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Abstract

Subleq (Subtract and Branch on result Less thaftqual to zero) is both an instruction set and a
programming language for a One Instruction Set Cotrep (OISC). We describe a hardware
implementation of an array of 28 one-instructiorbleg processors on a low-cost FPGA board. Our
test results demonstrate that the computational ggowf our Subleq OISC multi-processor is
comparable to that of a CPU of a modern personahgoter. Additionally, we provide implementation
details of our complier from a C-style languageStableq.
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1. Introduction

OISC (One Instruction Set Computer) is the ultinRtEC (Reduced Instruction Set
Computer) with conventional CPU, where the numiemstructions is reduced to
one. Having only one available processor instrucgbminates the necessity of op-
code and permits simpler computational elementss tallowing more of them

implemented in hardware with the same number at&gates. Since our goal was
to build a functional multi-processor system withmaximum possible number of
processors on a single low-cost programmable édiC was a natural choice, with
the remaining step being selection of a suitalrglsiprocessor instruction set.

Currently known OISC can be roughly separatedtimtee broad categories:

1. Transport Triggered Architecture Machines;
2. Bit Manipulating Machines;
3. Arithmetic Based Turing-Complete Machines.

Transport Triggered ArchitecturéT TA)is a design in which computation is a side
effect of data transport. Usually some memory tegss (triggering ports) within
common address space, perform an assigned operatien the instruction
references them. For example, in an OISC utilizargingle memory-to-memory copy
instruction [1], this is done by triggering porterforming arithmetic and instruction
pointer jumps when writing into them. Despite appeasimplicity, there are two
major drawbacks associated with such OISC. Firstig, CPU has to have separate
functional units controlling triggering ports. Sedty, there are difficulties with
generalization of the design, since any two diffieteardware designs are likely to use
two different assembly languages. Because of tHeselvantages we ruled out this
class of OISCs for our implementation.

Bit Manipulating Machiness the simplest class. A bit copying machine, ezhll
BitBitJump, copies one bit in memory and passeeieeution unconditionally to the
address specified by one of the operands of theuctsn [2]. This process turns out
to be capable of universal computation (i.e. beiblg to execute any algorithm and to
interpret any other universal machine) becauseinggyits can conditionally modify
the code ahead to be executed. Another machirieddale Toga computer, inverts a
bit and passes the execution conditionally dependim the result of inversion [3].
Yet another bit operating machine, similar to BilBmp, copies several bits at the
same time. The problem of computational univengalt solved in this case by
keeping predefined jump tables in the memory [4éspite simplicity of the bit
operating machines, we ruled them out too, bectngserequire more memory than is
normally available on an inexpensive FPGA. To makkinctional multiprocessor
machine with bit manipulation operation, at leabtblof memory per processor is
required. Therefore we decided that a more comptegessor with less memory is a
better choice for our purposes.




Arithmetic based Turing-complete Machinese an arithmetic operation and a
conditional jump. Unlike the two previous classdscl are universal computers, this
class is universaind Turing-complete in its abstract representatione Tristruction
operates on integers which may also be addressagmory. Currently there are
several known OISCs of this class, based on difteegithmetic operations [5]:
addition — Addleq, decrement — DJN, increment —gRkand subtraction — Subleq
(Subtract and Banch on result éss than or Hepl to zero). The latter is the oldest, the
most popular and, arguably, the most efficient{p]A Subleq instruction consists of
three operands: two for subtraction and one forctralitional jump.

Attempts to build hardware around Subleq have bamertaken previously. For
example, David A Roberts designed a Subleq CPU varmde a software Subleq
library [8]. His implementation is a single CPU wikeyboard input, terminal, control
ROM, and 16Mb RAM, and is much more complex tharsolihere were a few other
similar designs described on various Internet séas [9]. However all of them were
just proof-of-concept simulations without a praatienplementation.

In the following sections we describe
components of the system we built. Section

Sulileq Diriver;

outlines a Subleq abstract machine and if | seiwaie Biegrmmmns
assembly notation. Section 3 describes ol

hardware implementation of the multiprocesso l
core. Section 4 briefly describes technique -
used to convert a high level programming f -
language into Subleq instruction code. I ' ) e —

Sections 5 and 6 we present comparative spee
test results for our device, followed by a FigurelFPGA board is connected
discussion and summary. In the Appendix the t PC by USB cable

code calculating factorials is presented in C and

Subleq notations.

Figure 1 represents the connection of our devigedomputer with USB cable.

2. Subleq Assembly Language

A Subleq abstract machine operates on an infimii@yaof memory, where each cell

holds an integer number. This number can be areaddif another memory cell. The

numbering starts from zero. The program is defia&ed sequence of instructions read
from the memory with the first instruction at thédaess zero. A Subleq instruction

has 3 operands:

ABC

Execution of one instructioa B C subtracts the value in the memory cell at the
address stored in from the content of a memory cell at the addréssed inB and
then writes the result back into the cell with thedress irB. If the value after
subtraction irB is less or equal to zero, the execution jumpsécadress specified in
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C;, otherwise execution continues to the next insioa¢ i.e. the address of the
memory cell followingc.

