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Often in embedded systems is a need to develop complex apptis with hard
performance and energy-efficiency requirements. This eaadhieved with custo-
mizable processor architectures, which can be programnitadigh-level languages.
Application-specific instruction set processors (ASIR) ane approach to respond to
the need. However customizing the processor for a specsficrtaist be automatized
as far as possible to make the design process cost-effective

Only a few tool-sets have been developed to assist the desapess. TTA-Based
Codesign Environment (TCE) is one, being developed in Taenpaiversity of Tech-
nology. TCE aims to provide semi-automatic design spacéeagpon for finding the
processor, which has the best trade-off between area, spekepower efficiency for
the application. TCE exploits the Transport Triggered Atextture (TTA) paradigm
where the resources of a processor, like function unitsstexfiles, operations and
buses can be customized freely. The programming of thetaattre is done by defi-
ning connections between the resources and the busses.

For this thesis, an assembly compiler for TCE was develophkd.compiler allows
developers to create parallel TTA programs for a freely ehgsocessor configuration
as well as optimizing already parallelized programs. Thsithintroduces the syntax of
the assembly language and describes the main design andihinance issues. The
syntax of the compiler is designed to be as generic as pessibithe same assembly
program can be used for slightly different processor conditions. Finally, the thesis
describes how the functionality of the compiler was verified
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Usein sulautetuissa jarjestelmissé on tarve kehittddrohjesesti monimutkaisia so-
velluksia, joilla on kovat tehokkuus seka virrankulutuatiraukset. Tama voidaan saa-
vuttaa raataloitavilla prosessoriarkkitehtuureillatgoroidaan ohjelmoida lausekielil-
l&. Sovelluskohtaiset kaskykantaprosessorit (ASIP) @i hestymistapa ongelman
ratkaisuun. Prosessorin raatalointi taytyy pystyad aut@mo@naan, jotta suunnittelu
prosessi saadaan mahdollisimman kustannustehokkaaksi.

ASIP arkkitehtuureille on tehty muutamia kehitystyOkalyga yksi niista on TTA-
Based Codesign Environment (TCE), jota kehitetd&n Tanepefieknillisessa Yli-
opistossa. TCE tahtaa puoliautomaattiseen suunniti@iuaden lapikdymiseen, jot-
ta sovellukselle I6ytyisi prosessori, joka tarjoaa parh&ampromissin tehokkuu-
den, pinta-alan ja virrankulutuksen suhteen. TCE hyddyntansport triggered -
suoritinarkkitehtuuria (TTA), jossa prosessorin restir&siten laskentayksikot, rekis-
terit, operaatiot ja vaylat voidaan valita vapaasti. Tigtlprosessoria ohjelmoidaan
maarittamalla resurssien ja vaylien valisia kytkenttajselle kellojaksolle.

Tassa diplomitydssa suunniteltiin, seka toteutettiin lsgalinen konekielikdantaja
TCE tyokalupakettiin. Kaantaja mahdollistaa rinnakkai3dA -ohjelman kaantami-

sen vapaasti valittavalle prosessorikonfiguraatiollké salmiiksi rinnakkaistetun oh-

jelman optimoinnin. Ty6ssa kuvataan kielen syntaksigdaén kaantajan arkkitehtuu-
ri ja opastetaan miten kaantajaan voidaan lisata uusiaasuinksia TCE:n kehittyes-
sa. Kielen syntaksi on maaritelty mahdollisimman riipptto@aksi prosessorikon-
figuraationsta, jotta ohjelmakoodiin tarvitsee tehda nodlleimman vahan muutoksia

nettiin.
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1. INTRODUCTION

The complexity of software in embedded applications has e@easing all the time,

together with increased performance and energy efficiesgyirements. Convention-
ally, the application domain has been covered with combapgalication specific in-

tegrated circuit (ASIC) and digital signal processor (DS8utions. A DSP can be
programmed with high-level languages (HLL), which handhes complex software,

and ASIC designs implement the parts that meet the critexdibpmance requirements.
Designing combined ASIC and DSP systems is highly time caomsg and expensive
because of the ASIC design process. Moreover a DSP incrdesg@soduction costs
and reduces the power efficiency of the products, because @xtra functionality of

a DSP, which cannot be exploited by the application.

Customizable application-specific instruction set preoes(ASIP), which can be pro-
grammed with HLL, responds to the problem by cutting dowrdpiation costs and by
increasing power efficiency. With an ASIP it is possible tlesea specific instruction
set for the applications that are run in the processor, atehte out all the functional-
ity that is not needed. This reduces the size and makes thdeqrmore cost-effective.
Further, ASIP allows developers to design special instastfor the processor, which
makes it possible to run specific tasks very efficiently. €fme ASIP reduces the
need for ASIC designs.

Transport Triggered Architecture (TTA) is a modular partenieable ASIP architec-
ture that aims to shift complexity from hardware to softwayehaving very complex
instructions. TTA provides way to tailor the processor agufation, including func-
tion units, buses and register files, so the applicationwiil efficiently enough with
low power requirements. However, designing an optimal Ti@cpssor for the appli-
cation is hard and time consuming, since there can be husdfexliitable configura-
tions, and each time when the processor configuration isgethtine program must be
changed as well.

Development toolsets are needed to assist the design protéa-Based Codesign
Environment (TCE) is one, being developed in Tampere Usitseiof Technology.
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TCE aims to provide semi-automatic design space explardtio finding the pro-
cessor which has the best trade-off between size speed avet pfficiency for the
application. TCE and especially compiler algorithms foe firocessor are still in
development. Therefore, reference data for evaluatingléveloped algorithms are
needed. An assembly compiler is a tool that can be used fatiogereference imple-
mentations of programs. Efficiency of the compiler alganthcan be compared with
the hand written assembly code.

In this thesis, TCE Assembler was developed, which allowsldgers to write parallel
code for the TCE TTA processors. Further the assembler casdzkefor hand optimiz-
ing already parallelized programs. This thesis acts as amigrual and maintenance
guide for TCE Assembler.

The thesis first briefly introduces the TTA architecture aledfirmats of TCE utilized
by the compiler in Chapter 2 and continues by describing yiées of the assembly
language in Chapter 3. The fundamental design and maintenasues as well as
the compilation process are described in Chapter 4. Futhlieechapter introduces
some suggestions for the future development, and empkasieganain issues of the
external libraries that the assembler utilizes. Chaptersedbes how the functionality
of the assembler was verified. This thesis is summarized ap@h 6 by presenting
the conclusions.



2. TRANSPORT TRIGGERED ARCHITECTURE

Transport Triggered Architecture (TTA) is a modular andtoaszable processor ar-
chitecture, which provides an easy way to create applicegpecific processor (ASP)
designs. TCE TTA template is a TTA that is specifically desiyfor TCE tools. A
detailed overview of TCE tools is presented in [1].

Conventional processor architectures like RISC and CIS& hdixed set of resources
available for the programmer. These architectures usumdle only one general-
purpose data bus, one address bus, some register files aedwoctional units that
contain operations that processor can execute. Data pidtisse processors are quite
complex but fixed. In addition to the connection to the maitadhas, the elements usu-
ally have connections between each other. For exampletiduat units may access
register files directly so all the parameters for operatamsot have to be transferred
through the same bus. These extra buses make it possibletodicated data trans-
fers without consuming multiple clock cycles. For instgreg@rocessor can read all
operands for an instruction directly from registers andevtine result back to some
other register all in one clock cycle. With these processeash instruction controls
all the connections between elements and defines how thasdtmsferred on the
data path of the processor.

For a programmer, conventional processors offer only aveoé interface in the form
of an instruction set. This interface hides all the impletagan details of a processor,
like caches, instruction pipelines and internal buseshHastruction in these proces-
sors is a small program, that does a sequence of things iagmlecessor resulting
the required changes to the state of the processor aftexéoeiteon of instruction is
completed. The programmer never knows what was actuallg dwide the processor
during the execution, but only the results of the execution.

With parametrizable TTA processors, the situation is catghy different. TTA is
not a fixed architecture and a designer can choose the bestssar configuration
for the application in hand. Basically, a TTA processor ¢stissof multiple buses,
register files, function units and connections between thAththe data needed for
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an operation is transferred through the buses. If a processains only one bus, it
means that if an operation needs two operands from regesterarites the result back
to a third register, it needs three clock cycles to executewaver, TTA processors
rarely have only one bus. With three buses, the whole taskeamecuted in one cycle.
Depending on the application it is possible to choose a gmreconfiguration with
the best trade-off between, speed, power consumption,iaeatdie. For instance,
if there is a need to perform six multiplications at the samef{ one can choose a
processor configuration to have enough buses and mulspHherinstructionin a TTA
processor defines all the data transfers through the busesédalock cycle.

The transport triggered operation principle is based oa guaives to the ports of func-
tion units. When data is written to the normal ports of a uhi¢, values are only read
to input registers. Execution of an operation is launchedmdata is written to a trig-
gering port of the unit. Depending on the length of the pipelof the function unit,
the results are written to the output registers in one or mlwek cycles. Conversely,
if a function unit is not triggered, it will not do computati@nd the unit stays in idle
mode.

This chapter first briefly describes the structure of TCE Té&plate from the point
of view of a programmer in Section 2.1 and continues by erpigithe programming
of TCE TTA template in Section 2.2. Finally, the chapteradluces the file formats
related with compilationin Section 2.3. More detailed mfiation on TTA is described
in [2] and TCE TTA template in [3].

2.1 Template Architecture

Figure 1 introduces the basic structure of a simple TCE TTéptate processor. The
architecture has four different type of units: immediatésjregister files, function
units and a global control unit. All units contain ports, ahé units are connected
together with buses and sockets. The processor in Figurasist@f three buses, two
function units, a register file, an immediate unit and a glabatrol unit.

2.1.1 Register File

Register files (RF) are arrays of registers that have the fdimadth. Registers are
used to store temporary values inside the processor. A RFcoragpin multiple ports
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Function Unit Function Unit Register File Immediate Unit Global Control Unit
FU: FU: RF: MV GCU:
ALU Lsu RF MM geu
Socket direction
Port
“ /
;
Socket-Bus connection Socket Bus

Figure 1. Simple TCE TTA template processor.

for reading and writing its registers. In that case, the RHmmaaccessed multiple times
in one clock cycle.

2.1.2 Immediate Unit

Immediate units (IU) are a special type of register files Whiontain registers where
long immediate values are loaded during instruction dewnpdrl'he value of an imme-

diate is stored inside an instruction and it is read from ttegmam memory together
with the instruction. These units may only contain read g@ince the writing of the

registers is never done through the ports of the unit. Longédliates are described in
more detail in Section 3.1.4.

2.1.3 Function Unit

Function units (FU) contain all the operations that the pssor can execute. The op-
erations in TTAs can be chosen freely so there can be verylexrapecial operations,
for instance, address calculation operations or compleiptication, in addition to
conventional operations like addition and multiplicatiémput parameters and results
for the operations are read and written through the ports§whetion unit.

Since a single function unit may contain multiple operagidn addition to the normal
ports which are used to write input data and to read the sestithn operation, there
are two types of special ports: opcode ports and triggerartsp These special ports
are used to select, which operation is executed, and wheextwution is started. A
write to an opcode port always contains extra informatiarslecting the operation
to be executed and it also starts the execution of the sdlegteration. Writing to a
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triggering port starts an execution of the last selectedada. If a FU contains only
one operation, no opcode is needed.

