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Every computer designer has his own favorite computer design.  FLEET is mine.
I have dreamed for many years about the ideas offered here and I plan to spend more
time in the future understanding their implications.

I first got interested in a computer with only one instruction at Caltech in the late
70s where we considered a computer called Our Machine, or OM for short.  At Sun
Microsystems in the late 90s we built an asynchronous test chip, called FLEETzero, to
demonstrate an asynchronous “switch fabric” capable of carrying information from several
sources to several destinations using a pipeline switch with very high throughput albeit
considerable latency.  The question now at hand is whether such a switch fabric can form the
basis of an interesting computer architecture.

+ ' , -. " , -' )

When computers were new, logic and storage were expensive, but wires were
relatively cheap.  Early computer designers avoided logic and memory wherever possible
but treated communication as easy.  They made design choices consistent with the costs of
the day.  My favorite example is the jump instruction.  Early designers put jump instructions
at the end of each block of code to avoid the expense of storing the address of the next
block while executing the present one.

Today!s chip fabrication methods invert the older cost balance.  In today!s
integrated circuits, logic and memory are now almost free but communication costs dominate
chip area, energy consumption, and delay.   In spite of such dramatic changes in the stuff
from which we make computers, vestiges of the past remain in many of today!s common
microprocessor designs.  For example, a jump instruction still appears at the end of each
block of code in spite of the need to pre-fetch the next block while executing this one.
Instead of marking the end of a block and recording a pointer there, it might now be better to
put the same information near the beginning of the block.  A pointer to the next block and an
indication of the length of the block would do nicely.

Rather than propagating history, I prefer to listen carefully to what modern chip
technology has to teach about how to build a modern computer.  I see three major lessons:

First, simplicity and modularity can reduce design cost.
Second, transporting data will dominate delay, energy and chip area.
Third, low cost logic makes cloning and concurrency attractive.

We must design structures that recognize these lessons.

/ 011, !234, &( # , ( &1353/ 6789: 3;

4-+ <0-# -, = – The FLEET architecture seeks simplicity and modularity by
treating all processing devices alike.  A collection of processing devices, known as SHIPs,
together form a FLEET.  The SHIPs communicate through a switch fabric that moves data
among them.  MOVE instructions direct the switch fabric to transport data values from SHIP
outputs to SHIP inputs.  Each SHIP is a separate module linked at well-specified interfaces
to FLEET!s switch fabric.

This memo describes only how SHIPs interact with FLEET!s switch fabric; it is
silent on what SHIPs do.  An individual SHIP may have any number of data inputs and any
number of data outputs each with a separate connection to the switch fabric.  The SHIP!s
data inputs and outputs may be empty or may hold data values.  A data input must be
empty before it can receive a new data value from the switch fabric.  A data output holds
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data produced by the SHIP and becomes empty when the switch fabric removes those
data from it.  A SHIP that can do more than one thing, e.g. add or subtract, has a separate
data input for a command value that selects the action to perform.  A FLEET instruction
omits the bits that might be devoted to an operation code.

A SHIP can act only when its inputs hold data values and its outputs are empty.
A SHIP may, but need not, consume its input values when it acts.  For example, the
initialization setting for a clock and calendar register may persist over many uses as might
bounds limits for writing to memory.  After acting, the SHIP produces an output or outputs
which must persist until the switch fabric removes them.  A SHIP may have one or more
stages of First-In-First-Out (FIFO) data buffer at any input or any output.

This memo remains silent about how many SHIPs of what types compose a
FLEET.  It also remains silent about how long it takes for SHIPs to act, leaving that to the
design of each particular SHIP.  This memo is also silent about the meaning SHIPs ascribe
to their input data, how SHIPs process their inputs, and other semantic detail.  This silence
gives designers great flexibility in designing SHIPs for different purposes.  SHIPs are the
modules from which to compose a FLEET.

Although this description of the FLEET architecture is silent about what individual
SHIPs do, a particular FLEET implementation must specify the number and behavior of its
SHIPs.  By examining the behavior of different FLEETs of SHIPs I hope we can learn
which combinations of functions prove to be useful.

! " # # $ %&! ' ( &" % – The FLEET architecture seeks to reduce the cost of
communication in two ways.  First, all communication involves data “records” containing one
to eight words rather than only individual data words.  This sort of mass transit makes better
use of FLEET!s potential bandwidth at a small cost in latency.

Second, the FLEET architecture seeks to reduce the cost of communication by
putting it under direct programmer control.  FLEET avoids instructions like ADD or STORE
that include an operation code and conceal from the programmer communication to and from
a register file.  Instead, the FLEET architecture provides only one instruction: MOVE.  A
MOVE instruction causes FLEET to transport a data record from a source to a destination.

Where the data records go determines what happens to them.  For example,
data records sent to an adder will combine there with other data records to form sums.  Data
records entering a memory write SHIP will enter main memory, there to remain until recalled.
Data records sent to an output unit will appear outside the FLEET system.  The MOVE
instructions of the program control the actions of the switch fabric that moves data records
within FLEET.

The switch fabric can transport data from any of several “sources” to any of
several “destinations.”   The sources and destinations are, of course, exactly the outputs
and inputs of the processing devices, or SHIPs, comprising the FLEET.  The terms
“source” and “destination” are used with respect to the switch fabric rather than the SHIPs.
The destinations to which the switch fabric delivers data are “inputs” of SHIPs.  The sources
accessed by the switch fabric are “outputs” of SHIPs.  Remember that source = output and
destination = input.  “Source” and “destination” refer to the switch fabric whereas “input” and
“output” refer to the processing units or SHIPs.

