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Embedding Microcode in Sourcecode of the Programming Language O

Thomas Pucklitzsch, Mathias Sporer, Anja Pucklitzsch
Department of Computer Science
Duale Hochschule Sachsen
Glauchau, Germany
e-mail: thomas.pucklitzsch@dhsn.de

Abstract—This paper describes capability of the new program-
ming language O, which is still under development, to embed
the microcode of the underlying Octopus machine within the O-
source code. The challenge is to insert a 36 bit micro-instruction
into a 32 bit register and copy it into the microprogram memory
to the correct location. This technology enables time critical
software components to be executed up to ten times faster
compared to the implementation in machine code. The paper
illustrates this effect with a simple example and examines the
parameters that influence the acceleration.

Keywords-compiler; microcode; programming language; perfor-
mance; Octopus

I. INTRODUCTION

Computer hardware provides gates for the execution of
simple arithmetics and logic functions. The Arithmetic Logic
unit (ALU) is able to add two binary numbers or compute a
logic operation for every binary digit and store the result into a
register. To provide more complex operations, basic hardware
operations are connected, resulting in so called micropro-
grams. The microprograms are stored in the microprogram
memory and contain a sequence of data words that directly
control the hardware. These sequences will be activated by
the control unit of the computer. The control unit reads a
machine-instruction from the memory and executes the related
microprogram. The collection of every available OP-code (op-
eration code) is called “the instruction set” of the computer and
this instruction set acts as an interface between programmer
and hardware. A change or extension of the microprogram
results in a modification of the instruction set of the computer.
However, most architectures prevent the modification of the
microprogram by the programmer for security reasons by var-
ious security technologies. [1] The microcode is located on a
very low level of a computer. Programming languages are used
on a significant higher level. The programming language O is
an unfinished language that can be modified and easily adapted
to different instruction set architectures. The motivation of this
paper is to present the capability of a dynamic modification of
the microcode as part of the programming language O. After
presenting related work, the Octopus-machine is introduced.
The following sections compare the performance of using user-
defined microcode versus machine code. The article concludes
with an explaination of how microinstructions are embedded
in O-code and how the Ossambler layer and the the Octopus-
machine hardware function.

II. RELATED WORK

In [1] a library was introduced that enables the user to
change the microcode of a Intel CPU. As described in the
paper, working around several security mechanisms is nec-
essary to make the modification possible. The aim of this
modification is to increase the performance of time critical
operations. The hardware developer tries to prevent changes
in the microprogram. To find a way around the security
mechanisms and change the microprogram is very hard and a
research project of its own. For example, finding the sequence
of micro-commands in a x86 architecture is very hard, because
micro-commands are not stored in the microprogram memory
as a consectutive sequence, but the addresses are mapped with
a special permutation algorithm. Without reengineering the
algorithm, it is impossible to find the address of the next
micro-command. In [2] a framework is introduced, which is
able to analyze and patch Intel microcode. For example, an
implementation of fast software breakpoints in microcode runs
1000 times faster than the solution in Assembler. This shows
the potential of customized microcode.

III. THE OCTOPUS-MACHINE

In comparison to Intel CPUs, the Octopus-machine [3] has
a very simple computer architecture. It is leaning on a part
of the Java virtual machine and implements a stack machine.
It was first developed for educational purposes. There are
implementations in Python and C, already, but very soon a
soft-core for the FPGA Tung Nano 20k will be available, too.
The machine was build with the purpose of easy explaining
a simple HW architecture that is also able to do some useful
things for students. With the Octopus software it is easy to
implement your own microcode and generate an assembler
for this code that we call Ossembler. Figure 1 shows a
screenshot oft the Octopus software. With the help of this
Ossembler it is easily possible to write code for the customized
Octopus machine, and the Ossembler inserts the correct OP-
codes and operates and computes all addresses. In addition to
the possibility to create customized microcode, the Octopus-
machine supports dynamic import of microcode. Parts of
the microprogram memory are writeable through a range of
addresses.

