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Verification of transaction leVel models of 
embedded systems
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Abstract

s coeit increases in eee sstes esign, tere is nee or ore tie or eriication roses.  or 
eee sstes, te on eriication tat can e one is rnning test cases, an te ner o cases increases 
eonentia. In orer to sorten tis eriication ase o te esign, e roose a etooog to o ora 
eriication o eee sstes.  In ora eriication no test cases are neee, t an ateatica anasis o 
te origina oe an te reine one. t te resent, tere is no roen ora eriication tecnies or a sste 
ee esign o an eee sste. In tis artice, e resent a rie sar o oe gera, resent to 
ne transoration res an eerienta rests in isooris cecing ase on tese res. e test tis 
transoration res in arios scenarios an roe tat it is a roising etooog to iroe eee 
sste esign.

Keywords: ee sstes, ora eriication, transaction ee oes.

Resumen 

 aento en a coeia en e iseo e os sisteas incrstaos a roocao n retraso en e roceso 
e eriicacin. asta e oento, a nica ora e reaiar eriicacin es or eio e siaciones e casos e 
rea,  estos casos an aentao eonenciaente. ara oer acortar a ase e eriicacin, rooneos na 
etooogía ara reaiar eriicacin ora e sisteas incrstaos. n este tio e eriicacin, no se necesitan 
casos e rea sino anisis atetico e oeo origina  e oeo reinao.  ctaente, no eisten técnicas e 
eriicacin ora roaas ara n iseo a nie e sisteas e n sistea incrstao.  n este artíco, ostraos 
n resen e gera e oeos,  resentaos os regas e transoracin  restaos eerientaes en a 
reisin or isooriso  asao en estas regas. roaos estas regas e transoracin en arios casos  roaos 
e es na etooogía roisoria e eoraría e iseo e sisteas incrstaos.

Palabras clave: Sisteas incrstaos, roceso e eriicacin ora, re-anisis iiensiona, oeos transaccionaes.

Recibido: 22 e gosto e 2013 • Aprobado: 14 e ctre e 2013

1. INTRODUCTION

1.1 Verification in the Traditional Design 
Flow

In the traditional hardware design Áow, based 
on a speciÀcation (or “golden”) model, a Register-
ranser-ee oe is create ana.  is 
ase introces errors in te esign, since its 

done manually, so the developed RTL must be 
veriÀed against the “golden” model. This step is 
called the veriÀcation process. This is illustrated 
in igre 1. 

Verification Challenges

The veriÀcation process faces the same 
caenges as te esign rocess: e to te 
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increasing coeit o eee sstes, 
ot ae to eore ne aroaces to eier 
teir tass in sorter tie-to-aret tie raes. 
Nowadays, veriÀcation time consumes more 
tan a o te esign rocess stage. ere are 
seera reasons casing tis: or one art, iger 
complexity of designs mandate longer veriÀcation 
phases. Since most of the veriÀcation is based 
on siations, te o see o co-siations 
sos on te rocess. noter conseence o 
te iger coeit is te ner o test cases 
neee to nctiona eri te oe. is 
ner o test cases increases raatica, an 
its creation an seection is tie consing. 

Verification Methods

We can classify veriÀcation methods into two: 
siation-ase etos an ora etos. 
Simulation based veriÀcation takes a set of inputs, 
ees te into te oe, an coares te set 
of outputs to the expected or “correct” set of 
otts, sa otaine ro te goen oe. 
e oe is reerre as  or eice ner 
est. is eto is te ost coon se, 

as entione aoe, an it is an etree tie-
consing rocess. e set o test cases a e 
incredibly large or almost inÀnite, so it is up to 
the veriÀcation engineer to select and write the 
most “representative” cases to use. In summary, 
siation ase etos are engt an er 
labor-intensive. The second veriÀcation method 
is formal veriÀcation. Here, simulation is not 
neee. ateatica etos are se to eri 
a oe. ere are tree aroaces: eiaence 
cecing, oe cecing an teore roing. 
iaence cecing tests or correctness o 
sntesis an otiiation o oes, oe 
cecing tests a ora reresentation o a 
model to see if a speciÀed property is satisÀed 
and Ànally, theorem proving takes the model’s 
mathematical representation of a speciÀcation 
oe an an ieentation oe an roes 
eiaence  sing aios an inerence res.