2.1.4 Bus

Buses are used to transfer data between all the units. Eachdopalso contain guards,
which makes it possible to have conditionally executed ttatssports. The value of a
guard defines if the data transport through the bus is agteséicuted. For example, a
conditional jump can be implemented by writing a jump ogerathrough a bus which
is guarded. Guards are described in Section 3.1.4.

2.1.5 Socket

Sockets are the connection between buses and ports of lath connection to a
bus can be set or unset, depending how the data is transpustéd a processor. The
software of TTAs is basically instructions how the data is/ewinside a processor, in
other words the programming of the TTA processor is actulining socket connec-
tions for each clock cycle.

Since a single socket may be connected to many differensbiiss possible to read
a value from a port to many buses through one socket. Howentingva value from
many buses to one port is not possible.

2.1.6 Global Control Unit

The global control unit (GCU) is a special function unit thantrols instruction fetch-
ing and decoding. In each TTA processor, there is only one @@ldh controls all
socket connections and other functions that are hidden fraprogrammer. This
includes writing long immediates to immediate registerd selecting the guard that
used for each bus.

Since the GCU is responsible for instruction fetching, goatontains the program
counter, which is basically the only visible special prap@&f GCU for the program-
mer. Because of program counter, all the control flow openatilikejump, must be
in GCU.
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Data Memory Ugg:g:;
A
y y
LSuU GCU

' '

Figure 2. Processor Containing Two Address Spaces.
2.1.7 Program and Data Memories

TCE TTA has a separate program and data memories: a programnme accessed
by GCU and data memories are accessed from the function whiish contain mem-
ory operations. Figure 2 shows a simple processor configarathere is only GCU

and load/store unit, that contains operations for writind eeading the data memory.

A processor configuration contains address space defigjtwanich describe the char-
acteristics of the memories of a processor. The processbigure 2 contains two
address spaces, one for data and one for the program. Adgh@sss define the start-
ing and ending addresses of the memories and the numbersahhit are stored in
each memory address. This bit width is the minimum addréssatit (MAU).

2.2 Programming TCE TTA Processor

TTA processors are programmed by defining data transportgeba the ports of the
units. One data transport defines a connection from a sowrtehwough a bus to a
destination port. With a processor containing multipledsysa set of simultaneous
data transports in one clock cycle is an instruction of tleeessor. In addition to the
data transports, an instruction may contain also long imate@dssignments.

Instruction templates are definitions of what kind of daaé@&sports and long immediate
assignments can occur in one instruction. A processor cataicomany different

instruction templates. For example, a machine contairong 16-bit buses could use
the following templates; the first template requires fouadeansports and the second
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template requires two data transports in the first and thirsl dnd one 32-bit long
immediate assignment.

Often when data is read from a port or written to it, the transfeeds additional in-
formation to pass to a function unit or a register file. Thaaxtformation defines
the register number or the operation of the function unitciseased. Information is
transferred by passing an additional opcode for the sourdoadestination of data
transport.

The trigger port must not be written before all the other apds are ready for opera-
tion. For example, with substraction both operands mustiitgew in the same clock

cycle, through different buses or the operand that is nggéing must be written first

and after that the triggering operand.

Further information about the programming of TCE TTA tentglis found in [1] and
[4].

2.3 Compilation Source and Result Formats

When assembly code is compiled for a specific processor aoafign, the compiler
needs to know the characteristics of the processor. Thisrigéen of a processor
configuration is stored in an Architecture Definition FileQJB) [3]. ADF is an XML
file, which describes all the information, that is visible the programmer about the
processor. However, ADF does not describe implementatdbaild of the processor,
e.g., how the multiply operation of the processor is impleted in VHDL.

In addition to FUs, RFs, 1Us, sockets, and buses, ADF desstle address spaces and
instruction templates of a processor. The characteriatigslescribed in a such detail,

that it is possible to simulate the functionality of a praams based on the processor
description stored in ADF.

As illustrated in Figure 3, the compiler uses the Machinesotlodel (MOM) library
for reading ADF. MOM provides an object representation @ grocessor, which
makes accessing ADF resources easier. During compilatienassembler verifies,
that all the resources used in the assembly code are foun®©iMM

Figure 3 further shows that the compiler writes its outpu IoTA Program Exchange
Format (TPEF) [5] file, that is a binary file format for storialj the information about
a TTA program. TPEF Library provides an object model of TPHke compiler uses
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processor_configuration.adf

Machine Object Model

source_code.tceasm y compiled_binary.tpef

Assembly file TCE Assembler P TPEF Library —»

Figure 3. Sources and Results of Compilation.

i

the object model for accessing and creating a TPEF prograhvatier compilation,
TPEF Library writes its object hierarchy to a TPEF file.

Usually executable binary formats contains informatidee b code section, data sec-
tions, labels, relocations, and debug data about progremasldition to this TPEF also
contains the names of the ADF resources that are used bydgeapn and information
about the address spaces that the processor contains.

TPEF files are specific for one ADF only. For example, if TPEégoam is simulated
with a different ADF, that was used for generating the progréhe results will be
unexpected.



3. USING COMPILER

There are basically two different ways to use the assemlvhpder. For development
tool developers, there is a library that can be used, foairs, by an IDE to compile
assembly code without the need to call any external shefjrpros. The interface of
the compiler library is described in Chapter 4. For those white assembly code for
TCE TTA template processors, there is a command line irdenf@medceasm

Using the assembler is very straightforward, it reads AD# assembly files and out-
puts the result to a TPEF file. Furthermore, the compiler @agmnsive error checking
to find errors and suspicious areas in assembly code andtswtetailed information
about the problem.

Writing an assembly program fundamentally requires kndg#eof two things: the
architecture definitions of the processor, and the syntéxeodssembly language. The
architecture defines all the resources of the processorasuohses, registers, memory
areas, and the instruction set. The assembly syntax defimetlrefer to the machine
resources in assembly code and provides a way to define pnedoa the processor.

This chapter describes first the syntax of the assembly Egwin Section 3.1 and
continues by discussing the disambiguation rules of th&syin Section 3.2. Naming
requirements for ADF resources and special operationsnéneduced in Section 3.3
and the behavior of the command line interfaceasmis presented in Section 3.4.
Finally, the error messages of the compiler are listed ini&e8.5.

3.1 Syntax of Assembly Language

The compiler understands only a subset of the syntax destiib[4], because the
specification contains some additional features, whictevmat required for the first
version of the compiler. Complete grammar of the compil@tascribed in Appendix
B. The syntax is designed to be as user friendly as possilblegpecially in a way
that the program for one processor configuration can be neddiér a slightly dif-

ferent processor configuration with as few changes as gessithus the assembler
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FU.add.1 RF.1

sl.add s5.1

Ports and sockets are
explicitely defined for the
data transport.

Ports and sockets for the data
transport are resolved during the
compilation, thus it is possible to
change FU.add.1 binding to p1 without
modifications to the assembly code.

Figure 4. Two Different Ways How to Define Data Transport.

syntax does not define data transports by describing sookeiections to the buses,
but defines required data transports between units. Adrdliesl in Figure 4 this is

done by referring to actual resources, like the registetist@ operations of the units
and describing the source and destinations where datacshewkad from and where
it is transported to. This way it is possible, for instan@eatld ports to the units and
change the operation bindings of the ports of a processbowita need to modify the
assembly code.

This section first describes basic rules, how white spaceaminents are interpreted,
and continues by introducing the highest level of the stmgcof assembly code. Next
the common syntax definitions for the whole assembly codéeseribed, and finally
the syntax for writing the code section and the data sectiompresented. An example
of a program written for the compiler is listed in Appendix A.

3.1.1 Comments and Logical Lines

An assembly program listing consists of logical lines. Ekgical line is terminated
by a semicolon, and can contain extra white-space chasamt@mments to improve
readability. Therefore, each logical line may spread over or more physical lines
of an assembly file. Conversely, each physical line may comtaltiple logical lines.
Physical lines are actual text lines that are terminatednbsral of line character. The
ending character of physical line may differ on differerdtfdrms. A comment start
with a hash character and continues until the end of phyksneal The assembly syntax
does not contain block comments, that may spread over rteufifpysical lines.
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3.1.2 Section Header

In the highest level, assembly code is divided in sectiomsti8ns represent memory
areas of the program, and all the instructions and data luelve tlefined inside some
section. Even the command directives must be defined in @osedtowever, there
can be comment lines and white spaces before any sectiotitidefin

The assembler supports two different types of sectionse @ydl data. These sec-
tions differ by contents, the code area contain programunogons and data sections
contain data area definitions for a program. Unlike many ge@rmirpose processor
assemblers, the TCE assembler does not support shared ynlemoode and data, so
it is strictly forbidden to mix instructions and data defioits in the same section or
the address space.

A section start header adopts one of the following formats:

CODE [start-address];
DATA addr ess-space-nane [start-address];

The address-space-naniield defines to which address space a currently introduced
section belongs. A code section header does not need thegiara due to the fact
that TCE TTA template does not support multiple addressespéar code. The code
address space is defined unambiguously by the address dp@towhich defined

in ADF.

The start-addresdield is an optional unsigned value that may be given in a lgjrar
decimal, or a hexadecimal base. Its value defines the gaatidress of the section
in hand. If the parameter is omitted, the compiler calcgldke first unused address
of the address space and sets the section to start from thedssd This parameter
is hardly ever needed, since the compiler always knows thienapstarting address.
However, one case when the explicit address might be a geadsdvhen data should
be placed to start from a specific memory page of an address.spa

There are basically two restrictions how the starting askle of sections can be se-
lected:

1. Each new section must start from a higher address thaashaddress of previ-
ous section that was defined for the same address space.

2. There must be enough free addresses in the address sfmdbaifstart of the
section to hold all defined instructions or data areas of ¢leian.
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It is completely valid to write a program that contains onbtal sections or a code
section. It is sufficient that there is only one section in@gpam. There can be many
data sections concerning the same address space as whb. dfitiresses of the data
sections are explicitly defined, then the rules above musilmeved.

3.1.3 Common Behavior

The assembly syntax has common of representing constaatsgesnand command
directives. This section describes the main rules of whad kif label names can be
used in assembly code and all other syntax definitions tleanhat specific for each
section type, but apply to both the code section and datassct

Constant Literals

Constant literals are used where constant values, whialdiggldresses, are written in
a program. The most common cases of this are data areaimatiahs in data sections
and immediates in the code section.

The assembler supports three ways of presenting constangy, decimal, and hex-
adecimal forms. Binary literals start with prefix "0b", hebegimal with "0x" and
decimals without any prefix.

All binary, hexadecimal and positive decimal values arenmteted as unsigned inte-
gers. Only negative decimal values are handled as signezloiilly thing that differs
between signed and unsigned representation is the extgndinsigned values are
always zero-extended and negative decimals are signdeden

Table 1. Maximum Values of Constant Representations.

Literal Type Maximum Value

binary: 0b111112111112221112221112221111722111
signed decimal: -2147483648

unsigned decimal: 4294967295

hexadecimal: Oxffffffef

Because of the default implementations of the literal parséthe Spirit library, the
maximum value that can be given in one constant literal isi&2 Wwhich means that
these are the limits for different presentations. As Taldbdws the decimal represen-
tation has value range from -2147483648 to 4294967295 vd@ems to be more than
32 bits. This is possible, because of binary representafiansigned decimal overlaps
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partially with signed decimal representations. So acjubdine writes 4294967295 the
value has the same binary representation as 32-bit wide -1.