IV. MICROCODE VS. MACHINE COMMANDS

To explain the advantages of inserting customized mi-
crocode dynamically, we use a simple example. In this exam-
ple we compute the Fibonacci numbers. The Fibonacci series
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Figure 1. Octopus software

start with two ones and the next number is defined as sum
of the two preceding numbers. It is not necessary to print
the results because we can see the numbers appearing in the
registers and the memory. To compute Fibonacci numbers, we
have to add the last two numbers. A simple ossembler code
is given that adds two numbers and stores the new Fibonacci
number at the address of the first number.

oload var2

odup

odup

:loop

oadd

odup

odup

ostore var2
oload varl

oadd

odup

odup

ostore varl
oload var2

ogoto loop

Listing 1. compute Fibonacci numbers in ossembly language

Listing 1 starts with the command oload that reads a variable
and puts it on the stack. The command odup doubles the
top of the stack, oadd adds the two to elements of the
stack and ostore saves the value on top of the stack in the
given variables. The ogot o command jumps back to the label
: loop. Assembly language uses so-called mnemonics insted
of the operations codes which are easier for humans to handle
than hexadecimal numbers. The ossembler transforms every

TABLE 1. NUMBER OF CYCLES PER MICROCOMMAND

command cycles  occurerence in loop
odup 2 4
oload 6 2
oadd 3 2
ostore 7 2
ogoto 6 1

mnemonic in an operation code that contains the address of a
microprogram inside the microprogram memory that is called
from the main routine. The Octopus-machine implements a
typical complex instruction set architecture. That means every
hardware instruction contains a different number of micro-
commands. Every microcommand needs a cycle. The measure
of computational cost is the number of cycles for one loop
iteration. In table 1 you can see the cycles needed for every
necessary kind of command and the number of occurrences
in the loop cycle. With this information we can compute the
number of cycles for one loop iteration. Notice that the main
routine needs one cycle to call the next microprogram. With
the values from table 1 and the listing we can find out that
the algorithm needs 46 cycles for one loop iteration. Now
we can compare the coputational costs with a microprogram
that is computing the same function. In comparison with the
ossembly language, a micro-program for the Octopus-machine
looks like this:

1. H=MDR=1,wr
2. MAR=MDR=PC=1
3. MDR=MDR+H, wr
4. PC=MAR=PC+1
5. OPC=MDR+H

6. H=MDR

7.

MDR=OPC, wr, goto 3

Listing 2. compute Fibbonacci numbers with Ossambler

The micro-commands are given in hex-code. Therefore, we
show the code in a specific notation to make it better readable.
The strings are registers, operations are functions of the
Arithemetic Logic Unit and wr is the signal for the memory to
write the content of the register MDR to the address given in
the register MAR. Because every micro command contains the
address of the next micro command, an additional cycle for
the loop is not needed. As the Reader can see, the loop needs
exactly 5 cycles for one iteration even though the algorithms
are more sophisticated than the Ossembler version. As you
can see the microprogram version runs nearly ten times faster
than the version with machinecode. The main reason for the
speedup is that results do not need to be saved to the memory
between the operations. The registers hold the results until the
next operation. This is the main potential of optimization.

V. MICROPROGRAM MEMORY ORGANIZATION

For inserting the microcode, the address ranges from 192
to 255 and from 448 to 511 are reserved. Figure 2 shows
the microprogram memory with the two empty columns for
inserting user-defined micro instuctions. The microcode allows
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Figure 2. microprogram memory

a conditional branch. To do this, the most significant bit of
the address will be inverted. This means the address of the
next micro command is nextadress +/- 256. This is the reason
for the two address ranges that allow a conditional branch. To
write a micro command the addresses can be accessed through
0 to 127. If you write into address 0, the micro command
appears in address 192 and if you write in address 64 the micro
command appears in address 448. To write into the micro
command, memory addresses starting from 2'° are being
used. The problem is that micro commands for the Octopus
machine need a 36 bit bus, but the memory supports 32 bit.
36 bit are needed because every micro command contains the
address of the next command. To insert a micro command, two
addresses must be provided. First the address where the micro
command is located and second the address of the following
micro command. Figure 3 shows the structure of the addresses.
Because of the address ranges for dynamic micro-commands,
only 128 addresses are needed. This is also useful for security
purposes. It is not possible to overwrite existing microcode.
Only the 128 reserved addresses are accessible. The bus has
only 32 bit. The two 7 bit micro addresses are encoded into
the memory address. 3 To write a micro command on address
200 in the microprogram memory with the next command on

