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ien
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t: Software EngineeringExaminers: Prof. Tommi Mikkonen and Prof. Jarmo TakalaKeywords: transport triggered ar
hite
ture, instru
tion s
hedulerA 
ustom-tailored appli
ation-spe
i�
 pro
essor (ASIP) 
an be used when nogeneral-purpose pro
essor (GPP) in the market 
an ful�ll the requirements set foran embedded system. ASIPs are 
o-designed with the software used in the system,a

ording to any possible restri
tions in performan
e, energy 
onsumption and usedsili
on area.Designing appli
ation-spe
i�
 pro
essors is usually demanding, time-
onsumingand 
ostly. Therefore, the design pro
ess should be automated as mu
h as possi-ble. TTA-Based Codesign Environment (TCE) is a toolset that provides a semi-automated design �ow of appli
ation-spe
i�
 pro
essors helping embedded systemdevelopers in �nding the most optimal pro
essor ar
hite
ture to run the appli
ationat hand. TCE is based on the transport triggered ar
hite
ture (TTA) pro
essorparadigm. TTA is a highly modular and �exible templated pro
essor ar
hite
turewell suited for 
ustomization.The most important and 
ompli
ated tool in the TCE toolset is the 
ompiler.This thesis presents a software framework written for the TCE 
ompiler ba
k-endthat performs an important part of 
ode generation for TTA pro
essors: instru
tions
heduling. For this thesis, the base interfa
es of the framework were designed andimplemented. Two �proof-of-
on
ept� instru
tion s
heduling algorithms were alsowritten to verify the design and fun
tionality of the framework.In addition to the basi
 
on
epts 
on
erning retargetable 
ompilers and instru
-tion s
heduling for instru
tion-level parallel (ILP) pro
essors, the requirements of theframework and the ideas behind the most important design de
isions are des
ribedin this thesis. Finally, the veri�
ation and ben
hmarking results are presented.
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1
1. INTRODUCTION
The software and the hardware of an embedded system always have their own spe
ialrestri
tions and demands. Even though the use of a general-purpose �o�-the-shelf�pro
essor (GPP) in su
h a system would be e
onomi
al, it is not always possible.Requirements 
on
erning performan
e, energy 
onsumption and used sili
on areamay limit the pro
essor 
hoi
e so stri
tly that, although the possibilities are plenty,no pro
essor 
urrently in the market is able to ful�ll them.One solution to the problem would be to design a 
ustom-tailored pro
essor froms
rat
h. These pro
essors are 
alled appli
ation-spe
i�
 instru
tion set pro
essors(ASIP). They are 
o-designed with the software they are supposed to run, thatis, pro
essor resour
es and for example the instru
tion set are optimized for theappli
ation. This allows superior performan
e when 
ompared to using general-purpose pro
essors and gives the developer of the embedded system the possibilityto ensure that the pro
essor meets all the set requirements. However, the designpro
ess of su
h a pro
essor is demanding and may also be very 
ostly � unless atoolset that automates most of the pro
ess 
ould be used.TTA Codesign Environment (TCE) 
urrently developed at Tampere Universityof Te
hnology (TUT) is one su
h toolset. It assists in designing appli
ation-spe
i�
pro
essors by o�ering semi-automati
 tools for �nding the optimal pro
essor ar
hi-te
ture for the appli
ation at hand. The sour
e 
ode is 
ompiled for ea
h 
andidatear
hite
ture and simulated to verify 
ode and pro
essor 
orre
tness and to providethe developer with performan
e statisti
s. Other important �gures su
h as energy
onsumption and pro
essor area are also estimated. This pro
ess of �nding theoptimal pro
essor ar
hite
ture for the given appli
ation is 
alled design spa
e explo-ration.The TCE toolset is based on the transport triggered ar
hite
ture (TTA) pro
essorparadigm. It is a �exible and modular templated pro
essor ar
hite
ture that 
onsistsof easily 
ustomizable set of pro
essor resour
es and thus is well suited for thispurpose. The ar
hite
ture is kept simple by moving most 
omplexity from hardwareto software. This makes an e�
ient 
ompiler a ne
essity and pla
es many 
hallengeson designing one.Instru
tion s
heduling is an important part of 
ompiling e�
ient 
ode for a TTApro
essor. This thesis presents an instru
tion s
heduler framework designed and



1. Introdu
tion 2implemented for the TCE 
ompiler ba
k-end. It helps in designing and testinginstru
tion s
heduling and other 
ode transformation and optimization algorithmsfor TTA pro
essors. It 
an also be used for 
ompiling for a �xed TTA target andas part of automated design spa
e exploration. The purpose of this thesis is todes
ribe the main design and implementation de
isions 
on
erning the instru
tions
heduler framework and to provide the users with enough details to enable themto use, extend and maintain the framework.The stru
ture of this thesis is as follows: Chapter 2 introdu
es the TTA ar
hi-te
ture and des
ribes how a TTA pro
essor is programmed. The TCE toolset isalso brie�y introdu
ed. Chapter 3 gives an overview of 
ompilers and presents somegeneral 
on
epts and issues 
on
erning 
ompiling for a TTA pro
essor. Chapter 4summarizes the main requirements set for the instru
tion s
heduler framework andChapter 5 presents the ideas behind the design de
isions and how the frameworkwas implemented. Chapter 6 des
ribes how the framework was tested and liststhe results of the performan
e ben
hmarks run using two implemented algorithms.Chapter 7 
on
ludes the thesis.



3
2. TRANSPORT TRIGGEREDARCHITECTURE
The transport triggered ar
hite
ture is a �exibly 
ustomizable templated pro
essorar
hite
ture. It is espe
ially suitable for running spe
ialized appli
ations, where highperforman
e but low produ
tion 
osts, pro
essor area usage and power 
onsumptionare required.A TTA pro
essor is usually tailored ex
lusively for the appli
ation in question,giving the pro
essor designers the possibility to optimize pro
essor resour
es de-pending on the performan
e and 
ost requirements they have set for their system.The TTA has been developed with easy 
ustomization in mind. It is a modularar
hite
ture template that 
onsists of a set of a few basi
 building blo
ks, su
h asfun
tion units, register �les and transport buses. By varying these building blo
ks,the designer 
an 
ome up with a 
on�guration that best ful�lls the set requirements.However, despite having a �exible pro
essor ar
hite
ture template at hand, de-signing appli
ation-spe
i�
 pro
essors manually is still a rather demanding and pos-sibly very expensive task. Embedded system designers need to 
onsider whether itwould be more feasible to pi
k an o�-the-shelf pro
essor instead. The TTA-BasedCodesign Environment developed in Tampere University of Te
hnology is a toolsetthat automates the most time-
onsuming and error-prone parts of the TTA pro
es-sor design pro
ess, and thus helps in redu
ing design 
osts.This 
hapter presents the organization of a TTA pro
essor and des
ribes how itis programmed. Finally, the TCE toolset is introdu
ed.2.1 Instru
tion-Level ParallelismInstru
tion-level parallelism (ILP) de�nes how many operations in a program 
anbe exe
uted in parallel. An ILP ar
hite
ture on the other hand refers to the fam-ily of pro
essor ar
hite
tures that are able to exe
ute operations in parallel. Bydupli
ating pro
essor resour
es or for example pipelining fun
tion units these pro-
essors provide the programmer or the 
ompiler the possibility enhan
e appli
ationperforman
e.How mu
h ILP is exploitable depends not only on the number of simultaneouslya

essable pro
essor resour
es, but also on target appli
ation semanti
s. Control anddata �ow in the program 
reate dependen
ies that need to be respe
ted to make the
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Figure 2.1: TTA pro
essor high-level organization.program exe
ute 
orre
tly. These dependen
ies limit the number of operations thatare exe
utable in parallel. Various 
ompiler te
hniques are used to in
rease possibleILP in programs. [1℄The TTA ar
hite
ture presented in the following is an example of an ILP ar
hi-te
ture. By dupli
ating its basi
 building blo
ks the designer 
an provide as mu
hILP for the target appli
ation as required.2.2 TTA Pro
essor OrganizationThe basi
 building blo
ks of a TTA pro
essor are fun
tion units (FU), register �les(RF), immediates units (IU) and the inter
onne
tion network (IC). Also, a spe
ialfun
tion unit, 
alled the global 
ontrol unit (GCU) is used to fet
h and de
ode in-stru
tions from instru
tion memory and generate signals that 
ontrol the pro
essor.A load/store unit (LSU) is a fun
tion unit spe
ialized in memory operations. Thehigh-level TTA ar
hite
ture is illustrated in Figure 2.1. Figure 2.2 represents a sim-ple TTA pro
essor with two fun
tion units, one register �le, two transport busesand a GCU.Ea
h fun
tion unit 
an support one or more operations, ranging from simpleaddition and subtra
tion operations to 
omplex spe
ialized operations. In theory, afun
tion unit 
ould even wrap inside another TTA 
o-pro
essor.Operands for operations exe
uted by fun
tion units are transferred through ports.The number of input and output ports in an FU depends on the operations supported
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Figure 2.2: A simple TTA pro
essor template.by the unit. These ports are bound to the operands of ea
h supported operation.Memory operations are also 
arried out by fun
tion units. Ea
h TTA pro
essor
ontains at least one so 
alled load-store unit, whi
h is able to read and write datamemory.Transport buses, so
kets, ports and 
onne
tions between them form the inter
on-ne
tion network. A

ording to the 
ontrol signals from the GCU, data is transportedbetween fun
tion units and register �les through those 
onne
tions. The numberof transport buses in the pro
essor ultimately limits the number of 
on
urrent datatransports per 
lo
k 
y
le. Other available resour
es and data dependen
ies furtherlimit operation parallelization possibilities. Temporary run-time data is stored inthe registers of register �les. Immediate units 
ontain spe
ial registers for storinglong immediates.For more details on the TTA ar
hite
ture, see [2℄.2.3 Programming a TTA Pro
essorInstru
tions in a TTA program de�ne data transports (later referred to as moves)instead of operations. Operations may or may not be exe
uted as a side-e�e
t ofthese data transports. The data transports are expli
itly de�ned by the programmer,unlike in a traditional ar
hite
ture, where the hardware a
tivates the required datatransports depending on the exe
uted operations.In the assembly language of a traditional general-purpose pro
essor, the exe
utionof an addition operation, whi
h sums registers r1 and r2 and writes the result toregister r3, 
ould be programmed like this:add r3, r1, r2;
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ture 6To exe
ute the same operation on a TTA, the programmer would need to de�nethree data transports:r1 -> add.o1;r2 -> add.trigger;add.o3 -> r3;The two input operands of the addition operation are transported through theIC from the registers to the input ports of the fun
tion unit that implements theoperation, add.o1 and add.trigger. The input port that is bound to the se
ondoperand of the operation is 
alled a trigger port. A data transport to this operandsets the op
ode and triggers the exe
ution of the operation. This behavior explainsthe name �transport triggered ar
hite
ture�.After the operation laten
y, the result is available at the output port add.o3,ready to be transported to register r3. In the example, the result is ready immedi-ately at the next 
y
le from triggering the operation. This might not be the 
aseespe
ially in 
ase of 
omplex operations or memory a

esses. Sin
e a TTA does notautomati
ally re
ognize stu
tural or 
ontrol hazards and stall the pro
essor untilthe 
on�i
t resolves, the programmer must take operation laten
ies into a