1.2 System Level Design and TLMs

e to te caenges entione aoe, te 
ee o astraction o te esigns as oe 
up to the System Level. Raising the level of 

Figure 1. VeriÀcation phase in the design Áow.
Sorce: oci, 2013.
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oe gera 1,2,3 is one sc 
orais tat can e se or reineent an 
eriication o ransaction ee oes. e 
asic concet is te searation o nctiona an 
arcitectra oeing. ectae oes are 
eine in te nctiona sace ic ator 
netists are eine in te arcitectre sace. 
Sseent, a aing is eine ro te 
nctiona to arcitectre sace, tat aos 
esigners to eaate se etrics.  e 
asstion is a an to one aing ro 
te nction sace to te arcitectre sace. 
is constraint is necessar to roce an 
naigos esign. 

abstraction from RTL to System Level greatly 
reces te ner o coonents, ts seeing 
te esign tie, siation tie an esign sace 
exploration time. Recently, TLMs have become 
te oti a o oing sste ee esign. 

For TLMs to be synthesizable and veriÀable, 
well deÀned TLM semantics are required. Existing 
formalism for RTL design such as FSDM or 
boolean algebra are insufÀcient to express TLMs. 
ereore, ne oraiss or  ase esign 
are neee. rterore, te  seantics st 
ao siation oes ritten in angages ie 
SsteC to e easi astracte into ateatica 
eressions or soic aniation.

Figure 2. Architecture and functional reÀnement in 
ator ase esign.
Sorce: oci, 2013.

Figure 2(a) shows a simple mapping of a 
seentia coosition o to nctiona oects 
(called behaviors) onto a processing element 
(PE) in the architecture. Now, assume that the 
designers Àgures that this mapping does not 
roce a satisactor eection tie. So, e or 
she may select another PE (PE2) that is optimized 
or eaior 2. e ne arcitectre is son 
in 2(b). However, in this new function and 
architecture speciÀcation, there is no feasible 
aing. is is ecase a seentia coosition 
cannot e ae to a concrrent arcitectre. 
Therefore, the function must now be reÀned to the 
one shown in 2(c) by isolating b2 into a concrrent 

rocess.  sncroniation canne is ae to ee 
te eection orer eteen 1 an 2. is ne 
reÀned functional model is now mappable to the 
reÀned architecture.

s e sa in te otiiation eae aoe, 
functional models may need to be reÀned every time 
the architecture netlist is modiÀed. It is imperative 
that each such reÀnement be functionality-preserving. 
is oses te  nctiona eiaence roe 
as istrate in igre 3. e roe is to eri 
that any functional reÀnement produces a TLM that 
is nctiona eiaent to te origina . In 
tis artice e roose sc a too ase on oe 
Algebra that veriÀes equivalence of the two well-
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ore s.  e-ore, e ean tat te 
s st oo te seantics o te oects 
an coosition res o oe gera. ere, 
e resent ne transoration res tat i 
allow more reÀnements in the models. In addition, 
we developed speciÀc application programming 
interfaces (APIs) that facilitate construction 
o ageraic s an to eror soic 
transorations on te in conorance it te 
res o oe gera.

2. MODEL ALGEBRA

Model Algebra is a formalism for reÀnement 
and veriÀcation of TLMs. A formalism is a set of 
oects an coosition res tat reresent te 
reationsi eteen tese oects. oe gera 
ais to eress eectae sste oes it 
strctra etais, sing te sae coosition 
res an oects. oe geras teor as 
ise in 1, so on a rie sar i e 
resente eo. 

