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IIABSTRACTTAMPERE UNIVERSITY OF TECHNOLOGYDepartment of Information Te
hnologyLaasonen, Lasse Sampo: Program Image and Pro
essor Generator forTransport Triggered Ar
hite
turesMaster of S
ien
e Thesis: 47 pagesApril 2007Main subje
t: Software EngineeringExaminers: Prof. Tommi Mikkonen and Prof. Jarmo TakalaKeywords: transport triggered ar
hite
ture, pro
essor generator, program imagegeneratorThere is often need to run appli
ations with high performan
e and energy-e�
ien
yrequirements in embedded systems. The best results 
an be a
hieved with a tailor-made pro
essor for the parti
ular purpose. Appli
ation spe
i�
 instru
tion set pro-
essors (ASIP) provide an approa
h to the problem. To make the design pro
ess as
ost-e�e
tive as possible, it have to be automated at least partially.TTA-Based Codesign Environment (TCE) is a design environment developed inTampere University of Te
hnology. It is based on transport triggered pro
essorar
hite
ture (TTA) whi
h 
an be easily tailored. TCE 
onsists of several di�erentappli
ations, by means of whi
h the pro
essor 
an be designed semi-automati
allyphase by phase.In this thesis, two appli
ations were designed and implemented to provide tools that
an be used to perform the last phase of designing a pro
essor with TCE. Anotherof the appli
ations, Program Image Generator (PIG), generates bit-level image ofthe appli
ation to be exe
uted by a TTA-pro
essor. It takes advan
e of the givenen
oding map whi
h de�nes how di�erent instru
tions should be en
oded to bitpatterns. In addition, it is given a higher level but 
ompeletely detailed des
riptionof the program from whi
h the image is to be generated. The other appli
ation isPro
essor Generator (ProGe) whi
h generates the designed pro
essor in a hardwaredes
ription language for synthesis. The most important features and the softwarear
hite
ture of the appli
ations are dis
ussed in this thesis. Finally, the veri�
ationof the 
orre
t fun
tionality of the appli
ations is dis
ussed.
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1
1. INTRODUCTION
The number of solutions of embedded systems is in
reasing all the time. Pro
essorsdesigned for them usually have stri
ter requirements than general-purpose pro
essors(GPP) used in desktop 
omputers, for example. Energy 
onsumption of embeddedsystems is often a 
riti
al fa
tor, if the system is powered by a battery. The size ofthe produ
t must be as small as possible, if it is intended to be �tted into po
ket.The produ
tion 
osts of the produ
t are important too, if it is going to be sold inlarge amount.To meet the requirements, a 
ustom-designed appli
ation spe
i�
 instru
tion setpro
essor (ASIP) might be the right solution. Embedded systems usually exe
uteonly a limited set of appli
ations, so ASIP is suitable for the purpose. Sometimes,a GPP is used as the main pro
essor of an embedded system and ASIP is a slavepro
essor spe
ialised in a task, su
h as signal pro
essing, for example. ASIP is
odesigned with the type of software it is going to exe
ute in the �nal produ
t.It 
an be 
ustomised by adding instru
tions often needed by the sofware to theinstru
tion set. Respe
tively, instru
tions that are rarely used, 
an be removed fromthe pro
essor to simplify it. It is often the 
ase, that the appli
ation exe
utes sameset of instru
tions sequentially several times, for example in a loop. It is possibleto 
reate a spe
ial instru
tion that does the same job. By adding this instru
tionto the ASIP, the number of 
y
les required to exe
ute the appli
ation redu
es, thusthe performan
e of the pro
essor gets improved.Designing ASIPs is not an easy task. Finding the optimal ar
hite
ture from hun-dreds of di�erent variations is very time 
onsuming, if not impossible, by hand.Veri�
ation of the pro
essor ar
hite
ture is also very time 
onsuming and prone toerrors. There is 
learly need for a software toolset whi
h 
an assist in the design-ing and veri�
ation pro
ess. TTA Codesign Environment (TCE) is su
h a toolsetbeing developed in Tampere University of Te
hnology. It is based on TransportTriggered Ar
hite
ture (TTA) paradigm. TTA is a pro
essor ar
hite
ture whi
h 
anbe 
ustomised by adding fun
tion units (FU), register �les (RF) and modifying theinter
onne
tion network (IC) whi
h provides data paths between the units. TTAaims to move the 
omplexity from hardware to software. The instru
tions of TTAare at very low level: They de�ne dire
tly the data moves from unit to another.This results in rather simple de
oding logi
 in the pro
essor hardware, but sets



1. Introdu
tion 2demanding 
hallenges to the software 
ompiler.In this thesis, the program image (PIG) and the pro
essor generator (ProGe)were implemented for TCE toolset. Those tools are exploited in the last phaseof the design �ow followed in TCE. Program image generator generates the bitpatterns of the appli
ations 
ompiled for the target ar
hite
ture and data memory
ontents. The pro
essor generator is used to generate the stru
tural des
ription ofthe pro
essor in hardware des
ription language (HDL).At �rst, in Chapter 2 the thesis gives an overview of TTA. Chapter 3 
on
entrateson TCE. It des
ribes the design �ow used to design the pro
essor and introdu
esthe main �le formats used. The thesis 
ontinues by two main 
hapters: Chapter4 tells about PIG and Chapter 5 about ProGe. Their software ar
hite
ture andoperational prin
iples 
ome out in those 
hapters. The veri�
ation of both of theappli
ations are dis
ussed in Chapter 6. This thesis is summarised in Chapter 7 bypresenting the 
on
lusions of the work done.



3
2. TRANSPORT TRIGGEREDARCHITECTURE
Transport Triggered Ar
hite
ture (TTA) is a modular, 
ustomizable pro
essor ar-
hite
ture template, whi
h provides an easy way to design optimized appli
ation-spe
i�
 pro
essors. They 
an be 
ustomized by adding required resour
es to 
reatea pro
essor whi
h is very e�
ient to exe
ute the program at hand.Traditionally pro
essors have �xed resour
es. They are designed to exe
ute allkinds of programs relatively e�
iently and therefore are good for multi-purpose uses.The idea of TTA pro
essor is not to 
ompete against these kinds of pro
essors. Onthe 
ontrary, TTA pro
essors, like other 
ustomizable pro
essor ar
hite
tures, aredesigned for an appli
ation or a small set of appli
ations at hand. By designingpro
essor for some parti
ular appli
ations, it 
an be better optimised for its purposethan 
onventional general-purpose pro
essors.The number of embedded systems is in
reasing all the time, whi
h probablypaves the way for TTA pro
essors too. There is often need for appli
ation-spe
i�
pro
essors in embedded systems, sin
e energy-e�
ien
y and pri
e-quality ratio areimportant fa
tors.This 
hapter introdu
es the TTA pro
essor organisation at �rst and 
ontinuesby dis
ussing the software 
hara
teristi
s of TTA. Finally, a more detailed view toTTA is taken by explaining the hardware operation prin
iples of TTA. Additionalinformation of TTA 
on
ept is des
ribed in [1℄.2.1 Pro
essor OrganisationTTA pro
essor 
onsists of a global 
ontrol unit (GCU), inter
onne
tion network,fun
tion units, register �les and immediate units (IU), as depi
ted in Figure 2.1.Control unit de
odes instru
tions and generates 
ontrol signals that 
ause data tomove between fun
tion units and register �les via inter
onne
tion network. Fun
tionunits perform operations to data and register �les 
ontain registers for temporarydata storage. Immediate units are spe
ialised register �les that are written by 
ontrolunit only. The TTA pro
essor template 
overed by this thesis is dis
ussed moredetailed in 3.2.The 
ontrol unit generated by the Pro
essor Generator 
overed by this thesis isfurther divided to three sub modules: instru
tion fet
h unit, instru
tion de
ompres-
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Figure 2.1: TTA Pro
essor Organization.sor and instru
tion de
oder. The task of instru
tion fet
h unit is to fet
h instru
tionsfrom instru
tion memory. In the 
ase of 
ompressed instru
tions, de
ompressor de-
ompresses them and �nally the instru
tion de
oder generates the 
ontrol signals ofthe pro
essor to exe
ute the instru
tion.Usually pro
essors need some data memory too. This is enabled by in
ludinga load-store unit in the pro
essor. It a
ts between the data memory and the datapath of the pro
essor. In TTA, the load-store unit is implemented as a normalfun
tion unit among others. Load-store unit has operations to load and store datato/from data memory. Sin
e TTA is a 
ustomizable ar
hite
ture, there may beseveral load-store units and several data memory banks.2.2 Software Chara
teristi
sTTA has a di�erent approa
h to programming than 
onventional pro
essors. Tra-ditionally, in general-purpose pro
essors (GPP), instru
tions de�ne dire
tly the op-erations to exe
ute and their operands. The abstra
tion level is mu
h higher thanin TTA instru
tions. TTA instru
tions de�ne data moves for the buses in the inter-
onne
tion network. That is, ea
h instru
tion de�nes as many data moves as thereare buses in the pro
essor. For ea
h data move, sour
e and destination ports arede�ned, of 
ourse. As a 
onsequen
e, operations are performed.To exe
ute an operation, let's say add, in TTA, there must be a fun
tion unitwhi
h supports add operation in the pro
essor. Add operation has two operands,thus the fun
tion unit supporting the operation must have two input ports for the
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ture 5operands, and an output port for the result. The other input port is so-
alledtrigger port. When data is tranported to the trigger port, the operation exe
utionis triggered and the result 
an be read from the output port after the operationlaten
y has expired. That is why the ar
hite
ture is 
alled Transport TriggeredAr
hite
ture.For example, 
onverting the assembly instru
tionadd r3,r1,r2;whi
h sums r1 and r2 and puts the result to r3, of 
onventional pro
essor to TTAinstru
tion resultsr1 -> fu1.o1, r2 -> fu1.t1.add;fu1.r1 -> r3;In the example, fu1 is the fun
tion unit that implements the add operation. Inthe �rst instru
tion, operands are moved to the input ports of the fun
tion unitfrom registers r1 and r2, and in the se
ond instru
tion, the result is moved fromthe fun
tion unit to register r3. As the example above shows, TTA assembly pro-grammer has to take also the operation laten
y into a