ount.The 
ode in the previous example is uns
heduled TTA 
ode. At this point, it isnot yet mapped to any parti
ular ar
hite
ture. In this type of TTA 
ode, data movesare de�ned one after another, one move per instru
tion. When this kind of TTA
ode is 
ompiled for a 
on
rete TTA ar
hite
ture, the instru
tions are �lled with asmany moves as possible, that is, the 
ode is s
heduled. In addition, the resour
esused to 
arry out the data transports are assigned. Uns
heduled TTA 
ode has afew restri
tions whi
h ensure it is as ar
hite
ture-independent as possible. Theserestri
tions are des
ribed in detail in [3℄.Sin
e the two input operand moves in the example are independent of ea
h other,if at least two buses and required 
onne
tions are available, these moves 
ould be
arried out in parallel. In that 
ase, the assembly 
ode would look like the following:rf.1 -> alu.o1; rf.2 -> alu.trigger.add;alu.o3 -> rf.3;Here the resour
es are also mapped to the ar
hite
ture at hand. Register �le �rf�is used to store the values. In this notation, rf.1 refers to its register at index 1.The fun
tion unit �alu� is used to exe
ute the operation. alu.trigger.add meansthat the op
ode for an addition operation is set and the operation is triggered bythis move.Conditional exe
ution in TTAs is implemented using guards. Ea
h move in aTTA instru
tion may have a guard that refers to a register, whi
h usually is a 1-bit
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ture 7boolean register, or to a result port of a fun
tion unit. In 
ase the value in theregister or at the FU port evaluates to zero (false), the move is not be 
arried out.2.4 TTA-Spe
i�
 OptimizationsThe TTA ar
hite
ture allows a set of optimizations not exploitable on other tradi-tional ar
hite
tures. An example of these is software bypassing, whi
h is an optimiza-tion normally done at run-time by the hardware. In TTA's though, this opimizationis done by the programmer (or usually by the 
ompiler).In software bypassing, the results of 
omputations are transferred dire
tly tothe operands of data dependent operations instead of transferring them throughregisters. This redu
es the number of reads and writes to register �les and reuse ofregisters, thus in
reasing ILP and redu
ing the 
y
le 
ount of the program. [4℄As an example, let's look at the following pie
e of 
ode that 
ontains two subse-quent data dependent operations:rf.1 -> alu1.o1; rf.2 -> alu1.trigger.add;alu1.3 -> rf.3;rf.3 -> alu2.o1; rf.4 -> alu2.trigger.sub;alu2.3 -> rf.5;In this software bypassing example, the result of the �rst addition operation isdire
tly transferred to the operand of the subtra
tion operation as follows:rf.1 -> alu1.o1; rf.2 -> alu1.trigger.add;alu1.3 -> alu2.o1; rf.4 -> alu2.trigger.sub;alu2.3 -> rf.5;Sin
e the de�ning move alu1.3 -> rf.3 is not required anymore, it is eliminatedby dead-result elimination optimization. By applying bypassing, the 
y
le 
ount isredu
ed as well as an unne
essary data transport and an RF a

ess is eliminated.Another example of a TTA-spe
i�
 optimization is operand sharing, whi
h meansthat if two operations have a 
ommon operand, the programmer 
an assign bothoperations to be exe
uted on the same FU. The se
ond operand move to the FU
an be then eliminated, thereby saving one data transport and an RF read. [5℄In the following pie
e of 
ode, the subsequent addition and subtra
tion operationshave a 
ommon operand rf.1:rf.1 -> alu1.o1; rf.2 -> alu1.trigger.add;alu1.3 -> rf.3;rf.1 -> alu2.o1; rf.4 -> alu2.trigger.sub;alu2.3 -> rf.5;
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hite
ture 8If both the operations are exe
uted on the same FU, the se
ond operand moverf.1 -> alu2.o1 
an be eliminated, be
ause it is already present in the operandregister of the FU alu1. The optimized 
ode after applying operand sharing savesa move and an RF a

ess:rf.1 -> alu1.o1; rf.2 -> alu1.trigger.add;alu1.3 -> rf.3; rf.4 -> alu1.trigger.sub;alu1.3 -> rf.5;2.5 TTA-Based Codesign EnvironmentThe �rst toolset developed for designing TTA pro
essors was MOVE framework.The MOVE proje
t started at Delft University in the Netherlands in the early 1990's.[5℄ Sin
e 2002, development and maintenan
e 
ontinued at Tampere University ofTe
hnology in Finland.The main purpose of the toolset was to allow resear
hers to experiment new ideasand extend the framework with new algorithms easily. In the long run, due to the
hosen software ar
hite
ture in the MOVE framework, it be
ame very di�
ult if notimpossible. The aim of the proje
t started at TUT was to 
ompletely redesign theMOVE framework, fo
using on extendability and �exibility. The new toolset wasnamed TTA-Based Codesign Environment (TCE).The initial input to the TCE toolset is the sour
e appli
ation written in a high-level programming language (HLL). The front-end 
ompiler transforms the originalsour
e to byte
ode that is then used as an input to the following parts in the design�ow. Originally, the TCE front-end was based on GCC version 2.7.0 [6℄. Currently,an LLVM-based (Low Level Virtual Ma
hine) implementation is used. A detaileddes
ription on the LLVM framework 
an be found from [7℄.The rest of the TCE design �ow 
an be divided in the following main phases:pro
essor design spa
e exploration, 
ode generation and analysis, and program imageand pro
essor generation [8℄. The design �ow is illustrated in Figure 2.3.Pro
essor design spa
e exploration. The design spa
e exploration is a pro
essof �nding an optimized pro
essor for running the appli
ation at hand, 
onsidering theset requirements and restri
tions. This pro
ess 
an be automated using the DesignSpa
e Explorer tool in the TCE toolset. It starts by modifying the resour
es of aninitial pro
essor 
on�guration and evaluating the e�e
ts of the modi�
ations. Theevaluation pro
ess 
onsists of estimating pro
essor area usage, energy 
onsumptionand performan
e for ea
h 
on�guration. Finally, the exploration produ
es a set of
andidate ar
hite
tures that ful�ll the given performan
e and 
ost requirements.
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 description of the
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Figure 2.3: TCE design �ow.In manual design spa
e exploration, the user is allowed to fully 
ustomize thepro
essor ar
hite
ture. Ea
h 
ustom 
on�guration is evaluated similarly to the au-tomated exploration. A

ording to the evaluation data, the user 
an modify thear
hite
ture as ne
essary and repeat the pro
ess until the optimal ar
hite
ture isfound.Code generation and analysis. In the 
ode generation and analysis phase, thesour
e 
ode is s
heduled and optimized for the given ar
hite
ture and then analyzedby simulation. The simulator provides data su
h as pro
essor utilization and 
y
le
ounts, whi
h are ne
essary for energy 
onsumption and performan
e estimates. The
ompiler maps the input program to parallel 
ode that utilizes the resour
es of thegiven pro
essor ar
hite
ture as e�
iently as possible. This is de�nitely the mostdemanding task in the TCE design �ow, and therefore TCE provides resear
hersa framework for developing and experimenting with di�erent s
heduling algorithmsand optimizations.The detailed requirements of the instru
tion s
heduler framework are presented
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isions aredis
ussed in Chapter 5.Program image and pro
essor generation. In the �nal phase of the TCEdesign �ow, a hardware des
ription language (HDL) des
ription of the 
hosen ar-
hite
ture is generated using the Pro
essor Generator tool in the TCE toolset. Ad-ditionally, the exe
utable bit image of the s
heduled program is generated with theProgram Image Generator tool. A detailed presentation of both these tools 
an befound in [9℄.
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3. CODE GENERATION FOR TRANSPORTTRIGGERED ARCHITECTURES
This 
hapter dis
usses the most important 
on
epts 
on
erning instru
tion s
hedul-ing and 
ode generation with main fo
us on transport triggered ar
hite
tures.3.1 General Con
eptsGenerally, a 
ompiler is a program that translates a program written in some lan-guage, the sour
e language, to another language, the target language, while keepingprogram semanti
s equivalent. The sour
e and target languages may be basi
allyanything. Usually though, an HLL representation of the program is translated tothe ma
hine language of a 
omputer. [10℄In TCE, the 
ompiler is used to translate a program written in a high-levellanguage into exe
utable 
ode for the TTA at hand. Espe
ially for TTA-basedpro
essor ar
hite
tures, an e�
ient 
ompiler is an essential tool. That is be
ause ofthe basi
 
on
ept of the TTA: moving 
omplexity from hardware to software.Compiling for a TTA involves assigning pro
essor resour
es to every data trans-port while avoiding any 
on�i
ts in resour
e usage. At the same time, all possibleILP should be exploited to make the 
ode exe
ute as e�
iently as possible. Parti
u-larly with larger appli
ations, this would be a very time 
onsuming and demandingtask to do manually. That is why the programmer is better o� leaving this taskto an automated tool. The e�ort of writing a good TTA 
ompiler pays o� alsobe
ause of its retargetability: 
hanges in the ar
hite
ture or the instru
tion set ofthe pro
essor does not require 
ompiler rewriting.3.2 Stru
ture of a Retargetable ILP CompilerCompilers are typi
ally divided in three parts: a front-end that is HLL-spe
i�
, amiddle-end that performs ma
hine-independent optimizations on the output of thefront-end, and a target ar
hite
ture dependent ba
k-end. Ea
h part of the 
ompilerlowers the level of abstra
tion in the sour
e 
ode and �nally 
omes up with a programrepresentation that 
orresponds dire
tly to the ma
hine 
ode of the target pro
essor.[11℄



3. Code Generation for Transport Triggered Ar
hite
tures 12
Front-end
Application in
 HLL


Intermediate representation


Middle-end


Optimized intermediate

representation


Machine-independent

simulation


Back-end
Architecture description


Optimized parallel code


Machine-specific

simulation or native


execution


Profiling data


Figure 3.1: Data �ow in a retargetable ILP 
ompiler.Front-end. The front-end translates the sour
e appli
ation 
ode written in HLLinto an intermediate program representation (IR) not 
ompiled for any parti
ularar
hite
ture. Compilers usually have multiple front-ends for di�erent programminglanguages.A simulator 
an be used to verify the 
orre
tness of the 
ode and generate pro�lingdata to be used in the next phase of the 
ompilation. This pro�ling data may 
ontainfor example exe
ution 
ounts for ea
h basi
 blo
k and ea
h 
ontrol �ow edge.The IR and all possible auxiliary data are the inputs for the 
ompiler middle-end,or to the ba
k-end if no optimizations are performed on the IR. The ba
k-end thenalso requires the ar
hite
ture des
ription.The data �ow in a typi
al retargetable ILP 
ompiler is illustrated in Figure 3.1.Middle-end. The middle-end performs high-level language- and ar
hite
ture-independent optimizations on the intermediate program representation produ
edby the front-end. These optimizations may in
lude for example dead-
ode elimina-tion, whi
h removes unne
essary instru
tions, or fun
tion inlining and loop unrolling,