ofeyereyeleleyele)eloleyeyerel ol elin

T current T next
address address

Figure 3. using memory addresses to encode two micro addresses

500, the address is computable 215 4 8+ 116 % 27,

VI. INTEGRATION IN O AND OSSAMBLER

The predefined microcode supports a simple microprogram
that takes six bytes and writes a micro command into the
microprogram memory. The first four bytes contain the mi-
cro command, and the last two contain the actual address
of the micro command and the address of the next micro
command. The mnemonic of this microprogram is omic.
To define a mnemonic for the new microprogram a define
statement is used in Ossembler. The de fine statement needs
three parameters. The mnemonic of the micro program, the
address and the number of bytes the microprogram takes
from the byte stream. The programming language O is a
new language under construction. It is based on Extendable
Makeup Language (XML) and allows a recursive structure
and self explaining tags. O supports extensions. Depending
on the running microcode, new tags that are keywords of O
can be defined. The definition of tags can be done in the O
language definition. In this definition, every tag is defined
and a sequence of Ossambler commands is given. To insert
microcode dynamically, a tag called add_ microcommand
is needed. In this tag every flag of the micro command is
defined with its own tag. The Reader can see the definition of
a micro command in the following example.

<add_microcommand >
<name>new_microcommand </name>
<b-bus>MDR</b-bus >
<c-bus>TOS<c—-bus>
<inc >0</inc >
<inva>l</inva>
<enb>1</enb>
<ena>l</ena>
<op>add </op>

<sral >0</sral >
<slla8 >0</slla8 >
<inc >0</inc>
<jmpn>0</jumpz>
<jmpz>1</jumpn>
<jmpc>0</jmpc>
<addr >62</addr>
<naddr ></naddr>
<side>right </side >
<nside>left </nside >
</add_microcommand>

Listing 3. example O definition
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The meaning of the different tags refers to the identical
flags of the Octopus machine, which refers to the stack
machine described in [4], with exception of the tags <addr>,
<naddr>, <side>, <nside> and <name>. These tags provide
the address where the micro-command should be stored and
the address of the following micro-command. The address can
be choosen from the range of 0 to 63. With the tags <side>
and <nside> the row of the actual micro-command and the
next micro-command can be choosen. The <name> tag defines
the name of the micro-command. This name is used to call
the microprogram. The actual address of the current micro-
command of the example is 126 and the next address is 63.
With the knowledge of the architecture of the Octopus machine
it is very easy to describe the behavior of the Octopus machine
in the language O.

VII. CONCLUSION

The Octopus machine is a simple stack-machine that allows
the user to initialize the machine with an individual micropro-
gram. It is also possible to load additional micro commands
at runtime and extend the instruction set of the machine. This
is possible by writing a word to the addresses of a special
address range in the memory. A predefined microprogram
called omic realizes the import of dynamic microprograms.
The new programming language O is a XML-based language

which is extendable. With this language it is easily possible to
describe micro commands which are passed to the Ossambler
for inserting into a reserved area of the microprogram memory.
The possibility to define custom microcode inside the source
code of the programming language O is useful for performance
improving. The given example shows a speedup of factor
10, but depending on the use case the benefit can be much
higher as the software breakpoints in [2] show. This means
that the Octopus machine can compute many problems much
faster than comparable competitors without such capabilities.
Now the Octopus machine is not available as hardware, but a
softcore for the use with an FPGA is under construction. The
presented method makes it very easy to adapt the hardware
to a specific problem in order to achieve better performance
without changing the circuit.
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On the Relation between Grossone Methodology and Diagonalization of Programs
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Abstract—We argue that there could be a connection between
the Grossone methodology, introduced by Sergeyev, and the
Diagonalization operator defined in one of our previous works.
The two concepts are based on similar theoretical principles,
and they both deal with the problem of defining infinite objects
(numbers or hierarchies of functions, respectively) with a finite
number of operators.

Keywords-grossone methodology; constructive diagonalization.