FLEET!s one instruction, MOVE, guides the action of the switch fabric.  The
MOVE instruction carries a source address from which the switch fabric will take data and a
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87; 0; 1233&; I 572&2C3&- 3S731?3&,1&BC,?C&,1- 207?2,51- &B,2C&4,HH30312&- 570?3- &3Q3?723D
NC,- &,- &F,P3&L34$Q&O; P,18&15&87; 0; 1233&2C; 2&,2&B,FF&/ ,?P&7/ &OG&/ ; ?P; 83&I 3H503&,2&/ ,?P-
7/ &G570- &3J31&,H&#&/ F; ?34&OG&50430&H,0- 2D&&LM$$N&O; ,12; ,1- &; &@/ 55FA&5H&,- - 734
,1- 207?2,51- &152&G32&3Q3?7234:&- 5O3&5H&BC,?C&O; G&I 3&31&05723&25&4,HH30312&- 570?3
F5?; 2,51- D&&NC,- &,1- 207?2,51&/ 55F&,- &F,P3&2C3&F,- 2&5H&,1?5O/ F323&/ ,?P&7/ &50430- &O; ,12; ,134
I G&; &L34$Q&4,- / ; 2?C30D

NC,04:&,1- 207?2,51- &O; G&#&' ( )! %! &?51?700312FGD&&LM$$N&O; P3- &15&87; 0; 1233&; I 572&2C3
- 3S731?3&,1&BC,?C&,2&43F,J30- &4; 2; &03?504- &25&43- 2,1; 2,51- D&&NC,- &,- &F,P3&L34$Q&O; P,18
15&87; 0; 1233&2C; 2&,2&B,FF&43F,J30&OG&/ ; ?P; 83&I 3H503&,2&43F,J30- &G570- :&038; 04F3- - &5H&BC5
/ F; ?34&2C3&50430&H,0- 2&50&BC5- 3&/ ; ?P; 83&B; - &/ ,?P34&7/ &H,0- 2D

#1&- 5O3&?; - 3- &- 7?C&?51?70031?G&?; 7- 3- &15&/ 05I F3OD&&L50&3Q; O/ F3:&?51?700312
203; 2O312&5H&2C3&/ ; ,0&TK ER$&6&25&U&; 14&K ER$&V&25&WX&?; 7- 3- &15&/ 05I F3OD&&Y5B3J30:
2B5&,1- 207?2,51- &B,2C&; &?5OO51&43- 2,1; 2,51&?03; 23&71?302; ,12G&; I 572&2C3&- 3S731?3&5H&4; 2;
43F,J30GD&&L50&3Q; O/ F3:&2C3&?51?700312&/ ; ,0&TK ER$&6&25&V&; 14&K ER$&U&25&VX&O; G&43F,J30
6&; 14&U&25&V&,1&3,2C30&- 3S731?3D&&NC3&- 3S731?3&O; G&152&O; 2230&,H:&H50&3Q; O/ F3:&V&,- &2C3
,1/ 72&5H&; 1&; ??7O7F; 250:&I 72&H50&52C30&%Y#Z- &43F,J30G&- 3S731?3&O; G&O; 2230&; &F52D

%,O,F; 0FG:&2B5&,1-207?2,51-&B,2C&; &?5OO51&-570?3&?; 1&?03; 23&71?302; ,12G&; I 572&2C3
- 3S731?3&,1&BC,?C&4; 2; &03?504- &F3; J3&2C3&- 570?3D&&L50&3Q; O/ F3:&- 7/ / 5- 3&2C; 2&- 570?3&6&?; 1
43F,J30&2B5&4; 2; &03?504- &,1&- 3S731?3:&; &@H,0- 2A&; 14&; &@- 3?514A&4; 2; &03?504D&&#1&2C,- &?; - 3:&2C3
?51?700312&/ ; ,0&TK ER$&6&25&V&; 14&K ER$&6&25&WX&O,8C2&43F,J30&2C3&H,0- 2&4; 2; &03?504&25&W
; 14&2C3&- 3?514&4; 2; &03?504&25&V&50&2C3&52C30&B; G&; 05714D

495 9: 61: + 1* + , * - . . / , * 0

6F2C578C&2C303&,- &F,22F3&LM$$N&?; 1&45&; I 572&- 3S731?3&71?302; ,12G&; 2&43- 2,1; 2,51- :
,2&?; 1&H; ,0FG&3; - ,FG&; J5,4&- 570?3&71?302; ,12GD&&LM$$N&31- 703- &2C; 2&,1- 207?2,51- &B,2C&2C3&- ; O3
- 570?3&,- - 73&,1&2C3,0&F3Q,?; F&50430&,1&2C3&?543D&&NC,- &,- &F,P3&; &L34$Q&4,- / ; 2?C30&7- ,18&51FG&;
- ,18F3&207?P&25&/ ,?P&7/ &; FF&/ ; ?P; 83- &50,8,1; 2,18&; 2&; 1G&513&- 570?3D&&UG&032; ,1,18&2C3&- 570?3



! " #$%&' ( ) ) * +,- . )

! " #$%&' ( ) ) * +,- . ) / 0,1234&51&6787- 2&( 9:&( ) ) * &; 2&<) =<) / ; 83&*

>543&?3@,>; ?&- 3A731>3&B50&,1- 207>2,51- &B05C&3; >D&- 570>3:&EF$$G&87; 0; 1233- &2D; 2&C7?2,/ ?3
,1-207>2,51-&H,2D&; &>5CC51&-570>3&2; I 3&4; 2; &B05C&2D; 2&-570>3&,1&; &I 15H1&-3A731>3J

GD,- &K- 570>3&- 3A731>3&87; 0; 1233L&31; M?3- &EF$$G&25&43?,N30&,4312,>; ?&>5/ ,3- &5B
4; 2; &B05C&; &- ,18?3&- 570>3&25&C7?2,/ ?3&43- 2,1; 2,51- J&&EF$$G&7- 3- &; &/ ; ,0&5B&OPQ$&,1- 207>2,51-
5B&2H5&4,BB30312&2R/ 3- &25&47/ ?,>; 23&4; 2; J&&S52D&2R/ 3- &5B&OPQ$&20; 1- / 502&4; 2; &B05C&; &- 570>3:
M72&51?R&513&2R/ 3:&>; ??34&KOPQ$L:&40; ,1- &2D3&- 570>3&4; 2; &03>504&HD,?3&2D3&52D30&2R/ 3:
>; ??34&K" PTUL:&>5/ ,3- &2D3&4; 2; &03>504&H,2D572&>51- 7C,18&,2:&?3; N,18&2D3&- 570>3&4; 2; &03>504
,12; >2&B50&- 7M- 3A7312&7- 3J&&G5&- 314&2D3&- ; C3&4; 2; &03>504&25&C; 1R&43- 2,1; 2,51- :&/ ?; >3
" PTU&,1- 207>2,51- &3; 0?,30&,1&?3@,>; ?&50430&2D; 1&2D3&B,1; ?&OPQ$&- 5&2D3R&3@3>723&B,0- 2J

