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IIABSTRACTTAMPERE UNIVERSITY OF TECHNOLOGYDegree Programme in Information Te
hnologyKorhonen, Tuomas Viljami: Tools for Fast Design of Appli
ation-Spe
i�
Pro
essorsMaster of S
ien
e Thesis: 47 pagesJanuary 2009Major subje
t: Software EngineeringExaminers: Prof. Tommi Mikkonen and Dr. Pertti KellomäkiKeywords: transport triggered ar
hite
ture, 
ompiled simulation, e
lipse pluginIn the modern 
omputing world, there is always an endless demand for moree�e
tive pro
essors, be the e�e
tivity in pro
essor speed, power-
onsumption orsome other area. Most of the mi
ropro
essors used nowadays belong in applian
esthat run only a limited set of software. This is espe
ially true in embedded devi
es.When striving to develop the most e�e
tive pro
essors possible for them, the a prioriknowledge of the software 
an be used to tailor the pro
essors to �t better for theappli
ations. These kind of pro
essors are 
alled appli
ation-spe
i�
 pro
essors orASPs.Transport Triggered Ar
hite
ture (TTA) is a pro
essor design paradigm whi
h 
anbe used for qui
kly developing appli
ation-spe
i�
 pro
essors. TTA-based CodesignEnvironment (TCE) is a design environment developed at the Tampere Universityof Te
hnology. Its primary goal is to produ
e a full-�edged software kit that 
an beused for 
reating TTA pro
essors and 
ompile appli
ations for them. TCE 
onsistsof a number of programs su
h as a pro
essor designer, a 
ompiler, a design spa
eexplorer, and a simulator.In this thesis, a new 
ompiled simulation engine for the simulator is introdu
ed. It
an be used for simulating TTA appli
ations faster than with the previous simulationengine. Simulation speed is essential when one wants to simulate long-lasting test
ases su
h as audio or video de
oders.In addition to the 
ompiled simulator, graphi
al tools for fast manual pro
essordesign spa
e exploration are introdu
ed. These in
lude an experimental TCE E
lipseplugin whi
h 
an be used for qui
k 
reation and simulation of TTA appli
ations usingthe E
lipse IDE, and further en
han
ements to the pro
essor designer appli
ation.



IIITIIVISTELMÄTAMPEREEN TEKNILLINEN YLIOPISTOTietotekniikan koulutusohjelmaKorhonen, Tuomas Viljami: Työkaluja Nopeaan Sovelluskohtaisten Proses-sorien KehittämiseenDiplomityö: 47 sivuaTammikuu 2009Pääaine: OhjelmistotuotantoTarkastajat: Prof. Tommi Mikkonen ja TkT. Pertti KellomäkiAvainsanat: transport triggered ar
hite
ture, kääntävä simulaatio, e
lipse-liitännäinenNykyään tietokonemaailmassa on aina tilaa tehokkaammille prosessoreille,tarkoitettiinpa tällä tehokkuudella sitten prosessorin nopeutta, virrankulutusta taijotain muuta sen ominaisuutta. Useimmat mikroprosessorit kuuluvat nykyään sel-laisiin sovellusalueisiin, jotka suorittavat vain hyvin rajattua ohjelmistoa, kuten eri-tyisesti sulautettujen laitteiden tapauksessa. Kun halutaan kehittää mahdollisim-man tehokkaita prosessoreita tällaisille sovellusalueille, tulee myös niillä suoritetta-va ohjelmisto ottaa huomioon prosessoria kehitettäessä. Tällaisia prosessoreita kut-sutaan sovelluskohtaisiksi prosessoreiksi (appli
ation-spe
i�
 pro
essor, ASP).Transport Triggered Ar
hite
ture (TTA) on eräs sovelluskohtaisille prosessoreillehyvin soveltuva suunnitteluparadigma, jonka avulla uusia ASP:tä voidaan suunnitel-la nopeasti ja edullisesti. TTA-based Codesign Environment (TCE) on kehitysym-päristö, joka on kehitetty Tampereen Teknillisessä Yliopistossa. Sen päätavoitteenaon tarjota täysipainotteinen ohjelmisto TTA-prosessorien ja -sovellusten suunnit-telua varten. TCE koostuu monesta ohjelmasta, kuten prosessorien suunnitteluohjel-masta, kääntäjästä, suunnitteluavaruuden tutkimisohjelmasta ja simulaattorista.Tässä diplomityössä on rakennettu uusi simulaatiomoottori nykyiseen TTA-simulaattoriin, jonka avulla voidaan simuloida TTA-sovelluksia nopeammin kuinaikaisemmalla simulaatiomoottorilla. Simulaation nopeus on olennaista, kun halu-taan simuloida pitkäkestoisia testitapauksia, kuten esimerkiksi äänen- tai videonpurkusovelluksia.Kääntävän simulaattorin lisäksi työssä esitellään graa�sia työkaluja manuaaliseenprosessorien suunnitteluavaruuden tutkimiseen. Näitä ovat kokeellinen TCE E
lipse-liitännäinen, jota voidaan käyttää nopeaan TTA-sovellusten luomiseen ja simu-loimiseen E
lipse-ympäristössä, sekä laajennokset prosessorinsuunnitteluohjelmaan.
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1. INTRODUCTION
Sin
e 
omputers have be
ome very 
ommon items in our daily lives, one 
ould havea 
rude estimate of how vast the total amount of mi
ropro
essors is. This estimateis usually wrong be
ause there are way more mi
ropro
essors than those that resideinside our desktop 
omputers. Mi
ropro
essors have endless number of appli
ationsin other areas su
h as in 
ell phones, DVD players, refrigerators and 
ars, just toname a few.Mi
ropro
essors in these applian
es are usually limited to running a very spe
i�
pie
e of software whi
h raises questions: if and how the pro
essors 
an be optimizedto �t better for their targeted software. Optimization of the mi
ropro
essor towardsthe appli
ation is more or less important depending on the usage of the mi
ropro-
essor. In embedded devi
es, 
ustomization 
an often be a de
iding fa
tor for thesu

ess of the produ
t whereas in desktop 
omputers it 
an be pra
ti
ally impossiblebe
ause of the amount of di�erent software. Appli
ation-spe
i�
 integrated 
ir
uits(ASIC) 
ould be used but their design time is usually long whi
h makes them expen-sive to develop and their risks higher than when using general purpose pro
essorswhi
h on the other hand are not nearly as e�e
tive as an ideal ASIC 
ould ever be.Transport Triggered Ar
hite
ture (TTA) is a novel pro
essor design paradigmsimilar to VLIW that 
an be used for qui
kly developing appli
ation-spe
i�
 pro-
essors for virtually any kind of high level language appli
ation, so it 
an be de�nedas an appli
ation-spe
i�
 instru
tion set pro
essor (ASIP). TTA o�ers easy 
us-tomization of the pro
essor through basi
 building 
omponents su
h as register �les,fun
tion units, buses, and through the usage of 
ustom operations. When designinge�e
tive TTA pro
essors for large (high level language) appli
ations, there has tobe good tools for the job. TTA-based Codesign Environment (TCE) is a toolsetdeveloped sin
e 2003 at the Tampere University of Te
hnology and it aims to pro-vide a wide range of tools for developing TTA pro
essors. The toolset starts froma C language program and ends up with a �nished bit image of the optimized TTAprogram and a VHDL des
ription of the TTA pro
essor.A good pro
essor design toolset in
ludes a pro
essor simulator that is 
apable ofsimulating any kind of appli
ation or pro
essor that is possible to develop with thetoolset. For improving the speed of the existing TTA simulator, a new 
ompiledsimulator engine was developed. With the 
ompiled simulator, it be
omes possible



1. Introdu
tion 2to exe
ute long appli
ations in a reasonable time frame.Finally, graphi
al tools for manual pro
essor design spa
e exploration are in-trodu
ed. These in
lude an experimental E
lipse plugin, whi
h 
an be used for
reating, simulating and evaluating TTA appli
ations using the E
lipse IDE. Someimprovements to the existing pro
essor designer appli
ation are also introdu
ed.The purpose of this thesis is to des
ribe the TCE Compiled Simulator and workas a do
umentation material for it. Chapter 2 des
ribes appli
ation-spe
i�
 instru
-tion set pro
essors in general as well as TTA and its programming 
apabilities.Chapter 3 is an introdu
tion for TCE and des
ribes most of the TCE tools that arerelated to the 
ompiled simulator. Chapter 3 also des
ribes the most important TCE
ode stru
tures that were used while 
reating the 
ompiled simulator. Chapter 4des
ribes pro
essor simulation prin
iples and the TCE Compiled Simulator designand implementation. Chapter 5 is for verifying and ben
hmarking the 
ompiledsimulator using the test 
ases found in TCE. Chapter 6 des
ribes tools developedfor fast manual design spa
e exploration su
h as the experimental TCE E
lipse plu-gin and improvements to the pro
essor designer appli
ation. Chapter 7 is left forfuture improvement ideas for the 
ompiled simulator and the TCE E
lipse plugin.Chapter 8 
on
ludes the thesis and gives some last thoughts of the development.
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2. APPLICATION-SPECIFIC INSTRUCTIONSET PROCESSORS
Appli
ation-spe
i�
 pro
essors or ASPs by de�nition are pro
essors designed to runonly a limited set of appli
ations with an instru
tion set spe
i�
ally tailored for theappli
ation(s). Appli
ation-spe
i�
 instru
tion set pro
essors or ASIPs are a spe
ial
ase of ASPs that have the minimal fun
tionality to run any high level language(HLL) program. In this thesis we fo
us solely on ASIPs be
ause of their suitabilityfor any kind of appli
ation (and be
ause TTA 
an be 
lassi�ed as a one). [1℄2.1 OverviewA 
ommon example of an ASP or an ASIP would be a signal pro
essing CPU (seeFigure 2.1) running a set of instru
tions on the input signal and then produ
ing amodi�ed signal as an output. In this 
ase, there is only one appli
ation to be run,but there 
an be di�erent kind of data as input as well as output.Appli
ation-spe
i�
 instru
tion set pro
essors 
an be very e�
ient when 
om-pared to traditional general purpose pro
essors be
ause the problem domain, thatis, the appli
ation or a set of appli
ations is usually well known in advan
e and there-fore the pro
essor 
an be designed to �t pre
isely for the appli
ations it is supposedto run. Everything unne

essary for the problem domain of the appli
ation 
an betaken away from the pro
essor ar
hite
ture. For example, if the appli
ation doesnot use any or only a little �oating point operations, there is no need to implementthem in hardware, but rather emulate on software. If the appli
ation never usesintegers larger than 8 bits, then all the 16- and 32-bit registers and operations 
anbe safely removed from the pro
essor.Finally, one of the most important optimization te
hniques spe
i�
 to ASIPs isthat they 
an implement so 
alled 
ustom operations for the most 
ommonly usedparts of the program or for some spe
i�
 algorithms. For example, if the 
ode
onsists of many additions (ADD) and subtra
tions (SUB) like the following, it