3. Code Generation for Transport Triggered Ar
hite
tures 13whi
h aim at in
reasing exploitable ILP. [4℄Ba
k-end. The 
ompiler ba
k-end reads the ma
hine-independent IR, the ar
hi-te
tural des
ription and possible pro�ling information, then translates the 
ode intoparallel 
ode for the target ar
hite
ture.The ba
k-end performs various analyses on the program, su
h as 
ontrol �owand data �ow analysis and memory referen
e disambiguation analysis. Using thisinformation, it performs several optimizations that require spe
i�
 knowledge of thetarget implementation. These optimizations in
lude register allo
ation and instru
-tion s
heduling, whi
h are important parts of generating e�
ient 
ode exe
utableon the target pro
essor. [4℄3.3 TCE Compiler OverviewThe TCE 
ompiler follows the basi
 stru
ture of a retargetable ILP 
ompiler pre-sented in the previous se
tion. It is illustrated in Figure 3.2. The front-end of theTCE 
ompiler is the LLVM C front-end. It transforms an appli
ation written inC to LLVM byte
ode, whi
h is an ar
hite
ture-independent intermediate programrepresentation used in the LLVM framework. [7℄The IR is then optimized in the middle-end and may be simulated with the LLIfor veri�
ation. LLI is a tool in the LLVM framework that exe
utes the byte
odeusing an interpreter or a just-in-time 
ompiler. [7℄The ba
k-end of the TCE 
ompiler requires the ar
hite
tural des
ription of thetarget pro
essor (Ar
hite
ture De�nition File or ADF, des
ribed in [12℄). Ma
hine-dependent 
ode transformations, su
h as instru
tion sele
tion and register allo
ationare performed on the input byte
ode in the LLVM ba
k-end.Then the optimized 
ode, that now 
ontains both ma
hine-independent and de-pendent information, is passed to the TCE ba
k-end, that performs instru
tions
heduling, applies TTA-spe
i�
 optimizations and �nalizes the 
ode generation pro-
ess. The instru
tion s
heduler framework, whi
h is the main topi
 in this thesis ispart of the TCE-ba
kend. Instru
tion s
heduling, together with resour
e assignmentis its responsibility.3.4 Code TransformationsThere are a number of 
ode transformations that 
an or need to be run on the 
odebefore, during or after instru
tion s
heduling. Two mandatory transformations,instru
tion sele
tion and register allo
ation, are presented in the following se
tions.
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Figure 3.2: Stru
ture and data �ow in the TCE 
ompiler.3.4.1 Instru
tion Sele
tionInstru
tion sele
tion is the pro
ess of repla
ing the instru
tions de�ned in the in-termediate program representation by instru
tions from the instru
tion set of thetarget ar
hite
ture. [11℄Instru
tion sele
tion is an important 
ode transformation that may have a 
onsid-erable e�e
t on program exe
ution time, espe
ially in a retargetable 
ompiler su
has a TTA 
ompiler, where the instru
tion sets of the possible target ar
hite
turesmay vary signi�
antly. Instru
tion sele
tion is also 
ru
ial in the sense that it mustbe done in order to make the 
ode exe
utable on the target.In the TCE 
ompiler, the instru
tion sele
tion is done by the LLVM ba
k-endbefore instru
tion s
heduling.3.4.2 Register Allo
ationRegister allo
ationmeans assigning variables in the program to registers in the targetpro
essor. A traditional method of register allo
ation involves 
reating and 
oloringan interferen
e graph that shows whi
h variables in the program are live at the sametime.A fundamental problem 
on
erning register allo
ation is the phase-ordering prob-lem: whether to perform register allo
ation before or after instru
tion s
heduling,or to do them at the same time. A register allo
ator tries to minimize the needto spill variables to memory and tends to reuse registers, thus 
reating s
heduling
onstraints (data dependen
ies) that the instru
tion s
heduler must 
ope with. An
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heduler on the other hand tries to exploit all available ILP and wouldbene�t from the s
heduling freedom 
aused by a large number of used registers. In
onsequen
e, these two important optimizations have rather 
on�i
ting goals. [13℄The LLVM ba
kend in the TCE 
ompiler implements a linear-s
an register allo-
ator, that attempts to allo
ate registers in linear time proportional to the number ofinstru
tions in the 
ode. The register allo
ation is done before instru
tion s
hedul-ing, that is, before the 
ode is handed over to the TCE ba
k-end. This approa
hprioritizes e�
ient register use over exploiting ILP, whi
h works well for ma
hineswith few available registers. [11℄3.5 Instru
tion S
hedulingInstru
tion s
heduling is a fundamental phase in 
ode generation. In ILP 
ompilersfor stati
ally s
heduled ar
hite
tures like TTA, the instru
tion s
heduler identi�esoperations that 
an be exe
uted in parallel and reorders and pa
ks them into assmall number of instru
tions as possible. This is done keeping in mind that thesemanti
s of the program must remain inta
t and that the operations exe
uted inparallel should not use the same hardware resour
es.The 
ompiler also needs to take 
are of operation laten
ies, be
ause a stati
allys
heduled pro
essor is not automati
ally stalled in 
ase of a 
on�i
t 
aused forexample by reading a result before it is ready. In addition to avoiding 
on�i
ts, the
ompiler should take the laten
y slots in use by �lling them with other independentoperations.In many dynami
ally s
heduled ar
hite
tures, the pro
essor provides hardwaresupport for stalling the pro
essor when a stru
tural or 
ontrol hazard o

urs. Forthese ar
hite
tures, instru
tion s
heduling is only an optimization that aims at min-imizing stall 
y
les. [14℄A TTA instru
tion s
heduler s
hedules data transports, or moves, instead ofoperations. Moves that belong to the same operation introdu
e another s
heduling
onstraint that needs to be respe
ted. That's why moves of the same operation areusually s
heduled in one shot. [5℄In the TCE 
ompiler, the instru
tion s
heduling is performed by the TCE ba
k-end.3.5.1 S
heduling S
opesS
hedulers are usually 
ategorized by the s
ope of the program or region they handle.A basi
 blo
k is a sequen
e of 
onse
utive instru
tions that has no join points in themiddle and 
ontains no bran
hing ex
ept at the end of the sequen
e [10℄. A lo
als
heduler works on the s
ope of these basi
 blo
ks. Any s
heduling de
isions made
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Figure 3.3: An example 
ontrol �ow graph.in a basi
 blo
k has no e�e
t on the s
heduling of other basi
 blo
ks.Basi
 blo
ks are usually not more than a few operations in size, so the exploitableILP is often limited. Therefore, more advan
ed s
hedulers work on s
opes that 
rossbasi
 blo
k boundaries. These are 
alled global s
hedulers. Global s
hedulers areable to move operations between basi
 blo
ks that belong to the s
heduling s
ope.[5℄3.5.2 Control Flow AnalysisTo get a global perspe
tive on the program semanti
s, we need to analyze how the
ontrol �ows between the basi
 blo
ks. This often involves 
onstru
ting a 
ontrol�ow graph (CFG). Ea
h node in the CFG is a basi
 blo
k and edges represent
hanges in the �ow of 
ontrol. These 
hanges are due to 
onditional exe
ution orjumps.Figure 3.3 depi
ts a simple CFG with 5 basi
 blo
ks and additional entry andexit nodes. The edges t and f represent true and false 
onditions, respe
tively.The bran
h sele
ted depends on how the 
ondition at the end of the basi
 blo
kevaluates. Blank edges are un
onditional jumps or fall-throughs from previous basi
blo
ks. Refer to [15℄ for more details and algorithms for 
onstru
ting CFG's.3.5.3 Data Flow and Dependen
y AnalysisData �ow analysis provides information about how a part of a program (su
h asa basi
 blo
k or a pro
edure) manipulates data [15℄. It 
onsists of 
omputation of
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hains. This information
an be exploited when allo
ating registers. [4℄Data dependen
y analysis is a tool of vital importan
e to the instru
tion s
hed-uler. It determines the ordering 
onstraints between operations whi
h need to berespe
ted during s
heduling for the 
ode to exe
ute 
orre
tly. [15℄ These relations
an be represented by a data dependen
y graph (DDG). The instru
tion s
heduleruses the DDG when de
iding whi
h operations are exe
utable in parallel withoutbreaking the dependen
y 
onstraints [5℄.For example, let's look at the following pie
e of pseudo
ode:S1. x := y + zS2. x := x + 1S3. y := aS4. a := xS5. y := 0It introdu
es data dependen
ies that are represented in the DDG in Figure 3.4.The solid line represents a �ow dependen
y, whi
h means that the value de�nedby a statement is used by the dependent statement. The dashed line represents ananti-dependen
y, whi
h means that the value de�ned by a statement is rede�ned bythe dependent statement. Another type of dependen
y is output dependen
y, whi
his similar to an anti-dependen
y. It o

urs when reordering statements would a�e
tthe �nal value of a variable. This is illustrated in the example DDG by the 
oarselydashed line between statements S3 and S5.Flow dependen
ies are also known as true dependen
ies, be
ause they 
annot beeliminated. On the 
ontrary, output and anti-dependen
ies are 
alled false depen-den
ies, be
ause they are 
aused by variable naming. [16℄All these dependen
ies redu
e available ILP. If register assignment is done beforeinstru
tion s
heduling, it 
an be used to redu
e these dependen
ies and thus have anotable e�e
t on the parallelization of the program.Data �ow and dependen
y analysis algorithms 
an be found in [15℄.3.5.4 List S
hedulingThe most popular te
hnique used for instru
tion s
heduling is list s
heduling. Itspopularity is based on its rather good e�e
tiveness 
ombined with reasonable 
om-pile time. A list s
heduler repeatedly assings operations to 
y
les or 
y
les to oper-ations without any ba
ktra
king or lookahead heuristi
s. An instru
tion-based lists
heduler �lls instru
tions 
y
le by 
y
le, trying to pla
e as many operations in the
urrent instru
tion as possible. An operation-based list s
heduler repeatedly sele
ts
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Figure 3.4: An example data dependen
y graph.operations ready for s
heduling and �nds a suitable instru
tion for them. TCE usesan operation-based list s
heduler, in whi
h we 
on
entrate in the following.An operation-based list s
heduler works on a DDG, whi
h is a dire
ted a
y
li
graph (DAG) whi
h prevents possible lo
k-ups. In top-down approa
h, the DDG iswalked through in topologi
al order so that no operation is s
heduled before all itsprede
essors have been s
heduled. In bottom-up approa
h, an operation is s
heduledafter all its su