2.1 Objects

e oects o oe gera consist 
o: eaiors, Cannes, ariaes, eaior 
interaces, an eaior orts.  oe gera can 
e reresente graica in a eaior Contro 
Graph (BCG),[1] which shows the control Áow 

o an oe in . In C, tere are to tes 
of nodes: behavior nodes and control Áow nodes. 

Behaviors

e are te cotationa nits o oe 
gera. It as orts tat aos it to connect to 
oter eaiors sing interaces. It is ran sing 
a rone rectange, son in igre 4. e can 
e ierarcica, eaning tat te can contain 
oter eaiors an an oter  oects insie. 
ere is aso a secia in o eaiors cae 
Ientit eaiors, ic rea ata ro its in 
ort an rites it ot to its ot ort. It essentia 

Figure 3. TLM equivalence veriÀcation problem.
Sorce: oci, 2013.

Figure 4. eaior in oe gera.
Sorce: oci, 2013.
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oes not o an in o cotation insie 
it, it on orars te ata ro one ort 
to anoter. o notae ientit eaiors 
resent in an ierarcica eaior are te 
Virtual Starting Point (VSP) behavior and the 
Virtual Terminating Point (VTP) behavior. As 
teir naes seci, cotation starts at te 
S an ens at te . 

Channels

re te conication eeents tat go 
ro eaior to eaior. 

Variables

o conication  te a o storing 
inoration an eing rea  a eaior. In its 
graica reresentation, it is ra as a rectange. 
In igre 4, te eaior e 1 reas ro a 
ariae 1 an rites it to te ariae 2.

2.2 Composition Rules

Coosition res are te reations eteen 
oects in oe gera. 

Control flow

It eterines te eection orer o eaiors 
ring a siation.  reecessing eaiors 
must Ànish and a condition be true in order for 
te sccessor eaior to start. It is ora 
eresse as:

q: b1&b2&...&bn (1)

is eression states tat or eaior  
to eecte, te conition  st e tre an te 
behaviors  must all execute Àrst.  It is represented 
graica as a circe it eges ointing toars 
it ro te receing eaiors an as an ege 
toar te sccessor eaior. is can e seen 
in igre 5.

Blocking and non-blocking operations

eaiors a se teir orts to rea or rite 
toro a ariae or anoter ort. ese rea an 
rite oerations a e eiter ocing or non-
ocing oerations. e i reer to tese oera-
tions as ata eenencies. e are reresente 
as straigt arros eteen orts an ariaes. 

2.3 Transformation Rules

 oe can e transore  rearranging 
and replacing objects. Model reÀnement is basi-
cally a well-deÀned sequence of transformations. 
I eac o tese transorations is roen correct 
in a formal context, then we can perform veriÀca-
tion by correct reÀnement with two given models. 
Starting with a test model M, a reÀned (stated as 
the function R()) model M’ can be deÀned as the 
sccessie transorations on : 

M '= R(M) = tn (tn-1(..t1(M)...)                   (2)

Hierarchical Behavior Flattening

Since e on nee te ea ee eaiors, 
hierarchical behaviors can be “Áattened” to reveal 
its s-eaiors. asica tere are to tes o 
objects that are modiÀed in the Áattening process: 

Figure 5. Contro Noe.
Sorce: oci, 2013.
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contro eenencies an ata eenencies.  Con-
trol dependencies are modiÀed because once the 
hierarchical behavior has been Áattened, the con-
tro eenenc eaing to it is irecte instea to 
its S eaior, an te  i tae te ace 
o te as te reecessor in a Contro eenen-
cies tat ince te arent eaior.  ata een-
dencies are modiÀed when all ports of the parent 
behavior are Áattened out. The data dependency is 
erge it te ort ata eenenc insie te 
arent. is inces te ins in a cannes, e-
tening te canne to te seaior.

Identity Elimination

Since te ientit eaior oes not eror 
an cotation, it can e reoe ro te oe 
ater resoing ata an contro eenencies. n 
ariaes eing rea an ritten  te ientit 
eaior are erge, an te orts reoe. e 
contro noes receing te eaior are erge 
it te contro noes scceeing te ientit. 
is is istrate in igre . nresoe canne 
eenencies in an ientit eaior reents it 
ro eing eiinate; canne resotion as to 
be applied Àrst before removing its ports. 