Allowed Names

Unlike the most assemblers, TCE Assembler is case senskitie one exception.
Operation names are case insensitive and can be writtee aséhdecides. Therefore,
all labels and references to processor resources likeifumanits, register files, and
ports, must be written exactly as their names are defined iR. AD

The allowed characters to use in names are letters, numbdraralerscore. Each
name must start with an underscore or a letter. The formaésentation of allowed
names with regular expression is: [a-zA-Z_][0-9a-zA-Z_KEDF also allows to use
colons in names, but the assembly syntax does not suppopilagprograms for an
ADF that uses colons in names.

Labels

Labels are special constants referring to memory addressgs constant values for
jumps or memory load operations must be given as labels. s abe used as aliases
for the referenced addresses. These aliases make themprogree readable and es-
pecially allow the assembler to differentiate memory adsineeferences from plain
constant values.

The ability to tell the difference between constants andeskks is essential for cre-
ating relocatable code [6], which can be placed to start fadineely selected address
in an address space. This is required, for instance, whetipleuseparately compiled

programs are loaded in memory for execution. The infornmatvbether the constant
values are addresses or not is also needed when the reapragage is generated
from a TPEF file.

The memory range, where a program can be loaded, depends andih of the ad-
dress field reserved for address constants. The width oéaddields is decided by the
size of the referenced address space of ADF. Therefordsledferencing to different
address spaces might have different bit widths. For exanifd@ ADF contains an
address space that starts from 0 and ends at 65535 thenféhences to this address
space are 16 bits wide. However, the field might be smaligr, i€an inline immediate
does not have enough bits for representing 16-bit values.
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Because labels are the only way to treat constant valuesdassses, all references to
addresses must be done with labels. Basically there areitfeoetht situations when
labels are used in a program: declarations and referenasdarfations can be added
before any instruction or data area declaration and areiriated with a colon. The
allowed format fodabel-names described in this section earlier.

Label declarations are introduced by the following format:

| abel -nanme: instruction or data area definition ;

Label names must be unique in the program. However, it igivtalihave multiple
labels referring to the same address, for example,

mai nStart:
| oopPoi nt :
| oopPoint -> gcu.junp.1 ; # infinite |oop

In this casemainStartandloopPointlabels refers to the same instruction address.
Label declarations for data addresses are written as irotlosving example:
dataStructl: DA 16;

When a program refers to a label, it is called an expressianaddition to a plain
label, an expression can contain an offset and a numeripeg¢sentation of the re-
ferred address. A numerical address is only additionakmédion that is verified to
be consistent with the address resolved by the compiler.

Expressions are defined by the following regular expression

| abel - nanme((+|-)unsigned-literal)?(=unsigned-literal)?

In the above regular expression, tinesigned-literafields are either binary, unsigned
decimal, or hexadecimal literal. Only thebel-namdield is obligatory. Therefore, the
offset and validation parts can be left out.

In the following list, there are some examples of expression condition thalabell
refers to in the address Oxb:
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| abel 1 -> gcu.junmp.l; # junps to address 11
| abel 1=0xb -> gcu.junmp.l; # junps to address 11
| abel 1+1 -> gcu.junmp.l; # junps to address 12
| abel 1+0x2 -> gcu.junmp.l; # junps to address 13
| abel 1+4=0xf -> gcu.junp.1l; # junps to address 15
| abel 1-0b1011=0 -> gcu.junp.1 ; # junps to address O

| abel 1+100=1 -> gcu.junp.1l; # conpiletine error

Command Directives

Command directives are instructions for the compiler, phog additional informa-
tion about the program. All directives begin with a colonldeled by the name of
the directive and are terminated by a semicolon. Howeverptirameters for each
directive are individual. Currently, the assembler supptwo directives:global and
procedure

Global declares a label to be globally visible. Global visibilityeans that a code or
data label can be used by other compilation modules. Thieaaéssible, for instance,
to compile library code and use it in other programs withonéad for recompilation.

The directive is followed by one mandatory parameter, wigdhe label name that is
made globally visible. The label that is set to be global ninestiefined in the same
assembly file where the global directive is set. The follgp@xample illustrates how
to use the directive:

. gl obal _enptyFunction ;

_enptyFunction: gcu.ra -> gcu.junp.1;
The proceduredirective defines the starting point of a new procedure aritheke a
name for the procedure. The procedure directive is follolbsedne parameter, which
defines the name. The format of valid names is described $nstéGtion earlier. In
practice, the procedure names are needed by programs totheaklebugging of as-
sembly code easier, apart from that a parallel program haveead for the procedure
information. It is possible to use the same name for a praeednd for a label in the
same program as shown in the following example:

. procedure nain ;

mai n:

gcu.ra -> gcu.junp.1 ;
Even though it is not necessary to have a label with the same @& a procedure, it
is very common also to have a label. The main reason for thisaisprocedure names
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cannot be used as jump addresses like labels.

3.1.4 Code Section

A code section contains all the instructions of a programe Whnole code section
consists of instructions and directives. Each logical ieénes either a directive or an
instruction. There can only be one code section in a prograhitastarts with a code
section header that is described in Section 3.1.2.

This section begins by describing how different machineueses of ADF are referred
to in assembly code, and continues by describing the syntaxdingle data transport
in a bus. Finally, the section describes the whole syntarsifuctions.

General-Purpose Register

General-purpose registers (GPR) are the registers ofteedies in an ADF. In the

assembly syntax, general-purpose registers are refevredh a register file name,
a register number, and optionally with a port that should sedufor accessing the
register file. General-purpose registers are referred todjollowing format:

reg-file-nane[.port-nane].index

The reg-file-namefield describes the name of the register file whose registeafis
erenced. Théndexfield is a positive decimal value, indicating which registéthe
register file is referenced to. Tip®rt-namefield is an optional parameter, if a specific
port is explicitly wanted to select for accessing the reyifite.

Long Immediate and Immediate Unit Register

Long immediates are immediates which are first assigneddgiater of an immediate
unit and then referred in assembly code with the same syh&#tx@GPRs. The main
difference between the registers of an immediate unit agidtess of a register file is
that registers of an immediate unit can only be read in codéng is not allowed.

Assignment of a long immediate register is defined by thewalhg syntax:

[i nm uni t - name. i ndex=expr essi on- or - const ant ]
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The imm-unit-namédfield defines the name of the immediate unit where to value is
written. Theindexfield defines the index of the register, that is used for stptire
long immediate value. Thexpression-or-constatiield is the value for an immediate
and it can be either a plain constant literal or an expressibrich are described in
Section 3.1.3.

Function Unit Port

There are three ways to refer to function unit ports in codem&imes the type of
reference depends on situation but mostly it is up to thetosdcide which alternative
is used. All three possibilities can be expressed by thewetg formats:

f u- nane. port|[. opcode]
f u- nane. oper ati on. oper and-i ndex

In the first syntax variant, thii-nameand port fields are the names of the function
unit and the port to be accessed. Tdprodefield is an optional part that is needed
only when a port which triggers the operation is written. Dpeodefield is the name
of the operation to be executed.

In TCE, operations are defined to have a certain numbers of amul output operands.
These operands have indices that can be used to refer thdinedrare bound to the
real ports of function units in ADF. This makes it possibleus® a consistent way to
refer the same operations, which are located in differemttion units with different
port bindings.

In the second syntax variant, there are three mandatorg pad it always contains
information about the operation in addition to accessetl pothis syntax variant, the
fu-namdfield is the name of the function unit and tbperationfield is the name of the
operation whose operand is accessed. dperand-indeXield is the index of operand
that is accessed. For example, for additail. 1is the first input operanddd.2is the
second input operand aradid.3is the result output operand. The compiler resolves
the real function unit ports that are used for accessing pleeamds.

For instance, say that there isdav operation in two function unit$;Ul andFU2. In
FU1, the operands are bound to the pdPtsandP3, and inFU2, the operands are
bound to the port®3 andP4. Now with the second syntax varialalw operation of
both function units can be accessed the same way insteadtaeferences as shown
in Table 2.
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Table 2. Equivalent Function Unit References With Both Syntax Viisia
Syntax Variant 1 Syntax Variant 2

FUL1.P1.ldw FUL.ldw.1
FU1.P3.ldw FU1.ldw.2
FU2.P3.ldw FU2.ldw.1
FU2.P4.ldw FU2.ldw.2

All the different types of function unit references are shawthe following example:

gcu.junp.1
al u. p3
al u. p3. add

Move

A move is the fundamental element of TTA code. It defines onta tlansport through
a bus. A move consists of three parameter fields: sourcendgsh, and guard. A
move is defined by the following format:

[ guard] source -> destination

The two mandatory parts of the move are soeirceanddestinatiorfields. Thesource
field defines where data is read from and it can be either a gleperpose register, a
function unit port, a long immediate register or an inlinenediate. Thelestination
field defines where data is written to. In contrast to sbercefield, thedestination
field can only be a general purpose register or a functionpantt

Inline immediates are constant values which are encodadkiise source field of the
move. Therefore, these values are fetched along with ictstns from the instruction
memory.

An inline immediate can be given as a literal or an expressibhe maximum bit
width of an inline immediate is defined by the width of an ielimmediate field of
the bus that is used for the data transport. Extending thesvtal the size of an inline
immediate field of a bus is done by the literal extending ralescribed in Section
3.1.3. Table 3 shows examples of moves moving inline immesi# a register.

Each move can be conditional agdard defines if the move is really executed. If the
value ofguardis non-zero it means that the guarded move will be executedth®
contrary if the value ofjuardis zero, then the guarded move is just omitted and the
data transport is not done.
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Table 3.Examples of Moves Containing Inline Immediates.
Move Description
1 ->RF1 Decimal literal.
Obl ->RF.1 Binary literal.
-1 ->RF.1 Signed decimal literal.
label+4 ->RF.1 Label expression.

Guard is always prefixed with either a question mark (?) or an exalaon mark
(). Whenguardis prefixed with question mark it means that the valugoéard is
interpreted as was described in the previous paragraphhéother hand, wheguard
is prefixed by exclamation mark it means that the valuguardis inverted before the
execution decision, which means that the guarded move u&e only if the value
of guardis zero.

Guardcan either be a general-purpose register or a function onireference. When
a register is read from the guard field of a move, onlyrdgefile-name.indegyntax

is allowed. Ifguardis a function unit port reference, the only allowed syntafes
referring to the porguard arefu-name.porandfu-name.operation.operand-index

Restrictions to syntax, hoguard can be referred to, come from the special way, how
the GCU receives the value of a guard port or a guard regiStee. value of guard
register is not read through any port of the register file gocbde information of a
guard port is never passed to the GCU.

For obtaining the value of a guarded register or a guardet] pGE TTA processors
have a hard wired connection between the register or thegmortthe GCU, which
actually decides if the data transport is executed. Eachrb@BF has a static set of
guards defined for them. Therefore, only those registers and ifumceinit ports can
be used as guards, which are explicitly defined for the bus that is used forda&a

transport.

For instance, in case where simple C-code is translated Ebag&Sembly:

# condVar ? (addQperl = 0) : (addOperl = 10);

_condvar -> lsu.ldg.1, ... ; # load value fromnenory

?lsu.1dg.2 0 -> alu.add. 1, !lsu.ldg.2 10 -> alu.add. 1 ;
In the example, the value stored at addressndVaris loaded, from memory and it
is used as guard for selecting the constant for the addition. Because allgterds
which can be used for a conditional execution have to be dkfmADF, thelsu.ldg.2
port has to be defined for the bus one and an invdsiettq.2port for bus two.
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Instruction

An instruction defines the moves through each bus and albtiggilmmediate assign-

ments to immediate units for one clock cycle. An instructtam also contain labels,

for instance, to indicate jump destinations in code. Irttom templates are defined in
ADF and they describe all the combinations of the long immaedassignments and the
moves that may occur in a single instruction. Essentiatlstruction templates define
all the possible formats of an instruction. Instruction pdates are explained in more
detail in Section 2.2.

