and a late
component. The early reasons for NDP are stable by
less than 50 ns after the clock and can inhibit the starting
of a memory cycle. These include the machine being
halted, LBUS WAIT, and wait due to interference for
the Lbus. The latter signal is actually a little slower, but
the memory control sees it earlier than NDP itself does
and hence stabilizes sooner.

The late reasons for NDP are always false while the
clock is de-asserted. After the leading edge of the clock,
NDP can come on to prevent side-effects of the current
microinstruction. If a memory cycle has been started, it
cannot be stopped, however a write will be changed
into a read. Except when there is a map miss NDP will
stop it before the trailing edge of the clock. The late
reasons for NDP are traps, parity errors, and the half
microinstruction. All hardware errors are late because
control-memory parity takes too long to check, but it is
desirable to stop before executing the bad microinstruc-
tion rather than after, so that wrong parity in control
memory may be used as a microcode breakpoint mecha-
nism.

Control-memory parity is computed quickly enough
to manage to stop the sequencer clocks (but not quickly
enough to turn on NDP and distribute it throughout the
processor—and all the signals that derive from
NDP—before the leading edge of the clock).

All this is implemented by having a variety of clocks
on the memory-control and sequencer board, gated by
various conditions.

CLK—the main clock, which never stops.

SQ CLK—clock for the main sequencer state (CPC,
NPC, CSP, CUR TASK). This is stopped by
WAIT unless switching tasks.

UIR CLK—like SQ CLK but also clocked by single-
step even if sequencer stepping is not enabled.

TSK CLK—like SQ CLXK but not stopped by WAIT.

TSK CLK A-IDENTICAL TO TSK CLXK; an elec-
trically separate copy.

TSKC CLK—clock for the task-state-capture regis-
ter. Like SQ CLK but always stopped by WAIT.

The CTOS register is clocked by TSK CLK. It can’t
be clocked by SQ CLK because when the machine is
waiting for the IFU the new address from the IFU must
be clocked in. It shouldn’t be clocked by CLK because
when a parity error occurs in the control stack, it is
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desirable to be able to read this register before it Normally UIR would be set up to source the appropri-
changes. ate address.

Table 2 shows clocking conditions (assuming the Trapping (i.e. branching to a special address and
machine is not stopped by the FEP and not stopped by 5 nop’ification) does not occur if TRAP ENB is zero.
an error). Note that when trapping is enabled reading the NEXT

TABLE 2
DWTS State CTDS CUR TASK NEXT TASK  Capture OPC NOP Error
— ck clk clk ck >= clk clk no clk
D— ck ck clk ck < clk ckk no clk
-W—  hold clk hold ck >= no clk yes clk
DW- hold clk hold clk >= no ck yes clk
-T- clkk clk clk ck >= clk ck yes clk
D-T- «ck ck clk hold clk clk  yes cik
-WT- hold clk hold ck >= no clk yes clk
DWT- hold clk hold hold no ck yes clk
-S clk clk clk hold clk ck no clk
D-S ck clk clk clk = clk ckk no clk
-W-§ «cik cik clk hold no clk yes clk
DW-S ck clk cik hold no clk  yes clk
-TS clk clk clk hold cik clk yes clk
D-TS «ck clk clk hold clk ck yes clk
-WTS <clk clk clk hold no clk yes clk
DWTS clk cik clk hold no ck yes clk

DISMISS = (task voluntarily going away, after 1 (or 2) more microinstructions)

W = MC WAIT (NOP this microinstruction and try it again, on demand of memory control)
T = Trap (Double-length cycle, NOP this microinstruction, take different successor)

S = TASK SWITCH (next microinstruction from different task)

State = UIR, NPC, CPC, CSP

Capture = task-state capture registers

Error = hardware error registers

CPC lines isn’t too useful since they alternate between
30 the normal address and the trap address in every cycle.

When the machine is stopped, it is possible to single- When the sequencer is stopped, the following do not

step the sequencer and the data path either separately or

together, and to read and write the microinstruction change: :

rcgis.ter without disturbing any state. This makes it CSP, CPC, NPC, CTOS, CUR TASK

possible to save and restore the complete state (save the 35

UIR, step just the sequencer to bring all of its state to The following do not change when the sequencer is

the spy bus, then e).(ecute.microinstructions to read the stopped, except that single-stepping changes them re-
data-path state). It is possible to run the machine at full gardless of ENABLE SQ:

speed with control-memory disabled, so that the UIR 0

doesn’t change, to make one-microinstruction scope UIR

loops. 1t is aiso possible to run the data path at full speed

with the sequencer stopped, which may or may not be If you don’t want the UIR to change, you disable
useful. control memory and store the appropriate value in the

The FEP controls this via the control register on 45 CMEM WD register, which will then be loaded into
SQCLKC, which is cleared when the machine is reset: UIR.