Assembly notation helps to read and write codeubl&)y. The following is the list of
syntax conventions:

- label;

« question mark;

« reduced instruction;

« multi-instruction;

+ literal and expression;
- data section;

« comment.

Label is a symbolic name of a particular addreievi@d by a colon. In the following
example

each line represents one instruction with threeraoms. Herea, B, andC are not
abstract names, but labels (addresses) of speeliic in the memory. For example,
label A refers to the 4th cell, which is initialised wittalue 2. The first instruction
subtracts the value of cellfrom the value of cels, which value is 1, and stores the
result in the cellB, which becomes -1. Since the result is less than, zhe next
instruction to be executed is the third line, beeaualuec is the address of the first
operand of the instruction on the third line. Thabtracts from B making it zero, so
the execution is passed to the address 0. If tiese lines is the whole program, then
the first operand of the first instruction has #ueress 0. In this case the execution is
passed back to the first instruction which wouldkena -2. That process continues
forever. The instructions being executed are onéyfirst and the third lines, and the
value of the celB changes as 1, -1, 0, -2, 0, -2, 0, and so on.

A question mark is defined as the address of tlkecedl in memory:

AB?
BBO

is the same as

ABC
CBBO

Reduced instruction format is a convenient shorttwd operands instead of three
assume the third to be the address of next ingtrycte.?; and only one operand
assumes the second to be the same as the first, so

A

is the same as

AA



and is the same as

AA?

If more than one instruction is placed on the sian& each instruction except the last
must be followed by semicolon. The following codpies the value from to B:

Z;B;AZ, ZB

Integer numbers lika:72 are used as constants in the code. Literals cansed
instead of integers assuming their ASCII values. &@ample A'H' is the same as
A:72 ; andA:"Hi" is the same a&:'H' i . Addition, subtraction, parenthesis, and
unary minus can be used in expression. The code

VAVANE K]
ABC
DEF

setsz to zero and jumps to the third instructiom F .

Since instructions can be reduced, the assemblst kmow when to generate a full
instruction with three operands. To avoid such garen, period at the beginning of
the line is used. Thus program data can be plagesich a line. The code

AA?+1
LUl
UA

sets A to 1. Without the period on the secondtimeecode would be interpreted as

AA?+1
Ul (-1) ?
UA

Comments are delimited by hash symiotverything fron¥ till the end of the line is
a comment. Jump to a negative address halts thlgrgmo Usually (-1) as the third
operand is used to stop the program, for example:

# halt
ZZ(-1)

The parentheses around (-1) are necessary to iadicat it is the third operand, so
the instruction would not be interpreted as

Z227-17

To make a Subleq program interactive (requestirtg dad responding to user while
working), input and output operations can be defias operations on a non-existing
memory cell. The same (-1) address can be usatiiforlf the second operand is (-1)
the value of the first operand is the output. ¥ fiirst operand is (-1), the second
operand gets the value from the input stream. lapdtoutput operations are defined
on byte basis in ASCII code. If the program trieoutput a value greater than 255,
the behaviour is undefined.

Below is a "Hello world" program adapted from Lawce Woodman



helloworld.sq [10]. It is exceptionally terse, but is a good mypde of Subleq
efficiency.

LHCL); UL, U?4+2;ZH(-1);ZZL
. U:-1 H:"hello, world\n" Z:0

A special variable called is often used in Subleq as an intermediate tempora
variable within a highly small scope. It is commpmrssumed that this variable is
initialised at zero and left at zero after evergges

The program above consists of five instructionse Thst instruction prints the
character pointed by its first operanihg first pointey which is initialised to the
beginning of the data string — the letter . The second instruction increments that
pointer — the first operand of the first instruatid he third instruction incremerntise
second pointer which is the second operand of the forth instomct The forth
instruction tests the value pointed by the secamdter and halts the program when
the value is zero. It becomes zero when the pometches the cell one after the end
of the data string, which &0 . The fifth instruction loops back to the beginnioigy
the program, so the process continues until thtecbalition is not satisfied.

3. Hardware design

3.1 Overview

We have used Altera Cyclone Ill EP3C16 FPGA as lhsis for a hardware
implementation. The choice was based on the relgtiow price (~ US$30) of this
FPGA IC chip and availability of the test hardwéoeit.

The test board we used he
a DDR2 RAM IC fitted, but
access to the RAM s
limited to one process at | - w
time. True parallel
implementation requires
separate internal memor
blocks allocated for eack
processor hence the amou <«——» PROCESSOR27 €—>» MEMORY
of available memory in the e
FPGA limits the number of
processors. The EP3C1
FPGA has 56 of 16 bit
memory blocks of 8 Kbits each. Our implementatiérolme 32 bit Subleq processor
requires a minimum of 2 memory blocks, so only 28&pssors can be fitted into the
FPGA. We could choose 16 bit implementation ancehawere processors (up to 56),
but with only 1 Kbyte of memory allocated to each.

FPGA

«—>» PROCESSOR1 =—>» MEMORY

<«——>» PROCESSOR3 <—> MEMORY

USB <—» COMNTROL CPU <—>»  SPI|

Figure 2 Block-diagram of the board

The FPGA is connected to the USB bus with the loélpn external Cypress FX2
CPU that is configured as a bridge between USBSHdSerial Peripheral Interface)
utilised to load FPGA with code and data. The fats bridge is transparent for the
PC software.