In assembly syntax, buses are represented by move sloth di@occan define one
move. All the move slots of an instruction must be in the samaeothat buses are
introduced in ADF. In other words, the first move slot of artinstion defines the move
for the first bus of ADF and the second move slot defines the rfuswle second bus.
All the move slots are separated with commas.

Long immediate transports are defined after all the move siothe instruction. Each
long immediate assignment is defined inside square brackets

A semicolon ends the instruction and the syntax for an icsitva is defined as follows:

nove, nmove, nove [long inmediate] [long i nediate] ;

However the precise format of an instruction depends onrk#uction templates
available in ADF. For example, it is possible that some of nh@ve slots may not
contain anything else but empty moves if a certain long imategssignment is done,
or there might be no long immediate assignments at all.

If some of the move slots are not occupied in an instructioosé slots can be marked

to be empty with a special empty move that is represented &ystiting "...". For

example, a completely empty instruction for a machine dairtg three buses would
look like this:

ey euey ... # conpletely enpty instruction

However there is also an alternative way for writing an empstruction. Special
syntax ". . ." means that all the buses of an instruction arerspty.

.; # conpletely enpty instruction

All the move slots that are left unused at the end of instouncéire set to be empty. Say,
if we again have ADF with three buses then
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., nhove ;|
is equivalent to
., nhove, ... ;

Labels for an instruction are declared before the move.sldis address for the label
refers to the next instruction that is found in the code. Tymax for labels is described
in more detail in Section 3.1.3.

3.1.5 Data Sections

Data sections define all the data memory used by the programilaSto the code
sections, which consist of instructions, data sectionsisbiof data area definitions.
Each data section is specific to one address space, theadlfthre data area definitions
in one data section belong to the same address space. Hotmrercan be multiple
data sections concerning the same address space.

For instance, in the case when there are two data addressdps&Space AnddataS-
pacez the following example shows how data area definitions welldsganized to
different address spaces.

DATA dat aSpacel ;
# data areas defined here go to nmenory of dataSpacel

DATA dat aSpace?2 ;
# data areas defined here go to nenory of dataSpace2

DATA dat aSpace 1 ;

# data areas defined here are placed to dataSpacel
# menory to addresses that are after the first

# dat aSpacel definitions.

There are basically two rules how data is placed in addressesp
1. Each data area definition of the same address space isedsma higher ad-
dress after the previous data area definition of the samsect

2. Each data section must start from a higher address thaadtiress where the
last section of the same address space ended.
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Data Area Definitions

Data area definitions reserve contiguous blocks of memany fa specific address
space. Each data area definition consists of the size of anezn s reserved and

optionally the initialization values for the data. There@so be labels before each
data area definition. The use of labels is described in Se8tib.3 and data areas are
defined with the following syntax:

DA nunmber-of -MAUs [init-data init-data ...]

Thenumber-of-MAUSdield describes the number of MAUs that are allocated from the
address space. The only way to ensure that reserved datatigumus is to reserve

it with one data area definition. If two separate data areanitiefis are written one
after another, the assembler does not guarantee that thaats are reserved from
contiguous addresses, e.g., the compiler might align elbtita areas to start at word
boundaries.

The init-data fields are optional parameters, which describe if the areaitialized
with some values. If there is nnit-dataparameters, then the data area is uninitialized,
which does not increase the size of the created binary. ietheeinit-data fields, it
means that there is an initialization value for all the MAUglte defined data area
definition.

Theinit-data field consists of two partsizeandvalue Thesizefield describes how
many MAUSs the user wants to reserve for the vaMalueis the value that is written
to those MAUSs. Thenit-datafield is defined with the following syntax:

[ size:]val ue

Thesizefield is an optional parameter andsitzeis not defined, the compiler calculates
the smallest MAU count for storing the value. TWeuefield can be either a literal or
an expression referring to some label, which are describegdtion 3.1.3. Because
of the restricted size of the literals, the maximum valuedpeinit-data field is 32
bits. However, thesizefield can be greater than 32 bits, for example, 8:-1 will areat
8 MAUs wide -1 to data area. Figure 5 shows three differera da¢a definitions and
how they are interpreted in a data address space whose MA i8i8 bits.

In the first data definition of Figure 5, all the seven MAUs o tihata area definition
are initialized. The definition contains two initializatidields, first field initializes 4
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DATA data_nenory ;
DA 7 4:0x10 3:12 ; # initialized data area with MAUs:
# 0x00 Ox00 Ox00 0x10 O0x00 0Ox00 0xOc

DA 8 ; # 8 MAUs of uninitialized data

DA 5 Oxfff ; # initialized data area:
# OxO0f Oxff Ox00 Ox00 0x00

Figure 5. Examples of Different Data Area Initializations.

MAUSs to the value 0x10. Because the processor architecsulbggiendian the most
significant byte is the leftmost byte of data area and thet lgigsificant byte is the
rightmost byte of the value. The second initialization dié#d initializes the last 3
MAUSs of a data area with the decimal value 12.

In the second data definition, simply 8 MAUs of uninitializedta are reserved. Be-
cause the MAUs are in the same address space that the firstidefithese 8 MAUs
will be placed to higher addresses than the first 7 MAUs. Hardahe compiler does
not guarantee that the second definition starts straigéit st MAU of the previous
definition.

The third data definition defines 5 MAUSs of initialized dataherfe is only one ini-
tialization data field, which has no field size. In this cake, dompiler calculates the
minimum MAU count for storing the value, which is 2 MAUs forfifx The remaining
3 MAUSs of the data area are initialized with zeroes.

As shown in Figure 6, each initialization value is sliced todequences that are as
wide as the MAU width of the address space. Parts are pladéd\iss of the address
space, so that the least significant bit of the value is in iletmost bit of the last
MAU of the initialization field of the data area. If the leftsidVAU of the value is not
entirely filled with bits of the value, then the value widtheistended to be a multiple
of MAU. Figure 6 further shows that each separaiedata field is placed one after
another to the data area. If thet-datavalue is wider than theizethat is reserved for

DA 8 3:-15 3:10; # MAU width in current address space is 4 bits.

MAU1 MAU2  MAU3  MAU4 MAU5 MAU6 MAU7  MAUS

Written bits| 1111 ‘ 1110 ‘ 1111 | 0000 | 0000 | 1010 | 0000 ‘ 0000
P . . Last MAUs of DA

Init field 3 .- 1 5 3 . 1 0 in?!sialized foozerc e

Figure 6. Data Area Definition Written to Memory.
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it or if all init-datafields together are wider than the data area width, then an isrr
emitted.

3.2 Disambiguity Rules

When a grammar has many alternatives to parse one stringtdhemar is ambiguous
[6]. Disamiguity rules are used for resolving such casesFAlBfines the names for
all the processor resources and it has very loose namingctests. Therefore, it is

perfectly valid, e.g., to have a register file, a functiontuand an immediate unit with
the same name.

This causes problems in cases where the assembly syntaxhdbspecify whether
the referred machine resource is a function unit or a regfgee Especially if an
immediate unit and a register file have the same name, thenrnipossible for the
compiler to know which one the user wants to use. In this dagecompiler always
selects the general-purpose register to use. The best veapitth these problems is to
not to use the same name for different units of the processor.

However, in most cases the type of resource can be resoleeddyntax. Therefore,
conflicting resource names do not always create problentedazompiler. In addition

to immediate units and register files, there is another cdsmnwhe compiler cannot
know which processor resource was referred to in the codeth®ee is a function unit
and a register file namédnit_name/ the function unit has an operation nanfadd"
and a register file contains a port by natadd". Now the compiler cannot know what
user meant withunit_name.add.1"In this case, the string is always interpret to be a
register of a register file. If the function unit is referrex) anit_name.P1.addyntax
variation must be used, whelPd is the name of the function unit port that is bound for
add.loperand.

3.3 External Requirements

The assembly syntax uses the colon as a syntactic char@loeefore, resource names
or operation names in ADF cannot use this character in tlagiras. There is also the
recommended naming policy for ADF resources to prevent &wealrior the disambi-
guity rules described in Section 3.2. The naming policymnspde:

e Different units of the ADF should never have the same names.
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The compiler further requires that the instruction addgsace is selected for the
global control unit. Even if there is no program section iseamsbly code, the space
must be defined in ADF. Also instruction templates for all theve and long immedi-
ate assignment combinations that are used in the programb@auefined.

3.4 Command Line Interface

The command line interface of the compiler requires two naéony parameters and
optional switches. The required parameters are the asgarobe file and the archi-
tecture definition file of the target processor. Usage of tiraroand line interface is
described by the following format:

tceasm[options] adf-file assenbler-file

By default the command line interface writes the result ahpdation to the same
directory, where the assembly source is. The output file methsimilarly to the

source file, except the extension of the file name is replacéd" wpef". If the source

file does not have any extension, then extension is just atd#e end of the name.
For instance, "file.tceasm" and "file" would result "file ftpeutput file.

There are two optional switches that can be passed to theilevmp

-0 file-name Override the output file nane.
-q Do not out put anything unless an error
is encountered during the conpilation.

When compilation is successful without any warnings ormrtbe command line in-
terface does not output any information about the compitatilf an error occurred
during the compilation, the following type of an error megesés printed out:

Error while conpiling file: menorywormtceasm
Error inline 31: RF.O0 -> SU.stqg.1, 0 -> LSU.stq. 2 ;
Message: Can’'t find connection for wite-fu term SU stqg.1

The first and the second lines indicate the file name, the lumab®r and the line
contents, where the error occurred. The last line is the enessage. In this case,
there is no function unit by name "SU".
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3.5 Error and Warning Messages

When the compiler detects problems during compilationutpats either an error or
a warning message. Warnings are emitted, when a suspicastissgrecognized in
the source code, but the compiler can continue with the clatigm. When a warning
occurs, the compilation continues as if nothing had hapgesad just logs the type of
the warning and the line number where the warning was enecesht Errors stop the
compilation at once. Usually, an error is emitted when ther trées to use a processor
resource that does not exist or when the user tries to credagaaransport between
resources that are not connected in the processor.

3.5.1 Warnings

The following list introduces all the warning messages axjlans possible reasons
what is wrong with the processor or with the program.

Move destination: destination-stringis already written in current instruction.

This warning is emitted when there are definitely two valueigten to the same des-
tination resource in the same instruction. This is set to g a warning to make
sure that possible false detection does not halt compilafibe solution to resolve the
warning is to check if there is the same destination usedarethoneous instruction
twice.

Bus width is smaller that source.

The bit width of the source port is wider than the bus that edus transport the data.
If it does not make a difference, that the most significarg are lost from the value,
the warning can be safely ignored. Otherwise the width obtieeshould be increased
or the data transport must be done through another bus.

Source is wider than destination.

The bit width of the source port, where data is read from isawttian the bit width of

the destination port. If it does not make a difference, thatrhost significant bits are
lost from the value, the warning can be safely ignored. Qilsarthe width of the bus
should be increased or the data transport must be done themajher bus.

Selected different port for move that was given by user.