The task registers are clocked on every clock, regard-
less of whether the sequencer is running. These are the
registers after the task memory. The registers before the

0 RUN Set to 1 to let the machine run freely 50 | R
1 STEP Set to 0 then to 1 to clock the machine task memory clock only if the state of the sequencer is
once to be saved, i.e. if the sequencer is running or bein
2 ENABLE DP If 0, STEP doesn’t affect the data path . o q . . g g
3-ENABLE SQ If 1, STEP and RUN dor’t affect the single-stepped is to be saved, i.e. if the sequencer is
sequencer except UIR running or being single-stepped and MC WAIT is not
4 ENABLE CHEM If 1, UIR from CMEM, 55 true. All of the main sequencer state registers, including
else from CMEM WD register .
5 CHEM WRITE If 1, write control-memory the current task, clock only when the sequencer is run-
6 ENABLE TRAP i1, tr:l‘)1 dconditions set nop and change ning. The FEP can control whether the task chosen
cmem ress . - . .
7 ENABLE ERRHALT If 1, parity error will inhibit RUN when the sequencer is running or single-stepping comes
8 ENABLE TASK If 1, enables task scheduling, if 0 the from the task scheduler or a task number supplied by
9-12 TASK task number is forced from these bits 60 the FEP.
here . . . . .
13 ENABLE WP Enable write-pulse to task and control- Lastly the sequencer includes diagnostic circuitry
14 stack memories spare including the error half circuit in FIG. 37 and the debug
15 spare history circuit in FIG. 38 which is part of the spy bus
65 network.
When writing control-memory, CMEM ENB must The diagnostic interface to the system includes the

be 0 to inhibit the RAM outputs and trapping must be Spy bus. This is an 8-bit wide bus which can be used to
disabled so that the control-memory address is stable. read from and write to various portions of the 3600
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processor. The readable locations in the processor
allow the FEP to “spy” on the operation of the cpu,
hence the name “Spy bus”. Using the Spy bus, the FEP
can force the processor to execute microinstructions,
for diagnostic purposes.

When diagnostics are not running, the FEP uses the
Spy bus as a special channel to certain DMA devices.
Normally, the FEP uses the SPy bus to receive a copy
of all incoming Ethernet packets. It can also set up and
transfer to the Ethernet and read from the disk via the
Spy bus.

Table 3 shows the spy functions on the sequencer
board:

TABLE 3

SPY WRITE CMEMO,1, . . ,,13 WD

Write an 8-bit slice of the CMEM WD register. This register

is a source of write data for control-memory and also a source

of microinstructions into UIR when cmem is disabled.

SPY READ CMEMO,1, .. ,,13

Read an 8-bit slice of UIR (which typically contains data from
CMEM).

SPY WRITE CTL1,2

Write sequencer control & clock register described above.

This has two spy functions since it is a 16-bit register; the

CTLI1 is the least-significant byte.

SPY READ NEXT CPC (2 addresses)

Read NEXT CPC lines, which are the control-memory address in the
absence of tasking. Allows reading NPC, CTOS, trap address,

U NAF,

To read the CPC you must first

single-step it into the NPC. To control the NEXT CPC selection you
force a microinstruction into the UIR.

SPY READ SQ STATUS (2 addresses)

Read error halt conditions as a 16-bit word:

7 AU STOP 15 -ERRHALT

6 MC STOP 14 TSK-STOP

5 BMEM PAR ERR 13 CTOS CAME FROM IFU
4 AMEM PAR ERR 12 CMEM (UIR) PAR ERR
3 PAGE TAG PAR ERR 11 TASK MEM PAR ERR

2 TYPE MAP PAR ERR 10 CTOS (LEFT) PAR ERR
1 GC MAP PAR ERR 9 CTOS (RIGHT) PAR ERR
0 (spare) 8 MICROCODE HALT

SPY READ TASK

<3:0> are CUR TASK
SPY READ SQ STATUS2

More status:
1.0 are the CTOS parity bits
SPY READ SQ BOARD ID

Read the board-ID prom (gives serial number, ECO level, etc.)
Address comes from the U AMRA <4:0> field of UIR
SPY READ DP BOARD ID

Read the board-ID prom on the datapath board (the spy address
is decoded by the sequencer).
SPY READ OPC1,2

Reads PC history memory.