Figure 2 is a communication block diagram of thardo The solution was coded in
VHDL and compiled with Quartus Il Web Edition soéive freely available from the
Altera website. Our code is scalable for up to 88cessors for possible use with
larger FPGAs. The limit of 63 processors is dueotrr SPI bus addressing
implementation and can be increased, if necessary.

All 28 processors run independently and synchraehizg a single 150 MHz clock
generated by one of the FPGA PLLs from a referescélator fitted on the PCB.

To increase the number of processors, additionatdsowith FPGAs could be easily
connected via USB bus.

3.2 Interface description

Each processor has a serial interface to the afldcamemory and the Status byte,
accessible from a single address serial loadinge $érial interface takes over
memory's data and address buses when processitupzed.

Address space inside the FPGA is organised asla aaloressed by two numbers:
processor index and memory address. Reading oree flyh index O returns the
number of processors inside the FPGA. For thisgiethe returned value is 28.
Indices from 1 to 28 are assigned to the procesadnsh have 2048 bytes (512 of 32
bit words) of memory available to each.

Writing to a processor memory is an operation wheeljuentially loads a buffer of
2048 bytes. Reading from the processor’'s memadyffisrent: the first word (4 bytes)
returned is the status of the processor and thésrdse memory content.

The Status byte — the first byte of the first werdan be in one of three statesa1l —
running,0xA2 — stopped, 00xA0 — stopped and not run since power on. Writing into
the processor's memory automatically starts exenuthus eliminating the need in a
separate command. Reading from a processor's mestops that processor. An
exception is reading the first byte of status, Wwhotoes not stop the processor.
Additionally, a processor can be stopped by Suhkdtjoperand (-1) as mentioned in
Section 2. Other negative references, such as orpauitput as described above in the
Subleq assembly language section, also stop tleegsor, because no IO operations
are defined in this architecture.

3.3 Subleq processor

The state machine algorithm can be presented indpsede as:

IP=0

while (IP >=0)

{
A = memory[IP]
B = memory[IP+1]
C = memory[IP+2]
if A<O0orB<O0):

P=-1



else:

memory[B] = memory[B] - memory[A]
if (memory[B] > 0)
IP=I1P+3
else:
IP=C

}

wherelP is an instruction pointememory[] is a value of a memory cell, ard B,
andc are integers.

The Subleq processor core is written with the led|RAM 2 Port Megafunction of
Quartus 1l software we used to build dual port mgmaccess. The implemented
solution allows access to the content by two distiaddressesmemory[A] and
memory[B] ) simultaneously, which results in saving on preoss clock ticks. The
disadvantage of this implementation is an addifidatency of one clock tick to
access the data and address buses compared teart memory implementation.
However the total of processing clock ticks per ragmaccess for the dual port is
still less than that required for a single port.

The core is based on a state machine, which stattsnatically when the memory of
a processor is loaded. On any read or write omgratir encountering a negative
operand the processing stops, but the first stattescan be read at any time without
affecting the computation.

4. C Compiler for Subleq

In this section we briefly describe some elemetitthe compiler we wrote, which
compiles simplified C code into Subleq [11]. Themmler is used in one of our tests,
so that direct comparison is possible between dxetof a compiled native C code
and a Subleq code, compiled from the same C sotitee.compiler is a high-level
language interface to OISC — the only known to ushscompiler at the time of
writing.

4.1 Stack

The primary C programming language concepts arectifums and the stack.
Implementation of the stack in Subleq is achievalyi@sing memory below the code.
Using code self-modification one can place into agitieve from the stack values.
Function calls require return address to be placgd the stack. Consider the
following C code:

void f()

}

void main()



f0;
}

After the above is compiled to machine code, it tmpsrform the following
operations 1) the address of the instruction imatety after calling has to be put
on the stack; 2) a jump to the code of the functionust be made 3) at the end of the
function f, the address from the stack needs to be extrauidd4) the execution
should be transferred to the extracted addressordog to C standard, the function
main is a proper C function, i.e. it can be called frother functions including itself.
Hence the program must have a separate entry pdinth in the following code is
calledsgmain . The C code above compiles into:

0 0 sgmain

#return
?+8;sp ?+4; ?+7;0?+3;ZZ0
_main:

#cal | f
dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+46; sp ?+2; ?+2 0 _f; . ?;inc sp

#return
?+8;sp ?+4; ?+7;0?+3;ZZ0
sgmain:
#call main
dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+46; sp ?+2; ?+2 0 _main; . ?; inc sp
00(-1)
.inc:-1 Z:0 dec:1 sp:-sp

The cell stack pointesp is the last memory cell in the program. It isiadised with
the negative value of its own address. A negataleeris used here to speed up the
code execution — working with subtraction operatioaly sometimes save a few steps
if the data is recorded as negative of its actahle. The instructiodec sp subtracts

1 from sp, hence increasing its real value by 1. Below iseanerpt calling the
functionf in more readable form — relative refereneese replaced with labels.

dec sp
A;spA
B;sp B
A:0B:0
C;spC
DC:.0_f
.D:?
inc sp

The instruction on the fourth line is to clear t®l in the stack, since some values
can be left there from the previous use. Howeweglear the top cell in the stack is
not a single-step task because one has to cleavpdi@nds of the instruction itself
and then initialise it with the value @b pointer. Thus the execution command
sequence is the following: allocate a new cellh@ $tack by increasing stack pointer
(first line); clear the first operand of the ingttion; initialise this operand with the
new value of the stack pointer (second line); dodame with the second operand of
the instruction — clear and initialise (third linggnd then execute the instruction,
which will clear the allocated cell in the stacr¢h line).