The user has defined, the port of the register file, that shioelldsed for reading or
writing the register, but the compiler chose different pdttis is not serious warning,



3. Using Compiler 28

since the port that is used for accessing a register file isurogntly stored in TPEF file
and the information about the preferred port is lost afteradbmpilation. The warning
can be solved by removing the explicit port definition frore #rroneous move or by
selecting the same port that is selected by the compiler.

3.5.2 Errors

The following list describes all the error messages andiplesseasons what is wrong
with the code or with the processor.

Syntax error.

Code cannot be parsed. Check the line where the syntax ea®found and verify
that all semicolons and commas are written properly. Chkekthere is no illegal
characters in the resource or label names. Check also thia¢ alata definitions are in
the data sections and all the instructions in the code sectio

Long immediate destination must be immediate unit.

The destination of the erroneous long immediate assignmett an 1U. Check that
you have specified the correct destination unit and veltifgt it is specified to be an
immediate unit in ADF.

Too many bus slots used.

The erroneous instruction contains more moves than theepsoc contains buses.
Check that there are as many moves in instruction as busegfmed in ADF.

Can't find value for label: label-name

The label that is referred to in the code is not declared.€Eideclaration has not been
done or there is misspelling in the label reference.

Can’t find address space for label:label-name

This is an internal compiler error. If, the compiler is wargicorrectly this should
never occur.

Multiply defined label: label-name
The label name is declared multiple times in the program.
Can't find label: label-name

This is an internal compiler error. The label is not foundidgithe recovery from an
error. This should never happen if the compiler works cdlyec
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Can't set label to be global.label-nameis undefined.

The label that should be set to be global, wiglhobal directive is not declared in
the program. There can be misspelling either in:tyiebal directive or in the label
declaration.

Invalid procedure declaration: procedure-name

The:proceduredirective is used at the end of the code section after thénsstiction.
The error is solved by removing the erroneous procedurecsn.

Can’t find destination section for address:addres<f address spaceaspace-name

This is an internal compiler error. This should never hapiehe compiler works
correctly.

Can't find code address space.

The address space of GCU is not set in ADF. Error can be solyetbtining a code
address space to ADF and by setting the GCU of the processgeti.

ADF doesn’t contain address spaceaspace-name

The address space that was requested was not found in ADdtbRdbke address space
name in a data section header declaration is misspelled.

Method can’t be used for getting code address space.

The user tried to declare a data section in the code addrass.sjif ADF does not
contain a separate data address space, it needs to be deftheltithe data should be
stored there.

Can't find operand: operationindex

The operationdoes not contain operand for the requestetex Check how many
operands are bound for the operation from ADF.

Can't find operation: operation-name

The function unit does not contain operation for the reqeobsperation-name Add
operation to the function unit or check if another functionticontains the requested
operation.

Can't find connection for request-typgerm: unit

Request-types "guard”, "read" or "write". Depending on the request tyfpie means
that there is no connection between buses and the used cesmuthere is no guard
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specified for the used bus. Check that the needed guards fareddfor the bus and
that the referred resources have suitable sockets for ergdhe data transport.

Not enough registers in register file.

The user tried to read or write a register index that is bigigeen the number of registers
in register file. The error can be solved, for instance, byiraglthore registers to the
register file or by using some other register.

Can't find function unit from machine: fu-name

Thefu.port.opcodeeference was used to reference some function unit namevésat
not found in the ADF. Probably there is misspelling in the eawhthe function unit.
Unit names are case-sensitive and they have to be be wntsetlgas they are defined
in ADF.

Can't find port: port-name

Thefu.port.opcodeeference was used to refer to a port name that is not fourttein t
function unit. Check the port names of the function unit g thee other less restrictive
syntax variant for a function unit reference.

Operation operation-namds not bound to port: port-name

The operation does not have any operands which are boune &@tiessed port. Check
that there is an operation binding defined betweperation-namend theport-name
port in the function unit.

Operation operation-names not found in fu: fu-name

The requested operation is not found in the function unitd Ate operation to the
function unit or try to use another function unit containthg requested operation.

Defined expression valuedefined-valug¢ does not match with resolved fesolved-
value) value.

The resolved-valueof an expression does not match with the explicitely defined
defined-valuelf there is no need to check that the label references toafgpaddress,
the explicit address check should be removed. Otherwisedtie must be reshaped in
a way that the label value will be correct.

Can't start data section from address:invalid-addresdirst unused address in ad-
dress spacevalid-address

There is explicit start address defined for a data sectidrthieuprevious data section
of the address space has already used the requested stadsadd it is possible to
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change the place of the fixed data area then the fixed datarsstiuld be set to start
from valid-address Otherwise the previous data section should be moved oapesh
to not overlap with the other data section.

Init field contains too long value. Reserved MAUsinit-field-width Needed MAUSs:
init-value-width

Initialization value of a init data field is bigger than thddisize for the value. Check
that the MAU width of the address space is correct and thatgtually have reserved
enough MAUSs for the initialization value.

Data line contains too much init data. Reserved MAUs:data-line-widthNeeded
MAUS: init-data-width

The erroneous data area definition contains more initidizadata that is reserved.
Check that MAU width for the address space is correct in AD# anfix the data area
definition.



4. IMPLEMENTATION

At the highest level, the assembler is divided in two patte:dommand line client and
the compiler. This chapter focuses on the compiler part efdisign and leaves out
the trivial implementation of the command line client.

The module design of the compiler is introduced in Sectidn Next, the compila-
tion process is described in Section 4.2. Then the exteimalries are introduced in
Section 4.3 and finally the maintenance of the compiler isudised in Section 4.4.

4.1 Module Design

As illustrated in Figure 7, the compiler is divided in six nubels: Assembler, Assem-
blerParser, CodeSectionCreator, DataSectionCreatachiM@ResourceManager and
LabelManager.

The compiler is designed to be modular so that access torelitfeesources is as
restricted as possible. Thereby the use of external lésas limited to one module
per library with the exception of TPEF library. However, TRPlibrary access is limited
as well, each module has only certain area in TPEF that tleegllawed to use directly.
Table 4 describes the fundamental responsibilities of ezmthule.

::IE Assembler

ADF

LabelManager E MachineResourceManager
—
AssemblerParser DataSectionCreator
—

CodeSectionCreator :lill;l TPEF Library %
=

TPEF file

Figure 7. Modules of Compiler.
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The modules are introduced in order of dependence. The mdspéndent classes,
used by all the other modules are introduced first. In the #redclient interface for
the compiler library is described.

4.1.1 Parser Structures

The parser structures are used to store the parsed assamdtgm before the entire
assembly code is interpreted by the compiler. The strustame hierarchical as shown
in Figures 8-11. Each parser structure might contain ialgrother parser structures,
for instance, RegisterTerm consists of FUTerm, BusTermiagkex Term and addition-

ally RegisterTerm contains information about the field otracure, that is actually

used.

Each structure class contains only public attributes anebag method for outputting
the data of a structure in a textual format. There are no 8pseitter or getter methods
in order to make the structures more compatible with difiegarser libraries. For
the same reason, dynamic binding is not used. Parsed tokerjasi copied to a
suitable field of the destination structure and the type efdbstination structure is set
to correspond with the copied data.

For example, when RegisterTerm is used to contain FUTeran tanted FUTerm
is copied to thefuTermattribute of RegisterTerm and thgpe attribute is set to be
FUNCTION_UNIT

Table 4.Designed Functionality of Modules.

Module Designed functionality

Assembler The client interface of the compiler library.

AssemblerParser Parses the assembly code and wraps aibiie c
specific for the Spirit library.

DataSectionCreator Stores an internal representatidrealdta sections
and creates the data sections to TPEF.

CodeSectionCreator Stores an internal representatidreafdde section
and creates the code section to TPEF.

LabelManager Stores the relocations and the labels, aatesre

the symbol and the relocation sections to TPEF.
MachineResourceManager Access ADF through the MOM libaziy

creates corresponding resources to TPEF.

Writes all the other needed sections to TPEF.
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All parser structures are described in order of dependehuas,the most independent
structures, which represent the simplest tokens of therasigesyntax are introduced
first. In the end, ParserMove and DataLine structures areritéesl, which represent a
move of an instruction and a data area definition of a dataosect

BusTerm

ADF allows two buses to contain bridges between them. Thd@®&us structure con-
tains a reference to the previous or the next bus, so the waloeone bus can be
read to another. However, this structure is now only for titare implementation to
support bridges between buses.

FUTerm

The structure stores the parsed information of the syntaamal of the function
unit port reference, which is described in Section 3.1.4.Téfth consists of three
string attributespartl, part2 andpart3, and of one boolean attribupart3Used that
indicates if thepart3 attribute of the structure is used.

The partl attribute stores the name of the referred function,phe?2 attribute stores
the name of the referred port and the optigueait3 attribute stores the operation name
of a reference.

IndexTerm

IndexTerm stores the parsed information of the syntax mafaof the function unit
port reference, a general purpose register reference argaimomediate register ref-
erence, which all are described in Section 3.1.4. The streaonsists of two string
attributes: partl and part2, of one unsignedndex attribute, and of one boolean at-
tribute part2Usedwhich indicates, if thgart2 attribute is used.

In case of a function unit reference, thartl attribute stores the name of a function
unit, thepart2 attribute stores the name of the operation andridexfield stores the
operand number. Because the syntax variant 2 of a functibpart reference requires
the operation name to exists, thart2Usedattribute is always set.

If a register file or an immediate unit is accesgaaktl stores the name of the referred
unit. Thepart2 attribute stores the name of the referred port if it is defimethe
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RegisterTerm
+type

1 T1 1

BusTerm IndexTerm FUTerm

+ prev + part2Used + part3Used
+partt + part1
+ part2 + part2
+index + part3

Figure 8. RegisterTerm Structure.

assembly code. However, it is very exceptional to define & pame for a register
references. Thpart2Useds used to indicate if thpart2 attribute contains valid data.
Theindexattribute stores the index of the register that is accessed.

RegisterTerm

The RegisterTerm structure, illustrated in Figure 8 repmés any type of a port or a
register reference. The structure consists oftyipe busTermfuTermandindexTerm
attributes. In addition to thiypeattribute, only one of thbusTermfuTermor index-
Termattributes is valid at the time. Thgpedefines, which type of value is currently
stored in the structure.

Expression

Expression represents an expression of the assembly syegaxbed in Section 3.1.3.
The structure shown in Figure 9 consists of khaleel, hasOffsetisMinus offset has-
Valueandvalueattributes.

Thelabel attribute stores the name of the label, whose value is usttkdsase value
for calculating the resolved value of an expression. hagOffsetisMinusandoffset
attributes define if there is an offset defined to the refelabdl.

ThehasValueandvalueattributes define, if there is a resolved value set for thees¢p
sion. This value can be given in assembly code or otherwisa@solved and set by
the compiler.
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LiteralOrExpression
+ isExpression

+ value

+ isSigned

1
Expression
+ label

+ hasValue
+ value

+ hasOffset
+isMinus
+ offset

Figure 9. LiteralOrExpression Structure.
LiteralOrExpression

LiteralOrExpression shown in Figure 9 is used to store eibxgression or a con-
stant value. The structure consists of islexpressionexpressionvalug andisSigned
attributes. ThésExpressiorattribute defines if the structure is used to store an Expres-
sion or a constant value. ThalueandisSignedields define the value and information
about how it should be interpreted when it is written to a daganory or to an imme-
diate.

ParserSource

The ParserSource structure is used to store the source fii@lchove of the assembly
syntax described in Section 3.1.4. It can contain eithergadRea Term or LiteralOrEx-
pression, which are the only possible sources of a move.