ount. In this example, thelaten
y of add operation is one: The result is ready in the next 
y
le from triggeringthe operation.TTA program 
ode 
an be sequential or parallel. In the sequential TTA 
ode,the data moves are de�ned in a sequential order. They are not mapped to any busin sequential 
ode. Operation laten
ies are not taken into a

ount either. When
ompiling 
ode for TTA, sequential TTA 
ode is generated at �rst. From the se-quential 
ode, the s
heduler generates the �nal parallel TTA 
ode whi
h is exe
utedby the pro
essor. The example above shows parallel TTA 
ode. The data moves aremapped to transport buses and all the details of the target ar
hite
ture, in
ludingoperation laten
ies, are taken into a

ount to make sure the 
ode works in hardware.TTA instru
tions are at the lower level than RISC and CISC instru
tions. There-fore writing TTA programs in assembly is harder, but on the other hand, more op-timisations 
an be done in the software. Basi
ally, 
omplexity is moved from thepro
essor hardware to the software. However, it must be noted, that pro
essorsusing instru
tion level parallelism are not traditionally meant to be programmed inassembly but a parallelising 
ompiler is exploited.2.3 Hardware Operation Prin
iplesHardware of a TTA pro
essor is mu
h simpler than in 
onventional pro
essor ar
hi-te
tures. Be
ause TTA instru
tion are at a lower level of abstra
tion, the pro
essoritself does not need to have as 
omplex de
oding logi
 and it does not need to 
are
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Figure 2.2: Control signals of inter
onne
tion network.about operation laten
ies, for example. TTA pro
essor simply moves data frompla
e to pla
e as the instru
tion determines. Of 
ourse there are fun
tion units,whi
h might be rather sophisti
ated, but their implementation does not make thede
oding logi
 more 
ompli
ated at all.Operation of TTA pro
essor is based on 
ontrol signals of so
kets and units
onne
ted to them. Control signals of output so
kets determine whi
h buses shouldbe written by the so
kets. Respe
tively, 
ontrol signals of input so
kets determinethe bus from whi
h input so
kets must read the data. Figure 2.2 depi
ts a 
ase inwhi
h three data move are performed.There are two kind of 
ontrol signals for fun
tion units and register �les: loadsignals and operation 
ode signals. Load signals indi
ate that data should be loadedinto a fun
tion unit or a register �le from an input so
ket. In addition, reading datafrom a register �le to an output so
ket requires a load signal to the register �le. Itis used to 
ontrol the register �le to update the value of the output port.Operation 
ode signals, in short op
ode signals, de�ne the operation to exe
uteby a fun
tion unit. All the fun
tion units do not need op
ode signals, sin
e someof them implement just one operation. Register �les also need op
ode signals whi
hde�ne the register number from/to whi
h the data is to be loaded.
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3. TTA-BASED CODESIGN ENVIRONMENT
The �rst TTA-based 
odesign environment was MOVE framework [2℄. The en-vironment was originally developed in Delft University in Netherlands. Furtherdevelopment has taken pla
e in Tampere University of Te
hnology in Finland.Developing the TTA-Based Codesign Environment (TCE) was started in 2002.The main fo
us of designing TCE was to 
reate a framework that 
an be used toexperiment new algorithms. In many pla
es, where di�erent algorithms 
ould beexperimented, TCE uses dynami
 modules whi
h 
an be 
reated later and takeninto use without re
ompiling the whole toolset.To ensure good, extendable software ar
hite
ture, TCE has been developed in
ontrolled manner. Ea
h module has been designed 
arefully before starting toimplement them, and automati
 unit and system test are ran on
e a day on several
omputers and operating systems.This 
hapter tells shortly about the design �ow when designing a TTA pro
essorand introdu
es the most important �le formats and data stru
tures involved inprogram image and pro
essor generation.3.1 Design FlowDesigning a pro
essor ar
hite
ture from s
rat
h follows a parti
ular design �ow hav-ing di�erent phases. In some 
ases, all the phases are not performed or might bedone manually. The design �ow 
an be divided into four phases: sequential 
odegeneration, design spa
e exploration, parallel 
ode generation and analysis and �-nally program image and pro
essor generation. The phases are brie�y des
ribed inthis se
tion. For more detailed information, see [3℄.3.1.1 Sequential Code GenerationSequential 
ode generation is the �rst phase of the design �ow. It means generatingthe initial sequential TTA 
ode. The sour
e 
ode 
an be written in a high-levelprogramming language, su
h as C. The sequential TTA 
ode is 
ompiled from thesour
e 
ode by a frontend 
ompiler. The 
ompiler 
onverts the high-level program
ode to sequential assembly 
ode using a well-de�ned operation set. The targetpro
essor ar
hite
ture is not taken into a

ount in this phase. The sequential 
odejust de�nes the operations that should be exe
uted and their order.
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e ExplorationDesign spa
e exploration is phase, in whi
h the optimal pro
essor ar
hite
ture forthe given sequential 
ode is explored. Exploration is performed by redu
ing re-sour
es from the given initial pro
essor ar
hite
ture in stages. Then the program
ode is s
heduled and simulated for ea
h ar
hite
ture and pro
essor 
osts, su
h assili
on area, pri
e and energy 
onsumption are estimated. Finally, the best pro
essorar
hite
ture is found, depending on the given 
ost restri
tions and obje
tives.3.1.3 Parallel Code Generation and AnalysisIn this phase, sequential TTA 
ode is s
heduled for the given pro
essor ar
hite
ture,and simulated. This phase 
an also be regarded as part of the design spa
e explo-ration, sin
e s
heduler and simulator are exploited as the best pro
essor ar
hite
tureis being explored. S
heduling the sequential 
ode for the given target ar
hite
tureis probably the most 
hallenging task in the design �ow. The s
heduler tries tos
hedule the data moves of sequential 
ode to 
reate as e�
ient parallel 
ode forthe given target ar
hite
ture as possible. The output of the s
heduler, parallel TTAassembly 
ode, is simulated by a TTA pro
essor simulator to get the a

urate 
y
le
ount of exe
ution. The simulator provides also pro�lation data for the explorer,whi
h helps it to make better 
hoi
es when exploring di�erent target ar
hite
tures.3.1.4 Program Image and Pro
essor GenerationFinally, when the target pro
essor ar
hite
ture is �xed, a des
ription of the stru
tureof the pro
essor is generated in a hardware des
ription language (HDL). The �nalbit image of the program to be exe
uted by the pro
essor has to be generated fromthe parallel TTA assembly 
ode as well. The program image is ready to be loadedto the instru
tion memory of the target TTA pro
essor. In addition to programimage, bit images of the initial data memory 
ontents are generated as well.This spe
i�
 phase of the design �ow was implemented in this thesis. The Pro-
essor Generator (ProGe) does the pro
essor generation and the Program ImageGenerator (PIG) generates the bit image of the program to be exe
uted by thepro
essor by means of the given en
oding rules as well as the data images.MOVE framework had 
orresponding tools for program image and pro
essor gen-eration. Those tools set the basis for the tools implemented in this thesis, naturally.However, the TCE versions are more advan
ed and they are designed from s
rat
h.The pro
essor generator of MOVE framework is 
overed in [4℄.
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Figure 3.1: Simple TCE TTA pro
essor template.3.2 Pro
essor Ar
hite
ture TemplateTCE has an ar
hite
ture template for representing supported TTA pro
essors. Ar-
hite
ture de�tions are stored in �le 
alled Ar
hite
ture De�nition File (ADF) [5℄,whi
h is a text �le in Extensible Markup Language (XML) format. ADF de�nesthe ar
hite
tural properties that a�e
t the behaviour of the pro
essor, and therebythe program it 
an exe
ute. It does not spe
ify the internal implementation of thepro
essor.ADF is always loaded to Ma
hine Obje
t Model (MOM) before it is used by soft-ware modules in TCE. MOM is an obje
t model written in C++, whi
h representsthe ar
hite
ture of the pro
essor and provides interfa
es that are rather easy to useby software 
lients.Figure 3.1 depi
ts the TTA pro
essor template supported by TCE. The di�erentpro
essor 
omponents are dis
ussed in the following subse
tions.3.2.1 Inter
onne
tion NetworkInter
onne
tion network 
onsists of buses and so
kets. So
kets are 
onne
ted to thebuses, whi
h just transport the data. There are two kinds of so
kets: input andoutput so
kets. Output so
kets put data on the bus and input so
kets read thedata. In addition to buses, so
kets are 
onne
ted to ports of di�erent units. Outputso
kets 
onne
t to output ports and input so
kets to input ports, respe
tively. These
onne
tions form paths from output ports to input ports enabling data transportsbetween them. Of 
ourse everything is 
ustomisable: the number of buses, width ofbuses, number of so
kets, so
ket-bus and so
ket-port 
onne
tions. So
kets 
an alsobe 
onne
ted to several ports.
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tion UnitFun
tion units provide the data pro
essing 
apability of the pro
essor. They haveat least one input port 
onne
ted to the inter
onne
tion network. Input ports offun
tion units are 
alled operand ports, and output ports result ports. Usually,fun
tion units implement basi
 operations, like add, subtra
t, multiply, shift et
.but the operations 
an be however 
ompli
ated. They get input data from operandports and the result is written to result port. Some fun
tion units do not have resultports at all. Their purpose is to provide interfa
e to some external devi
e, su
h asa memory blo
k or an LCD display, for example.3.2.3 Register FileRegister �les are units that 
ontain registers to store data temporarily. Ea
h registerhas the same word width, but the width is 
ustomisable, or 
ourse, as well as thenumber of registers. The number of input and output, thus read and write ports,
an be 
hanged too.3.2.4 Immediate UnitImmediate unit is a spe
ialised register �le that is written by 
ontrol unit only.Control unit writes long immediates to immediate unit during instru
tion de
oding.From immediate unit, they 
an be moved to another unit via inter
onne
tion net-work. The data is not transferred to immediate unit via inter
onne
tion networkbut dire
tly from 
ontrol unit using a dedi
ated data bus.3.2.5 Global Control UnitGlobal 
ontrol unit, brie�y 
ontrol unit, is a spe
ialised fun
tion unit whi
h usuallyhave at least operations 
all and jump. Call performs fun
tion 
all and jump jumpsto di�erent lo
ation in the program. GCU 
ontrols the pro
essor by generating
ontrol signals for units and inter
onne
tion network. It fet
hes instru
tions andde
odes them before generating the 
ontrol signals. ADF de�nes the number oftransport stages of the pipeline of GCU. This a�e
ts the laten
y of jump and 
all totake e�e
t, sin
e the number of 
y
les taken from fet
hing an instru
tion to exe
utingit depends on the number of pipeline stages.3.3 Binary En
oding MapBinary En
oding Map (BEM) de�nes the instru
tion format and binary en
odingsof instru
tions of a 
ertain TTA pro
essor ar
hite
ture. BEM is ne
essary whengenerating the program image and when de
oding the instru
tion words. BEM �le
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long immediate tag