E50&5?430&EF$$G&43B,1,2,51- &H,2D572&2D3&- 570>3&- 3A731>3&87; 0; 1233:&,2&H; -
/ 5,12?3- - &25&4,- 2,187,- D&" PTU&; 14&OPQ$&,1- 207>2,51- J&&#B&513&/ ?; >34&; &" PTU&; 14&;
OPQ$&,1- 207>2,51&,1&2D3&- ; C3&>543&M; 8:&2D3&OPQ$&C,8D2&3@3>723&B,0- 2:&40; ,1,18&2D3&- 570>3
; 14&?3; N,18&152D,18&B50&2D3&" PTU&,1- 207>2,51&25&20; 1- / 502J&&GD303B503:&2D3&5?430&43B,1,2,51&5B
EF$$G&3145H34&3; >D&OPQ$&,1- 207>2,51&H,2D&7/ &25&2D033&- 3/ ; 0; 23&43- 2,1; 2,51- &25&HD,>D&2D3
- H,2>D&B; M0,>&H57?4&43?,N30&47/ ?,>; 23&4; 2; J&&GD3&- 570>3&- 3A731>3&87; 0; 1233&3?,C,1; 23-
- 570>3&- 3A731>3&71>302; ,12R:&; 14&I 15H?3483&5B&2D3&- 570>3&- 3A731>3&5MN,; 23- &2D3&1334&B50
C7?2,/ ?3&43- 2,1; 2,51&; 4403- - 3- &,1&OPQ$&,1- 207>2,51- J

EF$$G&; ?- 5&87; 0; 1233- &2D; 2&2H5&,4312,>; ?&,1- 207>2,51- &H,??&/ 03- 30N3&2D3&- 3A731>3
5B&4; 2; &03>504- &; - &,2&C5N3- &2D3C&B05C&2D3&- 570>3&25&2D3&43- 2,1; 2,51J&&GD,- &,- &?,I 3&E34$@
>5CM,1,18&- D,/ C312- &B05C&; &- ,18?3&- 570>3&25&; &- ,18?3&43- 2,1; 2,51J

EF$$G&; ?- 5&87; 0; 1233- &152&51?R&25&/ 03- 30N3&2D3&,12301; ?&50430:&,B&; 1R:&5B&; &4; 2;
03>504:&M72&; ?- 5&25&/ 03- 30N3&,2- &,12380,2RJ&&#B&2H5&>51>700312&OPQ$&,1- 207>2,51- &- D; 03&;
>5CC51&43- 2,1; 2,51:&2D3&- 3A731>3&5B&2D3&; 00,N,18&4; 2; &03>504- &,- &7143B,134:&M72&; ??&5B&513
4; 2; &03>504&H,??&; 00,N3&M3B503&; 1R&5B&2D3&52D30J

EF$$G&C; I 3- &15&52D30&- 3A731>3&87; 0; 1233- J&&GD3&?; >I &5B&- 3A731>3&C; R
B07- 20; 23&/ 0580; CC30- &; >>7- 25C34&25&- 3A7312,; ?&C; >D,13- J&&EF$$G&; N5,4- &- 3A731>3
87; 0; 1233- &M3>; 7- 3&25&31B50>3&2D3C&H57?4&03A7,03&3@/ 31- ,N3&>5CC71,>; 2,51&; 14&- 7BB30
7113>3- - ; 0R&43?; RJ
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V,N31&; &>51>700312&- H,2>D&B; M0,>:&,2&C; I 3- &- 31- 3&25&; ??5H&>51>700312&,- - 73&5B
,1- 207>2,51- J&&GD7- &2D3&230C&K>543&M; 8L&,- &C503&; / 2&2D; 1&K>543&M?5>I L&B50&8057/ - &5B&EF$$G
,1- 207>2,51- J&&GD3&H504&KM; 8L&C3; 1- &; 1&715043034&>5??3>2,51&; 14&; N5,4- &2D3&- 3A7312,; ?
>51152; 2,51- &2D; 2&D,- 250R&D; - &; 22; >D34&25&K>543&M?5>I JL&&W5H3N30:&?3@,>; ?&- 3A731>3&,-
/ 03- 30N34&25&/ 05N,43&2D3&- 570>3&- 3A731>3&87; 0; 1233J

6&- / 3>,; ?&%W#T:&>; ??34&2D3&K*+,- . %/ 01,L&B32>D3- &M; 8- &5B&,1- 207>2,51- &B05C
,1- 207>2,51&C3C50R&; 14&,- - 73- &2D3CJ&&GD3&,1- 207>2,51- &,1&; &>543&M; 8&31230&2D3&K,1- 207>2,51
/ 55?L&>51>700312?RJ&&X3C3CM30&2D; 2&K>51>700312?RL&,- &152&2D3&- ; C3&; - &K- ,C7?2; 1357- ?RJL
" 51>700312?R&D303&C3; 1- &,1&; 1R&- 3A731>3&>51N31,312&25&2D3&B32>D&71,2:&50&,1&- ,C7?2; 1357-
8057/ - :&50&; ??&; 2&51>3J&&E50&3@; C/ ?3:&,B&2D3&?3B2&D; ?B&5B&2D3&>543&M; 8&D; / / 31- &25&M3&,1&; &B; - 230
,1- 207>2,51&>; >D3&2D; 1&2D3&0,8D2&D; ?B&5B&2D3&>543&M; 8:&2D3&?3B2&D; ?B&8057/ &5B&,1- 207>2,51- &C; R
,- - 73&B,0- 2:&31230,18&2D3&,1- 207>2,51&/ 55?&M3B503&2D5- 3&5B&2D3&0,8D2&D; ?B&8057/ J

O5035N30:&- 7MY3>2&51?R&25&2D3&- 570>3&- 3A731>3&87; 0; 1233&; 14&2D3&; N; ,?; M,?,2R&5B
4; 2; &; 2&2D3&- / 3>,B,34&- 570>3:&,1- 207>2,51- &C; R&3@3>723&,1&; 1R&- 3A731>3:&- 2; 02,18&2D3,0&Y57013R
2D0578D&2D3&-H,2>D&B; M0,>J&&E,1; ??R:&2D3&-H,2>D&B; M0,>&C; R&>5C/ ?323&,1-207>2,51-&>51>700312?R:
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43?,@30,18&2A3&4; 2; &2A3B&C; 00B&25&43- 2,1; 2,51- &,1&; 1B&- 3D731C3:&50&,1&- ,E 7?2; 1357- &8057/ - :&50
; ??&; 2&51C3:&- 7FG3C2&51?B&25&2A3&; @; ,?; F,?,2B&5H&- / ; C3&; 2&2A3&- / 3C,H,34&43- 2,1; 2,51- I