The next two instructions clear and initialise celsimilarly. The instructiorp C:0
_f copies the address of the instructionsp to the stack and jumps té. This
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works, because holds the value of the next memory cell (remen#)eandcC points
to the now cleared top cell on the stack. A negatiglue written to the stack then
forces a jump to the label .

Once inside the functiof, the stack pointer can be modified, but we asstirae
functions restore it before they exit. So the netoode has to jump to the address
extracted from the stack:

A;sp A

B; A0OB
ZZB:0

Here the value of stack pointgr is written toA, and the instructioa:0 B copies the
stored address tB. The address stored negatively so the positiveievad being
restored.

The stack does a little bit more than just storreturn addresses. That will be
explored later in subsections 4.3 and 4.4.

4.2 EXpressions

C language operations consist of statements, whickurn consist of keyword
statements and expressions. The syntax of keywatdnsents and expressions are
best represented by Backus-Naur Forms (BNF) — tdwedard way of representing
context-free grammars. A classic example is thengrar of arithmetic expressions:

expression:=
term
expression + term
expression - term
term:=
primary
term * primary
term / primary
primary:=
identifier
constant
(‘expression )

These mutually recursive definitions can be used pyogram called parser to build a
tree representation for any grammatically validrespion. Once such a tree is built,
the compiler’s job is to organise the sequencenstiriictions so that the result of any
sub-tree is passed up the tree. For example, afttbe expression:

a+(b-c)

consists of a node’ , variablea and a sub-tree, which consists of and
', and variables andc. To make a calculation, the compiler must Y & ¢
a temporary variable to store the result of the-tseds, which has to bg & @
used later in addition; and potentially to be udadher up if this
expression is a part of a larger expression. kpghrticular example we need only one
temporary, but generally many temporaries are reduiThe expression is compiled
into the following code:

ttbz,Z2tZ
ct
az,zZtz
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The first line copies value into temporary . The second line subtracts vatuéom
the temporary. At this point the compiler is fireshwith the sub-tree. Its result is the
generated code and the temporary variabielding the value of the calculated sub-
tree. Now the compiler generates code for the muiditlts arguments now are
variablea and temporary. The third line adda tot. Nowt holds the result of the
whole expression. If this expression is a part t@rger expression, is passed up the
tree as an argument to the upper level node dfdlee If not, then value is discarded
because the evaluation is finished.

More advanced grammar may involve assignment, eenefing, unary operations
and many others. But each grammar construction lsanrepresented by a
corresponding sub-tree, and processed later bycahgpiler to produce code. For
example, a subtraction from a dereferenced valpesented in C as:

*k-=a
has to be translated into

ttkz, 2t 2
ato

Here a temporary variable has to be used insidectiie for dereferencing. The
sequence of instructions is: clearcopy valuek intot ; subtracta from the memory
points to.

Here a few elements of the grammar processing bage touched. C grammar takes
several pages just to list the BNF. However lamygl more complex grammars are
resolved by the compiler in similar manner.

4.3 Function calls

In the subsection 4.1 above it was shown how td pat® and pop from the stack.
When a function takes arguments, they have to khqulinto the stack together with
the return address. The stack must be restored f@pwtion return. Consider a
function taking two arguments:

int f(int a, int b);

f(a,b);
The call to a function must be translated into something like this

# 1 push b

#2push a

# 3 push return_address
# 4 goto f

# return_address:
#5sp-=3

In C arguments can be expressions and the calfuadion can be a part of another

expression - sub-expression, i.e. the compiler mprgterly handle more complicated
cases like the following
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int f(int a, int b)

{

‘r.éturn f;
}
|nt k;
k=f;
k(f(1,2),3); /I call via variable — indirect call
k =1(1,2)(3,4); /I call by return value
Here for simplicity the C function typ@t(*)(int,int) is represented aist .

Subleq supports only one variable type. Therefm@e elaborate typing system does
not introduce extra functionality in the language.

Arguments pushed into the stack can properly beutated as sub-expressions (sub-
tree). In this sense for the actual function dai irrelevant either program variables
or temporary are pushed into the stack.

# 1 push B
# clearing the next cell in the stack [remenber that sp is negative]
# the line belowis same as in C syntax: *(++sp)=0;
dec sp; t1; sp t1; t2; sp t2; t1:0 t2:0
# sane as in C syntax: *sp+=B;
t3;spt3; b Z; 213:0; Z

# 2 push A
# the same with A
dec sp; t4; sp t4; t5; sp t5; t4:0 t5:0
t6; sp t6; a Z; Z16:0; Z

# 3 push return_address
dec sp; t7; sp t7; t8; sp t8; t7:0 t8:0
t9; sp t9; t10 t9:0 goto_address
. t10: return_address

# 4 goto f
goto_address: Z Z f

#5sp-=3
return_address: const(-3) sp

Notationconst(-3) sp Is a short for

unigue_name sp

unique_name:-3

The code above handles neither return value noreictdcalls yet. The return value
can be stored in a special variable (registethdfprogram uses the return value in a
sub-expression, then it must copy the value inengorary immediately upon return.
Indirect calls can be achieved by dereferencingngbrary holding the address of the
function. It is straightforward, but more compleode.