essors have been s
heduled. An operation ready for s
heduling issaid to be a member of the ready set. Any operation from this set 
an be sele
tedfor s
heduling next. The sele
tion is prioritized by a priority fun
tion, that may forexample favor 
andidates that are on the longest path on the DDG. [17℄3.5.5 Resour
e AssignmentDupli
ation of resour
es and pipelining in fun
tion units provides parallelism at thelevel of pro
essor resour
es. On the other hand, if resour
es are s
ar
e, produ
ing ane�e
tive s
hedule for a program be
omes 
hallenging for the instru
tion s
heduler. Inaddition to respe
ting program semanti
s, the produ
ed 
ode should not 
ontain anyresour
e usage 
on�i
ts. Be
ause a TTA 
ompiler is retargetable, and the amountand quality of resour
es 
an vary, the resour
e assignment pro
ess be
omes evenmore 
omplex. [5℄If the registers in register �les have already been assigned before instru
tions
heduling, the s
heduler must still assign operations to fun
tion units, moves totransport buses and so
kets and de
ide whether an immediate is en
oded in theimmediate �eld of the instru
tion or in the sour
e �eld of a move. [4℄It is an important de
ision when and in whi
h order ea
h pro
essor resour
eis assigned. Resour
e assignments usually have side-e�e
ts and ea
h assignmentde
ision a�e
ts following assignments. Ea
h resour
e type also requires di�erentheuristi
s for sele
ting a resour
e from a group of 
andidates. Whether for examplea �rst-�t or a more spe
ialized resour
e �rst prin
iple should be used depends on
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ase at hand.The Chapters 4 and 5 des
ribe how the instru
tion s
heduler framework in theTCE 
ompiler ba
k-end helps in solving problems 
on
erning instru
tion s
hedulingas well as resour
e assignment.
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4. REQUIREMENTS AND HIGH-LEVELARCHITECTURE
This 
hapter presents the main requirements set for the instru
tion s
heduler frame-work 
ompleted with the most important use 
ases, and gives a brief ar
hite
turaloverview.4.1 Produ
t Perspe
tiveThe instru
tion s
heduler framework is a fundamental part of the TCE 
ompilerba
k-end. This is be
ause instru
tion s
heduling plays a 
ru
ial role in 
ompilingan appli
ation for a TTA, espe
ially in making it run as e�
iently as possible. The
apabilities of a powerful TTA pro
essor 
annot be fully utilized without e�e
tive in-stru
tion s
heduling. The framework is used to implement the instru
tion s
hedulerand to perform any supporting pre- or post-s
heduling 
ode analyses or transforma-tions. It 
an be used as a stand-alone tool or as part of another appli
ation.The main inputs of the framework are the uns
heduled TTA 
ode usually gener-ated by the TCE front-end 
ompiler, the des
ription of the target ar
hite
ture andoptionally some supporting auxiliary data su
h as program pro�ling information.The framework applies user-de�ned optimization and 
ode transformation passeson the input program. These passes and their parameters are given in a s
heduler
on�guration �le. From the given inputs the framework produ
es as output thepro
essed target program mapped to the given target ar
hite
ture and optionallysome auxiliary data. The inputs and outputs of the framework are illustrated inFigure 4.1.The framework provides means for writing and 
on�guring the s
heduler passesmentioned above and easily plugging them in without time-
onsuming re
ompilationof the whole framework. This is one of the most important requirements for theframework. It should help users in experimenting with di�erent optimizations andparameters to �nd the most suitable 
ombination for their needs and evaluate theire�e
ts on target appli
ation performan
e. It should also help the users in trying outdi�erent s
heduling algorithms to produ
e the most e�e
tive s
hedule for a giventarget ar
hite
ture.The most important use 
ases are presented in the following se
tions. Refer to[18℄ for more details on the s
heduler framework and TCE instru
tion s
heduler
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Figure 4.1: Instru
tion s
heduler framework inputs and outputs.requirements.4.2 Key User NeedsThe key needs of the user of the instru
tion s
heduler framework 
an be brie�y listedas follows:1. Map uns
heduled TTA 
ode to parallel TTA 
ode for a given target ar
hite
-ture, exploiting available instru
tion-level parallelism as well as possible.2. Map partially pro
essed or s
heduled TTA 
ode to parallel TTA 
ode.3. Evaluate e�e
ts of di�erent parameters that 
ontrol the 
ode optimization andtransformation passes on target appli
ation performan
e.4. Evaluate e�e
ts of di�erent 
ode transformations and s
heduling algorithmson target appli
ation performan
e and sele
t the 
ombination that best meetsthe set requirements.4.3 Use CasesS
heduling as part of design spa
e exploration. A typi
al user of the s
hed-uler framework uses the s
heduler as part of design spa
e exploration. The user
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ode optimizations and parameters, trying to 
ome upwith the most suitable 
ombination for his needs, and evaluates what e�e
ts theyhave on exploration results. In this 
ase, the s
heduler is not used as a stand-aloneappli
ation.S
heduling for a �xed target. Another important use 
ase is mapping a targetappli
ation for a known �xed target ar
hite
ture. In this 
ase the s
heduling pro
essis started from 
ommand line or another s
heduler user interfa
e (UI) 
lient. Thes
heduler framework is given the uns
heduled TTA 
ode, the target ar
hite
turedes
ription and a 
on�guration �le, in addition to possible 
ommand line parameters.The s
heduling pro
ess is then laun
hed a

ording to given 
on�guration and user-de�ned s
heduler passes are performed on the target appli
ation.Afterwards, the user evaluates the results for example by using the Simulator orthe Estimator, and if required, repeats the pro
ess using di�erent parameters for thes
heduler passes, or even using a 
ompletely di�erent s
heduling algorithm, until asatisfying result is found.Developing new algorithms. Finally, an advan
ed type of user is a resear
herdeveloping 
ompletely new s
heduling algorithms or 
ode optimization and trans-formation te
hniques. The user exploits the �exibility and 
on�gurability of theframework to qui
kly experiment with new ideas, then evaluating the performan
eof the result and verifying its 
orre
tness for example with the Simulator.The developer may 
hoose to re-implement a set of interfa
es for some optimiza-tion subtask de�ned by the framework, or alternatively implement a 
ompletely newte
hnique independent of the interfa
es provided by the framework.The main �exibility points of the s
heduler framework software and a des
riptionof its modular ar
hite
ture are presented in detail in Chapter 5.4.4 Ar
hite
tural OverviewThe s
heduler framework was designed with the important requirement of easy 
on-�gurability and �exibility in mind. It provides a base on whi
h 
o-operating modules
an be plugged in at run-time. A s
heduler pass may be implemented as a singlemodule or as a group of modules working together. One of these modules is themain module and the others are 
alled helper modules. Only the main module isvisible outside the pass and is independently startable.Ea
h module implements the base plug-in interfa
e des
ribed in Se
tion 5.1.1.This interfa
e allows ea
h module to be repla
ed at run-time by another moduleperforming the same task. It is also possible to bypass most of these interfa
es ifthe user wishes, as long as the minimum base plug-in interfa
es are implemented.
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Figure 4.2: An example 
ode transformation and s
heduling 
hain.However, the users are en
ouraged to take advantage of the interfa
es provided bythe framework.There are no restri
tions on the a
tivities performed by a s
heduler pass set by theframework. It is the responsibility of the user to 
on�gure the 
ode transformationand s
heduling 
hain so that the passes are run in the 
orre
t order and that runninga pass does not bring the target program in an in
onsistent state.Figure 4.2 presents an example s
heduling 
hain 
onsisting of four passes anddepi
ts the 
onne
tions between the modules that form it. Pass 1 and pass 3 are
arried out by single independent modules, whereas the main modules in pass 2 andpass 4 use helpers to perform 
ertain subtasks.The main responsibility of the s
heduler front-end also shown in the pi
ture isto load and run the plug-in modules that implement the passes of the s
heduling
hain. It also a
ts as an interfa
e between the 
lients and the s
heduler appli
ation.See Se
tion 5.1 for additional details.
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ture 244.5 Core Interfa
esThe s
heduler framework o�ers a set of interfa
es that help the user in implementingthe most 
ru
ial part of the 
ode transformation and s
heduling 
hain, that is,mapping the uns
heduled 
ode to the target ar
hite
ture.Program Representation. Ea
h s
heduler pass works on a representation of thetarget program or a part of it. The framework provides the user with a few di�erentobje
t models for the purpose.The most basi
 program representation is the Program Obje
t Model (POM),whi
h is a simple �at stru
ture of sequentially ordered instru
tions. The programrepresentations more suitable for instru
tion s
heduling and e�e
tive 
ode transfor-mations are graph-based and represent data and 
ontrol dependen
ies.The program representations provided with TCE are des
ribed in more detail inSe
tion 5.2S
heduler Pass Hierar
hy. S
heduler passes are 
lassi�ed a

ording to the s
opeof the program they are able to handle, and to the type of data they a

ept as input.A pass may analyze or transform a whole program in one shot. On the other hand, itmay be able to work in the s
ope of a single pro
edure only, or even just a basi
 blo
k.Ea
h provided program representation also has a 
orresponding pass interfa
e.Ea
h pass should implement an appropriate part of the hierar
hy depending onits required inputs. More details on the s
heduler pass interfa
es 
an be found inSe
tion 5.3.Resour
e Manager. The resour
e manager keeps book of used pro
essor re-sour
es and other s
heduling 
onstraints on ea
h 
y
le of exe
ution on the partof the target program it handles. It is responsible for assigning these resour
es forthe program to be used. Also, if the a
tual assignment is done outside the resour
emanager, it veri�es the 
orre
tness of the assignment and then updates its resour
ebookkeeping a

ordingly.Internally, the resour
e manager uses a hierar
hy of spe
ialized managers thatare ea
h responsible for a single type of resour
e. These are 
alled resour
e bro-kers. Se
tions 5.4 and 5.5 give a detailed view of the resour
e management servi
esprovided by the framework.The main 
lient of the resour
e manager is the pass that performs the instru
tions
heduling, although other passes that analyze or optimize the 
ode may also requireresour
e management servi
es.
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5. DESIGN AND IMPLEMENTATION
This 
hapter des
ribes the 
ore 
omponents of the framework and ideas behind theirdesign and implementation de
isions in detail.5.1 S
heduler Front-EndS
heduler front-end, implemented by the S
hedulerFrontend 
lass, is the top-level
omponent of the framework. It provides a simpli�ed interfa
e to be used by the
lients of the s
heduler to 
on�gure and start the s
heduling pro
ess. A 
lient ofthe s
heduler may be any kind of graphi
al or 
ommand line user interfa
e (CLI)or a separate 
ontroller module. In other words, the s
heduler may be deployed asa stand-alone terminal-based appli
ation that is laun
hed and 
on�gured dire
tlyfrom 
ommand line, or as part of another appli
ation su
h as the Explorer.The front-end loads the domain obje
t models su
h as the target pro
essor andthe sour
e program, loads required plugin-modules and sets up the s
heduling 
haina

ording to the s
heduler 
on�guration (see Se
tions 5.1.2 and 5.1.3 for more de-tails). The s
heduler is 
on�gured either from 
ommand line using a 
on�guration�le or by providing the front-end with pre-
onstru
ted obje
t models. The s
heduler
on�guration �le format is de�ned in [18℄.After the required obje
t models are set up, the s
heduling pro
ess 
an be started.Upon 
ompletion of the pro
ess, the front-end returns the s
heduled program orwrites it to a �le, depending on how it was 
alled.5.1.1 Plug-In Module Interfa
esThe s
heduling pro
ess is an ordered sequen
e of s
heduler passes that analyze thetarget program and apply optimizations and 
ode transformations to it. All passmodules � in
luding instru
tion s
heduling � 
onform to a generi
 module interfa
e.Ea
h module is an instan
e of the 
lass BaseS
hedulerModule. It is a base 
lassthat de�nes the minimum interfa
e ea
h module is required to implement. Theseservi
es in
lude setting up the module with required obje
t models and starting it.If a s
heduling pass 
onsists of multiple modules, the main module shall implementthe StartableS
hedulerModule interfa
e, whi
h is a spe
ialization of the base 
lass.This also is the base 
lass for modules that alone form a 
omplete pass. Helpermodules that 
annot be run independently implement the HelperS
hedulerModule
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Figure 5.1: Plug-in interfa
es.interfa
e.5.1.2 Loading Plug-InsThe s
heduler front-end uses a general interfa
e for loading plug-ins. This interfa
eis implemented by the 
lass S
hedulerPluginLoader. It loads s
heduler modulesfrom dynami
ally linkable obje
t �les at run-time and manages them through theirlifetime. Although the s
heduler front-end is the main 
lient for the plug-in loader,the interfa
e is useful for any pass module that may require helper plug-in modulesto be loaded during the s
heduling pro
ess.The main advantages of a separate abstra
tion layer for loading and linking s
hed-uler plug-ins are that dire
t 
ommuni
ation from plug-in modules to the s
hedulerfront-end is avoided, and that the details of pass module handling, su
h as 
onstru
-tion and destru
tion as well as name and �le mat
hing, are 
ompletely hidden fromthe 
lient.
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ting the S
heduling ChainThe front-end delegates the setup of the s
heduling 
hain to the S
hedulingPlan 
lass.It 
onstru
ts the s
heduling 
hain from an obje
t tree representation of the s
hed-uler 
on�guration �le. This tree is generated by the 
on�guration �le parser, thatis implemented by the 
lass S
hedulerCon�gurationSerializer. The plug-in loaderpresented earlier is used to load any de�ned plug-in modules.The s
heduler front-end follows through the s
heduling pro
ess by laun
hing thepasses stored in the s
heduling plan in the de�ned order.The 
lass diagram of the s
heduler plug-in interfa
es and the related 
lasses isdepi
ted in Figure 5.1.5.2 Program RepresentationsThe TCE toolset provides a set of program obje
t models that enable TCE ap-pli
ations to a