J 3E 3E F30&2A; 2&51?B&2A033&- 3D731C,18&07?3- &; / / ?B&25&2A3&- K,2CA&H; F0,CI&&L,0- 2:
,1-207C2,51-&2; M,18&4; 2; &03C504-&H05E&2A3&- ; E3&-570C3&3N3C723&; 2&2A; 2&-570C3&,1&2A3,0&?3N,C; ?
- 3D731C3&,1&E 3E 50BI&&%3C514:&03/ 32,2,51&5H&2A3&@30B&- ; E 3&,1- 207C2,51&/ 03- 30@3- &2A3
- 570C3&4; 2; &- 3D731C3&; 2&2A3&43- 2,1; 2,51I&&OA,04:&3; CA&4; 2; &03C504&E 5@3- &; - &; &71,2:&; 00,@,18
,12; C2&K,2A&2A3&- 3D731C3&5H&,2- &3?3E 312- &/ 03- 30@34&; 14&152A,18&3?- 3&,1- 30234I

6- - 7E ,18&C51C70031CB&,1&2A3&- K,2CA&H; F0,C&E ; M3- &E ; 1B&,E / ?3E 312; 2,51-
/ 5- - ,F?3I&&P13&C; 1&,E ; 8,13&- K,2CA&H; F0,C- &; ??&2A3&K; B&H05E &; &- ,18?3&- 3D7312,; ?&F7- &25&;
C5E / ?323&C05- - &F; 0I&&#1&F32K331&?,3&E ; 1B&,12303- 2,18&43- ,81- &2A; 2&5/ 2,E ,Q3&- ,E / ?,C,2B:
2A0578A/ 72:&- / ; C3:&31308B:&50&- 5E 3&52A30&/ 05/ 302BI&&OA3&- K,2CA&H; F0,C&E ; B&C51- ,- 2&5H
- 3@30; ?&- 3/ ; 0; 23&/ ; 02- &- / 3C,; ?,Q34&25&/ ; 02,C7?; 0&H71C2,51- I&&L50&3N; E / ?3:&,2&E ; B&F3&31308B
3HH,C,312&25&/ 05@,43&152&51?B&; &1; 005K&- K,2CA&H; F0,C&- / 3C,; ?,Q34&H50&20; 1- / 502,18&25M31- :&F72
; ?- 5&; &- 3/ ; 0; 23&E 34,7E +K,42A&- K,2CA&H; F0,C&- / 3C,; ?,Q34&H50&20; 1- / 502,18&CA; 0; C230- :&; - &K3??&; -
; &- 3/ ; 0; 23&K,430&- K,2CA&H; F0,C&- / 3C,; ?,Q34&H50&20; 1- / 502,18&17E F30- I

OA3&- K,2CA&H; F0,C&1334&152&A; @3&71,H50E &?; 231CBI&&L03D7312?B&7- 34&/ ; 2A- &2A0578A
2A3&- K,2CA&H; F0,C&E ,8A2&5HH30&?5K30&?; 231CB&; 2&2A3&3N/ 31- 3&5H&803; 230&?; 231CB&H50&?3- -
H03D7312?B&7- 34&/ ; 2A- &50&H50&/ ; 2A- &- 30@,18&- ?5K&%R#S- I&&%,E / ?,C,2B&,1&2A3&/ ; 02- &5H&2A3&- K,2CA
H; F0,C&2A; 2&20; 1- / 502&25M31- &E ,8A2&5HH30&?5K30&?; 231CB&2A; 1&2A3&E 503&C5E / ?3N&/ ; 02- &5H&2A3
- K,2CA&H; F0,C&2A; 2&20; 1- / 502&C5E / ?,C; 234&4; 2; &03C504- I
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L50&E ; 1B&B3; 0- &#!@3&F331&,12303- 234&,1&; - B1CA05157- &- B- 23E - I&&OA3&LT$$OQ305
CA,/ &2A; 2&K3&F7,?2&; 2&%71&U,C05- B- 23E - &V- 33&03H3031C3&; F5@3W&43E 51- 20; 234&; &- ,E / ?3
; - B1CA05157- &- K,2CA&H; F0,CI&&6- M34&25&E 5@3&4; 2; :&; 1&; - B1CA05157- &- K,2CA&H; F0,C&K,??&K; ,2:
F3H503&- 2; 02,18:&; - &?518&; - &13C3- - ; 0B&H50&4; 2; &25&; / / 3; 0&; 2&2A3&- 570C3I&&X3H503&H,1,- A,18&,2&K,??
; ?- 5&K; ,2&; - &?518&; - &,- &13C3- - ; 0B&H50&- / ; C3&25&; / / 3; 0&; 2&2A3&43- 2,1; 2,51I&&#1&F32K331&- 2; 02
; 14&H,1,- A&2A3&- K,2CA&H; F0,C&K,??&- 2503&; - &K3??&; - &20; 1- / 502&2A3&4; 2; I

OA3&LT$$O&; 0CA,23C2703&03D7,03- &; - B1CA051B&51?B&; 2&2A3&- 570C3- &; 14&43- 2,1; 2,51-
5H&2A3&- K,2CA&H; F0,CI&&%B1CA05157- &,E / ?3E 312; 2,51- &F52A&5H&%R#S- &; 14&5H&2A3&- K,2CA&H; F0,C
; 03&/ 5- - ,F?3&/ 05@,434&2A3B&7- 3&@; ?,4,2B&50&5CC7/ ; 1CB&F,2- &25&; CA,3@3&2A3&; 0F,20; 0B&43?; B-
03D7,034&; 2&- 570C3- &; 14&43- 2,1; 2,51- I