Stack pointer can be modified inside a function mvitlee function requests stack
(local) variables. For accessing local variablegallg base pointebp is used. It is
initialised on function entrance; is used as a lvaf&rence for local variables — each
local variable has an associated offset from basetgr; and is used to restore stack
pointer at the end of the function. Functions cal other functions, which means
that each function must save upon entry and restpom exit base pointer. So the
function body has to be wrapped with the followammmands:

~12 ~



1. # push bp
2.#sp->bp
3. # sp -= stack_size

# ... function body

5.#bp->sp
6. # pop bp
7. #return

Or in Subleq code.

dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+6; sp ?+2; bp 0

bp; sp bp

stack_size sp

# ... function body

sp; bp sp
?+8; sp ?+4; bp; 0 bp; inc sp
?+8;sp ?+4; ?+7;0?+3;Z2Z0

stack_size IS a constant, which is calculated for every fiorctduring parsing.
It turns out that it is not enough to sawe A function call can happen inside an
expression. In such case all temporaries of theesgpn have to be saved. A new
function will be using the same temporary memoriscer its own needs. For the
expressiori()+g()  the results of the calls may be stored in vargmtleandt2 . If
function g changest1 where the result of function is stored, a problem would
appear.

A solution is to make every function push all temgvs it is using onto the stack and
to restore them upon exit. Consider the followiagdtion:

int g()
{

return k+1;

}
It translates into:

_g
# save bp

dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+6; sp ?+2; bp 0

bp; sp bp

# push t1

dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+6; sp ?+2;11 0

# push t2

dec sp; ?+11; sp ?+7; ?+6; sp ?+2; 0
?+46; sp ?+2;120

# cal cul ate addition

t1; t2

_ktl

dectl

t1t2

# set the return value [negative]
ax; t2 ax

# pop t2
?+48; sp ?+4; t2; 0 t2; inc sp
# pop t1l
?+8; sp ?+4; t1; 0 t1; inc sp
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# restore bp

sp; bp sp

?+8; sp ?+4; bp; 0 bp; inc sp
# exit

?+8;sp ?+4; ?+7;0?+3;Z2Z0

If somewhere inside the code there are calls terdtinctions, the temporariess and
t2 hold their calculated values because other funsteave and restore them when
executed.

Since all used temporaries in the function are edshto the stack, it pays off to
reduce the number of used temporaries. It is plessobdo this just by releasing any
used temporary into a pool of used temporariesnTager when a new temporary is
requested, the pool is first checked and a new d¢eanp is allocated only when the
pool is empty.
The expression

1+k[1]

compiles into

t1; t2; _kt1; dec tl1; t1 t2

t3; t4; ?2+11;t2 Z; Z ?+4,; Z; 0 t3; t3 t4;
t5; t6; dec t5; t4 t5; t5 t6

# result in t6

When pool of temporaries is introduced the numlbéemporaries is halved:

t1; t2; _ktl; dectl;tlt2

t1; t3; ?+11;t2 Z; Z ?+4; Z; 0 t1; t1 t3
t1; t2; dec t1; t3 t1; t1 t2

# result in t2

which dramatically reduces the code removing cpoading push and pop
operations.

4.4 Stack variables

Oncebp is placed on the stack arg is decremented to allocate memory, all local
variables become available. They can be accesséd indirectly because the
compiler does not know their addresses. For exaripefunctiorf in

int f(int x, inty)
int a, b=3, c[3], d=5;

}
f(7,9);

has 4 local variables with the stack size equél M/hen this function is entered the
stack has the following values:

... Y[9] X[7] [return_address] [saved_bp] a[?] b[3] cof?lc 1?]c [?]1d[5] ...
(bp) (sp)

The compiler knows about the offset of each vaedimmbp.
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Variable | Offset
y -3
X -2
a 1
b 2
C 3
d 6

Hence, in the code any reference to a local vajaidt pointing to an array, can be
replaced with*(bp+offset) . The arrayc has to be replaced wit{bp+offset)
because the name of array is the address of stsefiement. The name does not refer
to a variable, but the referencing withdoes. In C

c[i]
is the same as
*(c+)
which can be interpreted in our example as

*((bp+3)+i)

4.5 Multiplication

The only trivial multiplication in Subleq is multipation by 2 t=a+a :
ttaz,az;Zt,Z
To multiply 2 numbers one can use the formula

A*B = (2A)*(B/2) + A*(B%2)

This is a simple recursive formula, but it requiieseger and modular division.
Division can be implemented as the following altfori. Given two numbers andB,