digital signal processor (DSP)input signal output signalFigure 2.1: A Digital Signal Pro
essor.
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ould be repla
ed with a single 
all of a spe
ial operation �ADDSUB�.ADD C, A, B // C = A + BSUB D, A, B // D = A - BThe same addition and subtra
tion optimized using spe
ial operation �ADDSUB�that has two inputs and two outputs:ADDSUB C, D, A, B // C = A + B and D = A - BThis makes it possible to 
al
ulate the addition and the subtra
tion simultane-ously inside a fun
tion unit potentially redu
ing the overall laten
y of the operations.It also makes the 
ode smaller in terms of instru
tion 
alls.2.2 Toolset-Assisted Pro
essor Design Spa
e ExplorationThe e�
ien
y of ASIPs is based on their high spe
ialization to the appli
ationand its problem domain. However, their spe
ialization does not 
ome without atradeo�. Designing ASIPs from the beginning 
an be a very time-demanding andexpensive pro
ess be
ause of the non-re
urring engineering 
osts su
h as the 
osts ofresear
h, designing and testing of the produ
t. The time it takes to develop an ASIP
an be very long, and be
ause the annual performan
e in
rease in general purposepro
essors is mu
h higher, the out
ome might not be as good as expe
ted. As su
h,designing ASIPs from the beginning is only pra
ti
al for large-volume produ
ts andsales and even then there is a risk of not a
hieving the required 
orre
tness orperforman
e levels. Toolset-assisted pro
essor design spa
e exploration aims to easeand speed up this pro
ess. [1℄Pro
essor design spa
e exploration is the pro
ess of �nding out a suitable pro
es-sor for the appli
ation. This suitability 
ould be di�erent depending on the targetusage of the ASIP. For example in mobile devi
es, power 
onsumption and size re-quirements often outweigh the performan
e requirements of the 
hip whereas ondesktop 
omputers, speed is usually the most wanted property.The design spa
e 
an be potentially very large, so there has to be e�e
tive toolsfor redu
ing it to a reasonable size without sa
ri�
ing too mu
h in quality or ex-tent. Pro
essor design spa
e exploration tools 
an be roughly divided in levels ofautomation into manual, semi-automati
 and fully automati
.Manual pro
essor design spa
e exploration. In manual pro
essor designspa
e exploration, the pro
essor designer deals dire
tly with the pro
essor 
om-ponents and attributes su
h as register �les, fun
tion units, buses, implementedoperations and so on. To help in this task, there 
an be tools for qui
kly adding and
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ation-Spe
i�
 Instru
tion Set Pro
essors 5removing 
omponents and modifying the pro
essor parameters. For measuring therelative speeds of the modi�ed pro
essors and for �nding out the best one, there hasto be a pro
essor simulator 
apable of running the evaluated appli
ation on ea
hpro
essor implementation variation. In addition, there 
ould be tools for estimatingthe pro
essor 
harasteristi
s for qualities su
h as energy 
onsumption and die surfa
earea requirements, depending on the target usage of the pro
essor. The de
ision inwhi
h dire
tion to pro
eed next in the pro
essor design spa
e is always up to thepro
essor designer himself.Automati
 pro
essor design spa
e exploration. Automati
 pro
essor designspa
e exploration tools leave very little or nothing left for the pro
essor designer to
on�gure by hand, ex
ept for the initial parameters of the exploration. These param-eters are goals, requirements and limitations for the exploration and 
ould in
ludethings su
h as pro
essor performan
e requirements (for some spe
i�
 appli
ation),maximum exploration runtime, memory limitations and iteration 
ounts.A simple example of automati
 pro
essor design spa
e exploration 
ould be tohave a minimal working pro
essor ar
hite
ture and then gradually in
rease the num-ber of 
omponents and operations until their addition no longer improves the per-forman
e of the pro
essor. Work�ow in this kind of automati
 exploration 
ould beas follows:Prior to exploration: set up the initial exploration parameters as des
ribed before.1. 
reate a minimal pro
essor2. modify the pro
essor by adding 
omponents and operations3. generate an updated version of the pro
essor4. simulate the appli
ation(s) on the generated pro
essor5. estimate the size, speed and power 
onsumption of the pro
essor6. go to 2 until N number of iterations are done or if the exploration goals havebeen a
hieved.Even though the total exploration time might be long depending on the simula-tion time of the appli
ation and the number of iteration steps, the simulation speedis not as important as in manual exploration, where the pro
essor designer often hasto 
he
k whether his 
hanges made any di�eren
e to the out
ome and de
ide the a
-tions. Automati
 exploration 
ould easily take hours or even days without requiringadditional input from the user. Another advantage in automati
 pro
essor designspa
e exploration is that it is less error-prone be
ause there is less user intera
tion
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i�
 Instru
tion Set Pro
essors 6than in manual exploration (of 
ourse setting good initial parameters for the explo-ration is more ne
essary than ever!). The downside of using automati
 explorationis that if there is no de
ent exploration algorithm available, the pro
essor variationsgenerated by the explorer appli
ation might be too similar to ea
h other to makeany di�eren
e to the out
ome. There is also a risk of missing some good spots inthe design spa
e.Semi-automati
 pro
essor design spa
e exploration. Semi-automati
 pro-
essor design spa
e exploration 
ombines parts from both of the methods des
ribedbefore. The pro
essor designer is again responsible for 
hoosing in whi
h dire
tionto pro
eed next but this time has more automation to help in this task than in plainmanual exploration. Work�ow in semi-automati
 pro
essor design spa
e exploration
ould be as follows:1. add N new 
omponents / add a new 
ustom operation.2. 
reate a new pro
essor3. simulate the new pro
essor4. estimate the new pro
essor5. jump to 1 until required 
y
le 
ount is a
hieved6. 
ontinue exploration manually.2.3 Transport Triggered Ar
hite
ture (TTA)One of the most important ways to improve pro
essor performan
e is to add more
on
urren
y into pro
essing of instru
tions. In supers
alars [2℄ (su
h as in Pentiumsever sin
e Pentium Pro and Pentium II), instru
tions that are possible to exe
utein parallel are dete
ted by hardware during run time. On ea
h 
y
le, the pro
es-sor tries to fet
h, de
ode and exe
ute as many su

essive instru
tions as possiblewhile preserving dependen
ies between the instru
tions. While easy to program,supers
alars have a problem with 
osts it takes to dete
t the dependen
ies betweeninstru
tions. The more there are instru
tions running simultaneously, the faster the
osts of dete
tion grows. [1℄In Very Long Instru
tion Word (VLIWs) ar
hite
tures, this 
on
urren
y 
he
kingis done by the 
ompiler during 
ompile time. The VLIW 
ompiler stati
ally s
hed-ules and pa
ks multiple operations into single instru
tions and guarantees theirindependen
e. This has the s
alability advantage of not being dependent on 
om-plex hardware to dete
t the instru
tion dependen
ies during run time. The problem
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Figure 2.2: An example of a two-bus TTA ma
hine. [3℄with VLIWs is that when adding more fun
tion units to gain more parallelism, themaximum amount of data needed to transport grows fast be
ause of potentiallymany 
on
urrent data transports between register �les and fun
tion units. Datatransports that are done via an inter
onne
tion network are needed more due tothe maximum possible number of simultaneous operations, but in many 
ases, thenetwork is still being underutilized when there are not enough 
on
urrent operationsgoing on. [1℄Transport Triggered Ar
hite
ture or TTA is a relatively new pro
essor ar
hi-te
ture style similar to VLIW. TTAs 
an be 
onstru
ted of the following buildingblo
ks: a 
ontrol unit, fun
tion units, register �les and an inter
onne
tion network
onsisting of one or more buses. An example of a two-bus TTA ma
hine is shownin Figure 2.2. The big di�eren
e between TTA and VLIW 
omes when managingoperation exe
utions; In VLIWs operations are pa
ked into one big instru
tion andwhen exe
uting it, ea
h output and input have to be transported via buses. Be
auseof potentially high number of simultaneous data transfers in VLIW, the amount ofregister �le ports and buses has to be very high to support them. TTA takes a dif-ferent approa
h: the only real instru
tion available in TTA is a �Move� instru
tion,whi
h moves data between TTA 
omponents su
h as register �les and fun
tion units.Operations are triggered as a byprodu
t of these moves when a value is written tothe trigger port of the fun
tion unit, hen
e the ar
hite
ture name �Transport Trig-gered�. Data transports 
an also be done between ports of di�erent fun
tion unitsso that no intermediate values need to be stored in register �les between 
onse
utiveoperation 
alls. S
alability in TTAs is better than in VLIWs be
ause the buses 
an
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ation-Spe
i�
 Instru
tion Set Pro
essors 8be utilized more e�e
tively due to smaller amount of data needed to transport si-multaneously. That is, TTA o�ers more s
heduling freedom for operand and resulttransfers. Be
ause TTAs 
an be 
onstru
ted of the same basi
 building blo
ks astraditional pro
essors and VLIWs, it is very modular and therefore suitable for var-ious kind of ASIPs. Additional 
ustomization in TTAs 
an be a
hieved by 
reatingfun
tion units with 
ustom operations. [1℄TTA pro
essors are programmed by dire
tly 
ontrolling data transports betweenTTA 
omponents. Whenever a value is written to the trigger port of a fun
tionunit, the operation spe
i�ed by the port gets triggered. After a spe
i�ed operationlaten
y, the result values of the operation are ready to be gathered from the outputports of the fun
tion unit.Consider the previous example of an addition and a subtra
tion. On a traditionaloperation triggered ar
hite
ture (OTA), it 
ould look as follows:ADD C, A, B // C = A + BSUB D, A, B // D = A - BWith a two-bus TTA ma
hine, the previous example 
ould look as follows (inTTA assembly):1. RF1.1 -> FU1.operand.1 ...2. RF1.2 -> FU1.trigger.add ...3. FU1.result.1 -> RF1.3 RF1.2 -> FU1.trigger.sub4. FU1.result.1 -> RF1.4 ...In instru
tions 1 and 2, operands from the register �le RF1 ports 1 and 2 are
opied to the input operand ports of the fun
tion unit FU1. When writing these
ond operand in instru
tion 2, the operation �ADD� is triggered and its result isstored in the output port �result.1� of FU1 whi
h is read on instru
tion 3. Note thatin this example, operation laten
y for both �ADD� and �SUB� is assumed to be 1whi
h means that the operation result is ready on the next 
y
le. In instru
tion 3,a basi
 example of instru
tion level parallelism (ILP) 
an be seen at work. In thisinstru
tion, a se
ond bus was utilized for moving values simultaneously to the �rstbus.Sin
e the operation laten
y is known to be 1, a new operation 
an be exe
uted atthe same time be
ause the fun
tion unit result will not be ready until the beginningof the next 
y
le and the 
urrent return value does not get lost. Note how operand1 was needed to be written only on
e to the FU1.operand.1 operand port. Thisis 
alled �operand sharing�, whi
h is an optimization te
hnique used for redu
ingunne

essary moves between TTA 
omponents. Whenever there is an operationwith a laten
y more than one, there exists an opportunity for the 
ompiler to �ll inthe delay slots with moves belonging to either earlier or up
oming instru
tions.
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tion Set Pro
essors 9Control �ow operations su
h as �JUMP� and �CALL� are implemented in thesame way as other operation 
alls ex
ept by using a spe
ial fun
tion unit 
alled the
ontrol unit. A �CALL� on OTA 
ould look like the following:CALL fun
tion_1<some 
ode>fun
tion_1:<fun
tion_1 body>RETIn TTA, this 
ould be implemented as a series of moves like the following:fun
tion_1 -> GCU.Trigger.CALL // 
alls fun
tion_1<some 
ode>fun
tion_1:<fun
tion_1 body>GCU.Return_Address -> GCU.Trigger.JUMP // returns from fun
tion_1Software bypassing [4℄ is another optimization te
hnique possible to implement onTTAs. In software bypassing, operation results are moved dire
tly from fun
tion unitto another so that no register �les are needed for storing intermediate values. Thisredu
es the overall delay between dependent operations. The following example usessoftware bypassing for qui
kly setting an o�set (RF1.1+100) for a memory a