LT$$O!- &; - B1CA05157- &- / 3C,H,C; 2,51&?3; @3- &E 7CA&H?3N,F,?,2B&25&,E / ?3E 312; 2,51- I&&#
,12314&2A,- &- / 3C,H,C; 2,51&25&03E ; ,1&- ,?312&51&2A3&- / 334&5H&2A3&@; 0,57- &/ ; 02- &5H&LT$$O
/ 03C,- 3?B&25&?3; @3&,E / ?3E 31230- &3150E 57- &H?3N,F,?,2B&25&,E / 05@3&2A3&/ 30H50E ; 1C3&50&0347C3
2A3&C5- 2&5H&2A3&/ 05C3- - ,18&43@,C3- &,1&; &LT$$O&- B- 23E I&&Y,HH30312&/ 05C3- - ,18&3?3E 312- :
C; ??34&%R#S- &C; 1&5/ 30; 23&; 2&4,HH30312&- / 334- I&&OA,- &@30B&H?3N,F,?,2B&/ 03- 312- &; 1&,E / 502; 12
/ 0580; E E ,18&CA; ??3183I&&Z 3&E 7- 2&C0; H2&/ 0580; E - &2A; 2&K,??&H71C2,51&C5003C2?B&,1&- / ,23&5H&K,43
@; 0,; 2,51&,1&2A3&- / 334- &5H&4,HH30312&/ ; 02- &5H&; &LT$$O&- B- 23E I
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OA3&LT$$O&; 0CA,23C2703&5E ,2- &2A3&/ 0580; E&C571230I&&#1C?74,18&; &/ 0580; E&C571230
K57?4&,E / ?B&2A; 2&,1-207C2,51-&A; @3&; &1; 270; ?&-3D731C3I&&#1-23; 4:&#&2A,1M&5H&2A3&,1-207C2,51&H32CA
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/ 0580; E E 30&E 7- 2&7- 3&3N/ ?,C,2&UP[ $&,1- 207C2,51- &25&43?,@30&\C543&F; 8&43- C0,/ 250- ]&25&2A3
H32CA&71,2I&&$; CA&C543&F; 8&43- C0,/ 250&23??- &2A3&H32CA&71,2&A5K&25&H,14&2A3&- / 3C,H,34&F; 8&5H
,1-207C2,51- I&&OA3&H32CA&71,2&,- - 73-&2A3&,1-207C2,51-&,1&2A3&F; 8:&; 44,18&2A3E&25&2A3&,1-207C2,51
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/ 55>?&&%7@A3B2&51>C&25&2D3&- 3E731B,18&B51- 20; ,12- :&2D3&F32BD&71,2&,- &F033&25&,- - 73&,1- 207B2,51-
F05G&2D3&B543&@; 8&B51B700312>C&50&,1&; &- 3E731B3&5F&,2- &5H1&BD5,B3?&&#2&G7- 2&032; ,1&2D3
- 3E731B3&51>C&5F&,1- 207B2,51- &2D; 2&- D; 03&; &B5GG51&- 570B3?

I D303&,- &15&A7G/ &,1- 207B2,51?&&#1- 23; 4:&; &J KL$&,1- 207B2,51&; 1CHD303&,1&2D3&B543
@; 8&- 314- &; &F03- D&B543&@; 8&43- B0,/ 250&25&2D3&F32BD&71,2?&&6&B543&@; 8&43- B0,/ 250&G; C&B5G3
F05G&2D3&572/ 72&5F&- 5G3&%M#N&50&F05G&G3G50C?&&J 5035O30:&; &@; 8&5F&,1- 207B2,51- &G; C&- 314
; - &G; 1C&50&; - &F3H&- 3/ ; 0; 23&B543&@; 8&43- B0,/ 250- &25&2D3&F32BD&71,2&; - &43- ,034:&2D7- &,1,2,; 2,18
50&P,>>,18&B51B700312&2D03; 4- &5F&B543?&&#&/ 03F30&25&B; >>&- 7BD&2D03; 4- &QF,@30- R&@3B; 7- 3&2D3C&>; BP
,143/ 314312&- 2; 23?&&S,@30- &G7- 2&- D; 03&2D3&- 2; 23&- 25034&,1&; >>&2D3&%M#N- &,1&2D3&ST$$I ?
S,@30- &G7- 2&B55/ 30; 23?

U52,B3&2D; 2&; &@; 8&5F&,1- 207B2,51- &D; - &15&,12301; >&03/ 03- 312; 2,51&5F&,2- &5H1
@38,11,18:&314&50&>3182D?&&I D,- &,- &,1&- D; 0/ &B5120; - 2&25&B51O312,51; >&G; BD,13- &HD303&2D3&314
5F&; &B543&@>5BP&B; 1&@3&F5714&51>C&@C&>55P,18&,1- ,43&2D3&B543&F50&2D3&A7G/ &,1- 207B2,51&2D; 2
G; 0P- &,2- &314?&&#1- 23; 4:&2D3&>5B; 2,51&; 14&3V2312&5F&2D3&B543&@; 8&,- &- / 3B,F,34&312,03>C&572- ,43
2D3&@; 8&,1&2D3&B543&@; 8&43- B0,/ 250?&&W,O31&; &B543&@; 8&43- B0,/ 250:&; &D,8D&/ 30F50G; 1B3
ST$$I &- C- 23G&G; C&BD55- 3&25&/ 03+F32BD&2D3&312,03&@; 8&5F&,1- 207B2,51- ?&&J 5035O30:&; &D,8D
/ 30F50G; 1B3&ST$$I &- C- 23G&B57>4&03; 00; 183&2D3&,1- 207B2,51- &,1&2D3&@; 8&25&5/ 2,G,X3
/ 30F50G; 1B3?

" 543&@; 8- &G; C&5O30>; / &,1&G3G50C&@3B; 7- 3&- 3O30; >&B543&@; 8&43- B0,/ 250-
G; C&/ 5,12&25&5O30>; / / ,18&; 4403- - 3- &,1&G3G50C?&&I D,- &F3; 2703&G; C&/ 30G,2&B5G/ ; B2&B543
- 250; 83&F50&2D3&- 2; 02:&@54C:&; 14&314&5F&/ 0580; G&>55/ - ?

6>2D578D&ST$$I &5FF30- &; &- 570B3&- 3E731B3&87; 0; 1233&,1&; 1C&513&B543&@; 8&F50
,1- 207B2,51- &H,2D&2D3&- ; G3&- 570B3&; 4403- - :&,2&B; 1152&/ 05O,43&2D; 2&87; 0; 1233&F50&B51B700312>C
,- - 734&B543&@; 8- ?&&#&B; 1&- 33&2H5&H; C- &B543&@; 8- &G,8D2&,- - 73&B51B700312>C?&&S,0- 2:&,F&2D3
/ 0580; G&- 314- &- 3O30; >&B543&@; 8&43- B0,/ 250- &25&2D3&F32BD&G3BD; 1,- G&B51B700312>C:&2D3&F32BD
71,2&G; C&/ 05B3- - &2D3&B543&@; 8- &25832D30&50&,1&; &- 3E731B3&5F&,2- &5H1&BD55- ,18?&I D7-
; >2D578D&2D3&,1- 207B2,51- &,1&; 1C&513&@; 8&H,>>&G; ,12; ,1&- 570B3&- 3E731B3&87; 0; 1233:&2D3
87; 0; 1233&,- &>5- 2&@32H331&@; 8- ?