Redundant Control Dependency Elimination

is re reoes nneee contro e-
enencies. e to tis re is te concet o 
oinance o eaiors: i a eaior  aas 
eectes at east once or eer eection o 
eaior , ten e can se tat  is a oi-
nator o . No, gien 3 eaiors 1, 2 an 
b3, shown in Figure 7(a), since b1 dominates 
2, e no tat or eer eection o 3, 
te oter to eaiors ae area eecte, 
ence, te contro ege ro 1 to 3 is nne-
cessar, so it can e eiinate. is can e 
seen in Figure 7(b).

Control Relaxation

Given a model in Figure 8(a), if there is 
no ata eenenc eteen eaior 1 an 
eaior 2, an te contro noe eteen te 
as no oter ort or ariae eenenc, ten 1 
an 2 can eecte concrrent since te orer 
o teir eections oes not ater an ariae 
trace. ot eaiors o sti contine on to 
behavior b3, as seen in Figure 8(b).

3. TRANSACTION LEVEL MODELING

In orer to accrate oe s, e 
iroe soe asects o oe gera an 
ince ne transoration res. 

3.1  Channel Resolution Rule

We reÀned channels to be point to point 
eteen to eaiors, an i ae oe 
ansae seantics. ese eaiors st e 
eiter ierarcica eaiors or ientit eaiors. 
e canne i aso no onger o aresses, 
an an ata to e transerre i e rea  te 
ientit eaior on one sie an ritten ot  
te ientit eaior on te oter sie. It is est 
istrate in igre 9.

Figure 6. Identity Elimination Rule.
Sorce: oci, 2013.



 : eriication o transaction ee oes o... 1

Figure 7. Redundant Control Dependency Elimination Rule.
Sorce: oci, 2013.

Figure 8. Control Relaxation Rule.
Sorce: oci, 2013.
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3.2 Principle of Duplication

en esigning eee sstes, te e-
signers a enconter oes tat so on 
the execution Áow because of their slow hardware 
response. In Figure 10 a), let’s say that module B 
is te one it a ig ea. ne o te coon 
sotions o e to si icate te oe 

in question (hardware IP for instance) and do a pa-
rae eection to see te eection, as son in 
b). Module A will forward half of its computation 
to module B’ and half to B”, assuming that both 
oes eror ientica cotation tass. i-
nally, our system is shown in c), with 2 modules B’ 
and B” in an endless loop, performing calculations 
or  an oraring te rest to C.

Figure 9: Resolution of channels into control dependencies.
Sorce: oci, 2013.

Figure 10. rincie o ication.
Sorce: oci, 2013.
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3.3 Behavior Type
e rincie o ication son in te 

reios section is son i an on i te to 
eaiors rnning in arae are ientica. In or-
er to ince tis roert into oe gera, 
e introce eaior e: eac eaior i 
ae a te, an a e son eicit ater 
te eaior nae, searate  a coon. igre 
11 updates the Àgures in c) (from Figure 10) with 
te eaior te an it te roer oe -
gera oects.

or to eaiors to e o te sae te, 
tere is one nering conition: ot eaiors 
ae to ae te sae orts an tese orts 
ae to ae te sae inings to oter orts or 
ariaes. I tis is not et, te to eaiors 
sa e consiere o ierent te.

• eir sets o sccessor eaiors are ea. 
In oter ors, te eection o an o te 
to eaiors is ooe ieiate  te 
execution of one speciÀc behavior. 

3.5 Control Node Merging

is transoration re aos to rece te 
ner o contro noes  erging to or ore 
noes i: 
• eir sets o reecessor eaiors are ea. 
• e ae te sae sccessor eaior. 