essoperation (�LDW�, �Load Word�).RF1.1 -> FU1.operand.1 ...100 -> FU1.trigger.add ...FU1.result.1 -> FU2.trigger.LDW ...Conditional exe
ution in TTA 
an be done with so 
alled guards. A move 
an be�guarded� with the value of a register �le port or a fun
tion unit port. If the valueis non-zero (or zero in 
ase of inverted guards) then the move following the guardgets exe
uted. Consider the following example:CMP r1, 0x01JE 0x100 // jump to 0x100 if r1 equals 1... // not equalIn TTA, when using guarded moves, the 
onditional exe
ution example 
ouldlook like the following:RF.1 -> FU1.operand.1 ...0x01 -> FU1.trigger.
mp ...
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tion Set Pro
essors 10FU1.result.1 -> boolean0.0 ...?boolean0.0 0x100 -> GCU.Trigger.JUMP // if boolean0.0 equals 1, jump... // Delay slots for operation "JUMP"...... // boolean0.0 not equal to 1In this example, the boolean register boolean0.0 is being used as a guard register.If the value is non-zero, then the move triggering a jump to address 0x100 is exe
uted.If not, then the 
ode exe
ution 
ontinues from the next instru
tion.
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3. TTA-BASED CODESIGN ENVIRONMENT(TCE)
TTA-based Codesign Environment (TCE) [5℄ is a suite of appli
ations aiming toprovide a reliable and e�
ient toolset for designing appli
ation-spe
i�
 pro
essorsbased on the TTA pro
essor template. TCE has been developed at the TampereUniversity of Te
hnology sin
e 2003, and it 
urrently 
onsists of more than 400,000lines of C++ 
ode.3.1 TCE Design FlowThe TCE design �ow starts from a program written in a high level language. Cur-rently C is the only programming language fully supported although many parts ofC++ 
an be used already. The C program is 
ompiled to an intermediate bit
ode(.b
) format using the LLVM [6℄ 
ompiler. The bit
ode is then 
ompiled to a targetTTA pro
essor using an internal 
ompiler of the TCE ba
kend. The output of thispro
ess is a TTA Program Ex
hange Format (TPEF) binary �le whi
h has to be
onverted to a raw bit image using the Program Image Generator (PIG) before it isrunnable and ready to be uploaded on the TTA pro
essor. The bit
ode produ
edby LLVM is reusable for di�erent TTAs as long as the program 
an be 
ompiledfor the given TTA. This makes it possible to reuse the bit
ode �les when exploringsuitable TTA pro
essors for the program in the pro
essor design spa
e explorationphase.[3℄The TTA ar
hite
ture de�nition �le (ADF) des
ribes the 
hara
teristi
s of TTAin a high-level XML, whi
h by itself is not enough to generate a real working pro
es-sor. The ADF �le 
ontains pro
essor 
omponent information visible to the assemblyprogrammer or 
ompiler so that programs 
an be 
ompiled and simulated withoutneeding the a
tual pro
essor implementation data, whi
h belongs in its own im-plementation de�nition �le (IDF). The Pro
essor Generator in TCE reads in anar
hite
ture de�nition �le (ADF) and an implementation de�nition �le (IDF) anduses a Hardware Database (HDB) to produ
e a VHDL implementation of the pro-
essor.TCE 
onsists of many di�erent appli
ations sharing the same 
odebase to a
hievetheir 
orresponding goals. For 
reating and editing ADF �les, there is a visual pro-
essor designer tool 
alled 'ProDe'. For ar
hite
tural simulation, there is a 
ommand
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al one 
alled 'Proxim'. For pro
essor designspa
e exploration, there is 'explore' and so on.3.2 TTA Pro
essor SimulatorThe TTA Pro
essor Simulator in TCE is designed to be able to simulate any TTApro
essor 
reated in TCE with any kind of operation set de�ned by the pro
essordesigner. The simulator operates at a 
y
le-a

urate level and simulates all 
ompo-nents of the TTA pro
essor but only from the viewpoint of the pro
essor ar
hite
tureprogrammer. Internal stru
ture of TTA 
omponents is not exposed or simulated anyfurther than what is ne
essary for appli
ation simulation and pro
essor ar
hite
tureevaluation. Laten
ies for operation 
alls need to be taken into a

ount for a

uratesimulation as well as 
y
le 
ounts and pro
essor utilization data, whi
h both areneeded in the evaluation of the pro
essor. [7℄TTA appli
ations that 
an be simulated are not dire
t binary images of the �nalprogram, but essentially a higher-level obje
t model of the assembly program, that is,the program obje
t model or simply the POM [8℄. Using the program obje
t modelmakes it possible to entirely remove the instru
tion de
ode part from the simulationso that fewer host pro
essor 
y
les are needed to simulate one instru
tion. This ispossible be
ause in TCE, instru
tion and data memories are assumed to be like inHarvard ar
hite
ture, that is, they are lo
ated in separate memory spa
es and theinstru
tion memory is not a

essible from the ma
hine 
ode as a data [7℄. This makesit impossible to simulate self-modifying 
ode or �programs that generate programs�,but it makes the implementation of 
ompiled simulation mu
h easier.The TTA Simulator o�ers various 
ommands for debugging and 
ontrolling theappli
ation �ow. For example, there are 
ommands for single 
y
le stepping, set-ting of breakpoints and for inspe
ting memory spa
es and visible TTA 
omponents.TCE o�ers two di�erent TTA simulator frontends: ttasim and Proxim. Both ofthem use the same interpretive simulation engine on the ba
kground. In ttasim, anew simulation engine for running stati
 and dynami
 
ompiled simulations is alsointrodu
ed. Compiled simulation prin
iples and the TCE 
ompiled simulator engineare des
ribed in Chapter 4.The program 'ttasim' is a 
ommand line interfa
e for simulating TTA appli
ationsin TCE. Its main features [7℄ are:
• running TTA appli
ations from the 
ommand line,
• provide 
ommands for 
ontrolling the simulation,
• work as a debugging interfa
e for TTA appli
ations,
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Figure 3.1: Proxim main view.
• provide a TCL s
ript interpreter for automatizing simulations and for addingadditional simulator logi
 if needed, and
• work as a frontend for all simulation engines.Proxim is a graphi
al interfa
e for the TTA Simulator. Be
ause it uses the sameinterpretive simulation engine as ttasim, it has all the 
apabilities ttasim has ex
eptfor the 
ompiled simulation engine whi
h is only available in ttasim at the moment(although it 
ould be implemented in Proxim as well). Proxim is best used as a toolfor graphi
al debugging and evaluation of short-length TTA programs. An exampleof using Proxim as a debugging tool is displayed in Figure 3.1. Proxim makesit easier to understand and manipulate the simulation program �ow by providing a
ode disassembly view and 
ontrol buttons for 
ommonly used simulator 
ommands.Proxim also has an ability to highlight utilization statisti
s of TTA 
omponents indi�erent 
olours for manual design spa
e exploration.3.3 Design Spa
e ExplorerThe pro
essor design spa
e explorer or simply the 'Explorer' in TCE is an appli
a-tion that a
ts as a frontend for various automati
 and semi-automati
 explorationalgorithm plugins [3℄. The Explorer is used from the 
ommand line where the user
an 
hoose an exploration algorithm and give parameters to it. All the explorationalgorithms are loaded as separate plugins whi
h makes it possible to extend theExplorer with third party algorithms without having to re
ompile TCE.
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Figure 3.2: Pro
essor Design Spa
e Exploration in TCE [9℄.The Explorer work�ow des
ribed in Figure 3.2 pro
eeds by maintaining a DesignSpa
e Database (.DSDB �le) whi
h holds data about the exploration results for ea
hdi�erent 
on�guration (i.e. ar
hite
ture and implementation de�nition pairs). Aftersu

essfully running Explorer with the spe
i�ed exploration plugin, Explorer storesexploration data into a new 
on�guration row in the DSDB. The a
tual explorationdata that gets stored per exploration 
on�guration are simply the pro
essor utiliza-tion statisti
s and simulated 
y
le 
ounts gathered by the simulator and pro
essor
ost estimates gathered by the Estimator. A simple exploration database is shownin Figure 3.3.After �nishing the exploration of several 
on�gurations, the only thing left to do isto sele
t the most suitable pro
essor and generate a pro
essor image (in VHDL) outof the ar
hite
ture (ADF) and implementation (IDF) spe
i�ed by that 
on�guration.
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ation path 
y
le 
ount energy estimate1 tmp/test1.tpef 513 1012 tmp/test1.tpef 478 87Figure 3.3: An example of a design spa
e database.3.4 TCE API Used in the Compiled SimulatorThis se
tion des
ribes brie�y the most important TCE 
ode stru
tures used in theCompiled Simulator.3.4.1 Ma
hine Obje
t Model (MOM)Ma
hine Obje
t Model or simply MOM [10℄ in TCE is an ar
hite
ture 
onsistingof various C++ 
lasses. The purpose of MOM is to represent a single target TTApro
essor by representing all of the 
omponents it 
onsists of. In MOM, there isa 
omposite 
lass TTAMa
hine::Ma
hine, whi
h holds information of all the ma-
hine 
omponents and operations supported by the ma
hine. The 
omposing 
lassesare the 
lasses that represent the 
orresponding TTA 
omponents su
h as Port,Bus, RegisterFile, ControlUnit, Fun
tionUnit, all belonging to the TTAMa
hine::namespa
e.MOM is designed to be serializable into .XML �les. Initially, MOM is 
reatedin the Pro
essor Designer GUI (ProDe) and saved into an XML �le (.ADF) by theuser. The resulting �le 
an be later used for re-
reating the same MOM, for example,when needed to simulate or estimate the pro
essor.3.4.2 Program Obje
t Model (POM)Program Obje
t Model or POM [8℄ is very similar to MOM in terms of 
lass designex
ept that it represents a TTA assembly program instead of a TTA pro
essor.The main 
lass in POM is TTAProgram::Program whi
h 
onstru
ts a hierar
hy ofprogram part 
lasses su
h as Pro
edure, Instru
tion and Move, very mu
h the sameway as TTAMa
hine::Ma
hine does for TTA ma
hine 
omponents.Depending on the size of the program, POM 
an 
ontain a very large amount ofdata in terms of pro
edures, instru
tions and moves, so it is not feasible to storesu
h information into an .XML �le. POM data is stored instead into a .TPEF (TTAProgram Ex
hange Format) �le, whi
h is the binary �le format for TTA programs.