6&- 3B514&H; C&B543&@; 8- &G,8D2&,- - 73&B51B700312>C&B57>4&5BB70&,1&B5G/ >3V
,G/ >3G312; 2,51- &5F&ST$$I ?&&6&B5G/ >3V&ST$$I &B57>4&D; O3&- 3O30; >&B51B700312&F32BD&71,2- ?
%7BD&F32BD&71,2- &; 03&A7- 2&- / 3B,; >&%M#N- :&; @>3&25&F32BD&; 14&,- - 73&2D3&,1- 207B2,51- &- / 3B,F,34&@C
; &B543&@; 8&43- B0,/ 250?&&J 7>2,/ >3&F32BD&71,2- &B57>4&,- - 73&,1- 207B2,51- &B51B700312>C:&/ 30D; / - &F50
- 3/ ; 0; 23&F,@30- :&; 14&; 8; ,1&2D3&- 570B3&- 3E731B3&87; 0; 1233&G,8D2&@3&>5- 2&@32H331&@; 8- ?

M5H3O30:&2D3&- 570B3&- 3E731B3&87; 0; 1233&453- &; / / >C&; B05- - &B543&@; 8-
F32BD34&- 3E7312,; >>C?&&I D7- &,1- 207B2,51- &,1&513&B543&@; 8&2D; 2&2; P3&4; 2; &F05G&; &/ ; 02,B7>; 0
- 570B3&H,>>&,- - 73&@3F503&,1- 207B2,51- &F50&2D; 2&- ; G3&- 570B3&F05G&; &>; 230&B543&@; 8?&&#1&3FF3B2:
3; BD&F32BD&71,2&H,>>&,- - 73&; >>&,1- 207B2,51- &F05G&513&B543&@; 8&@3F503&- 2; 02,18&25&,- - 73
,1- 207B2,51- &F05G&2D3&13V2&@; 8?&&I D3&B51B70031BC&/ 05@>3G&2D7- &0347B3- &25&2D3&G3; 1,18&5F
Q13V2?R&&S50&B51B700312&B543&@; 8- :&Q13V2R&D; - &15&G3; 1,18?

! " #$%&#' &( " )" * #! +#, ( $(

I D303&; 03&2H5&@,8&>3- - 51- &F05G&G54301&/ 0580; GG,18&>; 187; 83- ?&&S,0- 2:&4; 2;
2C/ 3- &; 03&,G/ 502; 12?&&%20518>C&2C/ 34&>; 187; 83- &,G/ 05O3&/ 0580; GG30&/ 0547B2,O,2C&@C
F,14,18&30050- &3; 0>C?&&%3B514:&4; 2; &D,4,18&,- &; >- 5&,G/ 502; 12?&&M,4,18&F05G&7- 30- &432; ,>- &; @572
HD,BD&2D3C&1334&152&P15H&; >- 5&,G/ 05O3- &/ 0547B2,O,2C?&&Y; 2; &D,4,18&,G/ 05O3- &/ 0547B2,O,2C
@C&031430,18&G547>3- &G503&,143/ 314312?
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? 5- 2&@; AB,13&43- ,8130- &71430- 2; 14&4; 2; &2C/ 3- &D,E3&,123830:&FD5; 2,18&/ 5,12:
AB; 0; A230:&G55D3; 1&; 14&- 5&F502BH&&? ; AB,13&43- ,8130- &2B,1E&5F&4; 2; &2C/ 3- &; - &4,- 2,187,- B34&GC
@3; 1,18H&&? ; AB,13&43- ,8130- &E15I &I B; 2&; 1&,123830&@3; 1- :&G3A; 7- 3&2B3C&E15I &B5I &25&; 44
,123830- H&&6F230&; DD:&@; AB,13&43- ,8130- &45&43F,13&3J; A2DC&I B; 2&2B3&; 44&5/ 30; 2,51&453- H

K72&4; 2; &2C/ 3- &; - &71430- 2554&,1&- 20518DC&2C/ 34&D; 187; 83- &4,FF30&,1&; &F714; @312; D
I ; C&F05@&- 7AB&@; AB,13&4; 2; &2C/ 3- H&&%20518DC&2C/ 34&D; 187; 83- &203; 2&4; 2; &2C/ 3- &51DC&; -
4,FF30312&; 14&4,- 2,1A2&I ,2B572&; 220,G72,18&@3; 1,18&25&2B3@H&&6&- 20518DC&2C/ 34&D; 187; 83&453- 1!2
E15I &50&A; 03&I B; 2&2B3&/ 0580; @@30&@3; 1- &GC&; &K5J&50&; &" 7G3:&,2&A; 03- &51DC&2B; 2&K5J3-
4,FF30&F05@&" 7G3- &; 14&2B; 2&2B3&/ 0580; @&,- &AD3; 0&; G572&I B,AB&2C/ 3&; / / D,3- H&&#2&,- &; &2C/ 3&30050
F50&2B3&/ 0580; @&25&7- 3&; &K5J&F50&; &L5G&51DC&; &" 7G3&A; 1&45H

M5I &45&2B3- 3&A51A3/ 2- &; / / DC&25&2B3&43- ,81&5F&NO$$PQ&&#1&@C&3; 0D,30&43F,1,2,51
5F&NO$$P&#&F3DD&R,A2,@&25&2B3&@; AB,13&43- ,8130!- &R,3I &5F&4; 2; &2C/ 3- H&&#&F; ,D34&25&03; D,S3&2B3
/ 5I 30&5F&; R5,4,18&; 1C&; 223@/ 2&25&; - A0,G3&@3; 1,18&25&4; 2; &G,2- H&&#&43F,134:&F50&3; AB&4; 2;
2C/ 3:&; 1&T572&5F&G; 14U&G,2&/ ; 22301&VWWKX&2B; 2&A57D4&87,43&NO$$P!- &G3B; R,50H&&%5@3&WWK
R; D73- &,123007/ 234&2B3&; A2,51- &5F&T- 2; 14,18U&@5R3&,1- 207A2,51- H&&%2; 14,18&@5R3&,1- 207A2,51-
/ 05R34&3FF3A2,R3&F50&- 203; @,18&A; DA7D; 2,51- :&; DD5I ,18&2B3&/ 0580; @@30&25&TI ,03&7/ U&NO$$P&25
/ ; - - &4; 2; &; 725@; 2,A; DDC&2B0578B&A302; ,1&A; DA7D; 2,51- H&&M5I 3R30:&- 2; 14,18&@5R3- &/ 05R34
,1504,1; 23DC&B; 04&25&230@,1; 23H