move slot1 move slot2 move slot3

guard ID source ID destination ID

socket
code

socket ID

socket
code

opcodeport ID port ID opcode

socket ID

limm reg
field 1

limm reg
field 2

dedicated limm field

Figure 3.2: TTA instru
tion format in TCE.is an XML �le, of whi
h format is spe
i�ed in [6, s.15-21℄. Also BEM is loaded toan obje
t model before used by software 
lients. TCE has an automati
 tool whi
h
an generate a BEM �le for the given ar
hite
ture by minimising the width of theinstru
tion.The instru
tion supported by TCE is depi
ted in Figure 3.2. The instru
tion 
on-sists of move slots, dedi
ated long immediate �elds, immediate 
ontrol �eld and longimmediate destination register �elds. The order of �elds is 
ompeletely 
ustomisable,Figure 3.2 just depi
ts one possibility.3.3.1 Move SlotTTA instru
tion has a move slot for ea
h data bus in the pro
essor. Move slot of abus en
odes the data transport on that parti
ular bus. The slot 
onsists of guard,sour
e and destination �elds. Sour
e �eld de�nes the sour
e of the data transportand destination �eld the destination, respe
tively.Both the sour
e and destination �eld 
onsists of so
ket ID and optional so
ket
ode, whi
h is further divided to port ID and op
ode. The so
ket ID �eld de�nesthe sour
e or destination so
ket of the move. Naturally, ea
h so
ket in the inter
on-ne
tion network has a di�erent ID. In addition to so
ket ID, separate so
ket 
ode isneeded if the so
ket is 
onne
ted to several ports or if op
ode must be transmittedtoo. Port ID �eld de�nes the port if there are several ports 
onne
ted to the so
ketand op
ode �eld gives the op
ode. Op
ode de�nes the register number if reading orwriting a register �le. Op
ode is also used to sele
t the operation to trigger in afun
tion unit if there are several possibilities.The guard �eld is used if 
onditional exe
ution is wanted. The guard term,identi�ed by the guard �eld, may refer to a register of a register �le or a result port



3. TTA-Based Codesign Environment 12of a fun
tion unit. If the en
oding in guard �eld refers to a register, the value in theregister determines, whether the data move is performed or not. Respe
tively, theguard term may be taken from a result port value. The guard terms supported arede�ned in ADF separately for ea
h data bus.3.3.2 Dedi
ated Long Immediate FieldDedi
ated long immediate �eld is used to en
ode a part of long immediate. Thenumber of de
i
ated long immediate �elds is unlimited. See 3.4 for more informationabout long and short immediates.3.3.3 Long Immediate TagThe long immediate tag de�nes the instru
tion template of the instru
tion. Ba-si
ally, it tells what move slots and dedi
ated long immediate �elds are used foren
oding long immediates in the instru
tion. That information is required as theinstru
tion is being de
oded. Otherwise the instru
tion de
oder would interpret allthe move slots as normal data moves.3.3.4 Long Immediate Destination Register FieldThe purpose of long immediate destination register �eld is to de�ne the registernumber of immediate unit to whi
h the long immediate is to be written. There areas many long immediate destination register �elds as is the maximum number oflong immediates per instru
tion.3.4 Immediate SupportTCE TTA template supports two kind of immediates in program 
ode: short im-mediates and long immediates. They are en
oded and handled in the pro
essor intotally di�erent way.Short immediate is en
oded in the sour
e �eld of move slot. Instru
tion de
oderextra
ts the immediate value from the instru
tion word and puts it on the data busof whi
h move slot it is en
oded in. Respe
tively, the destination �eld of the moveslot de�nes the destination of the immediate value.If large immediate values must be supported, the instru
tion word would be
omevery long if they were en
oded in the sour
e �eld. For this reason, they are betterto en
ode as long immediates. They are en
oded in several move slots of an instru
-tion. For example, if we have a 36 bit immediate to en
ode, it 
an take 12 bits ofthree move slots. This implies of 
ourse that data transports are impossible on the
orresponding buses in that instru
tion.
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tion de
oder extra
ts the portions of long immediate from the instru
tionword, 
ombines them, and stores to an immediate unit. The immediate value 
anbe read from the immediate unit as a normal data move later.3.5 TTA Program Ex
hange FormatIn TCE, sequential and parallel TTA programs are represented in format 
alledTTA Program Exhange Format (TPEF) [7℄. TPEF �le is in binary format but it isloaded to C++ obje
t model before used by 
lient modules.3.6 Hardware DatabaseHardware Database (HDB) is a relational database whi
h 
ontains informationabout prede�ned hardware implementations of fun
tion units and register �les. HDB
ontains 
ost data for estimating pro
essor 
osts and implementation spe
i�
 data,su
h as port names and op
odes, required by the Pro
essor Generator. Completespe
i�
ation of the database is in [8℄.SQLite [9℄ is used as database management system. Database is totally wrappedwithin HDBManager 
lass to make it easier to use for 
lients and to ensure that
hanging the database management system in the future is possible.
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4. PROGRAM IMAGE GENERATOR
Program Image Generator (PIG) is an appli
ation in TCE toolset, that generatesthe 
omplete bit image of a TTA program, as mentioned in 3.1.4. An example tothis appli
ation was the program image generator of MOVE framework. As usual,the TCE version is a little bit more advan
ed, however. The MOVE version doessupport neither 
ode 
ompression 4.3.3 nor instru
tion relo
ation 4.3.1.This 
hapter introdu
es what is meant by program image and some 
on
eptsrelating to memory blo
ks, at �rst. It 
ontinues by dis
ussing the requirements setto the appli
ation. Operational prin
iples of PIG are also introdu
ed, and �nallysome of the most important implementation details are 
overed. Figure 4.1 depi
tsthe inputs and outputs of the appli
ation.4.1 Program ImageIn this thesis, the 
on
ept of program image means bit-level representation of aTTA program. The program image is ready to be exe
uted by the TTA pro
essorhardware it is targeted to. The program image 
onsists of instru
tions, whi
h mightbe 
ompressed. Program image is generated using en
oding rules de�ned in BEM.Instru
tion de
oder uses the same en
oding rules as it de
odes the instru
tions.4.2 Memory Con
eptsIt is important to be familiar with three 
on
epts relating to memories in order tounderstand the following se
tions. Those are memory width, memory lo
ation andminimum addressable unit (MAU).

• Memory width is the width of the word that 
an be read from the memory aton
e. In the pi
tures des
ribing memory 
ontents, the number of bits in ea
hrow is the same as the memory width. That is, the memory 
an be read onerow at on
e.
• Memory lo
ation is a lo
ation in the memory whi
h is referred to by a memoryaddress. The width of a memory lo
ation is the minimum addressable unit.
• Minimum addressable unit is the number of bits 
overed by a memory lo
ation.Memory width 
onsists of one or more MAUs.
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Figure 4.1: Data �ow diagram of PIG.4.3 RequirementsThe software development was started by de�ning requirements for PIG. Some ofthe requirements 
ame from the experien
es gained from the program image gen-erator of MOVE framework. Sin
e TCE is a little bit more sophisti
ated system,more demands were made on PIG. Some of them were realised when the softwarewas already implemented, but thanks to well designed software ar
hite
ture, newrequirements were quite easy to implement later on.4.3.1 Instru
tion Relo
ationOne of the 
hallenges in generating the program image is instru
tion relo
ation.It means that instru
tion addresses are �xed during image generation sin
e thereal addresses depend on target instru
tion memory layout, instru
tion widths andinstru
tion positioning method used. These issues are des
ribed in subse
tion 4.4.2.Jump and 
all addresses must be 
hanged due to instru
tion relo
ation. Theymight be en
oded as short or long immediates in the 
ode, or in variables storedin the data memory. PIG would not know whi
h of the immediate or data valuesshould be 
hanged, but the information of values referen
ing to instru
tion addressesis given in relo
 se
tions of TPEF.