I. INTRODUCTION

Starting from year 2000, one of the Authors has investigated
the link between fragments of programming languages and
complexity classes [1]-[3]; these works follow the principles of
the Implicit Computational Complexity theory from the 1990s.
In traditional complexity, classes are defined by imposing
explicit resource bounds on Turing machine’s computations,
but no restrictions are set on the algorithms they execute. On
the other hand, implicit complexity studies classes of languages
that are defined without any explicit limitation on resources,
but rather by imposing suitable linguistic constraints on the
way the related algorithms can be written: this allows to obtain
programming languages that capture well-known complexity
classes, providing what is called an implicit characterization.
Within this framework, we were able to define a hierarchy of
classes of programs with complexity between polynomial-time
O(n*) and exponential-time O(n"k), using safe composition
and safe recursion, and introducing a new diagonalization
operator (they will be outlined in Section II).

Within the same timeframe, Sergeyev’s work [4]-[6], focused
on a new methodology of computation that allows to handle
finite, infinities, and infinitesimals quantities; it is of particular
interest the discussion about the relation between mechanical
computation (the object of the study) and the related description
(the language we use to describe it), and how the latter
influences the accuracy of the obtained results. We believe
that there is an intrinsic analogy between Sergeyev’s grossone
(the numeral that indicates the number of elements of the set N
of natural numbers) and the diagonalization (the operator we
use to jump outside an infinite sequence of classes of programs).
They both share some constructive features: grossone is handled
as a number (more precisely, as a new numeral used to describe
both infinities and infinitesimals), and diagonalization is, as a
matter of fact, a well defined program. They both cope with
the finite description of infinite objects (numbers or classes of
programs).

Antonella Falini
Dipartimento di Informatica
Universita degli Studi di Bari
Bari, Italy
e-mail: antonella.falini@uniba.it

In Section II, we recall the definitions of safe recursion,
diagonalization, and of the hierarchy of programs that can be
defined using these two operators. In Section III, we recall the
postulates on which the grossone methodology is based. In
Section IV, we provide an insight on the previous analogy, and
we outline what we consider a research path on the matter.

II. SAFE RECURSION, DIAGONALIZATION AND A
HIERARCHY OF PROGRAMS

In previous papers, we analyzed the computational com-
plexity of programming languages obtained by imposing
some linguistic/syntactical restrictions to their definition [2][3].
We have been able to capture a slow-growing hierarchy of
programs with computing time between polynomial O(n*) and
exponential O(n”k); this was achieved by means of two well
known operators, namely safe composition and safe recursion,
and introducing a new diagonalization operator.

Definitions of significant complexity classes have been
obtained by Simmons [7], Leivant [8][9], Bellantoni and Cook
[10], and Arai and Eguchi [11], among many others. In these
papers, the class of polynomial-time computable functions is
characterized by means of different versions of predicative
recursion [10] or ramified recurrence [9], starting from a set of
initial functions. A predicative definition of a recursive function
is based on the idea that no explicitly bounded schemes are
used, and that functions have two kind of variables: those whose
values are known entirely (and which can be recursed upon),
and those whose values are still being computed. These two
types of variables are called safe and normal in [10] (dormant
and normal in [7]); roughly speaking, normal variables are
used only for recursive calls, while safe variables are used only
for substitution. This separation allows to discard explicitly
bounded schemes (e.g., the limited recursion) to characterize
classes of functions with a given complexity (e.g., Polytime).

Our version of the safe recursion scheme on a binary word
algebra is such that f(z,y, za) = h(f(x,y, 2z),y, za), in which
x,y and z are the auxiliary variable, the parameter, and the
principal variable, respectively. In our language, the program
h cannot re-assign the recursive call f(x,y, z) to the principal
variable z. This implies that we always know the number of
recursive calls of the step program in a recursive definition: z
turns out to be a dormant (or safe) variable. Starting from a
natural definition of constructors and destructors over lists of
binary words, we define the hierarchy of classes of programs
Tk, with k& > 1, where programs in 7; can be computed
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within linear time, and programs in 71 are obtained by one
application of safe recursion to programs in 7; we prove that
programs defined in 7}, are exactly those programs computable
within time O(n*).

In order to jump outside this infinite hierarchy of poly-
time programs, an operator of constructive diagonalization
is introduced, extending the previous hierarchy to 7, with
w < A < w¥ (we follow [12] for definitions of structured
ordinals). Programs in 7,41 are obtained by one application
of safe recursion to elements in 7. If A is a limit ordinal,
and Aq,...,\,... is the associated fundamental sequence,
programs f in 7, are obtained by diagonalization on the
previously defined sequence of classes Ty,,...,Tx,;..., if
f(s,t) =1TERII(fy , ) (s, 1), with

{ ITER! (p)(s, 1) =

ITER(p)(s,t)

ITER*T1(p)(s,t) = ITER(ITERF(p))(s,1),

and fy, belongs to a previously defined class 7T, .
ITER(p)(s,t) is a simplified version of our safe recursion,
that iterates the function p on s for |¢| times.