This is a 16 entry RAM where each entry contains a PC in bits
<13:0>, bit <14> = -NOP for that microinstruction, and bit
<15> = 1 if the next microinstruction came from a different task.
The OPC memory reads out backwards (i.e. with the sequencer
stopped, the first read gets you the last instruction executed, the
next read gets you the instruction before that, etc.) After 16 reads
it is back in its original state

Because you can only read this one byte a time (reading either byte
decrements the address counter) you have to first read all 16 even
bytes and then read all 16 odd bytes).

DATA PATH

The data path unit is shown in block diagram form in
FIG. 3 with the various circuit elements shown in the
block diagram shown in more detail in FIGS. 4-6.

The data path unit includes the stack buffer, the arith-
metic logic unit (ALU), the data typing circuitry, the
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garbage collection circuitry and other related circuit
elements.

The A and B memories include the two stack and
buffers described hereinabove. The A memory is a
4K X 40 bit memory. The B memory which is a 256 X 40
bit memory is shown in FIGS. 60-64 and the corre-
sponding circuitry therefor is shown in FIGS. 65-66.

Garbage collection circuitry is shown in FIG. 5 and
trap control, condition dispatch and microinstruction
decode circuitry is shown in FIGS. 3-6.

The ALU is used to carry out the arithmetic combi-
nation of a given address and offset and is dedicated
solely thereto. As can be seen from the data flow path in
the block diagram of FIG. 3, the circuitry on the data
path unit separates the type field from the data object
and thereafter checks the type field with respect to the
operation and generates a new type field in accordance
with the operation. The new type field and the resuits of
the operation are combined thereafter.

The central processing unit (cpu or processor) exem-
plifies a tagged architecture computer wherein type-
checking is used to catch invalid operations before they
occur. This ensures program reliability and data integ-
rity. While type-checking has been integrated into
many software compilers, the present system performs
automatic type-checking in hardware, specifically the
above-mentioned circuitry in the sequencer. This hard-
ware allows extremely fast type-checks to be carried
out at run-time, and not just at compile-time. Run-time
type-checking is important in a dynamic Lisp environ-
ment, since pointers may reference many different types
of Lisp objects. Garbage-collection algorithms (ex-
plained hereinafter) also need fast type-checking.

Automatic type-checking is supported by appending
a tag field to every word processed by the cpu. The tag
field indicates the type of the object being processed.
For example, by examining the tag field, the processor

can determine whether a word is data or an instruction.

45

50

65

With the tagged architecture, all (macro) instructions
are generic. That is, they work on all data types appro-
priate to them. There is, for example, only one ADD
operation, good for fixed and floating-point numbers,
double-precision numbers, and so on. The behavior of a
specific ADD instruction is determined by the types of
the operands, which the hardware reads in the oper-
and’s tag fields. There is no performance penalty associ-
ated with the type-checking, since it is performed in
parallel with the instruction. By using generic instruc-
tions and tag fields, one (macro)instruction can do the
work for several instructions on more conventional
machines. This permits very compact storage of com-
piled programs.

In the present system a word contains one of many
different types of objects. Two basic formats of 36-bit
words are provided.

One format, called the tagged pointer format, consists
of an 8-bit tag and 28 bits of address. The other immedi-
ate number format consists of a 4-bit tag and 32 bits of
immediate numerical data. (In main memory, each word
is supplemented with 8 more bits, including 7 bits of
ECO).
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Two bits of every word are reserved for list compac-
tion or cdr-coding. The cdr-code bits are part of a tech-
nique for compressing the storage of list structures. The
four possible values of the cdr-code are: normal, error,
next, and nil. Normal indicates a standard car-cdr list
element pair, next and nil represent the list as a vector in
memory. This takes up only half as much storage as the
normal case, since only the cars are stored. Zetalisp
primitives that create lists make these compressed cdr-
coded lists. Error is used to indicate a memory cell
whose address should not be part of a list.