#&15I &- 33&WWK&R; D73- &; 14&- 2; 14,18&@5R3- &; - &; &GD71430H&&K52B&WWK&R; D73-
; 14&- 2; 14,18&@5R3&,1- 207A2,51- &; 03&8513&F05@&2B,- &43- A0,/ 2,51&5F&NO$$PH&&W72&5F&G; 14
R; D73- &; - A0,G3&- 5@3&- / 3A,; D&@3; 1,18&25&/ ; 02,A7D; 0&A5@G,1; 2,51- &5F&G,2- :&0347A,18&2B3
FD3J,G,D,2C&D3F2&25&2B3&/ 0547A30- &; 14&A51- 7@30- &5F&2B5- 3&G,2- H&&#&B; R3&A5@3:&- D5I DC&; 14&0; 2B30
/ ; ,1F7DDC:&25&03; D,S3&2B; 2&- ,D31A3&51&2B3&@3; 1,18&5F&G,2- &,- :&,14334:&@503&3D5Y7312&2B; 1&; 1C
@3; 1,18&#&A57D4&5FF30&F50&2B3@H

PB,- &@3@5&; / / D,3- &4; 2; &B,4,18&GC&G3,18&312,03DC&- ,D312&51&2B3&@3; 1,18&5F&2B3
4; 2; &G,2- &20; 1- / 50234&GC&2B3&- I ,2AB&F; G0,AH&&NO$$P&1334&152&E15I &2B3&@3; 1,18&5F&2B3&G,2- &,2
20; 1- / 502- H&&PB3&G,2- &B; R3&; DD&2B3&@3; 1,18&; 14&51DC&2B3&@3; 1,18&; - A0,G34&25&2B3@&GC&2B3
%M#Z- H&&#F&2B3&43- ,8130&5F&; &%M#Z&2B; 2&453- &; 0,2B@32,A&I ,- B3- &25&,1AD743&03/ 03- 312; 2,51- &F50
,1F,1,2C:&2B3&D; - 2&3D3@312&5F&; &- 20,18:&50&52B30&572&5F&G; 14&R; D73- :&2B; 2&,- &B,- &AB5,A3:&152&@,13H
[ ; 2; &B,4,18&@; E3- &NO$$P&; 815- 2,A&; G572&2B3&4; 2; &,2&20; 1- / 502- H

64; @&? 38; AS&G0578B2&2B,- &,125&F5A7- &F50&@3&,1&A; - 7; D&A51R30- ; 2,51H&&\ BC&152:&B3
- ; ,4:&D32&2B3&/ 0580; @@30&43A,43&2B3&I ,42B&5F&,123830&; 0,2B@32,AQ&&\ BC&- B57D4&NO$$P
- / 3A,FC&2B; 2&,123830- &F,DD&3J; A2DC&. ( &50&] 9&50&* ] &G,2- Q&&#1- 23; 4:&64; @&; - - 30234:&D32!- &G7,D4&;
%M#Z&2B; 2&453- &,123830&; 0,2B@32,A&51&̂ &G,2- :&I B303&̂ &,- &; &/ ; 0; @3230&8,R31&25&2B; 2&%M#Z&GC
2B3&/ 0580; @@30H&&#&D; 230&03; D,S34&152&51DC&I B; 2&; &8554&,43; &2B; 2&,- :&G72&; D- 5&2B; 2&I 3&A; 1
3; - ,DC&45&,2&,1&; &- 7,2; GD3&%M#Z&G3A; 7- 3&NO$$P&; - A0,G3- &15&@3; 1,18&25&2B3&G,2- &,2&20; 1- / 502- H

! " # $ %! &$ ' (

\ 504&I ,42B:&2B3&17@G30&5F&G,2- &NO$$P&- B57D4&203; 2&; - &; &71,2&50&TI 504:U&,- &5F
,@/ 502; 1A3&25&NO$$PH&&%/ 334&43@; 14- &2B; 2&NO$$P&20; 1- / 502&G,2- &,1&D; 083&8057/ - &A; DD34
TI ,43&I 504- HU&&$1308C&3FF,A,31AC&43@; 14- &2B; 2&NO$$P&; D- 5&20; 1- / 502&- ,@/ D3&@3- - ; 83- &5F
51DC&; &F3I &G,2- &A; DD34&T1; 005I &I 504- HU&&NO$$P&@7- 2&E15I &; G572&2B3&I ,42B&5F&,2- &I 504- H

#&B; R3&,1&@,14&- 3R30; D&I 504&I ,42B- &2B; 2&@,8B2&A51R31,312DC&- 30R3&4,FF30312&1334- H
#12303- 2,18&NO$$P&,@/ D3@312; 2,51- &I ,DD&B; R3&- 5@3&I 504- &5F&; 2&D3; - 2&* ] &G,2- H&&#&F33D&- 20518DC
2B; 2&NO$$P&- B57D4&@5R3&I 504- &; &G,2&D51830&2B; 1&; &/ 5I 30&5F&2I 5&G,2- &25&; AA5@@54; 23&2C/ 3
,1F50@; 2,51:&30050&AB3AE,18:&; 14&572&5F&G; 14&/ ; 22301- H&&#&2B,1E&5F&( __1&̀ &<) a &; - &2B3&0,8B2&I 504
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>3182?&@50&AB$$CD&&C?3&<) E &,1F03G312&,- &; 0H,20; 0I :&H72&- 33G- &; &8554&F5G/ 05G,- 3
H32J 331&1334&; 14&F5- 2D&&6&AB$$C&J ,2?&K( &H,2&J 504- &,1&G3G50I &- 33G- &25&H3&; H572&0,8?2D