4. Program Image Generator 164.3.2 Generation of Data ImagesIn addition to the program image, PIG must generate also data images. It generatesseparate image �les for ea
h address spa
e de�ned in the ADF. The 
ontents of datamemories are given in TPEF byte by byte, so generating the image is relativelysimple. However, due to instru
tion relo
ation, the values referen
ing to instru
tionaddresses must be �xed in data memory too.4.3.3 User De�nable Code Compression S
hemesPIG must support 
ode 
ompression. There are several ways to 
ompress the pro-gram 
ode, and new algorithms 
an be invented, so that TCE users must be allowedto develop 
ode 
ompression algorithms of their own. PIG must also provide aframework, whi
h relieves the development work of 
ode 
ompressor modules.4.3.4 Multiple Input ProgramsThis requirement was realised afterwards, when the �rst version of the appli
ationwas already implemented. PIG must be able to generate program images of severalinput programs at on
e. The feature is useful if the 
ode must be 
ompressed. The
ompression algorithm gets all the input programs at on
e, whi
h may result inbetter 
ompression rate 
ompared to if ea
h program were 
ompressed separately.Another reason is that all the programs must be 
ompressed with same 
ompressiondata. For example in 
ase of di
tionary 
ompression, all the programs must be
ompressed using the same di
tionary. Otherwise they 
ould not be exe
uted in thesame pro
essor.4.3.5 De
ompressor GenerationSin
e PIG 
an 
ompress the program 
ode, it must generate a de
ompressor whi
h
an de
ompress it. Basi
ally, this is a requirement for user de�ned 
ode 
ompressormodules. The de
ompressor must be generated in HDL, so that it 
an be taken inuse when the pro
essor hardware is generated. The interfa
e of the hardware blo
kis well-de�ned. See 5.2 for detailed interfa
e de�nitions.4.3.6 Di�erent Output FormatsThe program and data images are needed in di�erent formats whatever the 
asemay be. PIG must support di�erent output formats whi
h are: binary, ASCIIbinary and VHDL array form. Binary format is what is loaded to the instru
tion ordata memory of the pro
essor. The ASCII binary format means an ASCII output
ontaining 
hara
ters '1' and '0'. It is better human readable than binary and 
an



4. Program Image Generator 17be used for testing and debugging purposes. The VHDL array form is almost similarto the ASCII binary format. The only di�eren
e is that ea
h row is enveloped by '"'marks and ea
h row ends with ','. VHDL arrays 
an be initialised with this formateasily.4.4 Operational Prin
iplesIn a simpli�ed manner, the operation of PIG has four main stages: reading the input�les, generating the program image, writing the program image to �le and writingthe data images. Reading the input �les is a
tually done by other software modules.Generating the program image is the main task, and the most 
hallenging of 
ourse.It is generated instru
tion by instru
tion, by generating a non-
ompressed instru
-tion at �rst and possibly 
ompressing it. The operational prin
iples are dis
ussedin the following subse
tions.4.4.1 Input FilesPIG needs ADF, BEM and TPEF as input data. The program is given in TPEF andBEM de�nes the format of the instru
tions to generate. ADF is needed too, be
auseBEM and TPEF formats are not interrelated. TPEF de�nes data moves in higherabstra
tion level than BEM. For example, TPEF does not tell what so
kets mustbe used to make a data move but BEM de�nes the instru
tion format by means ofso
ket IDs. That is, information of the pro
essor ar
hite
ture is ne
essary.4.4.2 Program Image GenerationThe program image is generated as a bit ve
tor at �rst. That is, it is represented asa very long array of bits. The instru
tions are added one by one, starting from the�rst instru
tion of the program and appending new instru
tions to then end of thebit ve
tor. Instru
tion bits are generated by user de�ned 
ode 
ompressor and theyare given to PIG framework whi
h adds them to the program bit ve
tor.

Figure 4.2: Fixed instru
tion width. One instru
tion per memory lo
ation.
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Figure 4.3: Fixed instru
tion width. One instru
tion takes 3 memory lo
ations. Ea
hinstru
tion starts at the beginning of memory lo
ation.Depending on the instru
tion memory layout, the instru
tion bits 
an be addedto the program bit ve
tor in two ways. In basi
 
ase, ea
h instru
tion starts atthe beginning of a memory lo
ation, see Figures 4.2 and 4.3. However, if variablewidth instru
tions are used, it is inevitable that the width of the instru
tion is notalways a multifold of MAU. In that 
ase, better memory allo
ation is a
hieved ifthe instru
tions are one after the other without any padding bits between them, seeFigure 4.4. This results that all the instru
tions do not start at the beginning ofa memory lo
ation, whi
h makes instru
tion fet
hing more di�
ult. In general, atleast jump target instru
tions must start at the beginning of a memory lo
ation.The 
ode 
ompressor tells the PIG framework, whi
h instru
tions must start at thebeginning of memory slot, so that PIG 
an position them 
orre
tly.4.4.3 Bookkeeping of Instru
tion AddressesBefore starting to generate the program image, PIG inspe
ts the relo
 se
tions ofTPEF and generates its internal data stru
tures whi
h 
ontain the information ofthe immediates that refer to some instru
tion address. For ea
h immediate, there isinformation whi
h instru
tion it refers to.PIG keeps tra
k of �nal memory addresses of ea
h instru
tions, so that the im-mediate and fun
tion pointer values in the data memory 
an be �xed. Ea
h time aninstru
tion is added to the program image, PIG inserts the address of the instru
-
Figure 4.4: Continuous memory �ll with variable width instru
tions. Instru
tion 6 set tostart at the beginning of memory lo
ation.



4. Program Image Generator 19tion added, to its internal map stru
ture, and �xes the referen
ing immediate valuesof the instru
tions added earlier. In addition, if the instru
tion added 
ontains animmediate that refers to an instru
tion whi
h is already added, the immediate valueis repla
ed with the 
orre
t value.To make this all possible, the immediates that must be �xed are marked bythe 
ode 
ompressor. Sin
e the instru
tions obtained from 
ode 
ompressor are
ompressed, their format unknown to PIG. For this reason, 
ode 
ompressor simplymarks the bits that represents an immediate. When the instru
tion bits are givento PIG framework, it 
he
ks the marked bits and possibly repla
es them.4.4.4 Data Image GenerationData images are generated by PIG itself without the aid of 
ode 
ompressors. Theprogram image must be generated before data images, be
ause �nal instru
tion ad-dresses must be known to be able to �x fun
tion pointer values and other instru
tionaddress referen
es in the data memory. Data memory 
ontents are obtained fromTPEF dire
tly. PIG just needs to do the �xing of instru
tion referen
es and generatethe bit ve
tor of data memory 
ontents.4.4.5 Writing the OutputWhen the bit ve
tors of instru
tion and data memories are 
reated, they are �nallywritten to output �les of the requested format. Binary format is easy to 
reate,sin
e there is no need to 
are about line breaks and other styling issues. However,in ASCII formats, the output is broken into lines, whi
h must be of sensible width.Currently, ea
h instru
tion is written on di�erent line in ASCII formats. Datamemory image is broken into lines by writing the given number of memory lo
ationsper line. The user 
an de�ne how many memory lo
ations are written per line by a
ommand line parameter.4.5 ImplementationThe software ar
hite
ture of the PIG is divided into three subsystems: PIG 
ore,base library and user interfa
e. The subsystems and their main modules are depi
tedin Figure 4.5.PIG 
ore is the main module, in whi
h the program and data image generationo

urs. The 
ore provides an interfa
e that 
an be exploited by di�erent user inter-fa
es. It uses the base library whi
h is 
ommonly used in TCE appli
ations. It isnot designed just for PIG, but also used elsewhere in the toolset.Base library is a 
olle
tion of modules that represent the major 
onsepts of TTA.Base library 
ontains also other modules than the ones used by PIG, whi
h are
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Figure 4.5: Main 
omponents of PIG.TPEF Handling Module, Program Obje
t Model, Binary En
oding Map andMa
hineObje
t Model. TPEF handling module is basi
ally an obje
t model representationof TPEF �le. The interfa
e it provides is not very user friendly and, therefore, it is
onverted to Program Obje
t Model (POM) before extensive use in PIG. PIG usesthe TPEF Handling Module as the reader of TPEF �les. Also data se
tions are readfrom the TPEF handling module dire
tly, sin
e they are not in
luded in POM. Therelo
 se
tions of TPEF are used too to resolve the instru
tion referen
es. POM isa stati
 higher level representation of TTA programs, in whi
h pro
essor resour
esare assigned to instru
tion elements, su
h as move sour
e and destination terminals.Basi
ally, PIG would not need POM. TPEF 
ontains all the same information butPOM is 
reated be
ause it is a lot easier to use. The Ma
hine Obje
t Model (MOM)represents the pro
essor ar
hite
ture read from an ADF and the Binary En
odingMap is an obje
t model representation of a BEM �le.4.5.1 Instru
tionBitVe
tor ClassInstru
tionBitVe
tor 
lass is used to represent the bit string of instru
tions. OneInstru
tionBitVe
tor instan
e may 
ontain just one instru
tion or several ones, thatis, 
omplete program image 
an be represented as an Instru
tionBitVe
tor instan
etoo. Sin
e TTA programs may be quite long, memory usage have to be taken intoa