3. TTA-Based Codesign Environment (TCE) 16<operation><name>ADD</name><inputs>2</inputs><outputs>1</outputs><in id="1"><
an-swap> <in id="2"/> </
an-swap></in><in id="2"><
an-swap> <in id="1"/> </
an-swap></in><out id="3"/></operation> Figure 3.4: Stati
 properties of operation ADD [3℄.3.4.3 Operation Set Abstra
tion Layer (OSAL)Be
ause 
ustom operations are an essential optimization te
hnique in ASIPs, TCEneeds to support them as well. TCE has a so 
alled Operation Set Abstra
tionLayer (OSAL), whi
h allows the pro
essor designer to 
reate new operations forTTAs. Operation properties de�ned in OSAL 
an be divided into two 
ategories:stati
 and dynami
. Of these, the stati
 properties (see Figure 3.4) of the operationare saved in an .XML �le. These in
lude information su
h as the number of inputand output operands and other details whi
h are required by the 
ompiler ba
kendto be able to produ
e semanti
ally 
orre
t and optimized programs. [3℄The dynami
 part is what is more interesting from the simulation point of view.Operation behaviours (see Figure 3.5) whi
h are used for de�ning what the opera-tion does and �how it behaves� are stored in dynami
ally loadable .opb plugin �les.When the simulator needs to simulate a triggered TTA operation, it uses the imple-mentation found from these plugin �les. The operation behaviours are programmedin C by using OSAL ma
ros found from OSAL.hh.#in
lude "OSAL.hh"OPERATION(ADD)TRIGGERIO(3) = INT(1) + INT(2);RETURN_READY;END_TRIGGER;END_OPERATION(ADD);Figure 3.5: Simulation behavior de�nition for operation ADD [3℄.
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ted A
y
li
 Graph (Operation DAG). OSAL provides op-eration dire
ted a
y
li
 graphs or operation DAGs, whi
h are used for representingoperation dependen
ies and data �ow of the operation, starting from the inputoperands. An operation DAG for the operation �ADDSUB� is shown in Figure 3.6.
IO(1) IO(2)

ADD

IO(3)

SUB

IO(4)Figure 3.6: A dire
ted a
y
li
 graph (DAG) for operation ADDSUB.The behavior for operation ADDSUB (de�ned in the .opp stati
 properties �le)
ould be 
onstru
ted as follows, using the existing behaviors of ADD and SUB:<trigger-semanti
s>EXEC_OPERATION(add, IO(1), IO(2), IO(3));EXEC_OPERATION(sub, IO(1), IO(2), IO(4));</trigger-semanti
s>In the previous simulation engine, operations are simulated via a fun
tion 
all tothe simulateTrigger() fun
tion de�ned by the operation. Operation DAGs 
an beused in the 
ompiled simulator for generating C sour
e 
ode for fast simulation ofoperations found in the base operation set. The C sour
e 
ode is used for inliningoperation 
alls so that no additional fun
tion 
alls (su
h as the simulateTrigger()
all) are needed when simulating operations. At the moment of writing, the oper-ations that have the C simulation behavior 
ode de�ned are all the operators thatare supported by the C language. If the operation does not have a DAG, then it
annot be ne
essarily inlined and the operation behavior has to be 
alled throughthe simulateTrigger() fun
tion whi
h 
alls the behavior found from the .opb �le.
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4. PROCESSOR SIMULATION IN TCE
When developing new ASPs, there is often a need for simulating the pro
essorbefore it is built to ensure that it fun
tions 
orre
tly and it will be suitable for theappli
ations it is supposed to run. Pro
essors 
an be simulated on numerous di�erentabstra
tion levels depending on the required simulation a

ura
y. The simulationperforman
e between di�erent abstra
tion levels 
an be huge so it is important to�nd out the best a

ura
y level for di�erent situations.In TCE, VHDL simulation (using the GHDL simulator [11℄) 
an be done on the�nal TTA bit image to verify the pro
essor 
orre
tness. In addition, TCE in
ludesits own higher level simulator that 
an be used for simulating and debugging TTAassembly programs.4.1 Interpretive SimulationIn traditional interpretive assembly program simulations, the simulation progressesas des
ribed in Figure 4.1. For every simulated instru
tion of the program, thesimulator has to fet
h the instru
tion, de
ode it to an exe
utable format and �nallyexe
ute it. If needed, ea
h pro
essor 
y
le 
an be simulated as a separate 
ase fromea
h other, whi
h provides very good simulation a

ura
y (
y
le-a

urate) at theexpense of some simulation overhead.The de
oding part in interpretive simulation 
an potentially have a very largeoverhead be
ause of the number of 
onditional statements the simulator has toexe
ute due to the number of op
ode and operation 
ombinations that have tobe distinguished [12℄. The overhead that adds up is 
onsiderable when simulating

Fetch Decode Execute

Run-Time

Figure 4.1: Traditional Interpretive Simulation Flow.
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Figure 4.2: A Compiled Simulation Pro
ess.a single pro
essor 
y
le, let alone when simulating a program that 
an 
onsist ofbillions of simulation 
y
les before �nishing exe
ution. It gets even worse if thesimulator does things su
h as range 
he
king or maintaining tra
e databases whi
hare often needed in debugging simulators.4.2 Compiled SimulationCompiled simulation is usually the ideal way for a
hieving as fast simulation speedas possible. It works by eliminating the de
oding phase of the simulation entirely,thus redu
ing the overall overhead of the simulation, even if some a

ura
y (ma
hinestate during 
y
le N) or error toleran
e (su
h as 
he
king for valid memory addresses)is lost during the pro
ess. For example, the 
ompiled simulator in TCE fun
tionsat a basi
 blo
k granularity instead of being 
y
le-a

urate like the interpretivesimulator. This means that it is not possible to pause the simulation between single
y
les but only between basi
 blo
ks. Basi
 blo
k granularity makes it possible torun the de
oded and 
ompiled 
ode blo
ks e�e
tively as single 
ode units with nobreaks or jumps inside or into the middle of the blo
k. However, it is still possibleto 
al
ulate a

urate 
y
le 
ounts (
y
le-
ount a

ura
y) by keeping tra
k of theexe
uted instru
tions during running of the basi
 blo
k.In 
ompiled simulation (see Figure 4.2), the simulated program is �rst de
odedand then 
ompiled to native assembly 
ode that 
an be run either dire
tly as anexe
utable or as a plugin loaded by the simulator during runtime. There are twointeresting questions regarding this pro
ess:1. How to 
onvert the simulation program into assembly 
ode native to the sim-ulator host?2. How mu
h simulator 
ontrol 
ode is needed to be in
luded in the generatedsimulation 
ode?Answer to question 1) is a
tually quite simple. The program to be simulated
an be 
onverted into a high level language (HLL) su
h as C. After 
onversion, theresulting C program 
an be 
ompiled dire
tly to an exe
utable or to a simulator plu-gin, depending on how the simulation is supposed to work [12℄. In this 
onversion,
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Fetch Decode Compile

Compile-Time

Execute...

Run-Time

Link

Figure 4.3: Stati
 Compiled Simulation.ea
h instru
tion has to be 
onverted to C 
ode �rst. This 
an be done by havinga (inlined) fun
tion per ea
h instru
tion variation. However, this 
an get 
omplex,be
ause there 
an be instru
tions with varying numbers and kinds of parameters butit 
an be worked around for example, with 
ustomized C++ templates like used inIS-CS [13℄. The TTA Compiled Simulator does not have this problem be
ause thereis only one real instru
tion: �move�. On the other hand, triggered operations in TTAdo have to be taken into a

ount in a similar way, either by using an operation DAGor a simulateTrigger() fun
tion 
all. After all the used instru
tions and operationshave their C simulation 
ounterpart, the a
tual 
ode generation begins. For ea
hinstru
tion 
all in the simulated program, 
ode for 
alling the 
onverted instru
tionwill have to be generated.Code generation in 
ompiled simulation 
an be either stati
 or dynami
. In stati

ompiled simulation as seen in Figure 4.3, the whole simulated program is loaded inmemory at on
e and then re-generated and 
ompiled as a (C) program instru
tionby instru
tion, after whi
h it is ready to be run. While the 
ode generation 
anbe relatively fast, the 
ompilation 
an turn out to be the biggest time 
onsumerbe
ause the amount of C 
ode generated 
an be huge depending on the size and
omplexity of the simulated program and the pro
essor ar
hite
ture. In some 
ases,linking and 
ompiling 
an easily take more time than when running the simulationwith an interpretive simulator. For example, if the program is otherwise very smallbut has mu
h 
ode that does not even get exe
uted, the unused parts of 
ode willstill have to be generated and 
ompiled be
ause it is not known at 
ompile-timewhi
h 
ode parts get exe
uted and whi
h do not.Dynami
 (or just-in-time) 
ompiled simulation (see Figure 4.4) works by splittingthe program into smaller units su
h as single instru
tions or basi
 blo
ks and thengenerating and 
ompiling simulation 
ode on-need during runtime. The advantagein this te
hnique 
ompared to stati
 
ompiled simulation is that no 
ode is unne

es-sarily generated or 
ompiled but everything is done only by demand. The simulator
an even use an interpretive engine and de
ide whi
h parts of the appli
ation needto be 
ompiled and whi
h 
an be simulated by interpretation. Usually only the
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Figure 4.4: Dynami
 (or JIT) Compiled Simulation.most exe
uted 
ode units need to be 
ompiled and the rest 
an be interpreted. Thedownside is that there are less possibilities for the 
ompiler to optimize things asthe 
ode units have to be stored usually behind a fun
tion pointer, to avoid 
ompil-ing and generating the same 
ode over and over again. More system 
alls are alsoneeded be
ause ea
h dynami
ally generated unit has to be loaded separately insteadof loading them all at startup like in stati
 
ompiled simulation.Additional problem with dynami
ally 
ompiled simulations is that they 
annottake advantage of multiple CPU 
ores by 
ompiling the sour
e �les simultaneouslyunless while 
ompiling there are already more than one sour
e �le ready. However,dynami
 
ompiled simulation 
an be en
han
ed further by using proa
tive 
odegeneration and 
ompilation. In this te
hnique, the goal is to predi
t where theprogram is going to pro
eed next and 
ompile that part of 
ode in advan
e. Control�ow graphs (CFG) 
an be used to aid in this. The 
ode parts 
an be 
ompiledwith di�erent optimization �ags depending on the number of exe
utions or otherheuristi
s. [14℄As for question 2) how mu
h simulator 
ontrol 
ode is required to be in
ludedin the simulation 
ode, it depends on the target usage of the simulator. If nothingelse is required by the simulator than to be able to run the appli
ation, then thesimulator engine, simulated appli
ation and the simulated pro
essor 
an be 
ompiledtogether as a stati
 native exe
utable and be run as su
h. If the simulation needsto have any 
ontrol logi
 su
h as breakpoints or 
y
le stepping, then a reasonableway is to use a plugin loadable on runtime instead so that no simulator 
ode has tobe re
ompiled per ea
h simulation variation. Depending on the required detail ofthe simulation, it may be ne
essary to generate more simulator engine 
alls into the
ompiled simulation 
ode. For example, the TCE 
ompiled simulator 
an generateadditional fun
tion 
alls for TTA operation 
all tra
es and for fun
tion unit 
on�i
tdete
tion (i.e. run time 
he
ks for dete
ting if a fun
tion unit 
an perform operationss
heduled for it in time).
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essor Simulation in TCE 224.3 TCE Compiled Simulator DesignIn this se
tion, a new 
ompiled simulation engine for the TTA Simulator is des
ribed.4.3.1 Design GoalsThere are several major design goals for the 
ompiled simulator in TCE. The �rstand most important design goal is that the new simulation engine must be able toexe
ute any given TTA program as fast as possible. This in
ludes high performan
erequirements in all of the 
ompiled simulation phases: 
ode generation, 
ompilation,linking, plugin loading and exe
ution of the simulation.Another goal for the 
ompiled simulator engine is that it has to support basi