ess, analyze and modify TTA programs. Ea
h provided programrepresentation is intended for a spe
i�
 purpose, but a 
ommon property for allthe representations is to help TCE appli
ations generate e�
ient 
ode for the giventarget TTA pro
essor.The program representations are not just interfa
es, so they are not part of thea
tual instru
tion s
heduler software framework, but more like domain utilities.Though, most of them are mainly intended to be used by the s
heduler passes.These program representations are presented in the following se
tions.5.2.1 Program Obje
t ModelThe Program Obje
t Model (POM) is the most basi
 program representation inthe TCE toolset. It only provides the most generi
 servi
es. It does not model
ontrol or data �ow or any other auxiliary data stru
tures, su
h as basi
 blo
ks. All
lient-spe
i�
 servi
es are left for the spe
ial purpose program representations su
has di�erent types of graphs.POM has a simple treelike stru
ture. The highest level of abstra
tion in POM isimplemented by the Program 
lass. Ea
h program is seen as an ordered sequen
eof pro
edures, implemented by the Pro
edure 
lass. Similarly, ea
h pro
edure isan ordered sequen
e of instru
tions, whereas instru
tions � implemented by the In-stru
tion 
lass � 
ontain a non-ordered set of moves and long immediates. These areimplemented by the Move and Immediate 
lasses, respe
tively. The 
lass relationsare depi
ted in Figure 5.2.A Program instan
e represents a 
omplete TTA program. Instru
tions in theprogram have indi
es instead of real addresses. Instru
tions su
h as jumps that pointto other parts of the program refer dire
tly to instru
tions instead of addresses or
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Figure 5.2: Program Obje
t Model.indi
es. The instru
tion indi
es are automati
ally adjusted as a side-e�e
t of addingor removing instru
tions or pro
edures and the Instru
tionReferen
eManager 
lasstakes 
are that any a�e
ted referen
es are updated. It is the responsibility of theparent obje
ts to keep book of the relative positions of the model parts in theirparent stru
tures. For example, an instru
tion does not know its own position inthe program. Instead, it has a handle to its parent pro
edure.The Move 
lass represents a data transport through the inter
onne
tion networkof the target TTA. It has a sour
e and a destination and referen
es to requiredresour
es of the target pro
essor. The Immediate 
lass represents a spe
ial datatransport of a 
onstant long immediate value en
oded in the parent instru
tion toa dedi
ated immediate unit register.For a 
omplete des
ription of POM with all the details and the rest of the 
lassesexplained, refer to [19℄.5.2.2 Graph-Based Program RepresentationsAll graph implementations in TCE are based on the Boost Graph Library (BGL)[20℄. It provides e�
ient implementations of some most frequently used basi
 graphoperations. The boost graph library is en
apsulated in a 
lass hierar
hy that repre-sents the program at a level of abstra
tion suitable for instru
tion s
heduling.The base 
lass for all graphs in TCE, BoostGraph, is a BGL-based implementationof a graph. It is inherited from an implementation-independent templated baseinterfa
e, GraphBase. Ea
h graph 
ontains a set of nodes and edges, implementedby the 
lasses GraphNode and GraphEdge, respe
tively.
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Figure 5.3: Base graph interfa
es.The purpose of these base 
lasses is to en
ourage a 
onsisten
y in the interfa
esof all graph implementations in TCE and to suggest a minimum set of servi
es ea
hgraph should provide. These are for example addition and deletion of nodes andedges, tests for 
onne
tivity and simple sear
h algorithms, whi
h depend only onthe topologi
al stru
ture of the graph, not on the spe
ialized data that resides in itsnodes and edges.For ea
h spe
ialized graph type, the required implementations of the node andedge 
lasses are inherited from the GraphNode and GraphEdge base 
lasses. Mostimportantly, the graph 
lass itself is spe
ialized from the appropriate base 
lass. Thebase 
lasses are illustrated in Figure 5.3.Control Flow Graph. The 
ontrol �ow graph in TCE is a more spe
ializedprogram representation that implements the 
on
ept of the 
ontrol �ow graph asdes
ribed in Se
tion 3.5.2. Its 
lass diagram is depi
ted in Figure 5.4.The payload data in the nodes of the CFG are basi
 blo
ks. The nodes areimplemented by the 
lass Basi
Blo
kNode. Ea
h node 
onsists of a single basi
blo
k, represented by the 
lass Basi
Blo
k. The additional data in the nodes in
ludeinformation whether the node is an entry or exit node, or whether it just 
ontainsan ordered sequen
e of instru
tions. The basi
 blo
ks also 
ontain statisti
s of howmany instru
tions, moves or long immediates there are in the basi
 blo
k. Thisinformation 
an be retrieved from the Basi
Blo
k obje
t.The edges in the CFG represent 
hanges in the �ow of 
ontrol from one basi
blo
k to another. This 
hange is always 
aused by a jump or a 
all, or a fall-throughfrom previous basi
 blo
ks. The 
hange in 
ontrol �ow may be 
onditional (true or
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Figure 5.4: Control �ow graph 
lass diagram.false edges) or un
onditional.The 
ontrol �ow graph is 
onstru
ted in two main phases: First, the beginningsand ends of basi
 blo
ks are dete
ted and basi
 blo
k instan
es are 
reated. Thenthe whole program is parsed through again, and ea
h time a 
hange in the �ow of
ontrol (a jump or a 
all) is found an edge is 
reated. Finally, arti�
ial entry andexit nodes are 
reated and added to the graph.See [15℄ for more details on the algorithm used to build the CFG.Data Dependen
y Graph. TCE also provides an implementation of the datadependen
y graph (see Se
tion 3.5.3). The 
lass diagram is presented in Figure 5.5.The nodes in the DDG are single moves and the edges represent di�erent typesof data dependen
ies between them.The possible dependen
y types are read after write, write after write and writeafter read. The �rst type is the basi
 
ase, the data should be written before it isread. The two latter are anti-dependen
ies: 
onse
utive writes must be done in theright order, and a write operation is possible only after the previous value has been
onsumed.The edge reason tells where the dependent data resides: in a register or in memory.
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Figure 5.5: Data dependen
y graph 
lass diagram.In TTA, the data dependen
y may also be between the moves of a single operation,or between writes to an FU, if the operation has a state.The data dependen
y graph may be 
onstru
ted for a single basi
 blo
k or for awhole 
ontrol �ow graph. Building a DDG for a CFG is a bit more 
ompli
ated thanfor a single basi
 blo
k: The CFG is walked through starting from the �rst basi
blo
k in topologi
al order. In addition to the data dependen
ies inside the basi
blo
ks, the dependen
y edges that 
ross basi
 blo
k boundaries are also 
reated.The algorithm used in building the DDG 
an be found in [15℄.5.3 S
heduler Pass Hierar
hyEa
h s
heduler pass may require di�erent inputs, produ
e di�erent outputs andhandle di�erent s
opes of the input program. Figure 5.6 depi
ts a simpli�ed diagramof the intera
tions between a s
heduler pass and its inputs and outputs.The 
lass S
hedulerPass is the base interfa
e for all s
heduler passes. All passesshould spe
ialize the appropriate sub
lass in the hierar
hy, depending on the typeof data and the s
ope of the input program they handle.The s
heduler pass hierar
hy 
ontains spe
ial interfa
es for passes that handlewhole programs, pro
edures or just basi
 blo
ks. Passes that work with 
ontrol�ow or data dependen
y graphs also have their own base 
lasses, as illustrated inFigure 5.7.



5. Design and Implementation 32
Input program

representation


Output program

representation


Scheduler pass


Internal program

representation


Generic
 TTA

architecture


Target architecture


read
 write


convert
 convert

access &

transform


Figure 5.6: S
heduler pass inputs and outputs.S
heduler passes 
ommuni
ate using an auxiliary 
lass InterPassData. It pro-vides a general storage for data of any type and a generi
 interfa
e for a

essingit. Additionally, it provides short
uts to a

ess the most frequently used data. AnInterPassData instan
e is passed through every pass in the s
heduling 
hain thatrequires the data.The data is stored in key-value-pairs, a string as the key and an instan
e of the
lass InterPassDatum as the value. The InterPassDatum 
lass is a simple interfa
ethat the data required should implement.As a 
on
rete example of inter-pass data passed in the basi
 blo
k s
heduler (seeSe
tion 6.1.2), the registers that are left unallo
ated in the register allo
ation passare passed to the instru
tion s
heduling pass to be used as temporary data storagesas required due to redu
ed 
onne
tivity.5.4 Resour
e ModelThe resour
e model is a dynami
 abstra
tion used for keeping book of pro
essorresour
e usage at ea
h 
y
le of the 
urrent s
heduling s
ope. It is a hiera
hy of inter-dependent obje
ts that ea
h represent pro
essor 
omponents and other s
heduling
onstraints. With the resour
e manager (see Se
tion 5.5) it provides means to allo-
ate and assign resour
e during instru
tion s
heduling.A resour
e model does not need to des
ribe the pro
essor ar
hite
ture in everydetail as the Ma
hine Obje
t Model (MOM) does. It only represents hardware andother 
onstraints as seen from the point of view of instru
tion s
heduling.The base 
lass of the hierar
hy is S
hedulingResour
e. It provides a generi
 inter-fa
e for handling all resour
e types. One of the most important servi
es is testingfor availability, that is, answering to the question �
an this resour
e be assigned to
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Figure 5.7: S
heduler pass 
lass hierar
hy.the given move at the given 
lo
k 
y
le?� An available resour
e 
an then be as-signed, or an already assigned resour
e may be freed. They 
an also be queried fordependent or related resour
es. The advantage of providing su
h a general interfa
eis that 
lients do not need to have knowledge of the spe
i�
s of ea
h resour
e type.Instead, all type-spe
i�
 information is hidden under the 
ommon interfa
e.Dependent resour
es are resour
es tightly 
onne
ted to ea
h other. If a dependentresour
e is assigned, the resour
e it depends on is also assigned as a side-e�e
t. Onthe other hand, if a resour
e is assigned, at least one resour
e of ea
h type fromthe list of dependent resour
es needs to be also assigned. For example an exe
utionpipeline is an inseparable part of a fun
tion unit, and therefore an exe
ution pipelineresour
e is dependent on a fun
tion unit resour
e.Resour
es related to ea
h other must also be assigned in 
onjun
tion. If no relatedresour
e of a given type is available for assignment, it is not possible to assign theother resour
e, even if itself is available. For example, bus and so
ket resour
es arerelated to ea
h other. If all buses 
onne
ted to an output so
ket are in use in thegiven 
y
le, the so
ket 
annot be assigned and vi
e versa.Altough the main purpose of the resour
e model is to de�ne a base interfa
e anddetermine general design guidelines, the instru
tion s
heduler framework in
ludes a
omplete implementation of a simple resour
e model to be used by the resour
e man-ager. The 
on
rete resour
e types derived from the base 
lass S
hedulingResour
emostly 
orrespond to the basi
 TTA building blo
ks represented in Chapter 2, al-though depending on the resour
e in question, the relation to 
on
rete hardware
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Figure 5.8: Resour
e model 
lass diagram.blo
ks may not always be dire
t. In addition, some resour
e types in the model donot exist in hardware at all, but represent more abstra
t s
heduling restri
tions thatneed to be taken into a