The structure consists of theRegisterregTerm andimmTermattributes. ThesReg-
ister is boolean attribute which defines if ParserSource storesdlOrExpression or
RegisterTerm. TheegTermandimmTermattributes are used to store the data of the
corresponding RegisterTerm and LiteralOrExpressiorcsiras.

ParserGuard

ParserGuard is used to store the guard field of a move of tleendbg syntax. The
structure shown if Figure 10 consists of tis&uarded isinverted andregTermat-
tributes.

The isGuardedand isInverted attributes are boolean attributes, which define if the
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ParserMove

+ type
+guard destination
+source
1 1 1

ParserSource RegisterTerm
+ isRegister + type

ParserGuard
+isGuarded
+islnverted

! SN\,

RegisterTerm LiteralOrExpression RegisterTerm
+ type + isExpression + type

+ value

+ isSigned

Figure 10. ParserMove Structure.

structure is used at all and how the value of a guard is inegedr TheegTermattribute
is a RegisterTerm that defines the port or a register thaied as a guard.

ParserMove

The ParserMove structure presented in Figure 10 repreaants/e or a long imme-
diate assignment of the assembly syntax, which are descnib8ection 3.1.4. The
structure consists of thgpe isBegin guard, source destinationandasmLineNumber
attributes.

Thetypeattribute defines if the structure is used to store an emptyensnormal move
or a long immediate assignment. Tis8eginattribute defines if the structure starts a
new instruction in assembly code. Thaard, source anddestinationattributes are
used to store the corresponding fields of a move.

The guard andsourceattributes are stored as a ParserGuard and ParserSowrce str
tures, but thelestinatiorattribute is a plain RegisterTerm, because the destin&élmh

of a move can be only a port or a register. TdsmLineNumbefield is an unsigned
value which stores the line number of the assembly code wihereurrent move is
placed. This field is used to resolve an error line numbethefdompilation is not
successful.

InitDataField

InitDataField represents a single init data field of a dataatefinition described in
Section 3.1.5. The structure consists of Width andlitOrExpr attributes. Thevidth
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DatalLine
+ dataSpace
+ width
+ labels

0.*
InitDataField
+ width

L

LiteralOrExpression
+ isExpression

+ value

+isSigned

Figure 11. Dataline Structure.

attribute defines the number of MAUs that are used for stahiegvalue stored in the
litOrExpr attribute.

DatalLine

The DataLine structure shown in Figure 11 stores the inftionaf a data area defini-
tion of the assembly syntax. The structure consists ofuloéh, dataSpaceinitData,
labels andasmLineNumbeattributes.

Thewidth attribute defines the number of MAUs that are defined by thetire and
the dataSpacattribute defines the name of the address space to which thebda
longs. ThenitData attribute stores a table of InitDataField structures. Hffisbute is
also used to determine whether the DatalLine structure icenda uninitialized or an
initialized data area definition. If thaitDatatable is empty then all the MAUs defined
by thewidth attribute are uninitialized data, otherwise the MAUs aiigahzed. The
labelsattribute is a table of all the names of the labels, that actaded for the current
DataLine structure.

4.1.2 MachineResourceManager

The MachineResourceManager module consists of a singie ttat is used to get
various resources needed by the other modules. It is refgp@rier retrieving data
from ADF and for creating corresponding resources to TPE&dMe also provides
TPEF objects for other modules to use. The sections of TPEEhWMachineRe-
sourceManager creates and manages are NullSection, &atign, ResourceSection
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and ASpaceSection.

When a resource is requested from MachineResourceManagdjest checks if the
same resource is already retrieved earlier. If it is the filme when the resource
is requested, the module finds the resource from ADF andegeatorresponding
resource to TPEF. The module also adds the created resauaceaiche, so the next
time when the resource is requested MachineResourceMeaalagedy knows that the
resource is added earlier to TPEF and request was valid efidrerthe resource does
not even have to be verified again.

An ADF resource request defines a resource which is wantegltetbeved, a bus that
is used for the access and the direction if the resource dsaewritten. For instance,
if a function unit port write is requested, the module chettied the bus and the port
are connected and it also verifies, that the connection maysed for writing. If an
invalid request is made, the module throws an exceptionaviterror message and the
error line number where in the code the error occurred.

4.1.3 LabelManager

LabelManager is responsible for storing all the informatad the labels and the re-

locations in the program. CodeSectionCreator and Dataf®é€irieator add labels and

relocations to this manager. After the labels and theirlvesbvalues have been added,
the other modules can request the information of the labels.

The LabelManager module is used in two phases in the congpilah the first phase
all the information of labels, relocations and procedunes added. In the second
phase thdinalize()method is called and the data is written to TPEF sections #nd a
the internal data of the LabelManager module is cleared.

Before the execution of thignalize()method, all the referred instructions and the data
must exists in TPEF. In other words, the LabelManager modake to be the last
module that is finalized. If the finalizing is tried to do bedaall the other required
resources are written to TPEF, the method throws an exceptid restores the state
of the module to the same as it was before the failed functdin c

4.1.4 DataSectionCreator

DataSectionCreator stores the DataLine objects and agmithhem to TPEF data sec-
tions. The module works in two phases: in the first phase, Dataobjects are added
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to the module and, in the second phase, the module resolasattt addresses for the
data definitions and adds resolved addresses of the data takihe LabelManager
module. In the second phase, the data sections are createdided to TPEF.

The second phase is started by executinditiedize()method, when the module ver-
ifies, that all the DatalLine objects are valid and they canlaeea in TPEF data sec-
tions. In this phase, all the code labels have to exists irLHi®IManager module.
After a successful execution of the second phase, all treestated in the module is
cleared. If there is an error during the finalization, an exiom is thrown, and the state
of the module is restored to be the same as it was before tbd fanction call.

4.1.5 CodeSectionCreator

CodeSectionCreator stores the ParserMove objects andipegahem to instructions
and finally generates the TPEF data section out of them. Ag ofdabe modules,
the functionality of CodeSectionCreator is divided in twapes. In the first phase,
ParserMoves are stored to the module and immediately ctigblatthey are valid as
far as possible.

The second phase is started by executingfiin@ize() method, like with the other
modules with two stages. The finalizing creates the codéoseict TPEF and resolves
all expressions that are stored in the immediates in code €kpression resolving
requires that the addresses for all the labels are alreadivesl, therefore it is required
that the DataSectionCreator module is finalized before GedgonCreator. If the
execution of the second phase fails, an exception is throwrttee module is restored
to the same state that it was before the failed function call.

The addresses of the code label declarations are knowrdglvézen the ParserMove
objects are stored in the modules, because of this all the ledels are already added
and resolved straight after the parsing. Therefore thereigseed to resolve code
symbols during the finalization phase.

4.1.6 AssemblerParser

The AssemblerParser module is the core of the compilati@hitanontains all the
syntax definitions of the compiler. It reads assembly codkaeates TPEF with the
help of the other modules. The module does the compilatiawaphases: In the
first phase, the assembly code is parsed and all the parsedsdsbred to the other
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modules. In the second phase, the module writes parsedad@ig&F, which is done
by commanding all the other modules to finalize themselvéisarrequired order.

The first phase of the compilation is started by executingtmpile()method, which
requires the assembly code in a string as a parameter. & #rerany problems in the
syntax of the assembly code, the compilation is stoppedtamnliite number where the
syntax error was is stored.

4.1.7 Assembler

The Assembler module is the only interface for the extertiahts of the compiler.

It hides all the internal parts of the compiler and just taltes file containing the
assembly code and the machine which for the code is com@ied.result, the module
returns the TPEF object and list of warnings that occurrethduthe compilation. If

there is an error during the compilation, an exception isvirand the error line and
message can be requested from the module.

The module handles storing and managing all the warningserittiie other modules
detect a warning in the code, they add it straight to the Assenmodule.

4.2 Compilation Flow

Compilation is carried out in two phases. In the first phase,dompiler parses the
assembly code to an internal representation. Most of tha@ efrecking is done in

this phase. The syntax of code is checked and the availabilithe used machine
resources are verified. In the second phase, the internmalsaqmtation of the assembly
code is converted to a TPEF object hierarchy and all labelesdes are resolved.

As shown in Figure 12 the compilation is started by the Asdemtbodule, which first
cleans up all the information stored from the possible mnesicompilation process.
Then it reads the assembly code from a file to a string andes&®REF and Assem-
blerParser instances for the compilation. Next the Assemhbdule tells the created
AssemblerParser to parse the code to an internal format.

The parsing of the code is done by starting from the first lim&\&hen a whole move
or a data line is parsed, AssemblerParser adds it to DataSextator or to Code-
SectionCreator. Further the parser adds all the code labelsddresses for them to
LabelManager. When the parser encounters a procedure obalglirective, it tells
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‘ client ‘ Assembler AssemblerParser DataSectionCreator CodeSectionCreator LabelManager

| 1: compile() m | D D
M|
|
H 2: compile() i
3: setAreaStartAddress()
4: addDataLine()
5: newSection() /U
Steps 3 to 9 are
repeated, until the 6: addMove()
whole program is H
parsed. 7: addLabel()
8: addProcedure() /u
9: setGlobal() /I_J
10: true /U
1
11: finalize() |
o 12: finalize()
|
} 13: finalize() /U
|
i 14: finalize() H
| 15: void /U
- L
|
16: TPEF |
|
I | |
X X X

Figure 12. Compilation Process

LabelManager to set the label to be global, or to add a praeestart symbol for the
currently compiled instruction. When a section declarat®oencountered, the parser
passes information of the declaration to CodeSectionGreatDataSectionCreator.
Details of the parsing process are described better ind®edtB.

When the parsing is completed, the control is returned té\g#sembler module, which
tells AssemblerParser to finalize the compilation. In thalfmation, the Assembler-
Parser first sets the file architecture and type parameteBHaF and continues by
finalizing the other modules; the DataSectionCreator isitbi followed by the Code-
SectionCreator, and finally LabelManager is finalized.

The finalization order of the modules is vital for the sucb@ssompilation. The Data-
SectionCreator requires that all the addresses for the letadds have already been
resolved. That is the main reason why all the code labels lezady added to La-
belManager during the parsing. The LabelManager requitasthe code and data
sections of TPEF are already added, thereby the CodeSEctiator is finalized next
and LabelManager after all the other modules. Since Ma&eseurceManager cre-
ates all the resources to TPEF on the fly when they are reqListéhe first time, it
does not need any finalization.

After the finalization is completed, control is returned iagaack to the Assembler
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module, that just returns the compiled TPEF for the cliefitgre.

4.3 Used Libraries

The implementation of the compiler is quite simple becalisth@ base functionality
for the file writing and the parser functionality was alreashplemented by different
libraries. The compiler mostly checks if the resources usethe assembly code are
found from ADF.

4.3.1 Spirit

Spirit [7] is a parser library provided by Boost library cadtion [8]. The library is
wrapped in the AssemblerParser module, which is the onlyubedtiat contains Spirit
specific code.

Grammar and Actors

Grammar [6] of the parser is implemented as a grammar claSpiot. Spirit has
various predefined parser classes to parse, for instanegens, characters and strings,
from the input. By combining these primitive elements, thére assembly syntax is
described. Functionality to be performed when each tokeedsgnized from the
assembly code, is implemented with the actor classes at.Spir

Actor classes are normal classes, which have ()-operagdemented. For example,
an actor that copies a parsed string to a vector could be mgieed as in Figure 13.