ommands for 
ontrolling the simulation su
h as instru
tion stepping and runningof N number of instru
tions. It also needs to support inspe
tion of the used TTA
omponents su
h as register �les and fun
tion units be
ause it is ne
essary in debug-ging and validation of the program exe
ution. Be
ause of this, a design de
ision wasmade that the 
ompiled simulator uses the same simulator frontend as the alreadyexisting interpretive one so that no redundant simulation 
ontrol 
ode would haveto be 
reated for 
ommand interpreting or anything else.Additional notable design de
ision was to use C++ instead of C for the gener-ated simulation 
ode. This was de
ided be
ause the original interpretive simulatoris programmed in C++ and it has some important 
lasses su
h as SimValue (a 
lassfor handling simulation values su
h as integers and �oats) that were not feasible to
onvert to C at the time of writing. Be
ause of this, there was a risk for serioussimulation overhead during runtime, be
ause of virtual fun
tions and C++ �
odebloat�. In addition, some overhead exists during 
ompile-time, be
ause it is moreexpensive to 
ompile C++ 
ode than plain C [15℄. Basi
ally, the generated simula-tion 
ode should be as C-like as possible ex
ept for simulator-spe
i�
 
ode su
h asthe SimValues mentioned before. Even the SimValues 
ould be optimized in somesimple 
ases where we 
ould treat them simply as C stru
ts 
ontaining variables. Itmay still be possible to modify the 
ode generator so that it generates pure C 
ode,but at the moment, it is left for future improvements.The simulator needs to be able to at least produ
e 
y
le 
ounts and pro
essorutilization statisti
s be
ause both of these information are used in pro
essor designspa
e exploration. The idea was to be able to use the 
ompiled simulator in the TCEExplorer so that pro
essor design spa
e exploration be
omes feasible for appli
ationsrunning �very long� su
h as full video 
ode
 implementations. Finally, the 
ompiledsimulator needs to support two di�erent types of simulation modes: stati
ally anddynami
ally 
ompiled simulations. Stati
 
ompiled simulation is to be used whenthe appli
ation exe
utes most of the 
ode anyway so that the dynami
ally 
ompiled
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Figure 4.5: Compiled Simulator Class Diagram.simulation would o�er little or no bene�t. Dynami
 
ompiled simulation is neededin opposite 
ases where only a small per
entage of the total 
ode gets exe
uted butis exe
uted many times, otherwise a simple interpretive engine would su�
e.4.3.2 Design OverviewThe Compiled Simulator in TCE is 
onstru
ted around the existing TTA simulatorfrontend [7℄ as an independent engine that is sele
table from the 
ommand line via
ommand line parameter �-q� as in �qui
k�. After sele
ting the use of 
ompiled sim-ulator, the user 
an 
hoose from the simulator settings whether to use dynami
 orstati
 
ompiled simulation mode. Be
ause the fun
tionality of the 
ompiled simula-tor is a subset of the interpretive simulator, some simulator settings are not availablein the 
ompiled simulator. Most of the removed settings are related to 
omputation-ally expensive tra
es (su
h as register �le tra
ing) whi
h would require more detailedsimulation in the 
ompiled simulator at the expense of simulation performan
e.A 
lass diagram of the 
ompiled simulation and its integration to the old simula-tion engine 
an be seen in Figure 4.5. Original simulator 
lasses that are extendedin the 
ompiled simulator are displayed over the dotted line and the new 
ompiledsimulation part is displayed below the line. The 
ompiled simulator attempts toreuse as mu
h of the original simulator 
lasses as possible, and it manages to doso reasonably well. New fun
tionality is added by deriving from base 
lasses andintrodu
ing some new 
lasses to aid in 
ode generation and 
ompiled simulation
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reation.When the user �rst de
ides to use a 
ompiled simulator engine, the SimulatorFron-tend 
lass 
reates an instan
e of CompiledSimController, whi
h implements methodsdes
ribed in an abstra
t 
lass TTASimulationController. Originally this 
lass wasnamed simply as �SimulationController�, but after a 
ompiled simulation 
ontrollerwas required, the 
lass interfa
e was moved higher so that both the 
ompiled (Com-piledSimController) and interpretive engines (SimulationController) 
ould use thesame interfa
e.After a CompiledSimController instan
e is 
reated and the user has given the Sim-ulator a TTA ma
hine (MOM) and a program (POM) to simulate, the CompiledSim-Controller 
alls CompiledSimCodeGenerator for helping to generate the 
ode. TheCompiledSimCodeGenerator generates a new C++ plugin 
lass named Compiled-SimulationEngine that implements the interfa
e CompiledSimulation whi
h a
ts asan interfa
e for all generated 
ompiled simulation plugin 
lasses. After the C 
odehas been generated, CompiledSimCompiler, whi
h works as a wrapper 
lass aroundthe GCC 
ompiler [16℄, 
ompiles the generated simulation 
ode �les either simulta-neously or one at a time depending on simulation settings.All of the simulated basi
 blo
ks are generated as independent C fun
tions that getthe 
lass CompiledSimulationEngine as a parameter. This way they 
an a

ess thesimulated TTA ma
hine 
omponents (stored in CompiledSimulationEngine) su
h asregister �les and fun
tion units but the CompiledSimulationEngine header �le doesnot get 
luttered with endless amounts of forward de
larations of these fun
tions.It is important to keep the CompiledSimulation- and CompiledSimulationEngineheader �les as 
lean as possible be
ause for ea
h simulation �le, the same engineheader �le has to be in
luded, so the amount of 
ode needed to be parsed onlybe
ause of headers 
ould be
ome huge. For example, if the 
ompiled simulation
ode 
onsists of 100 basi
 blo
ks, ea
h having 100 
ode lines and saved in separatesour
e �les, and if the simulator header 
ode would 
onsist of 2000 lines, the totalamount of header 
ode in
luded would be 2000 x 100 = 200,000 when the a
tualsimulation 
ode would only be 100 x 100 = 10,000 
ode lines! This is una

eptablewhen we want as fast C++ 
ode parsing and 
ompilation as possible.The 
ode bloat that 
omes from in
lude �les 
an be minimized by using a �privateimplementation� or �PIMPL� idiom [17℄. It was used heavily in every 
lass in
ludedeither dire
tly or indire
tly in the CompiledSimulationEngine. The purpose of thisidiom is to minimize 
ompile-time header dependen
ies by moving the private im-plementation of 
lass into a new 
lass so that the original 
lass 
an simply forwardde
lare the private implementation 
lass and then refer to its 
ontents inside a .
pp(C++) sour
e �le.
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essor Simulation in TCE 254.3.3 C/C++ Code GenerationThe heart of the TCE 
ompiled simulator is a C++ 
lass CompiledSimCodeGener-ator. It is responsible for generating C/C++ simulation 
ode out of a TTA programobje
t model (POM) and a TTA ma
hine obje
t model (MOM). The 
ode gener-ator works exa
tly the same way for dynami
 and stati
 
ompiled simulations i.e.the 
ode generator generates all of the simulation 
ode at on
e. This means thatthe dynami
 
ompiled simulator in TCE is not �truly dynami
� be
ause it does notallow modifying 
ode on the run. However, it has some big bene�ts su
h that it
ould allow 
ompiling multiple sour
e �les in parallel and even proa
tively whilerunning the simulation, as des
ribed in Chapter 4.2. Code generation does not takenearly as mu
h time as 
ompiling or linking, so it does not add too mu
h overheadinto dynami
 simulation anyway. The CompiledSimCodeGenerator work�ow is asfollows:1. Create a temporary dire
tory for generated 
ode.2. Create a make�le.3. Create simulation 
ode sour
e (.
pp) �les.4. Create header (.h) and sour
e (.
pp) �les for the CompiledSimulationEngineplugin 
lass.The CompiledSimCodeGenerator works by running through a single main loopwhen generating the 
ode. A pseudo
ode of the 
ode generation pro
ess looks likethe following:Find all basi
 blo
ks for ea
h pro
edure.Find all exit points of the program.For ea
h Pro
edure do:Open a new sour
e file for writingFor ea
h Instru
tion in Pro
edure do:If a new basi
 blo
k?If in dynami
 simulation mode? -> Open a new sour
e fileStart a new simulation fun
tionEndifIf enabled, generate advan
e 
lo
k 
ode for 
onfli
t dete
torsGenerate immediate assignments for FU ports
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h Move in Instru
tion do:- If guarded move? -> Generate guard 
ode- Generate move 
ode- If triggering move? -> Generate Operation Simulation 
odeGenerate Immediate assignments for everything elseGenerate 
y
le ending 
ode- If tra
es are enabled? -> Generate a simulator frontend 
allIf instru
tion is an exit point? -> Generate shutdown 
odeIf a jump is delayed here? -> Generate jump 
odeGenerate shutdown 
ode after the last instru
tion.Generate simulation plugin getter 
ode.The 
ode generator �rst splits the program into basi
 blo
ks whi
h ea
h get theirown C fun
tion and a fun
tion pointer to it. These fun
tion pointers are storedin the 
ompiled simulator 
ontroller into a lookup table for qui
k referen
e when ajump or a pro
edure 
all o

urs. The simulation 
ode is generated in a temporaryfolder (user-spe
i�ed or /tmp/) where it also gets 
ompiled when the simulation isrunning. The �les 
an be separated so that ea
h pro
edure or a basi
 blo
k is pla
edin their own �le. This makes it easier to �nd, debug and even modify the 
ompiledsimulation 
ode by hand if needed.Be
ause TTA has only one instru
tion (�Move�), generating simulation 
ode formoves is almost as simple as generating an assignment of two SimValues. If themove sour
e and destination are of the same width, then the assignment 
an bedone dire
tly via SimValue members instead of C++ obje
t 
opying. If a movetriggers an operation 
all, then some additional logi
 for 
alling the operation hasto be done. Operations in TTA have their implementation de�ned in Operation SetAbstra
tion Layer (OSAL) .opb plugin �les whi
h are loaded during runtime by thesimulator. When an operation is 
al
ulated to be triggered, a 
all for OSAL DAGis generated with the SimValues obtained from the simulated ma
hine. If no DAGis available, then the operation is simulated using the simulateTrigger() fun
tionsfound from OSAL but these are to be avoided be
ause a fun
tion 
all itself alwayshas some overhead.When a jump o

urs, the jump target is stored into a register in the GCU. If thejump is a
tually a �CALL� operation, then the return address is also stored. Thejump 
ode generated is simply a C++ �return� 
all whi
h returns 
ontrol for thejump dispat
her found in CompiledSimulationEngine.The jump dispat
her is initialized by setting up the jump dispat
her table. Ad-dresses for ea
h simulation fun
tion (that represent a simulatable basi
 blo
k) arestored in the table at 
orresponding address index, or set to zero if there is no basi
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k start at the given address. For example, the 
ode that stores pointers to basi
blo
k simulation fun
tions 
ould look like the following in C++:memset(jump_table, 0, sizeof(jump_table)); // set table elements to 0jump_table[0℄ = &simulate_0; // set simulate fun
tion at address 0jump_table[13℄ = &simulate_13; // set simulate fun
tion at address 13jump_table[22℄ = &simulate_22; // set simulate fun
tion at address 22A pseudo
ode of the jump dispat
her is as follows:If jump_table[address℄ != 0Return jump_table[address℄Else If dynami
 