B is increased by 2 until the next increase g&egseater them. At the same time as
increasings, we increase another variableby 2, which has been initialized to 1.
WhenB becomes greater theni holds the part of the result of division — thetiiss
to be calculated further usingB and originalB. This can be done recursively
accumulating all 's. At the last step whexxB, A is the modulus. This algorithm can
be implemented as a short recursive function iV@bn the exit this function returns
the integer division as the result and division mad in the argument

int divMod(int a, int b, int * j)
{

ifta<b){*=a; return 0; }
int b1=b, i=1, bp, ip;
next:

bp=bl;ip=i;
bl*=2;i*=2;
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if(bl>a)
return ip+divMod(a-bp,b.,j);

goto next;

}

This function is not optimal. A more efficient furan

can be achieved by replacing recursion with anot
external loop. Multiplication, integer and moduli
division operations requiring quite elaborate chdtans

can be implemented as library functions. That &ghe
multiplication a*» can be replaced with a ca
_mul(a,b) , and later the compiler may add (if necessa
the implementation of the function.

Figure 3 Diagram representing
conditional jumps.

4.6 Conditional jump

In C, Boolean expressions which evaluate to zezd @lrse and non-zero ane ue. In
Subleq this leads to longer code when handling &uovolexpressions because every
Boolean expression evaluates on the basis of égwalnon-equality to zero.

A better approach is to treat less or equal to z&ral se and a positive value as
t rue. Then if-expressioii(expr){<body>} will be just one instruction

Z t next
<body>
next: ...

wheret is the result of the expressiexpr . However to remain fully compatible with
C (for exampleijf(x+1){...} — an implicit conversion to Boolean) all cases sehe
integer expression is used as Boolean have toteetdd. Fortunately there are only a
few such cases:

d if(expr)

*  while(expr)

e for(...,expr,...)

i ! expr

i exprl && expr2
*  exprl || expr2

The job can be done inside the parser, so the ¢empould not have to care about
Boolean or integer expression, and it can produgehnsimpler code.

In cases when a Boolean variable is used in expresas integer, like in:

« passing an argumenta>0)

« returning from a functionet ur n(a>0) ;

« assignment=(a>0);

« other arithmetic expressioF1+5* (a>0) ;
the variable must be converted to C-style, i.eatieg result zeroed. This can be done
as simple as
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XZ?243; X, Z
A terse check for a value being less than, equairtgreater than zero is:

Zx?+3,ZZG;xZE; Z; L.

wherelL, E, andG are addresses to pass the execution in caseswiseless than,
equal to, or greater than zero respectively. FigBrehows the schema of the
execution. Note, that does not change aads zero on any exit!

5. Results

Figure 4 shows our FPGA boar] . .1+ - .
powered via USB cable. Sized about 5 ":/ -~ @ -
7 centimetres the board implements c -

Subleq processors with allocate
memory of 2 Kb per processor ar,
running at clock frequency 150 MHz.

To test the efficiency of the board
chose two mathematical problems. T
first calculates the size of a functioys
residue of an arithmetic group. T
second calculates modular dOuFigue'4FPGA bﬁrd, 28 Subleq processors with
factorials. allocated 2 Kb per processor

5.1 Test #1

In the first test we selected a problem of findthg order of the function residue of
the following process:

X, = 2% modM
Vi = 2(x +y;) modM

wherex andy are integers initialised to 1, mod is a modulorapen, M is some
value. Starting from the poinkg1yo=1) the equations generate a sequence of pairs.
We chose this problem because its solution is atifff with answers often much
greater thaM (but less tha ). NumberM was selected such, that the calculations
could be completed in a few minutes. When this srqge is sufficiently long, a new
pair of generated numbers will eventually be thenesaas the pair previously
generated in the sequence. The task is to find thawy steps have to be completed
before the first occurrence of the result with Hane value. In our test the selected
value ofM wasM=5039 and the number of iterations was calculasetl$93241.
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A C program to solve this problem can be writtethait the use of multiplication or

division:

int x=1, y=1, m=5039;
int c=0, ctr=1, t;
int x0=0, y0=0;

int printf();
int main()
while(1)
{
YHEX Y +SY X=X

while( x>=m) x-=m;
while( y>=m) y-=m;

if( x==x0 && y==y0 ) break;

if( ++c==ctr)

X0=x; y0=y;
c=0; ctr+=ctr;

}

}
printf("point: %d %d loop: %d of %d\n",x0,y0,c+1,

}

ctr);

This program has been tested in the following cases

1. Compiled with our Subleq compiler and run on onéhefprocessors on FPGA board;
2. Compiled with our Subleq compiler and emulated G#P (Intel Q9650 at 3GHz)
3. Compiled with Microsoft C/C++ compiler (v16) withlf optimisation and run on

PC#1.

4. Same as 2, but run on PC#2 (Pentium 4 at 1.7GHz)

5. Same as 3 run on PC#2

The table below shows execution time in secondsdgh test.

1 | Subleq on 1 processor FPGA4.0

2 | Subleq on PC#1 46.0
3| Con PC#1 0.37
4 | Subleq on PC#2 216
5| Con PC#2 0.54

From these results we conclude that the speedioigie processor on FPGA is of the
same order of magnitude as the speed of CPU ohangdPC when emulating Subleq
instructions. Native code on a PC runs about huhtinees faster.