4. MODEL ALGEBRA DATA STRUCTURE

In orer to e ae to roer aniate an 
transor a oe escrie in oe gera, 
e nee a sitae ata strctre to escrie an 
osie oe. e no escrie te oe -
gera ata Strctre se in or too. r oe 
gera ata Strctre is sae in te  or-
at 4 an ae te etension .. e set o 
rules that all MAG Àles conform to is expressed in 
a XML Schema DeÀnition (XSD) [5].  MAG Àles 
are coose o te ooing eeents: -
VIOR, VARIABLE, CONDITION, CNN, 
LINK, PORT, CD, DD_VAR_NB_READ,
DD_VAR_NB_WRITE, DD_PORT_NB_READ, 
DD_PORT_NB_WRITE, DD_PORT_B_READ, 
and DD_PORT_B_WRITE.

The root of every MAG Àle is a BEHAVIOR 
oect ic contains an oter oects iste 
above. The BEHAVIOR object is hierarchical, 
eaning tat an oect can on e containe in-
side a BEHAVIOR object and no other.  

e graica reresentation o te  o-
ject tree is shown in Figure 14. In this Àgure, we 
can see tat te on oter oect tat can e ierar-
cica is CNN, ic contains IN. It es-
cries te orts tat connect ot eaiors to te 
canne. C reers to Contro eenenc, an as 
an attrite ointing to CNIIN. is oect 
ars i te C eens on a ariae, ort or a 
ooean ae.  te ata eenenc oects are 
represented in the Àgure as DD: these include data 
eenencies on ariaes an orts, ocingan 
nonocing reas an rite oerations. 

Figure 11. eaior te.
Sorce: oci, 2013.

3.4 Behavior Merging

is transoration erges to eaiors i 
te ooing conitions are et:

• ot eaiors are o te sae te. is 
iies tat ot eaiors ae te sae 
inings to te sae orts anor ariaes. 
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Figure 12. eaior erging re.
Sorce: oci, 2013.
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Figure 13. Contro erging re.
Sorce: oci, 2013.

Figure 14.  ect tree.
Sorce: oci, 2013.
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5. TLM VERIFIER

e eeoe a too to create, transor an 
eri s, nae er. It is coose o: 

• Int I: it is te interace or te  conerter 
ic creates a oe gera ata strctre. 
It creates a te  oects an eenencies 
eteen te. 

• ronten I: sos te graica 
representation of the MAG Àle. It has an 
interace to ao te ser to a an 
transoration in an orer to te oe. It 
aso cecs or isooris eteen to 
oes. 

• acen: it resons to te I an aies 
a te transoration res, an erors te 
eiaenc cecs. 

In Figure 15, we show the veriÀcation 
Áow using TLMVer. We would start with an 
application and goes through several reÀnement 
stes. ot aications s are e into te 
 Conerter, ic interaces it or er 
API. This creates the MA representation (MAG 
Àle) that is the input for the TLMVer. Finally, the 
transorations are erore in tis ste  te 
too an a isooris is cece at te en. I 
ot oes are isooric, e can sa tat ot 
oes are eiaent.

e  Conerters tas is to arse te 
 an ae te aroiate cas to te Int 
I. is oe as not et een eeoe, 
an te oes e se are create  a scrit 
caing te I.

5.1 Isomorphism Checker

r too can tae to oes  reresen-
tation an cec i ot gras are isooric. 
Isooris inicates sntactic eait o 2 o-
es an it is te strongest ossie eiaence.  
 reresentations ae a root noe ic i 
be the Virtual Starting Point (VSP). They may or 
a not ae a connecte irta erinating 
Point (VTP), and commonly has cyclic edges.

ne asstion tat aes te cecer er 
sie is te case in ic a oe 1 an a o-
e 2, ot sare te sae set o seaiors 
it te sae nae. In tis case, te cecer a-
gorit is son in gorit 1. e cecers 
tas is to ain eri te ata eenencies 
eteen eac eaior an te ariaes, an to 
eri te oinance o eac eaior to a oter 
behaviors (line 10). If all dominance checks are 
tre, an te ata eenencies are ea, ot 
oes are isooric.

or eac ariaeeaior air, a cec 
oeration is one to see i tere eists a ata 

Figure 15. TLM VeriÀer tool Áow.
Sorce: oci, 2013.
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eenenc in ic te eaior reas or 
writes to that variable (line 22). The function 
ceceration is son in gorit 2.