ount when handling them. Instru
tionBitVe
tor 
lass is derived from the ve
-
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Figure 4.6: Instru
tion 
ontaining an immediate in three parts.tor<bool> type of C++ standard template library (STL), so it is highly optimised.Ea
h bit takes just one bit of memory.The 
lass has two spe
ial features. It 
an keep tra
k of instru
tion boundariesif there are several instru
tions in the ve
tor. They 
an be set by setInstru
tion-Boundary() method. In order to make 
orre
t line breaks, instru
tion boundariesmust be known when writing the image in ASCII format to a �le. The other spe
ialfeature is that it 
an store instru
tion address referen
es. That is, there 
an be se-quen
es of bits that, either themselves, or 
ombined with other sequen
es referen
eto some instru
tion addresses. Figure 4.6 depi
ts a 
ase in whi
h there are three bitsequen
es that represent an instru
tion address together. An instru
tion addressreferen
e 
an be 
reated by 
alling startSettingInstru
tionReferen
e() at �rst, andthen setting the boundaries by addIndexBoundsForReferen
e() method. The formermethod takes the Instru
tion whi
h is referen
ed, as parameter, and the se
ondtakes ve
tor indi
es for starting and ending point.The idea of setting the instru
tion address referen
es is that Instru
tionBitVe
tor
an automati
ally �x the values later, when the real addresses of the instru
tionsreferen
ed are known. When �xInstru
tionAddress() is 
alled, the obje
t automati-
ally modi�es the bit sequen
es referen
ing to the given instru
tion. This feature isused by PIG as the instru
tion relo
ation is performed.4.5.2 Code Compressor FrameworkThe 
ode 
ompressors are implemented as dynami
 modules whi
h 
an be loadedat run time. The framework 
onsists of an abstra
t base 
lass from whi
h thea
tual 
ode 
ompressor has to be derived. Figure 4.7 depi
ts the 
lass diagram ofthe framework. The base 
lass 
alled CodeCompressorPlugin 
ontains three purevirtual methods whi
h must be implemented in ea
h 
ode 
ompressor plugin, andseveral prote
ted methods that are useful for 
ode 
ompressors.One of the pure virtual methods is 
ompress() whi
h returns the 
omplete
ompressed program image as a bit ve
tor. The program to be 
ompressed is
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Figure 4.7: Class diagram of the 
ode 
ompressor framework.given as parameter as TPEF Handling Module. Generating the program im-age is started by 
alling CodeCompressorPlugin::startNewProgram() for whi
hthe TPEF module is given. It 
onverts the given TPEF module to POM,whi
h 
an be obtained by CodeCompressorPlugin::
urrentProgram(). Then, allthe instru
tions that must start at the beginning of memory lo
ation (at leastjump targets) must be told to the framework by 
alling CodeCompressorPlu-gin::setInstru
tionToStartAtBeginningOfMAU() or alternatively, CodeCompressor-Plugin::setAllInstru
tionsToStartAtBeginningOfMAU(). The program image is gen-erated by 
alling CodeCompressorPlugin::addInstru
tion() sequentially for ea
h in-stru
tion starting from the �rst one. The method takes Instru
tionBitVe
tor andInstru
tion obje
ts as parameter. The given Instru
tionBitVe
tor obje
t 
ontainsthe bits of the 
ompressed instru
tion and the immediates referen
ing to instru
tionsaddresses must be marked, in order to perform instru
tion relo
ation. When theinstru
tions are added by CodeCompressorPlugin::addInstru
tion(), the frameworkadds the padding bits to the program image automati
ally, if required. It also keepstra
k of the memory addresses of the instru
tions added.The framework provides also some help to produ
e the bit ve
tors of instru
tions.The CodeCompressorPlugin 
lass has bemInstru
tionBits() method whi
h returnsun
ompressed bits of the given instru
tion. The un
ompressed bits are generateda

ording to the instru
tion en
oding rules de�ned in BEM.Another pure virtual method is generateDe
ompressor() whi
h generates the HDL
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odes of the de
ompressor blo
k. Currently, sin
e the pro
essor generator supportsonly VHDL, the de
ompressor blo
ks must be generated in VHDL, in order to be
ompatible with ProGe. An output stream is simply given to the method, whi
hprints the HDL 
odes of the de
ompressor to the stream. The de
ompressor musthave a 
ertain interfa
e whi
h is dis
ussed in Se
tion 5.2.printDes
ription() is the third pure virtual method that must be implemented inthe 
ode 
ompressor. It prints a des
ription of the plugin to the given stream. Oneof the features of the generatebits appli
ation is to show information of the 
ode
ompressor plugins found. The text generated by this method will be shown.4.5.3 Di
tionary CompressorFor testing the 
ode 
ompressor framework and as an example to future 
ompressionexperiments, a simple di
tionary 
ompressor [10℄ was implemented. The 
ompressor
ompresses the instru
tions at level of the whole instru
tion, whi
h results in minimalinstru
tion length. Di
tionary 
ompression 
ould be also done at the level of moveslots, whi
h means ea
h move slot had a di
tionary of its own.4.5.4 Image WritersThe program and data images are written to �les by di�erent image writers. Theytake the bit ve
tor representing the program or data image as an input and printthe output to a �le.Di�erent image writers are derived from base 
lass 
alled BitImageWriter. Theinheritan
e hierar
hy is shown in Figure 4.8. The base 
lass de�nes a pure virtualmethod writeImage() whi
h should write the image to the given output stream. Cur-rently, there are �ve di�erent image writers: RawImageWriter, As
iiImageWriter,As
iiProgramImageWriter, ArrayImageWriter and As
iiProgramImageWriter.The RawImageWriter writes the given bit ve
tor to the given stream in binaryformat. It is the simplest of the image writers be
ause it does not need to 
are aboutline breaks. It just takes 8-bit sequen
es from the bit ve
tor, 
onverts them to 
hartype, and writes the 
hara
ters to the output stream.The As
iiImageWriter writes the bit ve
tor in ASCII format using '1' and '0'
hara
ters. Width of the lines it writes is given in its 
onstru
tor. Thus, ea
h linehas the same width. An example output of As
iiImageWriter 
ould be:011001001001001110010110010100101001001010111000...



4. Program Image Generator 24

Figure 4.8: Class diagram of image writers.The As
iiProgramImageWriter is a more advan
ed version of the As
iiIm-ageWriter that takes into a

ount the width of the instru
tions. It breaks theline after ea
h instru
tion, su
h that there is one instru
tion per line, even if theinstru
tion width varies. The As
iiProgramImageWriter makes good use of Instru
-tionBitVe
tor 
lass, whi
h stores the instru
tion boundary points.The ArrayImageWriter is derived from As
iiImageWriter 
lass whi
h providesalso prote
ted helper methods for ASCII writers. The output of ArrayImageWriteris similar to As
iiImageWriter ex
ept that ea
h line is in quotation marks like this:"0110010010010011","1001011001010010","1001001010111000",..."0110101010111000"This format is designed for initialising a VHDL array. The output 
an be 
opied
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h the array is needs to be initialised. The Ar-rayProgramImageWriter is similar to the ArrayImageWriter ex
ept that it exploitsthe instru
tion boundaries and prints one instru
tion per line.4.5.5 User Interfa
eThe user interfa
e is a separate module in PIG design. Currently, PIG 
an be usedonly through 
ommand line, but in the future, there will probably be a graphi
aluser interfa
e for PIG. The task of 
ommand line user interfa
e in PIG is to parse thegiven 
ommand line parameters and 
reate obje
t models of the given ADF, TPEFand BEM �les. In TCE, we have a toolkit for parsing 
ommand line parametersand the base library 
ontains parsers for given input �les, so the user interfa
e itselfis very simple. On
e the obje
t models are 
reated, the user interfa
e passes themand other parameters to PIG 
ore and it takes responsibility of the rest.
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5. PROCESSOR GENERATOR
The other appli
ation 
overed by this thesis, Pro
essor Generator (ProGe), is usedto generated synthesisable VHDL de�nition of the pro
essor designed with TCEtools. This is the last stage in the design �ow.The input �les ProGe needs are ADF, BEM, and IDF. In addition, if 
ode 
om-pression is used, ProGe needs the de
ompressor module generated by the 
ompressorplugin of PIG. Figure 5.1 depi
ts the inputs and outputs of the appli
ation.This 
hapter 
on
entrates on the ProGe, dis
ussing about the requirements set tothe appli
ation at �rst. In Se
tion 5.2 the module division of the pro
essor templateis introdu
ed and Se
tion 5.3 
overs the most important operational prin
iples of thepro
essor hardware. The software implementation of the appli
ation, in
luding 
lassdiagrams of the main modules and sequen
e diagrams of the operation, is des
ribedin Se
tion 5.4. Finally, some restri
tions of the 
urrent implementation are listed inSe
tion 5.5.5.1 RequirementsThe development pro
ess of ProGe was started by setting the fun
tional require-ments for the appli
ation. The HDB was developed in parallel with ProGe, as itwas known, what information must be 
ontained in it. The main fun
tional require-ments of ProGe are listed here. For thorough requirement do
ument, see [6℄.5.1.1 Easy ExtendabilityAt �rst, it was thought whether ProGe should support other languages in additionto VHDL. We de
ided it is enough that the initial version supports just VHDL, butis must be designed to allow extending to other languages later. That is, it must bekept totally free of HDL dependen
ies as long as possible. Just the �nal stage whenwriting the output is HDL dependent.5.1.2 User De�nable Implementation of De
oder and ICA fundamental requirement of ProGe is support of 
ustom, user-de�ned implemen-tations of inter
onne
tion network and instru
tion de
oder. A prede�ned implemen-tation alternative is provided by TCE.
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processor structural description files
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 IDF
 BEM

decomp

ressor
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Figure 5.1: Data �ow diagram of pro
essor generation.5.1.3 User De�nable RF and FU ImplementationsThe main building blo
ks of a target pro
essor, su
h as fun
tion units, register �lesand immediate units, are too 
omplex to be generated automati
ally by ProGe.Instead they are generated o�-line by the user and stored in HDB. The IDF �legiven to ProGe tells what blo
ks should be sele
ted from the HDB.5.2 Hardware Modules of Pro
essor TemplateThe pro
essor generated by ProGe has a well-de�ned module division. Some of thehardware modules are prede�ned library 
omponents des
ribed in VHDL, and theothers are generated by ProGe. The modules and their interfa
es are depi
ted inFigure 5.2.The 
ontrol unit of the pro
essor 
omprises three modules: instru
tion fet
hunit, instru
tion de
ompressor and instru
tion de
oder. Interfa
es between them aredesigned 
arefully to open the way for di�erent 
ode 
ompression and instru
tionmemory s
hemes, as shown in Figure 5.2.Fun
tion units, register �les and immediate units are library 
omponents. Theyare pi
ked from HDBs, as de�ned in IDF. Generating them online would be toodi�
ult, if not impossible. They are 
onne
ted to the de
oder for 
ontrol signalsand to inter
onne
tion network for data transfer.
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Figure 5.2: Module division of the pro
essor.5.2.1 Instru
tion Fet
h UnitThe stru
ture of instru
tion fet
h unit is always similar in every pro
essor, so it isa library 
omponent. However, it is parameterized by three fa
tors whi
h are widthof the address line of instru
tion memory, MAU of the instru
tion memory and thewidth of the instru
tion memory in MAUs.5.2.2 Instru
tion De
ompressorInstru
tion de
ompressor obtains fet
h blo
ks from instru
tion fet
h unit, de
om-presses them and passes un
ompressed instru
tions to instru
tion de
oder. De
om-pressor is generated by the 
ompressor plugin of PIG. It must 
ommuni
ate withinstru
tion fet
h unit and instru
tion de
oder in a parti
ular way. It requests a
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FU:

FU1

FU:

FU2

0

1

2Figure 5.3: An example of inter
onne
tion network.new fet
h blo
k by enabling the fet
h_en signal to the fet
h unit. A fet
h blo
kmay 
ontain several 
ompressed instru
tions whi
h implies that instru
tions are notgoing to be fet
hed in ea
h 
y
le. Another task of de
ompressor is to pass lo
ksignals. If instru
tion fet
h fails for some reason, instru
tion fet
h unit generatesglobal lo
k signal whi
h must be propagated to instru
tion de
oder by de
ompressor.Respe
tively, some fun
tion unit may request global lo
k whi
h is propagated to de-
ompressor by de
oder. In this 
ase, de
ompressor has to propagate it to instru
tionfet
h unit.5.2.3 Instru
tion De
oderInstru
tion de
oder, as well as inter
onne
tion network modules are generated by theIC/de
oder plugin of ProGe. This part of the pro
essor is totally dependent on theplugin used. ProGe itself does not restri
t is anyhow but the de
ompressor-de
oderand fet
h unit-de
oder interfa
es are �xed by the design. Instru
tion de
oder getsan un
ompressed instru
tion from de
ompressor and generates the pro
essor 
ontrolsignals. Like de
ompressor, de
oder has to propagate lo
k signals too. Lo
k request
oming from de
ompressor must be propagated to all the operational units. Alsoglobal lo
k request 
oming from a fun
tion unit must be propagated to other unitsand de
ompressor.5.2.4 Inter
onne
tion NetworkInter
onne
tion network 
onsists of buses and so
kets. They 
an be implementedin several ways, and the implementation depends on the IC/de
oder plugin used.Inter
onne
tion network must have the same data paths as de�ned in the ADF givento ProGe. In addition, there are so
kets that are invisible in ADF. Those are used
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Figure 5.4: Datapath realised with inter
onne
tion of multiplexers.to pass short immediates from instru
tion de
oder. Figures 5.4 and 5.5 illustratehow the inter
onne
tion network 
an be implemented in hardware. The same IC

Figure 5.5: Datapath realised with AND-OR network.
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Figure 5.6: The interfa
e of fun
tion unit model.ar
hite
ture is depi
ted in Figure 5.3.5.2.5 Fun
tion Unit ModelFun
tion units supported by ProGe must have spe
i�
 
ontrol ports, in additionto data ports. Figure 5.6 depi
ts the interfa
e of the model. For ea
h input dataport, there must be a so 
alled load port. The load port is used to load value tothe input register of the fun
tion unit. When the load is enabled, the value is readfrom the input so
ket to the input register. If the fun
tion unit supports more thanone operation, it must have a port for operation 
ode too. It is used to sele
t theoperation to exe
ute. In addition to result ports, there may be a guard port for ea
hresult. Guard port is a 1-bit port of whi
h value 
an be used to 
ontrol 
onditionalexe
ution. Fun
tion unit must also have a lo
k port. If the pro
essor has to belo
ked, ea
h fun
tion unit must also be lo
ked by using this port. Some fun
tionunits may need to request lo
king of the whole pro
essor. This is 
alled global lo
krequest. For example, a load-store unit may need to request lo
k, if it uses a 
a
hememory and a 
a
he miss o

urs. Fun
tion units may have external ports that arenot 
onne
ted to anywhere in the pro
essor 
ore. In that way, external devi
es 
anbe 
onne
ted to the pro
essor. For example, load-store units have external ports
onne
ted to the data memory. When the pro
essor is generated, the external portsof the fun
tion units are added as external to the pro
essor 
ore, as shown in Figure5.2.
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Figure 5.7: The interfa
e of register �le model.5.2.6 Register File ModelRegister �les must be of a 
ertain model too. The interfa
e of the model is depi
tedin Figure 5.7. They have a variable number of data read and write ports. For ea
hdata port, they have also a load port and an operation 
ode (op
ode) port. Theop
ode port is used to sele
t the register whi
h is read or written. Thus, the widthof the op
ode port depends on the number of registers in the register �le. The loadport is needed to load data from write port to a register or to update the value of aread port. Register �les may have a guard port as well. Its width is the same as thenumber of registers in the register �le. Ea
h bit represents guard value of a registerin the register �le. The guard value is taken by doing OR-operation for all the bitof the 
orresponding register. Like FUs, ea
h RF must have a lo
k port, whi
h isused to lo
k the RF, if the pro
essor has to be lo
ked.
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iplesProGe starts the job by generating a netlist of the pro
essor. The netlist 
ontainsthe pro
essor building blo
ks and 
onne
tions between them as shown in Figure 5.2.When the netlist is generated, it is written to a VHDL �le by a writer module. Itwrites the pro
essor 
ore whi
h basi
ally just 
onne
ts the pro
essor building blo
ksto ea
h other.When the netlist is being generated, the fun
tion units, as well as the register�les and immediate units given in IDF, are added there too. Names of the portsof those blo
ks must be known. That information is obtained from HDB. IDF tellsexa
tly the FU, RF and IU implementations to sele
t from HDB. In addition to portnames, their purposes must be known. That is, data ports of units de
lared in ADFmust be mat
hed up to the ports of the 
orresponding implementations sele
tedfrom HDB. For fun
tion units, the port mat
hing is done on the grounds of operandbindings. For example, if operand 1 of operation add is bound to port p1 in ADF,and the same operand is bound to port o1data in the blo
k sele
ted from HDB, itis obvious that add and o1data are 
orresponding ports. It must be noted that ifthere are several operations in the fun
tion unit, the operands of all the operationsmust be bound to the same ports in the fun
tion unit de
lared in ADF and in theblo
k sele
ted from HDB. Otherwise their ar
hite
ture is di�erent and they are not
ompatible.The implementation of a blo
k sele
ted from HDB may be parameterized by bitwidth for example. The parameter values must be �xed too when the netlist isbeing generated. Parameter values are resolved by means of port widths. Afterport mat
hing, we 
an see from ADF, what the widths of the ports in the hardwareimplementation should be. Then, by looking at the width formulas de�ned for theports in HDB, the parameter values 
an be resolved.Sin
e the implementation of instru
tion de
oder and inter
onne
tion networkare generated by a plugin module, ProGe 
annot generate the whole netlist itself.Instru
tion de
oder and IC modules have di�erent interfa
e depending on the pluginused. Due to that, the netlist is generated in two phases: At �rst ProGe adds allthe blo
ks ex
ept inter
onne
tion network to the netlist. De
oder is added too, butnot the ports that are 
onne
ted to the IC. After that, the plugin adds the IC blo
kand required ports to the de
oder, and makes the 
onne
tions from IC to de
oderand units.5.4 Software ImplementationThe appli
ation is implemented in C++ using obje
t oriented programming. Itmakes use of ma
hine obje
t model, binary en
oding map and implementation de-
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Figure 5.8: Class diagram of the main module of ProGe.s
ription module from the base library of TCE. In addition, it a

esses HDB throughthe HDB library of TCE. Figure 5.8 depi
ts the main 
lass diagram of the appli
a-tion. More detailed 
lass diagrams of the modules are shown in the 
orrespondingsubse
tions.An overview of the operation of the appli
ation 
an be obtained from the se-quen
e diagram shown in Figure 5.9. Pro
essorGenerator is a kind of 
ontroller
lass. Generation of the pro
essor is laun
hed when a 
lient (user interfa
e) 
allsthe Pro
essorGenerator::generatePro
essor() method. Before starting to generatethe pro
essor, some 
he
ks to verify the ma
hine is sensible and generatable areperformed. At �rst the pro
essor is 
he
ked for 
ommon sanity in Pro
essorGener-ator::validateMa
hine(). It does some 
he
ks to verify the given pro
essor ar
hite
-ture de�nition is sensible and 
an be generated in HDL. If this test is passed, theIC/de
oder generator plugin makes its own 
he
ks to the pro
essor in ICDe
oder-GeneratorPlugin::verifyCompatibility(). It must also be 
he
ked, that the register �leimplementations sele
ted for immediate units, have 
orre
t laten
y. What is the 
or-re
t laten
y, depends on the implementation of GCU and IC, thus on the IC/de
oder
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Figure 5.9: High-level sequen
e diagram of generating the pro
essor.generator plugin. These are 
he
ked in Pro
essorGenerator::
he
kIULaten
ies()method. Now it should be sure the pro
essor 
an be generated and is a work-ing one. Then the netlist is generated by NetlistGenerator, and the HDL 
odesof IC and de
oder by the IC/de
oder generator plugin used. Finally, the top-levelblo
k that 
onne
ts the hardware modules to ea
h other a