S52Test #2

The second test was the calculation of modular dofalctorials, namely

(N1 modM = ﬁ |‘l| modM
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In this test case we were able to use the full pavfeour multi-processor Subleq
system because multiplication in the above equatmud be calculated in parallel
across all 28 processors. Rdr5029 andM=5039 the result is 95 and these numbers
were used in the test. Numbkt was same as in the Test#1 and nunmderas
selected to give the result (95) in ASCII printatdage. The calculations were run in
the following configurations:

Hand written Subleq code run of FPGA board [Append8]

Subleq code emulated on PC (same as PC#1 in shéefit)

Equivalent C code compiled with the same C compitet run on PC [Appendix 7.1]
Same C code compiled with Subleq compiler and etedlan PC

Equivalent C code without multiplication operaticompiled with C compiler and
run on PC [Appendix 7.2]

6. Same C code as in 5 compiled with Subeq compiléreamnulated on PC

a s wbdh e

The code we used was not 100% efficient, sincestietion to the problem needs
~O(NlogN) operations if utilising modular exponentiatiomttrer than ©(N?) as
presented in the Appendix. However this is not ingot when evaluating relative
performance.

The results are presented in the table below. Bheeg are execution time in seconds.

Subleq on FPGA, parallel on 28 processors 62.0
Subleq on PC (emulation) 865
C with multiplication, executable run on PC 0.15

C with multiplication, Subleq emulated on PC 12060
C without multiplication, executable runon PG 7.8
C without multiplication, Subleq emulated on P&795

DO |IWIN|F

The 28 FPGA processors easily outperform the emoulaif the same Subleq code on
a PC. C code without multiplication compiled intabBq and emulated runs faster
than C code with multiplication, because the coerfsl library multiplication
function is not as efficient as the multiplicatifamction written in this example.

6. Conclusion

Using an inexpensive Cyclone Il FPGA we have sssfidly built an OISC multi-
processor device with processors running in pdralach processor has its own
memory limited to 2 Kb. Due to this limitation weeve unable to build a multi-
processor board with even simpler individual prsoesnstruction set, such as e.g.
bit copying [2], because in that case, to run pecally useful computational tasks the
minimum required memory is ~ 1 Mb of memory pergassor. The limited memory
available in our device also did not permit usuon more advanced programs, such as
emulators of another processor or use more compterputational algorithms,
because all the computational code has to fit ex¢ite memory allocated for each
processor.
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The size of memory available to each processorbeaimcreased by choosing larger
and faster albeit more expensive FPGA such asiSWat Then a faster processing
clock and larger number of CPUs could be implentgatewell. The VHDL code of
the CPU state machine could also be optimised impgocomputational speed.
Given sufficient memory, it would be possible to idate any other processor
architecture, and use algorithms written for otG&U’s or run an operating system.
Apart from the memory constrain, another downsitithis minimalist approach was
reduced speed. Our board uses rather slow CPU dpeled of 150 MHz. As
mentioned above, more expensive FPGA can run ahhaster clock speeds.

On the other hand, the simplicity of our desigowaH for it to be implemented as a
standalone miniature-scale multi-processor compthes reducing both physical size
and energy consumption. With proper hardware, dghinalso be possible to power
such devices with low power solar batteries sintibathose used in cheap calculators.
Our implementation is scalable — it is easy toease the number of processors by
connecting additional boards without significareadoon host’s power supply. A host
PC does not have to be fast to load the code aaml back the results. Since our
implementation is FPGA based, it is possible taateeother types of runtime re-
loadable CPUs, customised for specific tasks byogrpmming FPGA.

In conclusion, we have demonstrated the feasiklitthe OISC concept and applied
it to building a functional prototype of OISC mufirocessor system. Our results
demonstrate that with proper hardware and softwam@ementation, a substantial
computational power can be achieved already inra sienple OISC multi-processor
design.
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7. Appendix

This section presents pieces of code calculatingutao double factorial.

7.1 C with multiplication

The following C program calculates modular doublgctdrial using built-in
multiplication and division operations.

1 int printf();

2 int main()

3 {

4 int a=5029;
5 int b=1;

6 int m=5039;
7 int x=1;

8 inti,j;

9

10 for(i=a; i>b; i--)
11 for(j=1; j<=i; j++)
12 X = (j*x)%m;

13

14 printf("%d",x);

15 }

Lines 10-12 is a double loop multiplying numbei@fib to a modulom

7.2 C without multiplication

This C program does the same calculation as thgrgmo above in 7.1, but without
built-in multiplication and division operations. Miplication and division functions
are written explicitly.