ount while assigning resour
es to program elements.Register �les are the only signi�
ant resour
e 
ompletely missing from the model,be
ause the resour
e manager implementation assumes registers pre-assigned.The resour
e types are presented brie�y in the following and a 
omplete des
rip-tion is available in [21℄. The 
lass diagram of the resour
e model is depi
ted inFigure 5.8.Input and Output P-So
ket Resour
e. When input or output ports of a unitare assigned, one and only one so
ket is impli
itly assigned as well. That is be
ausein a TTA a so
ket 
an be 
onne
ted to multiple ports, but a port is 
onne
ted toonly one so
ket of the 
orresponding dire
tion. That is why ports and so
kets aremodelled by a single resour
e.An �input p-so
ket� resour
e represents an input so
ket and the ports 
onne
tedto it. Similarly, an �output p-so
ket� resour
e represents an output so
ket and theports it is 
onne
ted to.The related resour
es of a p-so
ket resour
e are unit inputs or outputs and bussegments. If an input p-so
ket is a 
ombination of an input so
ket and a triggeringFU port, then the related input FU resour
e has an additional dependent resour
e:the exe
ution pipeline resour
e.
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ket Resour
e. The short immediate p-so
ket is anarti�
ial resour
e in the sense that it has no dire
t hardware 
orresponden
e. It isassigned when the sour
e of a move is an immediate value.The �rst segment of ea
h bus has a related short immediate p-so
ket resour
ethat represents the immediate transport 
apabilities of the bus. Consequentially, abus 
an 
arry out only one short immediate transport per 
lo
k 
y
le, even if it issegmented.Input and Output Fun
tion Unit Resour
e. The resour
e model in
ludes twodi�erent FU resour
es, input and output FU resour
es, whi
h represent the set ofports of the same dire
tion.When an FU resour
e is assigned, a p-so
ket and usually an exe
ution pipelineresour
e must be assigned as well. Sin
e inputs and outputs of an operation arebound to ports, the p-so
ket resour
e to be used is determined by the operationthat is being exe
uted. If the port used sets the op
ode, a 
orresponding exe
utionpipeline resour
e is also assigned. Therefore, p-so
kets and exe
ution pipelines areresour
es dependent on the FU resour
e.Exe
ution Pipeline Resour
e. Di�erent fun
tion units have di�erent internalresour
es that are used by the operations it implements. Ea
h operation supportedby the FU has a resour
e usage pro�le. Ea
h time an operation is triggered, theresour
es are utilized a

ording to the pro�le. An exe
ution pipeline resour
e keepsbook of the resour
e usage, that is, the state of the exe
ution pipeline in ea
h 
y
leof exe
ution. If the resour
e usage pro�le of a triggered operation 
on�i
ts with the
urrent state of the pipeline, the exe
ution pipeline resour
e is unavailable at that
y
le.The exe
ution pipeline resour
e also keeps tra
k of operand writes and resultreads. For example, if one operand of an operation is written in 
y
le x and theother, triggering operand in 
y
le y, it is not possible to write an operand of someother operation to the same FU between 
y
les x and y. Also, if the result of anoperation is ready at 
y
le i and it is read at 
y
le j, it is not possible to start anoperation that would produ
e a result between 
y
les i and j, thus overwriting theprevious result.Bus and Segment Resour
e. A transport bus 
onsists of one or more segments.A bus segment 
an perform a data transport from sour
e to destination. Theseare modelled by bus and segment resour
es, respe
tively. Segments are dependentresour
es of the 
orresponding bus resour
e. Input and output p-so
kets 
onne
tedto bus segments are related resour
es.
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urrentimplementation of the resour
e model, there are only single-segment buses. Conse-quentially, on higher level, the 
on
ept of a segment 
an be 
ompletely ignored.Immediate Unit Resour
e. Immediate units are used to store long immediatevalues. The immediate unit resour
e keeps book of ea
h register an IU 
ontains.Between de�nition of an immediate register and its last use, the register is 
onsideredas being �in use�.The p-so
kets used to transport the immediate values to or from the IU are relatedresour
es. The instru
tion template assigned to the de�nition of the immediate valueis a resour
e dependent on the assigned IU.Instru
tion Template Resour
e. An instru
tion template spe
i�es the set ofmove slots used for en
oding immediate bits instead of data transports, and a des-tination immediate unit. One of the registers of the spe
i�ed IU is used for storingthe immediate value. This is modelled by the instru
tion template resour
e.5.5 Resour
e ManagerThe purpose of the resour
e manager is to assign available resour
es on moves andother elements of the program within the limits of its s
ope. The resour
e assignmentitself 
an also be 
arried out by an external entity, in whi
h 
ase, the resour
emanager is used only to verify that there are no resour
e 
on�i
ts due to theseassignments.Resour
es of the same type are managed by resour
e brokers, whi
h are presentedin Se
tion 5.5.4. Co-ordination of resour
e brokers is delegated to the broker dire
tor.Using the given assignment plan, it de
ides in whi
h order the brokers are invokedand resour
es tested for availability and assigned on nodes. See Se
tions 5.5.3 and5.5.5 for more details.The resour
e manager implementation in
luded in the framework is based on theresour
e model presented in Se
tion 5.4, but any implementation 
ompatible withthe resour
e manager interfa
e may be used as a repla
ement.5.5.1 S
ope of Resour
e ManagementA resour
e manager instan
e is always 
onne
ted to a s
heduling s
ope. A singleresour
e manager may only be able to handle resour
e assignment in the s
ope of abasi
 blo
k, but depending on the implementation, it may also span multiple basi
blo
ks.
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Figure 5.9: Asso
iations between 
lasses in the resour
e manager module.5.5.2 Resour
e Manager Interfa
eThe basi
 set of servi
es provided by the resour
e manager interfa
e is the following:1. Tell whether a given move 
an be assigned all required resour
es without 
on-�i
ts in the given 
y
le or not.2. Assign resour
es to a move in the given 
y
le.3. Unassign all resour
es assigned to a move.4. Tell what is the earliest or the latest 
lo
k 
y
le, where all the required re-sour
es 
an be assigned to a move without 
on�i
ts.This is the minimum interfa
e required to be implemented by ea
h resour
e manager,that is, a sub
lass of the Resour
eManager base 
lass. It is still missing for example afull support for external resour
e assignment and probably some other useful servi
esdependent on the instru
tion s
heduler implementation. The users are en
ouragedto extend this interfa
e if required in their 
on
rete implementations to provide �ner
ontrol over the resour
e assignment pro
ess.For a more detailed des
ription of the interfa
es of the resour
e manager, see [21℄.The 
lass diagram in Figure 5.9 depi
ts the asso
iations between the resour
emanager and its helper 
lasses whi
h are des
ribed in the following se
tions.
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torThe broker dire
tor is the main 
ontroller in the pro
ess of allo
ating and assigningresour
es to a move. It implements the same basi
 resour
e manager interfa
e asthe 
on
rete resour
e manager, be
ause the resour
e manager delegates all allo
ationand assignment requests to its broker dire
tor.With the help of the assignment plan, the broker dire
tor de
ides in whi
h orderthe resour
e-spe
i�
 brokers are 
alled to 
arry out their part in the assignment. Italso implements the a
tual algorithm for allo
ating resour
es on a single move.The broker dire
tor is inspired by the Mediator design pattern [22℄. It does nothard-
ode dependen
ies between brokers, and the broker invo
ation sequen
e is notdependent on any broker implementation. That is why resour
e brokers 
an berepla
ed with another implementation without modi�
ations to the broker dire
tor.5.5.4 Resour
e BrokersResour
e brokers are responsible for managing assignment of groups of resour
es ofthe same type. There is a broker for ea
h type of resour
e. Clients that need toassign a 
ertain resour
e type to a move need to 
ommuni
ate with the appropriatebrokers. The brokers also maintain links from resour
e obje
ts to 
on
rete ma
hineparts.Resour
e brokers do not 
ommuni
ate dire
ly with ea
h other. If informationex
hange is required, it is done through their 
ontroller 
lass, BrokerDire
tor.Conventionally the resour
e brokers are named after the main s
heduling resour
ethey manage. For example, a BusBroker manages assignment of transport buses.All 
on
rete resour
e brokers are derived from the Resour
eBroker base 
lass.The implementations provided by TCE are brie�y des
ribed in the following.InputFUBroker. This broker is responsible for assigning fun
tion unit inputs. Itmaps operation inputs to input ports and so
kets, and when assigning an op
ode-setting operation input, operations to exe
ution pipelines.OutputFUBroker. This broker is responsible for assigning fun
tion unit outputs.It maps operation outputs to output ports and so
kets.InputPSo
ketBroker. The InputPSo
ketBroker maps a write a

ess to a unit ora register �le through one of its ports and the asso
iated so
ket.OutputPSo
ketBroker. The OutputPSo
ketBroker maps a read a

ess from aunit or a register �le through one of its ports and the asso
iated so
ket.
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utionPipelineBroker. The Exe
utionPipelineBroker maps the resour
e us-age of exe
uted operations to the pipeline resour
es of the asso
iated fun
tion unit.IUBroker. This broker maps long immediates to the registers of an immediateunit.BusBroker. This broker maps data transports to buses.ITemplateBroker. The ITemplateBroker is responsible for assigning instru
tiontemplates on instru
tions for ea
h 
y
le in its s
ope.Ea
h resour
e broker implementation 
an be repla
ed with another without anymodi�
ations to the 
ontroller 
lasses provided that the resour
e types are 
ompat-ible and the implemented interfa
e remains the same.This be
omes sensible if enhan
ed or 
ase-dependent heuristi
s are required forsele
ting resour
es. For example, the FUBroker implementations provided withTCE use a simple �rst-�t algorithm for sele
ting fun
tion units for assignment.That is, the �rst unit found that is available and supports the given operation issele
ted and assigned. The user may want to give more intelligen
e to the broker sothat it 
ompares all available units that support the given operation, and a

ordingto their properties, for example other supported operations or 
onne
tions to otherunits, 
hooses the best one in the 
urrent situation.5.5.5 Assignment PlanThe AssignmentPlan 
lass is a 
entral helper 
lass used in resour
e assignment. Itdetermines in whi
h order resour
es are assigned to a move and stores the 
urrentstate of the pro
ess of assigning resour
es to a move.It keeps tra
k of tentative and potential assignments for ea
h resour
e type. Theseassignments are represented by an ordered sequen
e of pending assignments. Theassignment plan implements advan
ing and ba
ktra
king assignments for ea
h re-sour
e type.The PendingAssignment 
lass represents the temporary state of the assignmentpro
ess of a single resour
e type. It 
ontains a set of potential assignments ofresour
es and re
ords the 
urrently 
hosen assignment. Every resour
e broker hasone asso
iated pending assignment obje
t. The main responsibility of the pendingassignment is to manage the 
andidate resour
e assignments found by the brokerand keep a re
ord of already tried and dis
arded assignments.
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Figure 5.10: Asso
iations between 
lasses involved in resour
e model 
onstru
tion.5.5.6 Resour
e Model Constru
tionThe resour
e model itself does not provide a me
hanism for building the model forexample from a MOM instan
e. It is the responsibility of the resour
e managerto 
onstru
t the model a