34 data types are directly supported by the processor.
The type-encoding scheme is as follows. A Zetalisp
pointer is represented in 34 bits of the 36-bit word. The
other two bits are reserved for cdr-coding. The first
two bits of the 34-bit tagged pointer are the primary
data typing field. Two values of this field indicate that
the 32-bits hold an immediate fixed-point of floating-
point number, respectively. (The floating-point repre-
sentation is compatible with the IEEE standard). The
other two values of the 2-bit field indicate that the next
four bits are further data type bits. The remaining 28 bits
are used as an address to that object. The object types
include:

symbols (stored in four parts: print-name, value, func-

tion, and properly-list)

lists (cons cells)

strings

arrays

flavor instances

bignums (arbitrary-precision integers)

extended floating-point numbers

complex numbers

extended complex numbers

rational numbers

intervals

coroutines

compiled code

closures

lexical closures

nil

The present-system is stack-oriented, with multiple
stacks and multiple stack buffers in hardware. Stacks
provide fast temporary storage for data and code refer-
ence associated with programs, such as values being
computed, arguments, local variables, and control-flow
information.

A main use of a stack is to pass arguments to instruc-
tions, including functions and flavor methods. Fast
function calling is critical to the performance of cpu-
bound programs. The use and layout of the stack for
function calling in the system is novel.

In the system, a given computation is always associ-
ated with a particular stack group. Hence, the stacks are
organized into stack groups. A stack group has three
components:

A control-stack—contains the lambda bindings, local

environment, and caller list.

A binding stack—contains special variables and coun-

ter-flow information.

A data-stack—contains Lisp objects of dynamic ex-

tent (temporary arrays and lists).

In the system, a stack is managed by the processor
hardware in the sequencer as set forth above. Many of

10

20

30

35

50

55

60

65

22

the system instructions are stack-oriented. This means
they require no operand specification, since their oper-
ands are assumed to be on the top of the stack. This
reduces considerably the size of instructions. The use of
the stack, in combination with the tagged architecture
features, also reduces the size of the instruction set.

The control stack is formatted into frames. The
frames usually correspond to function entities. A frame
consists of a fixed header, followed by a number of
argument and local variable slots, followed by a tempo-
rary stack area. Pointers in the control stack refer to
entries in the binding stack. The data stack is provided
to allow you to place Zetalisp objects in it for especially
fast data manipulations.

Active stacks are always maintained in the stack buff-
ers by the hardware. The stack buffers are special high-
speed memories inside the cpu which place a process’s
stack into a quick access environment. Stack buffer
manipulations (e.g., push, pop) are carried out by the
processor and occur in one machine cycle.

At the macroinstruction level, the system has no
general-purpose registers in the conventional sense, as it
is a stack-oriented machine. This means that many in-
structions fetch their operands directly from the stack.

The two 1K word stack buffers are provided in order
to speed the execution of Zetalisp programs. The stack
buffers function as special high-speed caches used to
contain the top portion of the Zetalisp stack. Since most
memory references in Zetalisp programs go through the
stack, the stack buffers provide very fast access to the
referenced objects.

The stack buffers store several pages surrounding the
“current” stack pointer, since there is a high probability
they will contain the next-referenced data objects.
When a stack overflow or underflows the stack buffer,
a fresh page of the stack buffer is automatically allo-
cated (possibly deallocating another page).

Another feature of the stack buffers which supports
high-speed access is the use of hardware-controlled
pushdown pointers, eliminating the need to execute
software instructions to manipulate the stack. All stack
manipulations work in one cycle. A hardware top-of-
stack register is provided for quick access to that loca-
tion at all times.

The stack buffer has some area thereof which is allo-
cated as a window to the stack, which means that some-
where in the main memory is a large linear array which
is the stack that is being currently used and this window
points into some part of it so that it shadows the words
that are in actual memory. The window is addressed by
a two segment addressing scheme utilizing a stack
pointer and an offset. The ALU associated with the
stack buffer, combines the pointer and offset in one
cycle to address the window in the stack buffer.

In a Lisp environment, storage for Lisp objects is
allocated out of a storage area called the heap in virtual
memory. Storage must be deallocated and returned
automatically to the heap when objects are no longer
referenced. In order to manage the dynamic storage
allocation and deallocation, storage manager and gar-
bage collection routines must be implmented. Garbage