A program defined by diagonalization still abides by the
predicative principle, given that such a program is totally
constructive, it has no explicit bounds, and it basically enumer-
ates and iterates programs that already belong to lower-level
classes of programs, which are totally defined. This allows us
to harmonize in a single hierarchy the classes of programs
with computing time bounded by polynomial time O(n*) and
exponential time O(n"k), for each finite k. For instance, at
level w, we select (and iterate ¢ times) programs in the classes
T;, where i is the length of the input; thus, the first level
of diagonalization captures the class of all programs whose
computation is bounded by a polynomial. By extending this
approach to the next levels of structured ordinals, we were
able to reach the machines computing their output within
exponential time nn" .

III. GROSSONE CONCEPT

In the first years of 2000’s, Yaroslav D. Sergeyev initiated
a new methodology of computation in order to provide new
ways of computing with infinities and infinitesimals [4]—[6].
Their approach is based on three postulates:

Postulate 1. There exists infinite and infinitesimal objects
but human beings and machines are able to execute only a
finite number of operations.

Postulate 2. We shall not tell what are the mathematical
objects we deal with; we just shall construct more powerful
tools that will allow us to improve our capabilities to observe
and to describe properties of mathematical objects.

Postulate 3. The principle ‘The part is less than the whole
is applied to all numbers, (finite, infinite, or infinitesimal), and
to all sets and processes (finite or infinite).

These postulates set the basis for a new way of looking at and
measuring mathematical objects, and have been applied in [4],
where a new numeral system has been introduced; this system
gives the possibility of dealing with numerical computations
with finite, infinite, and infinitesimal numbers. In order to do

s

this, a new infinite unit of measure has been introduced as
the number of elements of the set N of natural numbers; it
is denoted by the numeral (1) , and it is called grossone. The
Infinite Unit Axiom is what formally defines (1), and it states
the principles of infinity, identity, and divisibility, as follows:
1) infinity: for any n € N, it follows that n < OF
2) identity:

e 0-MO=®-0=0;

e MD-D=0;
=1

S

0 _10-1

S)

3) divisibility: for any n € N, the numbers @ are the number
of elements of the n'* part of N.

It is important to underline that grossone is different from
Cantor’s w; due to its finite nature, grossone could be compared
to our constructive diagonal operator. In [5], the reader can
find a number of applications of Sergeyev’s method to different
areas (see [13][14] for the application of grossone methodology
to the theory of computation).

IV. GROSSONE’S POSTULATES AND DIAGONALIZATION:
FUTURE WORK

It is interesting to notice that the Postulates recalled in
Section IIT do not have to be conceived as axioms in a new
axiomatic system, but rather they set a methodological basis.
They allow to observe and describe mathematical objects and
quantities at a different level of refinement, when compared to
the standard ways to handle them.

The operators of safe recursion and diagonalization intro-
duced in Section II, together with the related hierarchy, are
based on the same principles. First, there exists a potentially
infinite number of programs into each class, but we use
only two defining tools to capture them. Then, different
ways of combining the operators allow us to deal with
different hierarchies of program’s classes. In our previous
work, we analyze a slow-growing hierarchy, but we are able
to characterize different complexity classes by tweaking the
definition and/or the combination of the operators (for instance,
by changing the way the diagonalization iterates the functions).
In this sense, we are constructing tools that allow us to observe
more (complexity) properties of the hierarchy.

Another analogy resides in the nature of grossone and
diagonalization, because they both share the same constructive
features. Grossone is defined and treated as a number (it is a
new numeral used to describe both infinities and infinitesimals),
and can be used into effective computations. Diagonalization
is actually a well defined program that enumerates and iterates
programs at a lower level of complexity; it is used to define new
classes of programs that could not be defined using the safe
recursion only. They both cope with the problem of describing
infinite objects with finite operations.

For the previous reasons, we believe that the relation between
grossone methodology and diagonalization of programs is worth
exploring.
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