Spirit also has many useful predefined actors, suchinaeement_a assign_a
push_back aThese actors can be used to increase the value of an infi@gassign-
ing a string or a value to a variable and for adding an elenwat$TL [9] container.
AssemblerParser mostly uses these predefined actors batféasspecific actors for
adding data to the other modules as well.

The use of the actor and the parser classes of Spirit is vegktforward. With Spirit,
a parser which increments thrdCountvariable each time when a word "magic” is
encountered in the input, could be defined as follows:

str_p("magic")[increnent_a(wordCount)]
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cl ass AddToVect or Actor {
public:
AddToVect or Act or (vect or<stri ng>& aVec)
vector (aVec) {}

voi d operator()(const char* start, const char* end) {
string parsedString(start, end);
vector . push_back(parsedString);

}

private:
vector<string>& vector _;

b
Figure 13. Example Implementation of Actor Class.

Incrementing ofwordCountis done with thancrement_aactor and finding the word

"magic" with thestr_pparser. Action that is executed when a pattern is found sgiv
after the parser in square brackets. If many actions are tocleel done for the same
pattern, many square brackets may be defined one after anothe

Based on the experience of using Spirit, the parametertdoadtors are very limited.
It seems to be that the only valid parameters are plain athtiallocated variables. It
is not allowed, for example, to write a function call or pagsointer of a variable to
any actor. Since only the variables can be passed as a parapwistant literals can
not be used, for example, to set a boolean variable twu=eor false but there have
to be constant variable defined, which value is used for agsegt. Spirit does not
recognize when invalid values are passed for the actord)ese are no warnings or
errors emitted by the compiler. One valid and three invafidsuof theassign_aactor
are illustrated in Figure 14.

In the first example, string "end" is parsed from the input.eiWthe parser encounters
the string,assign_aactor is used for setting the value of taedFoundvariable to be
the same as the constant variabl¥  TRUE

In the second example, the same string is parsed, but codistaal for assigning a
value for theendFoundvariable is tried to use. This applies also, for instanceerb
or an enumeration is used in assignment. Only variables earséd as parameters.

The third example makes a function call inside the construat the actor. The func-
tion call might be run once during the parsing but certainiy not be executed for all
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/1 valid

(1) str_p("end") [assign_a(endFound, MY_TRUE) ]
/] invalid

(2) str_p("end") [assign_a(endFound, true)]

/1 invalid
(3) str_p("end") [assign_a(endFound, object->retBool ())]

/1 invalid

(4) str_p("swap") [assign_a(& enp, &obj1)]
[assign_a(&obj 1, &obj2)]
[assign_a(&obj 2, & enp)]

Figure 14. Examples of Valid and Invalid Uses of assign_a Actor.

encounters of the "end" strings.

In the fourth example, the problem is that, swap is done byguassignments of point-
ers. The same problem arises when an object is passed farttiretarough a pointer
with the *-operator.

Parsing

Assembly code is first parsed parserTemp structure. The parsed values are stored
there until a whole move or a data line is parsed. After a mowedata line has been
parsed they are stored in the other modules.

First when pattern is recognized, for example, when a cahggarsed, it is stored
temporarily inparserTemp_.lastNumheihen compilation finds a higher pattern, like
a register reference, which is parsed to IndexTerm stragbarserTemp_.lastNumber
is copied toparserTemp_.indexTerm.indeariable. For example, the parsing of the
following piece of assembly code

FU. add. 3

utilizes syntax declarations presented in Figure 15.

The parser first tries to find as long pattern as possible arddkecutes all the actions
for the pattern in the same order, that they are defined. tethee actions at many
levels as inndeX3) pattern, then the actions of the lowest level are exedirtst.
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(1) uNumber = uint_p
[assign_a(t. | astNunber)]
[assign_a(t.isLastSigned, MY_FALSE)];

(2) name = (alpha_p | chset\_p("_")) >>
x(alnump | chset_p("_"));

(3) index = uNunber[assign_a(t.index, t.lastNunber)];

(4) indexTerm =

eps_p
[assign_a(t.indexTerm part2Used, MY _FALSE)] >>
name

[assign_a(t.indexTermpartl)] >>'." >>
I'(name[ assign_a(t.indexTermpart2)] >>'.")
[assign_a(t.indexTerm part2Used, MY TRUE)] >>
i ndex

[assign_a(t.indexTermindex, t.index)];

Figure 15. Syntax Declarations Utilised When Parsing String "FU.&1d.

The parser recognizédJ.add.3to beindexTerni), so the first thing is to resetdex-
Term(4) structure with the epsiloaps_pparser andhe assign_aactor. The epsilon
parser, is a parser, which always matches, so whermnttexTerni) is recognized
t.indexTerm.part2Used initially set toMY_FALSEby theassign_aactor.

Next the "FU" and "add" strings are recognized to berthmg2) patterns and copied
by assign_aactor to thet.indexTerm.partlandt.indexTerm.partatrings. Since there
wast.indexTerm.part2lefined in the recognized pattern thiedexTerm.part2Useis
also setto btMY_TRUE

The number "3" at the end of the whole pattern is recognizedthtgX3) pattern,
which is further recognized to héNumbe(l), which finally interprets the value to be
"3". The interpret value is copied by tlassign_aactor tot.lastNumberand it is set
to be handled as an unsigned value. ThenlkexX3) pattern copieslastNumbeito
t.indexand finallyindexTern@) pattern copiesindexto t.indexTerm.index
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4.3.2 TPEF

The library provides the object representation of the TPiaRry [5] file. Each module
of the compiler has a limited part, that they are responédrlelrhe Assembler module
creates an initial empty TPEF for the compiler. The Assendaeser module sets the
file type and the architecture of the TPEF. The CodeSectiestGr module creates
the code section and DataSectionCreator creates the détanse The LabelManager
creates the symbol and relocation sections and the MachsmRceManager creates
all the rest of the needed sections.

4.3.3 Machine Object Model

Machine Object Model (MOM) contains the object represeotedf ADF. This library
is used by MachineResourceManager to find and verify thatdbeurces used in the
assembly code are available in the processor.

4.4 Maintenance and Future Development

The most fundamental guide to the maintenance of the conigilkeep implementa-
tion of features in places where they belong. Table 4 revfsedesigned functionality
of each module. If support for writing a new section is addethe compiler, usually
a new section creator class is needed for the implementakoninstance, if TPEF
debug section writing is wanted, then the DebugSectiorntGreaodule has to be im-
plemented into the compiler.

The section first describes how new features are added tothgiler in Section 4.4.1,
and continues by describing how the implementation of thmepiter can be changed
to use POM instead of the TPEF library in Section 4.4.2. Bynalpossible solution
to initializing over 32-bit values is presented in Sectio#.3.

4.4.1 Adding Support For a New Feature of the Processor

The TCE TTA processor is still in development and new feataree added to the
processor frequently. Usually, the assembler is the firgt tased for generating a
program which utilizes these new features. Therefore, malye most important case
for the maintenance is adding support for them.
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When a new feature is added to the compiler, the first thing specify syntax for
supporting the feature. The syntax should be selected inyalved it is user friendly
and if possible, it should not contain any special syntaciaracters which are not
already used by the current syntax definitions. After thdayis specified it can be
implemented in the AssemblerParser module. Currently tmepder has additional
syntax declarations for string literals and bridge registéerences. However, there is
no implementation for actually compiling them.

If the parser structures do not provide a way to store theepargormation of the new
syntax, then new structures need to be written. After this AssemblerParser can be
set to read the parsed data to the new parser structures.

Finally the implementation of the new feature is added toitable module. If many
modules are needed for the feature, then the implementstidinided based on the
current design, for instance, if a new register referenpe ty added, the implementa-
tion has to be divided in the CodeSectionCreator and the MaBesourceManager.

Sometimes new syntax does not need to be parsed to the pgaustures but the parsed
information can be added directly to the module that impletsé@. For example, all
the current directives are implemented that way.

4.4.2 Changing Implementation to Use POM

The original reason, for writing the compiled program dileto TPEF model is, that
POM did not support all the features, which were needed byatfsembler. In the
early development of POM, this was an advantage since teerdder could be used
to generate parallel test programs for POM. However, wgitlata directly to TPEF
has some serious drawbacks.

TPEF is a complex structure and there are plenty of detaalshthve to be known by
the user to be able to generate a valid TPEF model. Furthasibken necessary to
duplicate a lot of functionality, which is already implened in TPEF to POM and
POM to TPEF converters. Each time when a new feature is add#tetassembler,
more code is duplicated.

The current design of the compiler is suitable for repladiRgEF with POM structure
but it means that most of the interfaces of the MachineResd@anager need to be
changed and almost all the implementation except parsing toebe rewritten.

In addition to this the error bookkeeping system needs todstggded for making it



4. Implementation 49

possible to resolve the error line of the assembly code ikaagion is thrown by POM
to TPEF converter. Also the POM to TPEF converter exceptstiosild be modified to
contain information of the address, where the error ocdurr€onversion.

4.4.3 Support for Over 32-bit Value Initializations

The compiler supports an initialization of over 32-bit widigta areas with one value,
for example, initialization 6:16 with a 8-bit address spacées 16 as a 48-bit wide

value to a data address space. However, due to a limitatidheohow values are

parsed from assembly code, it is possible to write at modtiB2alues, even if the

field for writing is wider. This limitation also makes it impsible, for example, to

read immediate assignments to double precision float exgist

Since the assembler understands all the data as a raw sequfdits, it is possible
to write an implementation for general value storing, tlsatonsistent for reading
integers, floating point values and even string literalse gibod thing with this is that
internally the compiler always interprets the data the samng so there will not be the
need for writing any special cases when the data is read frdiffieaent source value.
All that is seen outside of the parser is a sequence of bithawdhe sequence should
be extended if necessary.

One possibility for implementing the feature is to storedréata to a data type that
may store an arbitrary number of bits. The GNU multiple piei arithmetic library
[10] is a library providing all the needed data types and afionality for an easy
implementation of the feature. However, the functions aathdypes of the library
should be wrapped in own its class, so the dependency foxtbmal libraries remains
as restricted as possible.



5. VERIFICATION

Since the compiler has been quite ready for a few months siah@ady been used,
for instance, to generate parallel code for the parallebation benchmark of TCE
simulator [1]. For the benchmark, the valid functionalitytbe compiled assembler
code was verified. The compiler has also been used for a dBEKF implementation
which is used as a test program for extensive verification.

Fundamentally, there are two requirements for the workisgpmbly compiler: the
compiler produces correct output, and the compilation dpeénear with respect to
the size of a program.

The functionality of the compiler was verified by compilingggogram which utilizes
most of the features of the compiler and by running the progréth TCE simulator.
The validity of the simulation was verified by comparing theslated results with
a known correct output. Further the structure and the elesnainthe compiled bi-
nary were compared with expected results vdtimptpefprogram, which shows the
internals of TPEF binary in human readable form. Linearitthe compilation speed
was roughly verified by compiling three programs, which eaméd 10000, 20000, and
30000 moves. Further the error handling of the compiler watet by generating 50
different erroneous pieces of assembly code.

5.1 \Validity of Compiler Output

The program chosen for the test is radix-4 FFT [11] impleragon. Since the im-
plementation of the algorithm did not use many of the prapsmf the compiler, the
program was modified to exploit more features. However, ttenges were added to
the end of the program in a way that they do not have an effeth@mesult of the
algorithm.