#&?; L3&1; G3- &; - &G13G51,F- &@50&L; 0,57- &J 504&J ,42?- &@50&AB$$C:&H72&2?5- 3
1; G3- &1334&152&; - F0,H3&G3; 1,18&25&2?3&J 504- D&&M303&; 03&- 5G3&- ,N3- &AB$$C&- ?57>4
F51- ,430&@50&J 504- :&; &/ 5- - ,H>3&/ 70/ 5- 3&@50&3; F?&; 14&; &- 7883- 234&J ,42?=

token=&; &4; 2; >3- - &3L312&7- 3@7>&51>I &@50&- 3O731F,18&P&) &H,2- &J ,43
bit=&CQ! $:&A6B%$&P&; 2&>3; - 2&<&H,2&J ,43
nibble=&; &F543&P&; H572&R&H,2- &J ,43
character=&; 1&71- ,8134&F?; 0; F230&F543&P&; 2&>3; - 2&<* &H,2- &J ,43
short=&; &17GH30:&/ 5- - ,H>I &J ,2?&- ,81&P&; 2&>3; - 2&. ( &H,2- &J ,43
long=&; &17GH30:&/ 5- - ,H>I &J ,2?&- ,81&50&@>5; 2,18&/ 5,12&P&; 2&>3; - 2&* R&H,2- &J ,43
code bag descriptor=&; &03@3031F3&25&; &H; 8&5@&F543&P&J ,42?&71S15J 1
memory pointer=&31578?&H,2- &25&; 4403- - &>52- &5@&G3G50I &P&J ,42?&71S15J 1D

T 13&G,8?2&2?,1S&2?; 2&AB$$C&J 57>4&?; L3&25&; - F0,H3&G3; 1,18&25&2?3&G3G50I
/ 5,1230&; 14&25&2?3&F543&H; 8&43- F0,/ 250D&&M5J 3L30:&51>I &; &@32F?&%M#U&1334&; - F0,H3&G3; 1,18
25&2?3&F543&H; 8&43- F0,/ 250:&; 14&51>I &; &G3G50I &03; 4&&%M#U&50&; &G3G50I &J 0,23&%M#U&1334
; - F0,H3&G3; 1,18&25&G3G50I &/ 5,1230- D

V ; 1I &%M#U- &G; I &,1F>743&,1/ 72- &; 14&572/ 72- &@50&F543&H; 8&43- F0,/ 250- D&&C?3
/ 0580; GG30&F; 1&/ >; F3&V T W$&,1- 207F2,51- &; 2&2?3&572/ 72- &5@&- 7F?&%M#U- &25&20; 1- / 502&;
- 3>3F234&F543&H; 8&43- F0,/ 250&25&2?3&@32F?&71,2D&&%M#U- &2?; 2&?5>4&G7>2,/ >3&F543&H; 8
43- F0,/ 250- &F; 1&43>,L30&; &F543&H; 8&43- F0,/ 250&; / / 05/ 0,; 23&25&F514,2,51- D&&" ?55- ,18&;
/ ; 02,F7>; 0&F543&H; 8&43- F0,/ 250&F; 1&- 3>3F2&2?3&F543&H; 8&13X2&@32F?34D&&&A50&3X; G/ >3:&;
F5G/ ; 0; 250&%M#U&G,8?2&F5G/ ; 03&2J 5&L; >73- &; 14&/ 05L,43&; - &572/ 72&152&51>I &; &Y55>3; 1
03/ 03- 312; 2,51&5@&2?3,0&03>; 2,L3&L; >73:&H72&; >- 5&; &F543&H; 8&43- F0,/ 250&2?; 2&,4312,@,3- &- 5G3
F543&; / / 05/ 0,; 23&25&2?; 2&03- 7>2D&&6&%M#U&G,8?2&; >- 5&- 2503&; &F543&H; 8&43- F0,/ 250&@50&F543
; / / 05/ 0,; 23&25&; 1&3XF3/ 2,51&- 7F?&; - &; 1&7143@,134&,1/ 72&L; >73&50&; 0,2?G32,F&5L30@>5J D
C03; 2,18&F543&H; 8&43- F0,/ 250- &; - &4; 2; &/ 05L,43- &AB$$C&J ,2?&/ 0580; G&H0; 1F?3- D

SEQUENCE

C?3&AB$$C&; 0F?,23F2703&/ 05L,43- &2J 5&- 3/ ; 0; 23&J ; I - &25&F51205>&- 3O731F3D&&A,0- 2:
2?3&@>5J &5@&4; 2; &2?0578?&2?3&%M#U- &F; 1&43230G,13&2?3&- 3O731F3&,1&J ?,F?&V T W$&,1- 207F2,51-
3X3F723D&&A50&3X; G/ >3:&F51- ,430&G; 20,X&; 44,2,51D&&%7,2; H>3&V T W$&,1- 207F2,51- &F; 1&F5113F2
2J 5&; 4403- - &83130; 250- &25&2?3&; 4403- - &,1/ 72&5@&; &G3G50I &03; 4&%M#U&; 14&43>,L30
- 7FF3- - ,L3&L; >73- &25&2?3&,1/ 72- &5@&; 1&; 4430&%M#UD&&C?3&572/ 72&5@&2?3&; 4430&F; 1&85&25&;
G3G50I &J 0,23&%M#UD&&Y3F; 7- 3&3; F?&%M#U&43>,L30- &572/ 72- &51>I &; @230&8322,18&,1/ 72- :&2?3
@>5J &5@&4; 2; &2?0578?&- 7F?&; &- I - 23G&- 3O731F3- &2?3&52?30J ,- 3&F51F700312&V T W$&,1- 207F2,51- D

C?3&4; 2; &@50G&F; >>34&Z25S31[&F; 1&?3>/ &F51205>&2?3&- 3O731F3&5/ 30; 2,51- &J ,2?572
?; L,18&25&F51L3I &; 1&71133434&L; >73D&&%5G3&%M#U- &G; I &03O7,03&; &25S31&,1/ 72&H3@503
2; S,18&- 5G3&; F2,51D&&6&@32F?&%M#U:&@50&3X; G/ >3:&G,8?2&03O7,03&; &25S31&,1/ 72&H3@503&,- - 7,18
; 1I &,1- 207F2,51- &@05G&; &F543&H; 8&,2&?; - &/ 03+@32F?34D&&T 2?30&%M#U- &G; I &03>3; - 3&; &25S31&; -
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