ording to the properties of the 
on
rete resour
e typesand the dependen
ies between them. This job is delegated to resour
e brokers, thatknow the 
on
rete type of ea
h resour
e obje
t and its relation to the parts of thetarget ma
hine.Be
ause resour
es have dependen
ies and relations to ea
h other, and some ofthe related resour
e instan
es may not exist at the time the other related obje
t is
onstru
ted, the resour
e model 
onstru
tion is divided in two phases. In the �rstphase, ea
h resour
e broker 
onstru
ts the primary resour
e obje
ts it manages. Inthe se
ond phase, ea
h broker sets up links to all dependent and related resour
eobje
ts whi
h all are now 
onstru
ted.Two 
lasses help in 
oordinating the resour
e model 
onstru
tion: the Resour
e-BuildDire
tor is a main 
oordinator in the pro
ess and the Resour
eMapper mapsresour
e obje
ts to 
on
rete ma
hine parts as required in the se
ond phase. The
lasses involved in resour
e model 
onstru
tion are depi
ted in Figure 5.10.5.5.7 Resour
e AssignmentThe resour
e allo
ation and assignment pro
ess is started by 
onstru
ting a resour
emanager instan
e. Then, from the obje
t model of the target ma
hine (MOM), the
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tion assign(move, cycle)2: plan.setRequest(move, cycle) ⊲ prepare plan to assign resour
es for3: ⊲ the given move on the given 
y
le4: success := false5: while not success do6: if not plan.isTestedAssignmentPossible() then7: if 
urrent broker is the �rst then8: plan.resetAssignments() ⊲ no resour
e assignment found9: return false10: else11: plan.ba
ktra
k()12: end if13: else14: plan.tryNextAssignment()15: if 
urrent broker is the last then16: success := true ⊲ valid resour
e assignment found17: else18: plan.advan
e()19: end if20: end if21: end while22: end fun
tion Figure 5.11: Resour
e assignment algorithm.resour
e manager builds the resour
e model it uses in resour
e bookkeeping. Theinitialization of the resour
e manager also in
ludes forming an assignment plan,whi
h is then passed to the broker dire
tor.When the resour
e manager (or the broker dire
tor) is asked to assign resour
esto a move, it goes through the brokers a

ording to the assignment plan and requestsea
h broker to assign a resour
e of the appropriate type to the move. As des
ribedearlier, the assignment plan keeps tra
k of the valid assignments for a given resour
etype and re
ords whi
h of these have already been evaluated.Finally, if a valid assignment is found for every appli
able type of resour
e, theresour
e assignment for the given move is 
ompleted. On the 
ontrary, the resour
eassignment will fail, if it is not possible to �nd a valid assignment for some resour
etype even after ba
ktra
king and trying other possible 
ombinations of assignments.The resour
e assignment algorithm used is represented in Figure 5.11.5.6 Customization and Maintenan
eIn this se
tion, the main 
hara
teristi
s of the framework from the �exibility pointof view are dis
ussed and explained by giving a few typi
al use 
ase examples anddes
ribing what kind of modi�
ations or additions are needed in ea
h 
ase.
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essor resour
e type. When a new hardware resour
e typethat the instru
tion s
heduler must take into a

ount is introdu
ed, a 
ouple ofextensions are needed in the resour
e model and the resour
e manager implementa-tions.First, the new resour
e requires a 
lass that implements the S
hedulingResour
einterfa
e to enable state bookkeeping for the resour
e. Similarly, a spe
ialized Re-sour
eBroker is needed to take 
are of sele
ting resour
es of this type for assignment.Finally, the resour
e manager implementation needs to be aware that there is a newbroker 
apable of assigning the new resour
e type. The resour
e manager instanti-ates the broker and registers it to its resour
e build dire
tor to add the resour
e inthe resour
e model at the time it is 
onstru
ted. The new broker is also registeredin the broker dire
tor to in
lude it in the assignment pro
ess.Changing the behavior of an existing pro
essor resour
e. If the behaviorof an already existing hardware resour
e is 
hanged, it only a�e
ts the lowest levelsof the resour
e model and the resour
e manager, that is, the s
heduling resour
eobje
t that represents the 
orresponding ma
hine part and probably its broker.If the 
hange has an e�e
t only on the bookkeeping of the internal state of theresour
e, only the resour
e 
lass should be modi�ed. On the other hand, if the 
hangea�e
ts the resour
e sele
tion and assignment pro
esses, then also the resour
e brokershould be modi�ed a

ordingly.Improving resour
e sele
tion heuristi
s. If the user of the framework wantsto improve the algorithm that sele
ts a resour
e from a set of available 
andidates,either the existing broker of the 
orresponding resour
e should be modi�ed or a newspe
ialized implementation of the broker should be inherited.If the resour
e sele
tion algorithm in the already existing broker is modi�ed, noother 
hanges in the framework are needed. If the 
urrent broker implementationis repla
ed by a new one, the resour
e manager needs to also be aware that the oldbroker should be repla
ed.Writing a new 
ode transformation or optimization pass. Two write a new
ode transformation or optimization pass and in
lude it in the s
heduling 
hain, theuser needs implement an appropriate part of the base plug-in interfa
es: if the passis independent, it should implement StartableS
hedulerModule or if it implements asubtask of another module, it should spe
ialize HelperS
hedulerModule. The passneeds then to be added to the s
heduler 
on�guration in the desired position. The
ode transformation algorithm may also implement a part of the s
heduler passhierar
hy, depending on its required inputs.



43
6. INSTRUCTION SCHEDULING ALGORITHMIMPLEMENTATIONS AND VERIFICATION
This 
hapter des
ribes how the instru
tion s
heduler framework was put to the testand veri�ed by implementing a 
ouple of �proof-of-
on
ept� instru
tion s
hedulingalgorithms. Some ben
hmark results gathered using the TCE testben
h are alsopresented in the end of the 
hapter.6.1 Proof-of-Con
ept Algorithm ImplementationsTo verify that the framework meets the requirements, is as �exible as planned andgenerally makes sense, two instru
tion s
heduling algorithms were written for theframework. The implemented algorithms use the interfa
es provided by the frame-work as mu
h as possible so that any design �aws and in�exibilities 
on
erning theinterfa
es would be revealed. Some minor design 
hanges were indeed made duringthe pro
ess of writing these algorithms.Some ben
hmarks were also run using these algorithms. The purpose of theseben
hmarks was not to evaluate the performan
e of the implemented algorithms,but to verify that the implemented algorithms produ
e a 
orre
t s
hedule and showhow the used algorithm and the input parameters, su
h as the target appli
ationand the given ar
hite
ture, a�e
t the produ
ed s
hedule. The ben
hmarks also givean early perspe
tive on the potential of the framework and s
heduling algorithmswritten on it.This veri�
ation pro
ess as a whole 
overs most of the framework use 
ases andpossible user needs: developing new algorithms, s
heduling for a �xed target andevaluating e�e
ts of di�erent algorithms and parameters on the produ
ed s
hedule(see Se
tions 4.2 and 4.3). Therefore, the su

essful 
ompletion of these ben
hmarksis 
onsidered a thorough veri�
ation.The �rst instru
tion s
heduling algorithm implementation, 
alled the sequential�rst-�t resour
e mapper, 
an not perform proper instru
tion s
heduling, but usesthe resour
e manager interfa
e to dire
tly map the provided intermediate programrepresentation to 
on
rete pro
essor resour
es of the target ar
hite
ture. The se
-ond algorithm implemented is a 
omplete basi
 blo
k instru
tion s
heduler. Theimplementations of both the algorithms are presented in the following se
tions.
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ation 446.1.1 Sequential First-Fit Resour
e MapperThe sequential �rst-�t resour
e mapper �s
hedules� the given IR for the target ar-
hite
ture without any parallelization or other optimizations by simply assigningrequired pro
essor resour
es to the program. In 
ase an operation laten
y is largerthan one 
y
le, the algorithm generates no-operations (NOPs) to wait for the result.The resour
e assignment algorithm assumes registers pre-assigned by the front-end.The resour
e mapper 
onsists of a single s
heduler pass written a

ording to theplug-in module interfa
es of the framework des
ribed in Se
tion 5.1.1. The 
lass thatimplements the resour
e assignment pass is SequentialFirstFitResour
eAllo
ator, asub
lass of StartableS
hedulerModule. For resour
e bookkeeping, the resour
e map-per uses a SimpleResour
eManager instan
e, whi
h is a simple implementation of theresour
e manager interfa
e of the instru
tion s
heduler framework (see Se
tion 5.5).6.1.2 Basi
 Blo
k S
hedulerThe basi
 blo
k s
heduler implemented on the s
heduler framework is a full-blowninstru
tion s
heduler 
apable of s
heduling and assigning resour
es either to a wholeprogram or to a single basi
 blo
k.At the highest level, the 
lass Basi
Blo
kS
hedulerPass implements a startables
heduler module based on the plug-in interfa
e of the framework (see Se
tion 5.1.1).It takes the sour
e program and the target ar
hite
ture as input and instantiates aBasi
Blo
kS
heduler, whi
h is a 
lass that implements the a
tual instru
tion s
hed-uler by spe
ializing multiple parts of the s
heduler pass hierar
hy des
ribed in zSe
-tion 5.3. Be
ause of this polymorphism, the 
lass is able to take many di�erents
opes and program representations as input: a whole program or a single pro
e-dure as POM, a CFG or a DDG, or just a single basi
 blo
k.The s
heduling pro
ess is started by �nding the basi
 blo
ks in the program. Thisis done by 
onstru
ting a CFG for ea
h pro
edure in the program. At this point,a pro
edure-wide DDG is built, whi
h is later used also for �lling delay slots of
ontrol �ow operations. Then, the CFG's are s
heduled node by node, nodes beingthe found basi
 blo
ks.For ea
h basi
 blo
k, a DDG (a subgraph of the pro
edure-wide DDG) and aresour
e manager instan
e is 
onstru
ted, whi
h are then used to s
hedule the movesin the given basi
 blo
k. SimpleResour
eManager is used in resour
e bookkeepingand assignment, just like in the sequential resour
e mapper.The basi
 blo
k s
heduler is a lo
al s
heduler in the sense that most optimizationsare only run in the s
ope of a single basi
 blo
k. Only the delay slot �ller is able toimport operations from one basi
 blo
k to another.
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ation 45Copying delay slot �ller. The TTA has 
ode-visible jump laten
y, whi
h meansthat bran
hing results in additional delay slots after the jump. The delay slot �llertries to �hide� these slots by �lling them with instru
tions from su