ompilation
ompile_and_load_fun
tion(address)If jump_table[address℄ != 0Return jump_table[address℄ElseThrow ex
eption "
annot jump to address:" + addressConditional exe
ution in TTA is done via guards. If a guard has a value of true,then the move following the guard gets exe
uted. The CompiledSimCodeGenerator
onverts guarded moves into C 
ode by adding an if()-statement in front of the move
ode. Guarded jumps are handled by adding another if()-statement, that has thejump 
ode in it, after the delay slots.In TTA, a 
onditional jump 
ould look as follows:?boolean0.0 90 -> g
u.trigger.jumpRegister �le port boolean0.0 is used as the 
ondition variable and 90 is the im-mediate address to jump into (if the 
ondition mat
hes). When generated as Csimulation 
ode, the guarded jump looks like the following:
onst bool guard_0 = engine.RF_boolean0_0 != 0;if (guard_0) { engine.GCU_g
u_trigger = 90; }if (guard_0) {engine.jumpTarget_ = engine.GCU_g
u_trigger;} The a
tual jump happens after delay slot instru
tions so we have to generateadditional 
ode for returning out of the basi
 blo
k simulation fun
tion like thefollowing:if (guard_0) { engine.programCounter_ = engine.jumpTarget_; return; }
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i�
 OptimizationsThere are some interesting optimizations that are possible to do in the TCE Com-piled Simulator due to the nature of how TTA works. First of all, the 
ode generatorin the Compiled Simulator attempts to optimize away all bus moves by assigningthe moves dire
tly from sour
e to destination. This is possible whenever there areno other moves a�e
ting the move sour
e. Consider the following example:1 -> RF.1 ... RF.1 -> FU.inThe move RF.1 -> FU.in 
an not be assigned dire
tly without simulating a busbe
ause otherwise the original value of RF.1 would get overwritten before it is writtenin FU.in. The bus to be simulated is simply another variable (of the same widthas the bus) that is used in 
ases like this but nowhere else. Be
ause the buses existonly as temporary variables and only in rare o

asions, a

urate bus tra
es 
annotbe produ
ed in the TCE Compiled Simulator. Temporary variables for buses arenot always used even if the 
ompiler were able to optimize them away be
ause:1. The 
ompiled simulation 
ode is not ne
essarily 
ompiled with optimization�ags -O2 or -O3.2. The optimization is easy to do during 
ode generation.3. No additional 
ode bloat is introdu
ed by random (if the 
ompiler was notable to optimize it away for some reason).4. There is less 
ode to be 
ompiled whi
h means faster 
ompile times.Immediate assignments (moves with 
onstant values as sour
e) are another spe
ial
ase, whi
h has to be taken into a

ount when generating 
ode without buses. A busin TTA 
an have two sign extension modes: sign extension or zero extension. Whengenerating simulation 
ode for immediate moves, the sign extension mode of the busis used for 
al
ulating the �nal value that is assigned to the move destination.TTA operation 
alls are optimized away by using a DAG as des
ribed before. Forexample, a 
all to operation �ADD� looks like the following:integer0.0 -> FU.01 -> FU.trigger.addInstead of 
alling the expensive simulateTrigger() fun
tion, this 
an be optimized(or inlined) away in the generated simulation 
ode by doing something like thefollowing:SimValue result;result = engine.fu_FU_0.value + engine.fu_FU_trigger.value_;
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essor Simulation in TCE 29Memory operations are optimized for the following operations in OSAL:
• Stores: STW, STH, STQ.
• Loads: LDW, LDH, LDQ, LDHU, and LDQU.For these operations, faster memory a

essing fun
tions are used whi
h do notperform any range 
he
king. The minimum addressable unit (MAU) sizes are knownfor these operations so the fastest and most dire
t fun
tions to read or write severalMAUs at on
e are used.

Figure 4.6: Operation Laten
y Simulation Between Basi
 Blo
ks.4.3.5 Operation Laten
y Between Basi
 Blo
ksProbably the tri
kiest part in 
ode generation is a 
ase where a fun
tion unit writesits output value after the operation delay in another basi
 blo
k (see Figure 4.6).The output 
annot be written dire
tly to the output register be
ause of the operationlaten
y and a temporary variable 
annot be used be
ause the variable would leaveout of s
ope in between the basi
 blo
k fun
tions. In this 
ase, a spe
ial ring bu�er(one per fun
tion unit) is used for adding result values into the bu�er. When readingoutput from the fun
tion unit, a new value is obtained from the ring bu�er if it isready, otherwise the previously ready value is pi
ked and so on. The ring bu�ermaintains itself by qui
kly 
learing it whenever the newest value is read and nomore values are awaiting in the bu�er.Ea
h element in the ring bu�er has the following attributes:
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• time (in pro
essor 
y
les) when the result is ready
• result value (a SimValue), and
• a �ag for determining if the element is used or not.When adding a new result to the ring bu�er as seen in Figure 4.7, the 
urrenttime in 
y
les and the operation laten
y are used for 
al
ulating when the result willbe ready.

Figure 4.7: Adding a new element to the ring bu�er.When getting the result value (see Figure 4.8), the 
urrent simulation time isused again but this time it is used for 
he
king whi
h of the ring bu�er elements hasthe latest result that is ready. All of the used elements will have to be 
he
ked for�nding out the best mat
h.
Figure 4.8: Getting latest results from the ring bu�er.4.3.6 Tra
e and Statisti
s GenerationThe TCE Compiled Simulator is 
apable of 
reating various statisti
s and tra
esfor the exe
uted simulations. The most important ones are simulated 
y
le 
ountsand TTA 
omponent utilization statisti
s. The 
y
le 
ounts are 
al
ulated simplyby in
reasing a 
y
le 
ounter every time a 
y
le is simulated. These additions 
anbe merged together by the 
ompiler easily. The utilization statisti
s require exa
texe
ution 
ounts for every simulated move. These are 
al
ulated in two phases:1. basi
 blo
k exe
ution 
ounts
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ounts.If the basi
 blo
k exe
ution 
ount is known, then the exe
ution 
ounts for moveswithout a guard in the basi
 blo
k are also known. For guarded moves, we have tohave separate 
ounters be
ause there is no way to know the guard value at the time ofsimulation 
ode generation. The utilization statisti
s are generated from previously
al
ulated move 
ounts on the �y in the 
lass CompiledSimUtilizationStats. The�nal utilization statisti
s 
al
ulation 
an be somewhat slow be
ause of possibly largenumber of moves and basi
 blo
ks in the appli
ation but it is done only if the userasks to do so, so no real overhead is 
reated during simulation runtime. The moveand basi
 blo
k 
ounting did not add any noti
eable overhead when testing.The TCE Compiled Simulator also has a support for generating the followingtra
es by using the already existing tra
e system from the TCE Simulator:
• basi
 exe
ution tra
e, and
• program pro
edure exe
ution paths.Using these tra
es adds a huge overhead to the simulation be
ause ea
h time asimulated 
y
le ends, an additional 
all for SimulatorFrontend has to be made. Thisis the main reason why tra
es are not enabled by default. If the user wants to usethem, then the simulation 
ode has to be re-generated with the frontend 
alls in it.TTA bus tra
es were not implemented in the TCE Compiled Simulator be
auseit does not fully simulate buses and be
ause of performan
e reasons.4.4 Speedup TipsIn this se
tion, some performan
e improvement tips for the TCE Compiled Simulatorare introdu
ed as well as an analysis of the 
urrent bottlene
ks.4.4.1 Multipro
essingOriginally, there was an idea to implement a multi-threaded TTA Simulator to thealready existing interpretive simulator engine. Be
ause all of the TTA moves andsimultaneously exe
uted operations are independent to ea
h other, it 
ould havepotentially in
reased the speed of the simulator by the number of buses. However,it also requires there to be as many threads as there are buses, and ea
h threadwould have to poll to the main thread until all the other threads have exe
uted the
urrent move and after that 
an pro
eed to the next instru
tion.The multi-threaded simulator idea was eventually dis
arded be
ause the 
urrentinterpretive simulator does a lot more things when performing a move, than simply
opying values from bus to another, so that lo
k-free and thread-safe implementation
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omes really di�
ult to implement. Multi-threaded simulator was su

essfullytested only for fun
tion units performing simultaneous operations but be
ause ofla
k of available pro
essor 
ores, it was not proven to be any faster than the single-threaded simulator be
ause most of the CPU time went for polling and idling whenthe fun
tion unit had nothing to do.However, TCE Compiled Simulator does bene�t from multiple pro
essor 
ores.When using stati
 
ompiled simulator, the Simulator 
an be given an environmentvariable TTASIM_COMPILER_THREADS, whi
h spe�
ies the number of threadsto be used when 
ompiling the generated 
ompiled simulation basi
 blo
k �les. Onlow level, this �ag is passed to generated Make�le and the make parameter �-j�whi
h 
ontrols the 
on
urren
y level for make. Dynami
 
ompiled simulation doesnot support this �ag yet be
ause it 
ompiles only one �le at a time, even thoughthis 
ould be implemented somewhat easily. The main problem in implementing thiswould probably be to �gure out e�e
tive heuristi
s for de
iding whi
h basi
 blo
ksimulation �le(s) should get be 
ompiled next or during simulating of the 
urrentlyrunning basi
 blo
k.4.4.2 Dist

 and 

a
heDist

 [18℄ is a program whi
h distributes 
ompilation a
ross several 
omputers overa network. Stati
 
ompiled simulator 
an bene�t from this the most be
ause all ofthe generated simulation 
ode is 
ompiled at on
e during simulation startup.Dist

 is 
ontrolled using the make �ag �-j� whi
h should be set as high as thereare CPU 
ores available in the dist

 
luster. Dist

 
an be utilized in the TCECompiled Simulator by setting the environment variable TTASIM_COMPILER tomat
h the 
ompiler of 
hoi
e. For example if we want to use both 

a
he and dist

,we set TTASIM_COMPILER=�

a
he dist

�.CCa
he [19℄ is a C/C++ 
ompiler 
a
he whi
h works by 
a
hing a hash sum ofthe prepro
essed C/C++ sour
e �les (.
pp) and their 
orresponding obje
t �les (.o).When the 
ompiler dete
ts that a sour
e �le to be 
ompiled is already in the 
a
heand it is being 
ompiled using exa
tly the same 
ompile �ags as spe
i�ed before, the
ompiler loads the existing obje
t �le from the 
a
he thus saving a lot in 
ompiletime.CCa
he is best used with the 
ompiled simulator when running the same sim-ulation program multiple times, for example, when simulating the program withdi�erent input data or parameters. This 
an greatly redu
e the total simulationtime when 
ompilation is the greatest time 
onsumer. Unlike in dist