ording to the netlist, iswritten in HDL by a NetlistWriter instan
e. To �nalize the pro
essor de�nition, the�les implementing the fun
tion units and register �les must be 
opied to the outputdire
tory by a Blo
kSour
eCopier instan
e.5.4.1 NetlistNetlist is represented as an undire
ted graph in whi
h ports are verti
es and 
on-ne
tions are edges. The 
lass diagram of the module is depi
ted in Figure 5.10.The Netlist 
lass is derived from boost::adja
en
y_list whi
h 
omes in the BoostGraph Library [11℄. The ports are represented by NetlistPort 
lass. They are neveralone but always 
ontained by a NetlistBlo
k instan
e. Respe
tively, NetlistBlo
kinstan
es never exist alone - they are always 
ontained by a Netlist instan
e.The blo
ks in the netlist have a top-down hierar
hy in whi
h the blo
ks mayhave sub blo
ks. When the netlist is written in a HDL, for example in VHDL, ea
hblo
k in the netlist is written as an entity. Netlist representing a TTA pro
essorhas a blo
k representing the pro
essor 
ore as the top-level blo
k. It 
ontains blo
ks
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Figure 5.10: Class diagram of the netlist.representing fun
tion units, register �les, inter
onne
tion network et
. as sub blo
ks.Ea
h edge in the netlist 
ontains properties represented by PortConne
tionProp-erty 
lass. It tells the width of the 
onne
tion and the pins that are 
onne
ted. Thismakes it possible to 
onne
t two ports partially. For example, just the two leastsigni�
ant bits 
ould be 
onne
ted, even though the ports were wider.Sin
e netlist is the only input given to HDL writers, it must 
ontain all thene
essary data to generate valid HDL 
ode. Ea
h NetlistBlo
k instan
e has moduleand instan
e names de�ned. The module name is the name of the hardware entityand instan
e name is the name of the parti
ular instan
e of the module, naturally.Sin
e the hardware blo
ks may be parameterised, NetlistBlo
k instan
es must alsohave parameters de�ned with values. NetlistPort instan
es have all the data neededto write the HDL. That is, there are port name, data type, width formula anddire
tion de�ned.The netlist is designed to be HDL independent whi
h means the data types ofthe ports are not real data types as written in HDL, like std_logi
_ve
tor. Insteadthere are two possibilities for data type: bit or bit ve
tor. The HDL writer usedto write the netlist in some HDL, writes the real types depending on the HDL. Forexample, bit type is represented as std_logi
 and bit ve
tor as std_logi
_ve
tor inVHDL.
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Figure 5.11: Sequen
e diagram of netlist generation.5.4.2 Netlist GeneratorThe netlist is generated by NetlistGenerator 
lass. The sequen
e diagram of thepro
ess is depi
ted in Figure 5.11. NetlistGenerator is given the ma
hine obje
tmodel, ma
hine implementation de�nition and the IC/de
oder plugin to use. Itreads the ma
hine implementation de�nition, requests the blo
k information fromHDBManager and adds the fun
tion units, register �les and immediate units aswell as instru
tion fet
h unit, de
ompressor and de
oder to the netlist. After thatit requests the plugin to add inter
onne
tion network and �nalises the de
oder and
onne
tions by 
alling ICDe
oderPlugin::
ompleteNetlist() to the plugin.5.4.3 IC/De
oder GeneratorAs mentioned before, the IC/de
oder generator is a dynami
 module to give TCEusers the possibility to experiment with di�erent implementation alternatives of in-stru
tion de
oder and inter
onne
tion network. IC/de
oder generators must be de-rived from ICDe
oderGeneratorPlugin 
lass. They have to implement the four purevirtual methods de
lared in the base 
lass: 
ompleteNetlist(), requiredRFLaten
y(),verifyCompatibility() and generate().The 
ompleteNetlist() method is used to 
omplete the initial netlist generated byNetlistGenerator. This method adds IC to the netlist and 
ompletes the de
oder
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essor Generator 38by adding the ports required to 
ontrol the pro
essor. In addition, it 
reates therequired 
onne
tions to the netlist from IC and de
oder.The requiredRFLaten
y() method returns the required laten
y of the register �lemodule sele
ted for the given immediate unit. The laten
y required depends onthe laten
y de�ned in ADF and the implementation of the pro
essor 
ontrol. Thismethod is used to verify the sele
ted implementation has an appropriate laten
y.The verifyCompatibility() method is used to verify the IC/de
oder generator plu-gin is 
ompatible with the ma
hine de�ned in ADF. It might be possible that theplugin is unable to 
reate 
ontrol unit or inter
onne
tion network as de�ned in ADF.This method 
he
ks the ma
hine ar
hite
ture de�nition for 
ompatibility and throwsan ex
eption if the plugin is not 
ompatible with the ma
hine.Finally, the generate() method generates the instru
tion de
oder and inter
on-ne
tion network to the given destination dire
tory.The plugin framework supports also passing of user given parameters. Thatis, when the pro
essor is being generated, users 
an de�ne parameters whi
h aregiven to the IC/de
oder generator plugin. For this purpose, there is setParameter()method in the interfa
e of ICDe
oderGeneratorPlugin 
lass. The base 
lass storesthe parameters set, and there are hasParameter() and parameterValue() methodsin the prote
ted interfa
e available to the derived 
lasses. They 
an be used to askwhether the parameter is set, and its value.It is not for
ed by the framework, but re
ommended, to make the IC and de-
oder generators to di�erent 
lasses. By doing so, it is possible to make new pluginsby 
ombining 
ompatible IC and de
oder generators. The default IC/de
oder gen-erator plugin provided in TCE is made just like that. It 
onsists of four 
lasses:DefaultICDe
oderPlugin, DefaultDe
oderGenerator, CentralizedControlICGeneratorand DefaultICGenerator. DefaultICDe
oderPlugin is the main plugin 
lass derivedfrom ICDe
oderGeneratorPlugin. DefaultDe
oderGenerator generates the de
oderand DefaultICGenerator the inter
onne
tion network. It is derived from Central-izedControlICGenerator whi
h is a general purpose base 
lass for IC generators ofpro
essors with 
entralised 
ontrol. The reason for this inheritan
e hierar
hy is tomake the DefaultDe
oderGenerator unaware of DefaultICGenerator. Instead, it usesthe interfa
e of CentralizedControlICGenerator to request the port data required to
onne
t the de
oder to the IC blo
k. Be
ause of that, the DefaultDe
oderGenerator
an be used together with any IC generator derived from CentralizedControlICGen-erator.5.4.4 Netlist WriterThe task of netlist writers is to write the given netlist in some hardware des
rip-tion language. Currently, ProGe has VHDLNetlistWriter as the sole netlist writer
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essor Generator 39implementation. Netlist writers are derived from abstra
t base 
lass NetlistWriter.They must implement the pure virtual write() method whi
h just writes the givennetlist to the given destination dire
tory in HDL. The written netlist may be 
on-stituted by one or several �les. It is up to the netlist writer implementation. TheVHDLNetlistWriter writes the netlist parameters to a VHDL pa
kage to a separate�le and the netlist to another one.5.4.5 User Interfa
eProGe has only 
ommand line user interfa
e. However, it is taken into a