6. SYSTEM LEVEL REFINEMENT AND
VERIFICATION EXPERIMENTAL
SETUP

e esign etooog or or sste is 
son in igre 1. It starts it an eectae 
nctiona seciication oe o te esign an 

is graa reine into a cce accrate oe 
ic is ten orare into te traitiona 
anactring ase. e reineent rocess 
is coose o seera stes in ic oects 
in or oes are oiie, reace or 
eiinate. ter eac ste, te esigner ens 
 it a ne eectae oe ic seres as 
te ase or te net reineent ste. s son 
in igre 1, cce accrate esign is not art 
o or oain an i not e iscsse ere.

The reÀnement depicted in Figure 16 are: 

Algorithm 1.
Sorce: oci, 2013.
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• eaior artitioning: te eaiors are rea-
rranged to reÁect the mapping of leaf beha-
iors to coonent eaiors. 

• Seriaiing: eaiors tat st e eec-
te it a singe controer are seriaie, it 
conerts arae coosition into seentia 
coositions. 

• Conication Sceing:  oiing 
te sceing o s transactions, te er-
orance o te esign can e iroe. 

• Transaction Routing: Splits transaction links 
into to ins tting a roter in eteen. 

• These key reÀnements were described in de-
tai in 3. In tis artice, e i ocs on te 
esign otiiations eicte in igre 17. 
ese otiiations can e roen or co-
rrectness sing te ne transoration res 
o oe gera.

e otiiation eicte are:

• ieining: seentia eaiors are seara-
te into ierent rocessing nits ic rn 
concrrent. ac eaior i orar 
ata to te net one an ieiate egin 

rocessing te net ata acet. eteen 
eac air o eaiors a I strctre a 
e oee. 

• ication: so eaiors a e ica-
te in orer to cote to or ore ata ac-
ets sitaneos an see  te ieine. 

6.1 FIFO modeling 

o oe conication eteen ea-
iors, e can se conication cannes, 
escrie aoe. t or seera tes o ai-
cations, te oe o cotation se is an 
rocess Netors, ere te eaiors eecte 
concrrent an conicate trog non-
e Is. r oe o a I can ae one or 
ore storage ariaes. Son in igre 1 is a 
1-ace I. e strctre is ase on to ien-
tit eaiors: e1 an e2. The Àrst one performs 
te oe ansae canne conication 
it te receing eaior an rites ot te 
ata into te ariae. e secon ientit e-
aior reas te ariae an ass it trog te 
canne to te net eaior. 

Algorithm 2.
Sorce: oci, 2013.
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Figure 16. ReÀnement based methodology (courtesy of [3]).
Sorce: oci, 2013.
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Figure 17. tiiations.
Sorce: oci, 2013.

Figure 18. 1-ace I.
Sorce: oci, 2013.
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Results of FIFO Transformation

e can se te transoration res escrie 
in tis artice to roe tat a n-ace I can e 
rece to a 1-ace I. is is istrate in 
igre 20. e initia oe is a ssection o a 
n-ace I eicting a 2-ace I, son 
in the upper left corner of the Àgure. There is a 
incoing canne c1 an an otgoing canne 
c3. e otgoing canne ins it te rest o 
the FIFO. The Àrst transformation rule applied 
is the Channel Resolution Rule, so channel ch2 
is resoe into to ne contro eenencies: 
ientit eaior e3 goes to e1 an e2 goes to 
e4. e Ientit eaior e2 no rites irect 
to ariae 2. e rest is son in te er 
rigt oe in igre 20. e net re aie 
is Ientit iination: e2 is eiinate an te 
ariaes 1 an 2 are erge, eeing te 

nae 1. e oter re tat as aie is te 
Redundant Control Dependency Elimination: 
te contro eenenc eteen s an e1 
is eiinate. e rest is son in te oer 
rigt oe in igre 20. e ast ste is to a 
again the Identity Elimination Rule to behavior 
e3. e resting oe is son in te oer et 
part of the Àgure and it is the same as a 1-place 
I, roing tat an I can e rece into 
a 1-ace I aing te asic transoration 
res o . 