, this opti-mization 
an also be used in dynami
 
ompiled simulation sin
e it does not requiremultiple 
ode �les to be 
ompiled at on
e.CCa
he 
an be enabled in the TCE Compiled Simulator simply by installing it
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tion name Cost relative to parentbasi
 blo
k fun
tion (%)SimValue::Operator=(SimValue 
onst&) 13-23Dire
tA

essMemory::fastRead4MAUS 5-17SimValue::SimValue() 7-11SimValue::Operator=(int 
onst&) 4-8CompiledSimulation::
learFUResult() 3-5Table 4.1: Combined pro�ling data for both of the tests.on the system and making sure it is enabled by default when 
ompiling.It is important to note that all of the previously des
ribed optimizations 
an beutilized together at the same time to gain maximum possible simulation speed indi�erent simulation 
onditions.4.5 Pro�lingFor pro�ling the performan
e and for identifying bottlene
ks of the TCE CompiledSimulator, several simulations were run with valgrind [20℄ �tool=
allgrind. Valgrindis a 
ommand line tool for pro�ling and debugging Linux programs. When ranwith the 
ommand line parameter ��tool=
allgrind�, Valgrind generates a 
all graphhierar
hy for easily measuring out the most used fun
tions of the program. Valgrindusually slows down program exe
ution by a fa
tor of 1-100 so it is not suitable foreveryday testing purposes but only for spe
i�
 pro�ling and debugging 
ases.Two pro�ling tests were ran with the TCE v1.0 Compiled Simulator using simu-lator �ags �-O0� and �-g� so that no 
ode is optimized away by the 
ompiler. Thisway we 
an �nd out the most used fun
tions by name. The per
entages shownin Table 4.5 are the minimum and maximum 
osts (exe
ution 
ount and time) forthe most exe
uted fun
tions in the most exe
uted basi
 blo
ks of the simulatedprograms.Both of the simulations spent most of the time in SimValue 
opying and 
reation.This was expe
ted be
ause TTA assembly is pra
ti
ally just moving values from oneTTA 
omponent to another. The ring bu�er implementation in addFUResult() and
learFUResult() fun
tions is also somewhat 
ostly and 
ould be part of the reasonwhy there exists so many SimValue 
reations and 
opying.What was surprising was that no noti
eable overhead was 
oming from the sim-ulation of TTA operations (simulateTrigger() fun
tions) ex
ept for the memory op-eration fastRead4MAUS(). This was probably be
ause most of the operations 
ouldbe inlined e�e
tively using Operation DAGs.
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5. VERIFICATION AND BENCHMARKING
The Compiled Simulator fun
tionality was tested and veri�ed using the interpretivesimulator and native test exe
utables as test ora
les (appli
ations that provide theexpe
ted results for test 
ases). All of the test 
ases produ
e output data whi
h
an be reprodu
ed on di�erent platforms and 
ompared to the original data. Thebehavior of the Compiled Simulator was tested by ensuring that the produ
ed out-put, pro
edure transfer tra
es and �nal 
y
le 
ounts mat
h with the data got fromthe interpretive simulator. The most 
omplex appli
ation that has been run withthe Compiled Simulator is the DENBen
h ben
hmark suite, whi
h 
onsists of about150,000 lines of C 
ode. It has been tested with several TTA ma
hines to make surethe simulator performs 
orre
tly.5.1 TestingAll of the testing were done on an Intel Core 2 Duo 
omputer running at 2.4 GHzwith 2 GB RAM using 32-bit Ubuntu [21℄ Hardy Heron (Ubuntu 8.04.2, Linux kernel2.6.24) as the operating system. GCC [16℄ version 4.2.4 was used as the 
ompilerwhen running 
ompiled simulation performan
e tests. No 

a
he or dist

 wereutilized when running the tests to maintain stability in simulation speeds.Three test 
ases were tested with the di�erent simulation engines (interpretive,stati
 and dynami
 
ompiled simulation) to get real world statisti
s on how well theCompiled Simulator performs in di�erent situations. The JPEG and Tremor test
ases were run with two di�erent TTA ma
hines to see how mu
h di�eren
e thenumber of buses 
an make to the simulation speed. In stati
 
ompiled simulationtests, only the run time is taken into a

ount when 
al
ulating the simulation speed.The 
ompile times are still in
luded in the table to give some perspe
tive on howlong it takes to 
ompile larger test 
ases. Stati
 
ompiled simulations were testedwith no 
ompile time optimizations (-O0) and with full optimizations (-O3) to seehow mu
h they 
an a�e
t the 
ompile times.The test 
ases are the following:JPEG. The JPEG test 
ase 
onsists of de
oding a JPEG image of size 227x149 (inpixels) and outputting it to a .BMP �le. The test 
ase is approximately 24 million
y
les long on a 1-bus ma
hine and 7 million 
y
les on a 10-bus ma
hine.
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hmarking 35Tremor. The Tremor test 
ase has a short (size 40kB) OGG vorbis �le whi
h isde
oded and exported to a RAW format. The test 
ase is approximately 574 million
y
les long on a 1-bus ma
hine and 175 million 
y
les on a 10-bus ma
hine.Xvid. The Xvid test 
ase 
onsists of de
oding a short MPEG4 stream and export-ing it to a PGM format. The test 
ase is approximately 831 million 
y
les long ona 3-bus ma
hine.5.2 Interpretive SimulationIn Table 5.1 are the simulation time statisti
s for the old interpretive simulator. They
an be used as a referen
e to see how mu
h TTA simulation speed has improvedsin
e the introdu
tion of the 
ompiled simulator.Test Case Cy
les Run Time Total Speed (MHz)JPEG (1 bus) 24,308,743 50 s 0.486JPEG (10 buses) 6,818,276 21 s 0.325Tremor (1 bus) 573,732,612 11 min 18 s 0.846Tremor (10 buses) 175,314,125 5 min 19 s 0.550Xvid (3 buses) 830,634,029 14 min 31 s 0.954Table 5.1: Simulation statisti
s for interpretive simulation.5.3 Stati
 Compiled SimulationThe following statisti
s were generated without 
ompile time optimizations (-O0):Test Case CompileTime RunTime SimulationSpeed (MHz) Total Speed(MHz)JPEG (1 bus) 6 s <1 s 24.3 4.05JPEG (10 buses) 5 s <1 s 6.82 1.36Tremor (1 bus) 38 s 17 s 33.75 10.43Tremor (10 buses) 22 s 36 s 7.97 3.02Xvid (3 buses) 1 min 41 s 26 s 31.9 6.54Table 5.2: Simulation statisti
s for stati
 
ompiled simulation (-O0).The following statisti
s were generated with all optimizations enabled (-O3):
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hmarking 36Test Case CompileTime RunTime SimulationSpeed (MHz) Total Speed(MHz)JPEG (1 bus) 22 s <1 s 24.3 1.10JPEG (10 buses) 29 s <1 s 6.82 0.24Tremor (1 bus) 2 min 50 s 8 s 71.7 3.22Tremor (10 buses) 3 min 28 s 10 s 17.5 0.80Xvid (3 buses) 7 min 8 s 13 s 63.9 1.89Table 5.3: Simulation statisti
s for stati
 
ompiled simulation (-O3).5.4 Dynami
 Compiled SimulationThe following statisti
s were generated with dynami
 
ompiled simulation with nooptimizations (-O0). Compile time is not in
luded, be
ause all of the 
ompiling isdone at run time.Test Case Run Time Total Speed (MHz)JPEG (1 bus 9 s 2.7JPEG (10 buses) 9 s 0.758Tremor (1 bus) 1 min 5 s 8.83Tremor (10 buses 1 min 6 s 2.66Xvid (3 buses) 1 min 7 s 12.4Table 5.4: Simulation statisti
s for dynami
 
ompiled simulation (-O0).Following are the statisti
s for dynami
 
ompiled simulation using all optimiza-tions available. (-O3).Test Case Run Time Total Speed (MHz)JPEG (1 bus) 36 s 0.675JPEG (10 buses) 46 s 0.148Tremor (1 bus) 4 min 17 s 2.232Tremor (10 buses) 5 min 20 s 0.548Xvid (3 buses) 2 min 32 s 5.465Table 5.5: Simulation statisti
s for dynami
 
ompiled simulation (-O3).
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hmarking 37Test Case stati
 (O0) stati
 (O3) dynami
(O0) dynami
(O3)JPEG (1 bus) 8.33 2.26 5.56 1.39JPEG (10 buses) 4.18 0.69 2.33 0.46Tremor (1 bus) 12.33 3.80 10.44 2.64Tremor (10 buses 5.49 1.45 4.84 0.99Xvid (3 buses) 6.86 1.98 12.99 5.73Table 5.6: Compiled Simulator vs Old Simulation Engine.5.5 Results AnalysisPerforman
e in
rements of the Compiled Simulator 
ompared to the original simula-tion engine are shown in Table 5.6. Ea
h number in the table represents improvement(or disimprovement) in total simulation speed.The best simulation speeds were rea
hed with the stati
 
ompiled simulator using
ompile �ag -O3. The biggest improvement was noti
ed in the Tremor test 
ase,whi
h originally took over 11 minutes with the interpretive simulator, but with the
ompiled simulator 
ould be run in only 8 se
onds. When the number of buses onthe simulated ma
hine was in
reased from 1 to 10, the performan
e of the simulatordropped to about 1/4. This happens be
ause the more there are 
on
urrent movesper TTA instru
tion, the longer it takes to exe
ute it, unless exe
uting in parallelwhi
h at the moment is not possible.The usage of -O3 
omes with a great 
ost. The simulation speed was only doubledwith it, but the 
ompile times were more than quadrupled in the worst 
ases. Theusage of 
ompile �ag -O3 should be 
onsidered only when the simulation run timeis expe
ted to be way longer than the 
ompile time, and in 
ases where we wantto simulate the appli
ation in �real time�, but this has not been needed yet in ourtesting purposes. If the 
ompile times are not an issue, for example, when usingdist

 and 

a
he, then the �ag -O3 should be used.When we want to get the best simulation performan
e overall, then the stati

ompiled simulator with 
ompile �ags -O0 should be used. This allows qui
k 
om-piling of the entire appli
ation (using the speedup methods des
ribed in Se
tion 4.4)while preserving moderate simulation speed. Dynami
 
ompiled simulator should beused with programs that have mu
h 
ode that does not get exe
uted, like it seemsto be with the Xvid test 
ase, for whi
h the overall best simulation time was gotindeed with the dynami
 
ompiled simulator.
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6. TOOLS FOR MANUAL PROCESSORDESIGN SPACE EXPLORATION
The TCE Compiled Simulator was originally planned to be used heavily in manualpro
essor design spa
e exploration, where simulation speed is most important be-
ause of 
onstant need for redesigning and tweaking the pro
essor by the pro
essordesigner. In this 
hapter, two new graphi
al tools usable for manual pro
essor designspa
e exploration are introdu
ed.6.1 E
lipse PluginAn experimental E
lipse [22℄ plugin for TCE was developed. It is 
apable of beingused as a standalone IDE for rapid development of TTA appli
ations (in C/C++language) and simulating them using the 
ompiled simulator. The 
ompiled simula-tor is integrated to the E
lipse plugin via its 
ommand line interfa
e ttasim. It 
anbe used for simulating and verifying TTA appli
ations and outputting utilizationstatisti
s of the used TTA 
omponents (see Figure 6.1). The TCE E
lipse pluginalso has qui
k laun
h i
ons for all the other GUI tools available in TCE. This makesit possible to easily laun
h the required tools. For example, when needed to modifythe pro
essor, a pro
essor designer tool 
ould be laun
hed and so on.The supported features of the TCE E
lipse Plugin are:

• C/C++ tool
hain for CDT using the TCE C Compiler
• TCE tool laun
her, and
• TTA Appli
ation simulation using the 
ompiled simulator.6.1.1 Plugin DesignE
lipse plugin 
reation starts by de�ning a plugin.xml XML manifest �le. This �le
ontains all the information ne
essary for E
lipse to be able to load and run theplugin. It also holds information of the extension points used and o�ered for furtherdevelopment. The TCE E
lipse plugin does not o�er any extension points outsidebut it does extend several 
lasses found from both the E
lipse Framework and theE
lipse CDT 5.0 [23℄.
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Figure 6.1: Pro
essor simulation using the TCE E
lipse plugin.In the TCE E
lipse Plugin, E
lipse UI Plugin is extended for modifying and
reating new visible E
lipse UI parts su
h as windows, menus and perspe
tives. Forexample, an entire new �TCE Tools� menu was introdu
ed, whi
h 
ontains laun
hersfor all TCE GUI tools available at the moment. User interfa
es are 
reated withthe SWT (Standard Widget Toolkit) library, whi
h is an open sour
e GUI toolkitdeveloped espe
ially for E
lipse.E
lipse CDT was extended for 
reating a new 
ompilation tool
hain whi
h usesthe TCE C/C++ Compiler (t
e

) as the 
ompiler of 
hoi
e for 
reating TTA ap-pli
ations using the E
lipse IDE. It was also extended for giving some additionalTTA-related information to the C perspe
tive, su
h as the �TTA Program Statis-ti
s� tab whi
h displays statisti
s of the last simulation run.6.1.2 Extending the E
lipse FrameworkMost E
lipse plugins need to extend the existing E
lipse Framework to a 
ertaindegree and TCE E
lipse plugin is no ex
eption. E
lipse plugins 
an be extendedand new fun
tionality be added to them through the usage of so 
alled extensionpoints. [24℄E
lipse UI Plugin (org.e
lipse.ui) o�ers many 
lasses for various UI 
omponents
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h as menus, 
on�gurations, perspe
tives and views. These 
lasses 
an be extendedby using the extension points de�ned whi
h are visible for new plugin developers.Extension points are used by 
on�guring them in the plugin.xml �le of the pluginproje
t.For example, 
reating a new menu item to the E
lipse Workben
h window 
anbe done with the extension of the org.e
lipse.ui.a
tionSets extension point. Themenu items are 
on�gured by setting a name, i
on, id, label and an a
tion 
lassthat has a 
allba
k fun
tion whi
h is 
alled every time the menu item is sele
ted.The following 
ode sample for starting the Pro
essor Designer (ProDe) from a menuitem is dire
tly from the plugin.xml �le of the TCE E
lipse plugin:<a
tion
lass="fi.tut.
s.t
e.a
tions.ProdeA
tion"i
on="i
ons/prode.gif"id="fi.tut.
s.t
e.a
tions.ProdeA
tion"label="Pro
essor Designer"menubarPath="t
eMenu/t
eTools"tooltip="Starts the TTA Pro
essor Designer"></a
tion>The menu item a
tion 
lass needs to implement IWorkben
hWindowA
tionDele-gate interfa
e de�ned in org.e
lipse.ui whi
h is as easy as implementing �runnable�method:publi
 void run(IA
tion a
tion);6.1.3 Extending E
lipse CDTExtending the E
lipse CDT plugin happens very mu
h the same way as with theE
lipse Framework, through the usage of its own extension points. Sin
e CDT ver-sion 5.0, mu
h has 
hanged in the API and be
ause of la
k of re
ent do
umentation(on extending CDT), it has been very di�
ult to �gure out whi
h 
omponents 
anbe extended and how.The main pa
kage in CDT whi
h 
an be used for extending CDT tools isorg.e
lipse.
dt.managedbuilder.
ore. It has extension points for 
reating newtool
hains, make, builders and error parsers. The C perspe
tive 
an be ex-tended with org.e
lipse.
dt.ui.CPerspe
tive. New debugger interfa
es 
ould be addedthrough the extension point org.e
lipse.
dt.debug.
ore.CDebugger. For example, ifwe wanted to integrate ttasim as the debugging interfa
e for E
lipse, this extensionpoint should be used.
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essor Design Spa
e Exploration 416.1.4 Integration to Other TCE ToolsThe TCE E
lipse plugin relies mu
h on other TCE appli
ations su
h as the TCECompiler and the Explorer. At the moment, all 
ommuni
ation with these appli-
ations is done internally through the 
ommand line whi
h is used for opening newappli
ations, sending parameters and re
eiving output data from the used appli
a-tions. The biggest problem with this kind of a system is that no TCE (library) 
odemay be 
alled or reused unless it is possible to do so using the 
ommand line optionsof the appli
ation.Ideally, the 
ommuni
ation should be done with JNI [25℄ or a similar interfa
ethat would allow dire
t 
alling of TCE 
ode from Java but unfortunately this has notbeen implemented yet. As a result, the TCE E
lipse plugin is extremely sensitiveto all external 
hanges in TCE tools, espe
ially in the Compiler and the Explorer.These 
hanges should be avoided or at least kept to minimum until JNI 
alls areimplemented properly.

Figure 6.2: Calling an Explorer plugin (MinimizeMa
hine) using ProDe.
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essor Design Spa
e Exploration Support forProDeAnother tool that was implemented to aid in graphi
al pro
essor design spa
e ex-ploration is a GUI frontend for 
alling individual exploration plugins of the TCEExplorer. This was implemented as a part of the already existing pro
essor designerappli
ation (ProDe).The tool displays a list of available exploration plugins (found from the defaultplugin sear
h paths). After the user has sele
ted whi
h plugin to use, the dialogdisplays a plugin des
ription and the initialization parameters of the plugin whi
h
an be modi�ed if needed. When the plugin is 
ommanded to run, the dialog passesall the parameters internally to the TCE Explorer.An example of the tool is shown in Figure 6.2 where the user is about to 
all aplugin for minimizing the TTA ma
hine.
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7. FUTURE IMPROVEMENTS
Not all work was �nished in the TCE E
lipse plugin or even in the 
ompiled simula-tor. The 
ompiled simulator 
ould still use more performan
e improvement in somepla
es be
ause now it seems that even the simplest 
ode generation 
hanges su
h asredu
ing a few SimValue (
opy) 
onstru
tor 
alls 
an make a noti
eable di�eren
eto the simulation performan
e.Although fun
tional and 
apable for simple TTA appli
ation programming, theexperimental TCE E
lipse plugin 
ould be improved greatly by integrating it betterwith other TCE tools and the E
lipse CDT.7.1 Compiled SimulatorThe TCE Compiled Simulator has been proven to be signi�
antly faster than theinterpretive simulator so its primary goal of in
reasing simulation speed has beena
hieved. However, as was seen in Se
tion 4.5, there are still some bottlene
ks that
ould be removed and therefore in
rease the overall performan
e of the simulatorfurther.Ex
essive usage of the SimValue 
lass should be investigated more. There areprobably still a few situations remaining where SimValues are 
opied and 
reatedunne

essarily, espe
ially when simulating operation 
alls (with or without a DAG)and memory operations. The ring bu�er whi
h is used for simulating operationlaten
y 
ould also be improved to store plain values rather than (
opies of) SimValuesto avoid unne

essary obje
t 
reation and 
opying.Compile speed 
ould probably be improved further by 
hanging the generated
ode to be plain C language rather than a mix of C/C++, but this 
hange is slightlymore di�
ult to implement be
ause all of the simulator 
ode is in C++ and some
allba
k fun
tions are still needed in the 
ompiled simulation 
ode. The 
ompilationpro
ess should be pro�led to see whi
h parts of the 
ompiling takes the most time.Compilers other than GCC (like the Intel C++ Compiler) 
ould also be investigatedto see if they 
an be more e�e
tive in 
ode generation or 
ompilation. Dynami

ompiled simulation 
ould also be improved greatly by the usage of multi-threadedand proa
tive 
ode 
ompilation.At the moment, the 
ompiled simulator works only from the 
ommand line butte
hni
ally there are no limits why it should remain that way. It 
ould also be



7. Future Improvements 44integrated to the Simulator GUI (Proxim) whi
h would be more intuitive to usefor most people. The biggest work left to do for a
hieving this would be to disablesome 
ontrols and options in Proxim that 
annot be implemented in the 
ompiledsimulator, su
h as the ability to step single 
y
les or tra
e register reads and writes.7.2 TCE E
lipse PluginThe experimental TCE E
lipse plugin 
ould be improved greatly. It would need tobe integrated better with TCE as a whole to be more useful. This 
ould be a
hievedwith JNI for instan
e but it would require more work (and preferably more peoplewith previous JNI experien
e!). If JNI were not to be used, integration with TCEtools would have to be 
ontinued to be done on 
ommand line whi
h means thatthe tool interfa
es would have to be very expressive and 
omplex, yet remain stableenough so that nothing breaks when altering them.The TCE E
lipse plugin should make better use of the tools and API's CDTprovides. For example, the TCE C/C++ tool
hain 
ould be improved to have 
odesyntax 
he
king using the TCE C 
ompiler. A debugging interfa
e using CDT andttasim 
ould also be implemented somewhat easily although it may be best to useProxim for that and 
ontinue its development instead.Even though the original idea of manual pro
essor design spa
e exploration was
hanged and that part was moved to Pro
essor Designer (ProDe) appli
ation, someideas left for it 
ould still be implemented in E
lipse. For example, tools for qui
kly
reating new 
ustom operations and testing them using the 
ompiled simulator 
ouldbe implemented in the plugin.
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8. CONCLUSIONS
In this thesis, a new 
ompiled simulator engine for simulating TTA appli
ations andan E
lipse plugin for TCE tools were introdu
ed. In ideal 
onditions, the 
ompiledsimulator engine was proven to be about 84 times faster than the interpretive engineso the original design requirement of �in
reasing the performan
e of the simulator�seems to have been a
hieved rather well. The speed improvement is essential for theTTA Simulator so that it be
omes able to simulate longer, real life appli
ations su
has Tremor (OGG de
oder) or XVid (MPEG4 de
oder) in a reasonable time frame.The 
ompiled simulator engine ran at best at about 72 MHz on a 2.4 GHz 
om-puter so it 
an even be 
onsidered a �real-time� simulator (at least for low-frequen
yTTAs). However, there is de�nitely more room left for speed improvement, mostnotably in the 
ompile times. The best simulation speeds so far were rea
hed withTTA ma
hines with only one bus. The number of buses seems to dire
tly a�e
t theperforman
e of the simulation. For example, when in
reasing bus 
ount from 1 to10, the simulation performan
e dropped to about 1/4. This was expe
ted be
ausethe number of buses 
an a�e
t dire
tly to the amount of work needed to be doneon a single simulation 
y
le. With more buses, the same work is done ex
ept inparallel, and this parallelism has to be emulated with simulator software instead ofbeing run on a real TTA pro
essor.Optimization �ags for the 
ompiled simulator 
an improve simulation speed fur-ther but at the expense of longer 
ompile times. Most of the time we need onlyfast simulation without any real-time requirements so the �ag -O0 should be usedfor gaining shorter 
ompile times. If the 
ompile times are not an issue, then theoptimization �ag -O3 should be used for gaining as fast simulation exe
ution speedas possible.The design of the experimental TCE E
lipse plugin has gone through some ma-jor 
hanges, most notably with the 
hanges to the manual pro
essor design spa
eexploration part. Currently, the plugin fun
tions as a simple C/C++ IDE for 
re-ating TTA appli
ations with TCE tools. The plugin 
an also be used for simulatingTTA appli
ations qui
kly with the 
ompiled simulator although it is not integratednearly as well with the E
lipse IDE as it 
ould be. Further development of theplugin would require some major stru
tural 
hanges like the usage of JNI so theywere not implemented at the time.
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