essive basi
blo
ks. If the jump is 
onditional, the moves in the instru
tion are also given thesame 
ondition.The delay slot �ller is run after a whole pro
edure has been s
heduled. It 
he
ksall basi
 blo
ks that are jump targets for 
ode that 
ould be moved to the delayslots of the jump. All moves keep their relative positions. Transport buses need tobe reassigned for these moves, but other resour
es remain inta
t.Register 
opy adder. A sensible target ar
hite
ture usually has limited 
onne
-tivity. The s
heduler must 
ope with 
ases when there is no dire
t 
onne
tion fromthe sour
e of a move to the destination. For example, the output port of a fun
tionunit that is assigned to perform an operation may not be dire
tly 
onne
ted to theinput port of the previously assigned register �le. The basi
 blo
k s
heduler dealswith these 
ases by adding temporary register moves.This involves �nding a register that is 
onne
ted to both the sour
e and destina-tion of the original move and then inserting an additional data transport throughthis temporary register. Multiple temporary register moves may be required if 
on-ne
tivity is very limited.Adding temporary register moves in
reases the 
y
le 
ount of the output programbut is ne
essary to produ
e exe
utable 
ode.The register 
opy adder is a pass that handles required temporary register movesin the basi
 blo
k s
heduler. In 
ase of missing 
onne
tivity in operand moves ofoperations, it tries to add the minimum required number of extra data transportsthrough registers in the program.In addition, it annotates the moves of the operation with missing 
onne
tivitywith a best FU assignment, that is, the assignment that requires least temporarymoves. Long immediates are also annotated with the best IU assignment. In thisway, the register 
opy adder �guides� the resour
e manager in assigning resour
es.After exe
uting this pass, the s
heduler may assume, that there is enough 
on-ne
tivity available to produ
e a valid s
hedule for the program.Software bypasser. This helper 
lass applies software bypassing as des
ribedin Se
tion 2.4. While s
heduling an operation, it sees whether it 
an transfer theinput operands of the 
urrently s
heduled operation dire
tly from the outputs of theoperation on whi
h it is data dependent.After s
heduling the result reads of the operation, dead-result elimination is ap-plied. If possible, the bypassed and thus obsolete result move is removed from the
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ation 46Ar
hite
ture ALU FU's Registers BusesMinimal 3 1x8 1Restri
ted 3 1x8 24-bus 3 1x16 4Huge 20 8x32 32Table 6.1: Ben
hmark ma
hine 
on�gurations.s
hedule.Long immediate handling. Some immediate values in the program may be largeenough to ex
eed the width of the sour
e �eld of the move slot in the used instru
tionen
oding. If the s
heduler 
annot �nd a suitable en
oding for the immediate of therequired width, the so 
alled long immediate needs to be transported through animmediate unit. The simplest way for the s
heduler to handle this is to insert aninstru
tion before the instru
tion 
ontaining the original immediate transport, andin that instru
tion, de�ne a transport to an immediate unit. The original immediatetransport is then repla
ed by a read from the register of the immediate unit.A more advan
ed algorithm that looks for a spa
e for the long immediate de�ni-tion in the earlier 
lo
k 
y
les without inserting a new instru
tion would be preferred.This method is used in the basi
 blo
k s
heduler.The following se
tions des
ribe how the fun
tionality of the framework was ver-i�ed by running sele
ted ben
hmarks using the previously presented instru
tions
heduling algorithm implementations and a set of target ar
hite
tures.6.2 Test Cases and Ben
hmarksThe instru
tion s
heduling algorithm implementations were veri�ed and ben
h-marked using a set of real-life test 
ases and four di�erent 32-bit TTA ma
hine
on�gurations. The pro
essor resour
es in ea
h ar
hite
ture are presented in Ta-ble 6.1. In addition to the listed resour
es, ea
h ma
hine 
ontains a load/store-unit,an immediate unit and a global 
ontrol unit. They all have a fully 
onne
ted IC.The purpose of the huge ma
hine is to provide the s
heduler with as mu
h ILPas possible. Using this ma
hine we are able to determine how well the s
heduler
an exploit available ILP in the software when pro
essor resour
es are not limited.Using the 
onstrained ma
hines, minimal, restri
ted and 4-bus whi
h 
ontain lessdupli
ated resour
es we 
an see how well the s
heduler utilizes more s
ar
e resour
eswhile still trying to exploit as mu
h ILP as possible.Ea
h test 
ase was �rst transformed to LLVM byte
ode using the TCE front-end.The byte
ode was then s
heduled for all target ar
hite
tures using the sequential
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ation 47SEQUENTIAL Minimal Restri
ted 4-bus HugeCy
le 
ount 718096 718096 476809 439708Register reads 246798 246798 145417 145097Register writes 201939 201939 133364 133172Operations/
y
le 0.27 0.27 0.23 0.25BB SCHEDULEDCy
le 
ount 572515 349458 198085 197346Register reads 203556 147142 83057 71265Register writes 167476 119775 92572 86644Operations/
y
le 0.34 0.56 0.55 0.55Table 6.2: ADPCM ben
hmark results.�rst-�t resour
e mapper, referred to as �Sequential� in the ben
hmark results tables.Corre
tness of the produ
ed s
hedule was veri�ed by simulating ea
h test 
ase withthe TCE simulator [3℄ and 
omparing the produ
ed output to the expe
ted 
orre
toutput. Some key performan
e �gures were also gathered to see the e�e
t di�erenttarget ar
hite
tures had on the s
hedule.The same pro
edure was then repeated using the basi
 blo
k s
heduler as thes
heduling algorithm. The same performan
e data was 
olle
ted to see how thesele
ted algorithm a�e
ted the s
hedule. The ben
hmark results produ
ed using thebasi
 blo
k s
heduler are referred to as �BB S
heduled� in the 
omparison tables.In the 
omparisons we use the following performan
e �gures: 
y
le 
ount, registerreads and writes and operations per 
y
le. Cy
le 
ount is the most fundamentalmeasure, sin
e it tells exa
tly how long the program takes to exe
ute. Register readsand writes measure how well the s
heduler 
an bypass unne
essary register a

esses,and �nally, operations per 
y
le indi
ates how well the program was parallelized.All types of operations (arithmeti
 as well as memory operations) are in
luded inthis 
ount.The test 
ases and produ
ed results are presented in the following.ADPCM. The �rst test 
ase is a short ADPCM en
ode/de
ode routine from theDSP-Stone test suite [23℄. The ben
hmark results are shown on Table 6.2.FFT. The se
ond test 
ase performs a 1024-point in-pla
e radix-4 de
imation-in-time (DIT) FFT on the given input. The ben
hmark results are presented onTable 6.3.JPEG. This test 
ase de
odes a 227 x 149 pixel JPEG image. The results arepresented on Table 6.4.



6. Instru
tion S
heduling Algorithm Implementations and Veri�
ation 48SEQUENTIAL Minimal Restri
ted 4-bus HugeCy
le 
ount 4996643 4996643 2996533 2562265Register reads 2000520 2000520 1155980 980615Register writes 1420840 1420840 846132 719413Operations/
y
le 0.31 0.31 0.27 0.26BB SCHEDULEDCy
le 
ount 3861263 2203976 1218412 762193Register reads 1435000 1066880 815878 437815Register writes 870935 540399 552440 307620Operations/
y
le 0.40 0.69 0.73 0.87Table 6.3: FFT ben
hmark results.SEQUENTIAL Minimal Restri
ted 4-bus HugeCy
le 
ount 76210262 76210262 41434170 35067561Register reads 31373900 31373900 16911700 14206800Register writes 22448000 22448000 12312500 10096800Operations/
y
le 0.32 0.32 0.29 0.27BB SCHEDULEDCy
le 
ount 61017751 32888917 16023927 9109674Register reads 25441900 18803400 11962800 6027600Register writes 16704300 10486000 8273490 4422240Operations/
y
le 0.40 0.73 0.74 1.03Table 6.4: JPEG de
oding ben
hmark results.Tremor. This test 
ase de
odes a 40kB Ogg Vorbis �le and is quite a lot larger
ase than the previous ones when it 
omes to total 
y
le 
ount. The ben
hmarkresults of this 
ase are presented in Table 6.5Summary of results. The results show that the used target ar
hite
ture doeshave an e�e
t on the produ
ed s
hedule. Dupli
ating pro
essor resour
es generallyredu
ed the number of 
y
les required to exe
ute the program. When using thesequential s
heduling algorithm, the most notable 
hange in the 
y
le 
ount wasa
hieved by adding registers. The 4-bus ma
hine has double the number of registers
ompared to the restri
ted ma
hine. This redu
ed the amount of additional spill
ode required for 
orre
t operation, thus also redu
ing the total 
y
le 
ount. Casesthat use a lot of registers, su
h as the JPEG-
ase, did furthermore bene�t from theextra registers in the huge ma
hine. The basi
 blo
k s
heduler was able to parallelizethe spill 
ode on the multi-bus ma
hines so that the e�e
t of adding registers wasnot so 
learly visible.
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ation 49SEQUENTIAL Minimal Restri
ted 4-bus HugeCy
le 
ount 1928470768 1928470768 1087130275 823249470Register reads 799720000 799720000 452490000 351344000Register writes 564574000 564574000 318757000 240659000Operations/
y
le 0.31 0.31 0.28 0.26BB SCHEDULEDCy
le 
ount 1529302891 838487211 425143835 214394914Register reads 631424000 479453000 331498000 160835000Register writes 404367000 263318000 224326000 122223000Operations/
y
le 0.40 0.72 0.72 1.01Table 6.5: Tremor ben
hmark results.Additional resour
es also had an e�e
t on the number of register reads and writes.Redu
ed spilling resulted in less total register a

esses in the sequentially s
heduled
ode. The number of register a

esses in the basi
 blo
k s
heduled 
ode was alsoredu
ed when moving from minimal to huge 
on�guration. The basi
 blo
k s
hed-uler was able to bypass registers more e�e
tively when there were less hardware
onstraints to 
ope with.In some 
ases, the basi
 blo
k s
heduler produ
es more register writes than reads.This does not mean that some values are written to registers and never read, butbe
ause guard writes 
ould not be di�erentiated from regular register writes in thesimulator output data, the statisti
s be
ome somewhat biased. Guard reads are notin
luded in register read statisti
s.Sin
e the amount of available ILP in the s
ope of single basi
 blo
ks is limited, theresults were not outstanding. A lot better s
heduling results should be a
hieved byintrodu
ing a global s
heduling algorithm and using additional optimization passesin the ba
k-end as well as in earlier phases of 
ompilation. A detailed performan
eanalysis of the used s
heduling algorithms and optimization passes is out of thes
ope of this do
ument.
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7. CONCLUSIONS
This thesis presented a software framework that implements a 
ru
ial part of 
odegeneration for TTA pro
essors: instru
tion s
heduling. The framework is a partof the 
ompiler ba
k-end in a TTA-based 
o-design environment. In addition toinstru
tion s
heduling, any ar
hite
ture-dependent 
ode transformations 
an be ap-plied on the sour
e program using the framework. It may be used as a stand-alonetool or as part of another appli
ation.As inputs, the framework takes the uns
heduled sour
e appli
ation translated togeneri
 byte
ode by the 
ompiler front-end and a des
ription of the target ar
hi-te
ture. Following the user-de�ned 
ode transformation and s
heduling 
hain, thes
heduler optimizes and 
ompiles the sour
e program to a form exe
utable on thegiven target ar
hite
ture.The main requirements set for the framework were easy 
on�gurability and �ex-ibility. The requirements were met by designing an obje
t-oriented and modularar
hite
ture for ea
h part of the framework, in addition to a plug-in interfa
e thatallows the user to write and setup s
heduler passes without re
ompiling the wholeframework. This helps users in experimenting with di�erent optimizations and pa-rameters and in evaluating their e�e
t on target appli
ation performan
e. The useris also able to plug-in and try out di�erent s
heduling algorithms easily in attemptof �nding the most e�e
tive s
hedule for the given target ar
hite
ture. In addition,resear
hers may take the �exibility points of the framework in use when developingnew instru
tion s
heduling algorithms and 
ode optimization te
hniques.The framework was veri�ed and put to test by writing two �proof-of-
on
ept�algorithms a

ording to the provided interfa
es and running a set of real-life ben
h-marks with them using the TCE testben
h suite. This pro
ess as a whole 
overedmost of the framework use 
ases and was therefore 
onsidered a thorough veri�
ationof the framework 
on
ept and fun
tionality.All the ben
hmarks 
ould be 
ompiled for the target ar
hite
tures using the �rstwritten algorithm that merely mapped the sour
e program on the target withoutapplying any optimizations or parallelization. The TCE simulator was used to verifythe 
orre
tness of the s
hedule by 
omparing the produ
ed output to the expe
ted
orre
t output. The simulator was also used to gather performan
e statisti
s whi
hillustrated the e�e
t di�erent s
heduling parameters had on the produ
ed s
hedule.



7. Con
lusions 51After the sequential ben
hmarks were done, the test 
ases were s
heduled using amore advan
ed algorithm: the basi
 blo
k s
heduler.The results showed that the target ar
hite
ture had an e�e
t on the produ
eds
hedule: the more dupli
ated resour
es, the less time it took for the 
ompiled 
odeto exe
ute. As expe
ted, the used s
heduling algorithm also a�e
ted the s
hedule.The basi
 blo
k s
heduler 
ould exploit available ILP in the target ar
hite
tures aswell as in the sour
e program, thus produ
ing lower 
y
le 
ounts than the sequentials
heduling algorithm. Better results are possible by introdu
ing a global s
hedulingalgorithm and more advan
ed 
ode optimizations. However, writing the algorithmsand utilizing them in the ben
hmarks proved that the framework meets the require-ments and leaves spa
e for future extensions and improvement. Implementing theseshould be easy be
ause of the modular and �exible software ar
hite
ture.
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