The correctness of the program was verified by dumping theengwmhere the result
values of the algorithm after the simulation. These valuesewcompared with the
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known expected results. The correct result values werei@chfrom a VHDL [12]
simulation of the same program and processor generatedM@WE framework [13].

Successful simulation of the compiled program does noty#rat the whole compiler
works correctly. Relocations and symbols are not verified ianthis case we also
need to verify that multiple data sections are created ctiyréo the binary. This was
verified withdumptpeftool by comparing generated binary to the assembly code and
by verifying that all the necessary data areas, relocatodssymbols were created as
supposed.

5.2 Compilation Speed

The compilation speed was tested by compiling three verjlaiprograms. Programs
were written for a machine with two buses and the only difieeebetween the pro-
grams were that the first one had 5000 copy pasted instrsctiog second one 10000
and the last one 15000.

Compilation times for the programs were:

Table 5. Compilation Times for Different Sized Programs
Compiled instructions Compilation time Seconds / insiarct

5000 6.8 0.00136
10000 14.3 0.00143
15000 19.8 0.00132

As we can see from Table 5, itis clear that the compilatiortodhone instruction does
not depend on the size of the program.



6. CONCLUSIONS

This thesis describes an assembler compiler: TCE Asseffidblaparametrizable par-
allel processor architecture exploited by TTA-based cigghesnvironment (TCE). The

thesis describes the syntax of the assembly language andcitsshow the processor
is programmed as well as the fundamental structure of TCE tEfdplate. Further-

more the thesis guides how the compiler is maintained andredgd to meet the new
features of the processor architecture.

The syntax is designed to be as user friendly as possiblespetially in a way that
the program for one processor configuration can be modified fdightly different
processor configuration with as few changes as possibléhéfithe syntax also allows
user to use white spaces and comments to make code more leeaatad labels for
referring to data and jump addresses to remove the needléolateng real addresses.
For helping the debugging process of a program, the comgdes extensive error
checking to find errors and suspicious code and outputdel@iaformation about the
errors.

The architecture of the compiler is designed to be moduldreasy to adopt for a
maintainer. Fundamentally, the assembler is divided ww parts, the compiler li-
brary and the command line client. Each module in the compbeary has a well
defined area in the compilation and the responsibilitiesdarieled as follows: the
client interface of the library, parsing the code, handling labels, handling the in-
structions, handling the data memories, and handling alkcttimmon processor and
TPEF resources. The compilation process is divided in twaseh: in the first phase
the code is parsed and code addresses are resolved, in trel ggtase all the rest
of the addresses are resolved and the program is writtenEéTFhe use of external
libraries is limited to small parts of code, to make it possiio easily change the used
library if it is necessary.

New features to the compiler are added by first defining theasyfior the new feature.
Next the internal parsing structures are updated for gjdha information of the new
syntax. Finally the implementation for the new feature \dakd in the appropriate
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modules of the compiler.

The functionality and validity of the compiled programs weferified by compiling
and simulating test programs, which utilize the most of #mtdres of the compiler.
Compilation speed was verified to be linear towards the ditlesgprogram.

The main objectives for the compiler were easy maintenandegaod usability. Fun-
damentally, both of the goals were reached. However, thiginles the compiler li-
brary could have been better in many ways. The modules ofdhgiter could have
been divided in smaller functional blocks, e.g., relogatémd label handling could
have been divided in separate modules. Further, the commbericces and function-
ality could have been implemented in a base class for the lagdwrhich contain the
internal representation of the program.

Bookkeeping of the errors and warnings would have beenrtietisolate to a separate
module to reduce the interfaces that are visible for thentsief the library. Moreover
if the implementation is changed to use POM as describedatid®es4.4.2, there will
be more bookkeeping functionality. For this reason therdrandling should be moved
to a separate class anyway.

Another thing that makes the design somewhat incoherehgaistthe code labels are
added to LabelManager already during the parsing. A cleswlation would be com-
pilation in three phases. In the first phase, code would bgeplato the internal rep-
resentation. In the second phase, the internal repregentabuld be analyzed and
all the addresses of the labels would be resolved. Finallthe third phase, the data
would be written to TPEF.

In conclusion, there are some implementation details whely confuse the main-
tainer but the high level design of the compiler is reasomatd the module interfaces
are consistent and easy to adopt. The compilation sequeresy to understand and
the high level design can be preserved when the compilerdated to meet the future
requirements. Further, the usability of the compiler igipatary good for an assem-
bly compiler because of the informative error messageslandtuitive and versatile
syntax.
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Appendix A

PARALLEL ASSEMBLER CODE

bl e D
TTA paral | er assenbl er code exanpl e.
Brainless wormtries to find the way out

fromthe roomwi thout an exit. In the other words,
the worm wanderers in a restricted nmenory area.

© O N OGN WN R
o oHHHHH

# ADD Function unit is a 5-bit adder that is used
# as a counter to keep track the direction where
# tothe worm is heading.

#

B R R R
w N PO

# ALU function unit is used for address calculating

# when necessary.

#

# RF.0 — RF.3 Stores the current position of worm.

#
e

NE R R R
[SIREI- NIRRT N

CODE

NN
N P

# all code labels are set to be global
:global main ;

:global loopforever ;

:global trynextdirection ;

NN NN
N o o s W

procedure  main;

28 main:

29 # initial worm position in map

30 map+18 —> RF.0, map+19 —> RF.1 [IMM.0= 11[IMM1.0 = map+20];
31 IMM1.0 —> RF.2, map+21 -> RF.3;

32

33 loopforever:

34 # write 0x00 to remove the end piece of worm

35 RF.0 —> LSU.stq.1, 0 —>LSU.stq.2;

w W
N o

# test if next direction in try sequence is ok
trysequence  —> ALU.P1, ADD.P3 —> ALU.P2.add;

B oW W
S © ©

#1dg.2 got offset to next position in map where we go
# worm head position address to adder

42 ALU.add.3 —>LSU.ldg.1, RF.3 -> ALU.add.1;

43

IS
s

44 # calculate next address to map

45 LSU.ldq.2 -> ALU.add.2, ... ;

46

a7 # mask one bit out from 9 bit result address by copying value to 8 bit reg

48 ALU.add.3 ->RF A4, ...;

49

50 trynextdirection:

51 #if LSU.Idq.2 is not zero, try next direction

52 RF.4 —>LSU.ldg.1, ALU.add.3 -> RF.4 ;

53 ? LSU.ldg.2 trynextdirection -> GCU.jump.1, ? LSU.ldg.2 1 —> ADD.add.2 ;

54 ? LSU.ldg.2 trysequence ->ALU.add.1, ?LSU.dg.2  ADD.add.3 —> ALU.add.2 ;
55 ?LSU.ldg.2  ALU.add.3 ->LSU.ldg.1, ?LSU.ldg.2 RF.3 ->ALU.add.l;

56 ?LSU.dg.2  LSU.ldg.2 ->ALU.add.2, ?LSU.ldg.2  ADD.add.3 -> ADD.add.1;
57

58 # we found good direction for next move, map position where to go is now

59 # stored in ALU.add.3

60

61 # move worm and jump back to start

62 loopforever -> GCU.jump.1, ...; # jump to start jump delay is 3 cycles

63 RF.1 —>RF.0,RF.2 —>RF.1; # move body parts

64 RF.3 -> RF.2, ALU.add.3 -> RF.3; # move body parts

65 RF.3 —> LSU.stq.1, 0x88 —>LSU.stq.2 ; # write 0x88 to the map (new head piece of worm)

66
67 # an example of a completely empty instruction
68 R

69



57

70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
end

DATA dat anenory ;

# set map and trysequence | abels to be gl obal
- global trysequence ;
cglobal map;

# map where the worm wanderers

map: DA 256
-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1
-1 00 00 00 -1 00 OO OO OO0 00 00 00 00 0O 00
-1 00 00 00 00 OO OO OO OO 00 00 00 00 0O 00
-10000-1-1-1-1-1-1-100-1-1-100
-1 -1 00 00 -1 00 00 -1 00 00 00 00O 00 00 00
-1 00 00 00 -1 00 00 -1 00 00 00 -1 -1 00 -1
-1 00 00 00 -1 00 00 -1 00 OO 00 OO0 OO 00 00
-1 00 00 00 -1 00 00 -1 -1 -1 00 -1 -1 -1 00
-1 -1 00 00 00 00 00 -1 00 00 00 00 00 00 00
-1 -1 00 00 00 00 OO OO OO0 00 00 00 00 00 00
-1 00 00 -1 00 00 00 -1 -1 00 -1 -1 -1 00 00
-1 00 -1 -1-10000 -1-100 00 00 -1 00 -1
-1 00 00 -1 00 00 00O 00 00 00 -1 00 00 0O -1
-1 00 00 00 00 00 00 00 00 -1 -1 -1 00 00 00
-1 00 00 00 00 00 -1 00 OO 00 00 00 00 0O 00
-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1

# sequence for finding next direction to move

trysequence:
DA 32
-1 1 -16 16 1 -16 1 16 -16 1 -1 1
-16 1 -1 16 -1 1 -16 -1 16 1 16 -16

# an example of 4 MAUs wide address in data
datatocodereloc:
DA 4 4: main ;

# an example of data address stored in memory
datatodatareloc:
DA 4 4: map;

# an example of different sized fields for storing addresses
differentsizerelocs:
DA 15 4: loopforever
3: trynextdirection
2: map
1: loopforever ;

16
-1

# an example of unused addresses in the middle of an address space

DATA datamemory 371 ;
data_label:
DA 4 ; # this DA definition defines addresses 371-374

DATA datamemory 400;
data_label2:
DA 8;  # this DA definition defines addresses 400-407

Comments Directives and section headers
Constant literals Guards

Label declarations Label references and address space names

-1
1

16
-16

1
16 ;



Appendix B

ASSEMBLY GRAMMAR

EBNF description of the grammar. Only those white spaces;wére mandatory for
the parsing are shown in the grammar.

comment
wSpace
binNumber
hexNumber
uNumber
sNumber
uLiteral

literal

name

fuTerm
indexTerm
regTerm
expression
lieralOrExpression
source

guard

transport
immediateSpec
move
instruction

label
procedureDirective
globalDirective
directive
codeLine
codeLines
codeHeader
codeArea

'# character* end_of line_character
(comment | white_space_character )+
'Ob’[01]+
'0x’[0-9a-fA-F]+
'+'?[0-9]+
"-’[0-9]+
binNumber | hexNumber | uNumber
uLiteral | sNumber
[a-zA-Z_][a-zA-Z0-9_]*
name '’ name (.’ name)?
name '’ (name’. )? uNumber
indexTerm | fuTerm
name ( (’'+|’-") uLiteral )? (’=’ literal )?
literal | expression
regTerm | literalOrExpression
(’"|'?" ) regTerm
guard? wSpace source ’->’ regTerm
[ destination "=’ literalOrExpressigh
"... | transport
... | (move (', move)*)
name '’
'procedure’ wSpace name
'global’ wSpace name
"’ ( procedureDirective | globalDirective )
label* instruction immediateSpec*
( (codeLine | directive ) ’;" )*
'CODE’ (wSpace literal )? '}’
codeHeader codeLines
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initDataField
dataLine
dataLines
dataHeader
dataArea
area
program

(uNumber "’ )? literalOrExpression

label* 'DA’ wSpace uNumber (wSpace initDatdé&)&
( (dataLine | directive ) ’;’ )*

'DATA wSpace name ( wSpace literal )? '}’
dataHeader dataLines
dataArea | codeArea
area+