. . . . . 27 int Mult(int a, int b)
1 int DivMod(int &, int b, int *m) 28 {
2 { . . ) 29 int dmm, r=0;
3 int b1, i1, bp, ip; 30
4 intz=0; 31 while(1)
5 . 32
6 start: _ 33 if(la) returnr;
7 if(a<b ){ *m=a; return z; } 34 a=DivMod(a,2,&dmm);
8 _ 35 if(dmm ) r +=b;
9 bl=b;i1=1; 36 b +=b;
10 37 }
11 next: 38 }
12 bp =b1;ip=il; 39
13 bl +=b1;il +=i1; 40 int printf();
14 ) 41
15 if(bl>a) 42 int a=5029, b=1, m=5039;
16 { 43 int k=0, x=1, t;
17 a=a-bp; 44
18 Z+=1p; 45 int main()
19 goto start; 46 {
20 } 47 start:  k=a;
21 , 48 loop:  t=Mult(k,x);
22 if(b1<0)return z; 49 DivMod(t,m,&x);
23 50
24 goto next; 51 if(--k ) goto loop;
25 } 52 if(--a > b ) goto start;
26 53
54 printf("%d" x);
55

Lines 1-25 implement the division algorithm desedbin 4.5, but optimised by
removing recursive call. The multiplication (lined7-38) is a straightforward

~21 ~



implementation of the formula shown in 4.5. C loopse replaced with goto
statements to make process flow similar to Subleglementation in the next

subsection 7.3.

7.3 Subleqg code

Subleq code calculating modular double factorials lbeen written manually, because
the compiled Subleq from C did not fit into the nwsn The code below has 83

instructions, which can fit even into 1 Kb with B2-word.

0 0 Start

1

2 48 C1K?+3

3 . A:5029 B:1 MOD:5039 49 Z Z Loop

4 .Z:0K:0 X:1 50

5 51 ClA

6 Start: 52 B A END

7 AZ, ZK;Z 53 BZ,ZA; Z

8 54 K K Start

9 Loop: 55

10 mu_a; Kmu_a 56 END:

11 mu_b; X mu_b 57 X1

12 58 Z7Z(-1)

13 59

14 Mult: 60 DivMod:

15 mu_r 61

16 62 dm_z

17 mu_begin: 63 dm_m

18 t2; mu_a t2 mu_return:N2 64

19 65 dm_start:

20 dm_a; mu_adm_a 66 t1; dm_b tl

21 dm_b; C2dm_b 67 dm_atl ?+6

22 dm_return; N3L dm_return 68 dm_a dm_m; Z Z dm_return:0
23 t2 t2 DivMod 69

24 70 dm_b1; dm_b Z; Zdm_b1; Z
25 N3: 71 dm_i1; C1 dm_i1

26 dm_mt2 ?+3 72

27 73 dm_next:

28 mu_b mu_r 74 dm_bp; dm_b1 dm_bp
29 75 dm_ip; dm_il dm_ip

30 mu_a; dm_z mu_a 76

31 mu_b Z; Z mu_b; Z Z mu_begin 77 dm_blZ; Zdm_b1;Z
32 78 dm_il1Z;Zdm_i1; Z

33 .mu_a:0 mu_b:0 mu_r:0 79 t1; dm_b1tl

34 80 dm_atl dm_next

35 #Mult 81

36 82 dm_bp dm_a

37 83 dm_ip Z; Z dm_z; Z Z dm_start
38 N2: 84

39 dm_a;mu_rZz;Zdm_a;Z 85 .dm_a:0 dm_h:0 dm_z:0
40 dm_b; MOD dm_b 86 . dm_m:0 dm_b1:0 dm_ip:0
41 87 . dm_i1:0 dm_bp:0 t1:0
42 dm_return; N1L dm_return 88

43 Z Z DivMod 89 #divMod

44 90

45 N1: 91 . N1L:-N1 N3L:-N3 t2:0
46 X; dm_m X 92 .Cl1:1C2:20

Lines 3 and 4 define variables similar to how Malea are defined in thé example
above.A defines the number for which double factorial asbe calculatedB is a
starting number — in our case it is 1, but in gah&rcan be any number. When the
task is distributed among parallel processors #mgeB to A is broken into smaller
ranges and submitted to the processors indepegdé&igbn completion the results
collected and processed furthemobis modulus of the algorithnk is Subleq zero
register.K is an intermediate value running fromto 1. AndX is the accumulated
result.

Line 7 initialisesk. Lines 10 and 11 prepare formal arguments fomtlaéiplication
algorithm written between lines 14 and 35. Thisecofl the multiplication algorithm
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is almost one to one equivalent to the functiut written in the previous sub-
section. The only complex is thaivMod function organised here is a function so its
code is being reused from the lines 23 and 43. Bf#ienthis possible one needs
initialise formal arguments for the function as has the return address. The return
address is copied via indirect labrig. andN3L.

Lines 39 and 40 take the result from multiplicatiand initialise arguments for
division. Lines 42 and 43 initialise return addressl callDivMod . Line 46 extracts
the result intox.

Lines 48 and 49 decrementind check if it is less than 1. If not, the whibéeation is
repeated withk smaller by 1. Ik reached zero, proceed.

Lines 51-54 decrememt and check ifa has reached. If yes, we go to labetND If
not, we go to line 7 and repeat the whole procgssabut now witha reduced by,
hencex starting from new value @£

Line 57 crossed over is to print the result. Thistruction is handy when emulating
Subleq. But in calculating on the FPGA board th&truction does not exists because
the board does not have concept of input-outputadioes. The next line 58 is a valid
Subleq halt command.

Lines 60-89 are corresponding Subleq code foruhetionDivMod presented in C in
the sub-section above.

Finally, lines 91 and 92 define return addressesdis toDivMod , a temporary? ,
and two constants 1 and 2. The later is requireddiaision in the multiplication
formula from 4.5.
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