aing seera Is it ierent sies, 
we utilized our veriÀcation tool to measure 
te transoration ties. e it Is it 
sies 1,2,3,4,5 an 10 aces an aie te 
transoration res. e rests are son in 
igre 21. e can see tat, as eecte, te tota 
transoration tie increases it te sie o te 
I, t sti in te orer o secons.

Figure 19. n-ace I.
Sorce: oci, 2013.
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Figure 20. I transoration.
Sorce: oci, 2013.
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6.2  Pipeline Modeling

ieine arcitectres are a coon 
otiiation or sstes it certain tes o 
aications. In a ieine, ata is transerre 
ro one rocessing oe to te net, ie 
a oes rn in arae. is increases 
raatica te trogt o te ata acets, 
t te oera tie to rocess one iniia 
acet reains te sae. It as een coon 
se in icrorocessor arcitectre.

Design decisions

o create an oti ieine, te esigner 
st aeate artition te eaiors into 

ierent stages. e ieine trogt 
eens irect on te soest oe, so te 
oti aance in ters o eaior see 
st e aciee ie artitioning. e 
ieine otiiation is istrate in igre 
22. In this Àgure, we start with 4 sequential 
eaiors aee 1, 2, 3 an 4. 
eir estiate ea ties are 5, 10, 20 an 
20. e oera ea or eac acet o e 
55 tie nits. e oti a to create te 
ieine o e to se 3 ieine stages, it 
behaviors ’B1’ and ’B2’ together in the Àrst 
stage. is a, ata acets o e rocesse 
eer 20 tie nits.

 sie 3 stage ieine oe is son in 
igre 23. e se cannes to conicate te 
ata eteen eaiors ,  an C.

Figure 21. I ransoration ties.
Sorce: oci, 2013.
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Figure 22. ieine otiiation.

Sorce: oci, 2013.
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Verification results

In igre 24 e can see te transoration 
stes to tis 3 stage ieine arcitectre. 
Starting in te er et corner, e can see te 
oe ater aing te attening re to te 
eaiors son in igre 23. e net ste is 
to apply the Channel Resolution rule, converting 
cannes c1 an c2 into contro eenencies. 
e resting oe is son in te er 
right part of the Àgure. We can see now that 
eaiors e2 an e4 rite irect to ariaes 
2 an 3, an ot no eecte eaiors e1 
and e3 afterwards. Next, the Redundant Control 
eenenc iination re is aie an te 
contro eenencies eteen s an e1 an 
e3 are eete. is is son in te oer rigt 
part of the Àgure. The last step is to apply the 
Ientit iination re to eaiors e1, e2, e3 
an e4. e can see tat te oe son in te 
lower left part of the Àgure is the representation 
o a seriaie oe it eaiors ,  an 

C eecting one ater anoter, sing te ata 
ritten  te reios stage.

In orer to test or transoration res, e 
oee a J ncoer sing oe geras 
reresentation. e J encoer is coose 
o 5 ain nctions, as son in igre 25. e 
are named: ReadBmp, DCT, Quantize, Zigzag 
an . e rn seentia in a oo or 10 
times, taking a .bmp Àle as the input and writing 
out a .jpeg Àle. Each function can be mapped 
into a singe core or it anoter nction. e 
create 4 ierent oes, a ieine, it 
ierent ner o stages.  ere sntesie 
an ieente into a iin irte 4  
oar. e aings or eac o te ators is 
son in igre 2. ac ator is coose 
o 2 or ore icroae sotcore eee 
processors, one shared bus (OPB protocol) and 
one transcer sering as a sare eor. e 
icroaes i ecange ata  storing it in 
te transcer interna I an reaing it ot 
ro tere.