ountthat it might be used from di�erent user interfa
es. The user interfa
e is 
learlyseparated from the rest of the appli
ation. There is ProGeUI 
lass from whi
hdi�erent user interfa
es should be derived. Basi
ally, the 
lass is a helper for loadingdata stru
tures, su
h as ma
hine obje
t model, binary en
oding map and ma
hineimplementation des
ription from the 
orresponding input �les given. There areseveral prote
ted methods available to the derived user interfa
e 
lass. The purposeof this design is to make implementing new user interfa
es as easy as possible. Theyjust need to read user given data and load the data to the base 
lass. For example,the base 
lass takes 
are of loading the dynami
 module used to generate IC andde
oder. Finally, the pro
essor generation is triggered by 
alling generatePro
essor()method of the base 
lass.5.5 Restri
tionsEven though ProGe was designed to be rather �exible and to restri
t the user de�nedfun
tion units and register �les as little as possible, there are some restri
tions
on
erning the supported ADFs and user de�ned hardware blo
ks. Some of therestri
tions are 
aused by ProGe itself and the others are IC/de
oder generatorplugin spe
i�
 restri
tions.5.5.1 Width Formulas of Fun
tion Unit PortsSin
e ProGe tries to resolve the parameter values of fun
tion units from the widthformulas de�ned for ports and from the port widths de�ned in ADF, it 
auses arestri
tion to width formulas: For ea
h parameter of a blo
k, there must be at leastone port of whi
h width formula is dire
tly the name of the parameter withoutany mathemati
al operations. For example, if we have a fun
tion unit blo
k withparameter dataw, there must be a port of whi
h width formula is dataw. ProGe doesnot support parameter resolving from width formulas 
ontaining some mathemati
aloperations, su
h as dataw*2-1.
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essor Generator 405.5.2 A
tive High ResetsReset signals taken by fun
tion units and register �les must be a
tive low. Thehardware database does not 
ontain the information whether they are a
tive low orhigh, so they are always assumed as a
tive low. It would be quite easy to supportalso a
tive high resets, but it would require the additional information to HDB.5.5.3 Bidire
tional PortsBidire
tional ports are not supported by the default IC/de
oder generator. In hard-ware, implementation of a bidire
tional port is not 
heaper or anyhow better thantwo separate ports: input and output. That is why it was de
ided to not supportthem by the default plugin.5.5.4 BridgesThe default IC/de
oder generator does not support bridges [5℄. Even if they aresupported by ADF, most of the tools in TCE toolkit does not support them, so itwas de
ided to not support them in the default plugin either.
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6. VERIFICATION
To make sure PIG works 
orre
tly, it must be veri�ed that the program and dataimages it generates are 
orre
t. The problem here is to get the 
orre
t referen
eoutputs. The most sensible way of veri�
ating ProGe is to 
ompile the output �lesand simulate the behaviour of the pro
essor by a VHDL simulator. To simulate thepro
essor, a program image is needed, whi
h must be generated by PIG. That is, ifthe result of VHDL simulation with a program image generated by PIG is 
orre
t,it is highly probable that both PIG and ProGe works 
orre
tly. On the other hand,if the VHDL simulation fails, it is hard to say where the error is. That is why PIGwas tested at �rst to get 
orre
t program images for VHDL simulation.6.1 Veri�
ation of the Program Image GeneratorFor the very �rst test of PIG, the referen
e program image was generated by hand.It was a simple program of about 30 instru
tions. In the se
ond phase, the referen
eprogram image was generated by the program image generator of MOVE framework.Lu
kily, we have 
ompatibility tools to 
onvert �les from MOVE format to TCEformat and they were of great help in this test. The initial program 
ode wasin MOVE assembler format and the pro
essor ar
hite
ture also in MOVE format.Both of them were 
onverted to TCE format. We do not have 
onverter for binaryen
oding map, so it had to be 
onverted by hand. Finally, the same program,pro
essor ar
hite
ture and binary en
oding map were in MOVE and TCE formatsand the test 
ould be 
arried out.6.2 Veri�
ation of the Pro
essor GeneratorThe �rst tests for ProGe were held by generating an arbitrary pro
essor with itand trying to 
ompile the VHDL 
odes by a VHDL 
ompiler. When the 
odeswere free of 
ompilation errors, simulating the pro
essor with ModelSim [12℄ wasstarted. For simulations, a testben
h had to be 
reated. The testben
h 
onne
tsthe pro
essor to instru
tion and data memories, generates the 
lo
k signal, setsthe initial program 
ounter value and other pro
essor 
ontrol signals to run thepro
essor. The simulation result was veri�ed by means of bus tra
es. The value onea
h bus in the pro
essor was printed to a �le in ea
h simulation 
y
le. Similar bustra
e obtained from TTASim was used as referen
e.
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ation 426.3 Co-veri�
ationBasi
ally, the 
o-veri�
ation was started when ProGe was able to produ
e VHDL
odes ready for simulation. The input program and data images for simulation weregenerated by PIG. Four test 
ases whi
h test a little bit di�erent things in PIGand ProGe were run. The test 
ases use the same sour
e program but in ea
h 
asethe pro
essor ar
hite
ture is a little bit di�erent, whi
h 
auses also 
hanges to theprogram and data images. Ea
h test 
ase is based on a TTA pro
essor for 1024-pointfast fourier transform. The exe
ution of the program takes around 5200 
y
les withthe pro
essor ar
hite
ture used. The basi
s of the ar
hite
ture and the programare dis
ussed in [13℄. In the following subse
tions, the di�eren
es of the 
ases are
overed.6.3.1 FFT Case With Short ImmediatesIn this 
ase all the immediates were en
oded as short. This 
ase was sele
ted totest whether PIG 
an generate the program image using short immediates 
orre
lyand whether pro
essor generated by ProGe works 
orre
tly with them. This is thesimplest of the test 
ases and it was 
arried out �rst. In this 
ase, the instru
tionmemory had a MAU of the width of the instru
tion, that is, ea
h instru
tion tookone memory lo
ation, whi
h is the simplest 
ase.6.3.2 FFT Case With Long ImmediatesIn this 
ase the short immediates were repla
ed with long ones. It required a 32-bitimmediate unit to the pro
essor ar
hite
ture. A dedi
ated long immediate �eld wasadded to the instru
tion format. The use of long immediates was not optimised at allin this 
ase. The long immediates were en
oded in the dedi
ated long immediate �eldin one part. Due to the dedi
ated long immediate �eld, the width of the instru
tionsin
reased by one bit 
ompared to the short immediate 
ase. This test 
ase tested theability of PIG to generate program image with long immediates and the ability ofthe pro
essor to de
ode the instru
tions having them. Sin
e the pro
essor handlesshort and long immediates totally di�erently, this was an important test 
ase tomake sure the pro
essor works with simple long immediates.6.3.3 FFT Case With Optimised Long ImmediatesThis is a more sophisti
ated version of long immediate test. In this 
ase the in-stru
tion width was optimised by en
oding the long immediates in move slots. Thisresulted in 137-bit instru
tions, while the non-optimised version required 150 bits.This 
ase was sele
ted to test how the PIG 
an dismember the long immediates
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ation 43to several move slots and how the pro
essor generated by ProGe 
an 
ombine theportions and store them to an immediate unit.6.3.4 FFT Case With Compressed Program ImageDi
tionary 
ompressor and de
ompressor were tested in this 
ase. This is similar toshort immediate 
ase ex
ept that the instru
tions were 
ompressed by the di
tionary
ompressor resulting in instru
tion width of 6 bits.6.3.5 Fun
tion Pointer TestA separate fun
tion pointer test was ran too. This test was mainly for PIG, butProGe was used to verify the result. A simple test program whi
h used fun
tionpointers was written in C language. It 
alls fun
tions whi
h print text to standardoutput. Be
ause of fun
tion pointers, there are instru
tion addresses en
oded asimmediates in instru
tions. PIG has to �x the immediate values, as dis
ussed in4.3.1. To make the test even more extensive, the MAU of the instru
tion memory wassele
ted to be 16 while the instru
tion width was 46 bits. That is, ea
h instru
tiontook three MAUs and the in
rement in instru
tion addresses was three.In this test 
ase the result was not veri�ed by 
omparing bus tra
es sin
e thebus tra
es of TTASim and VHDL simulation di�er due to the memory addresses.TTASim operates in higher level: it does not 
are about the �nal instru
tion ad-dresses after program image generation. In this 
ase, ea
h instru
tion address isthree times larger in reality than in TTASim whi
h has an e�e
t to the bus tra
e,of 
ourse. The test 
ase was veri�ed by 
omparing the output of the program. Theprogram printed some text, so a spe
ial fun
tion unit whi
h implemented the stdoutoperation was 
reated. In VHDL simulation, the fun
tion unit printed the 
hara
terto the output �le, whi
h was then 
ompared to the output of the C program.
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7. CONCLUSIONS
In this thesis, the last phase of TTA pro
essor design �ow is implemented. Inputsto that phase are pro
essor ar
hite
ture de�nition (ADF) and a program or a set ofTTA assembly programs s
heduled for the parti
ular ar
hite
ture. The �nal programand data images to be exe
uted by the pro
essor, as well as stru
tural des
ription ofthe pro
essor hardware has to be generated in this phase. Two separate appli
ations,Program Image Generator (PIG) and Pro
essor Generator (ProGe) were designedand implemented in order to make the last phase of the design �ow as automatedas possible.PIG generates the program and data images from the given input assembly pro-grams and data se
tions. The program image is generated as a bit-a

urate imagewhi
h is ready to be loaded to the instru
tion memory of the target TTA pro
es-sor. Similarly, data images are ready to be loaded to data memories of the targetpro
essor. The instru
tions are en
oded by means of the en
oding rules de�ned inBEM, and they 
an be further 
ompressed to save instru
tion memory. The outputformat 
an be sele
ted from a �xed set. The set is sele
ted to provide ne
essaryformats for VHDL simulation and for real use in TTA pro
essors. Unfortunately, aTCE user might need some di�erent format, whi
h is always the bad side of �xedset. The responsibility of de
ompressing 
ompressed instru
tion is left to the 
ode
ompressor plugin. It must generate the de
ompressor module whi
h is used in thepro
essor hardware generated by ProGe.ProGe generates synthesisable pro
essor des
ription a

ording to the given ADF,IDF and BEM �les. It supports only VHDL, but it is designed from the premissthat other hardware des
ription languages 
an be supported in the future. Dueto that, HDB must 
ontain only HDL independent data and ProGe generates aHDL independent netlist representation of the pro
essor. The netlist is written bya netlist writer to HDL �les. In order to support an additional HDL, a new netlistwriter must be implemented. In prin
iple, there should be no problems, but I am alitte bit suspi
ious of it. A potential sour
e of problems are the data types of portsde�ned in HDB. There are two data types: BIT amd BIT_VECTOR. In VHDL,BIT is 
onverted to std_logi
 and BIT_VECTOR to std_logi
_ve
tor but I amnot sure if the 
onversions 
an be done unambiguously in every HDL.The appli
ations are designed to be as generi
 as possible. It is a
hieved by using
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lusions 45plugin modules in 
riti
al portions of the 
ode. In PIG, 
ode 
ompression is done bya plugin, whi
h is the only way to enable experimenting new 
ode 
ompression al-gorithms. In ProGe, the implementation of instru
tion de
oder and inter
onne
tionnetwork are generated by a plugin. As designing the plugin interfa
es, I noti
ed youhave to be 
areful with them. Otherwise you will easily end up having the wholeappli
ation as one big plugin. The 
hallenge in designing plugin frameworks is to tryto minimise the development work of new plugins, while trying to keep the restri
-tions the plugins 
an do as mimimal as possible. I am not 
ompletely satis�ed withthe result in 
ase of IC/de
oder plugins. It requires quite a lot of e�ort to 
reate anew plugin. For example, the default plugin whi
h was implemented, takes about3000 lines of raw C++ 
ode. And to generate the same IC/de
oder stru
ture in anew HDL, a 
ompletely new plugin implementation is required. But, on the otherhand, I do not know a better solution.To measure the su

ess of this thesis, it 
an be said that the main goal is a
hieved:Program image and pro
essor generation phase of the TTA pro
essor design �ow
an be su

essfully 
arried out with these appli
ations. The appli
ations are veri�edwith di�erent test 
ases to be working. They are 
arefully designed to be expandableand they have a modular design whi
h is easy to maintain. They are not perfe
t,but good enough to the �rst version of TCE. They provide a good platform forresear
hers to experiment di�erent 
ode 
ompression algorithms and IC/de
oderimplementations.
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