Figure 23. ieine oeing.
Sorce: oci, 2013.
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Figure 24. ieine ransorations

Sorce: oci, 2013.
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Figure 25. J ncoer ication.

Figure 26. ieine J ators.
Sorce: oci, 2013.
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Figure 27. ection tie in a  oar.

Figure 28. ransoration tie in a ieine arcitectre.
Sorce: oci, 2013.

s son in igre 27, te eection tie e-
creases as e increase te ner o ieine stages.

In orer to cec or eiaence o 
tese ierent oes, e create oe 
gera reresentations o a 4 an aie te 
transorations, an cece or isooris 
it te non-ieine oe. e transoration 
tie or tese 4 oes is son in igre 2, 

an te ner an te o transoration res 
aie is son in igre 29.

s e can see in igre 2, te transoration 
tie or eac o te ators is in te orer o 
secons, an scaes inear. In igre 29, e can 
osere tat te ner o transorations aso 
increases inear it te ner o stages, an 
a transoration res aie increase it it.
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Figure 29. ransoration res aie to a ieine arcitectre.
Sorce: oci, 2013.

7. CONCLUSIONS

In tis artice e resente a sar o 
the system level veriÀcation challenges and 
te oe gera orais. e escrie 
ne transoration res or oe gera: 
canne resotion, contro noe erging an 
eaior erging. iing on tese ne 
transoration res, e resente se sste 
ee otiiations, nae ieining, se o 
I cannes an eaior ication.

e soe o e co oe a N-ace 
I an a ieine, an se oe geras 
transoration res to roe teir correctness.  

We deÀned a data structure to describe models 
written in Model Algebra, named MAG Àles. This 
ata strctre aoe te escrition, graica 
reresentation an storage o intereiate an 
Ànal structures of these models in MA.

sing oe geras coosition an 
transoration res, e eeoe a sotare 
tool that can take models written in MA (as 
MAG Àles), represent them graphically and 
see transoration res aie to te.  
oeing a tieia aication sc as a 
J encoer into a ieine arcitectre, e 
co roe tat oe geras reresentation 
o tese otiiations on tese ators co 
e sccess transore an coare it 
te non ieine oe. e transoration 
time was fast (in the order of seconds) and the 
ner o transoration res increase inear 
it te ner o ieine stages.

e ieentation o te sotare too 
gives us more conÀdence in reÀnement results, 
ore aiit to eore ierent seences o 
transorations an te eans to eeo correct 
reÀnement and optimization tools.
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8. RECOMMENDATIONS AND FUTURE 
WORK

ere is nee to eeo ore transoration 
res in orer to cec or isooris in 
ore issiiar oes.  s te ner o 
transformation rule increases, the veriÀer tool 
i e ore ersatie an ore coe esigns 
will be formally veriÀable.  This will reduce the 
design and veriÀcation time, improving time-to-
aret araeters an increasing roctiit.

REFERENCES

Samar Abdi and Daniel Gajski. VeriÀcation 
o sste ee oe transorations.  
Internation Jorna o arae rograing, 
34(1):29-59, February 2006

Saar i an anie asi.  orais or 
nctionait sste ee transorations.  
In Proceedings of the Asia PaciÀc Design Au-
toation Conerence, ages 139-144, 2005

Samar Abdi.  Functional VeriÀcation of System 
Level Model ReÀnements. PhD Thesis, 
niersit o Caiornia, Irine, 2005.

. tt:.3.org 
 Scea.  tt:.3.orgScea

ABOUT THE AUTHOR

Lucky Lochi Yu Lo.
Universidad de Costa Rica, Escuela de Ingeniería 
éctrica. . . en Ingeniería éctrica.
roesor e eartaento e totica  
igitaes.
Correo eectrnico: ocieie.cr.ac.cr


