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Abstract of the Dissertation

Functional Verification of System Level Model Refinements

by
Samar Abdi
Doctor of Philosophy in Information and Computer Science
University of California, Irvine, 2005

Professor Daniel D. Gajski, Chair

With continuous improvement in process technology, desgmave more resources
than ever available for implementing their systems. Asiappbns become larger, the model-
ing abstraction has to rise to keep the complexity manageabhis has given rise to model-
ing at abstractions above the register transfer and cyclgraie levels. Verification becomes an
even greater challenge as designers try to develop morelsnimdevaluate their implementation
choices. In this dissertation we present our verificatioatsgy to alleviate the problems resulting
from the move to system level. We argue our case for a systesh teodeling and verification
methodology where detailed models are refined from abstradels. The models are represented
formally using Model Algebra and the refinements are proedretfunctionality preserving, using
the rules of Model Algebra.

We define the objects and composition rules of Model Algelmc show how system
level models are represented as expressions in this fammallhe formal execution semantics
of such models are discussed and a notion for functionalvalguice of models is also presented.

We then define transformation rules that syntactically hyoalmodel algebraic expression, while

Xii



keeping its functionality intact. Then we present key refieats that are commonly encountered
in system level design and prove the correctness of thogeeméints using the transformation
rules of Model Algebra. As a proof of concept, we implemerdddol that automatically checks
if the refinements were performed correctly on SpecC modedsa result, the designer needs to
perform the costly and time consuming property verificatiarthe first model only. All step wise

refinements from the original model are proven to producetfanally equivalent models.
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Chapter 1

Introduction

The continuous increase in size and complexity of Systeftioip designs has intro-
duced new modeling and verification challenges. FigureHotvs a survey results for the reasons
behind first time chip respins. It was reported that 61% othilps designed in 2003 required at
least one respin. With the spiralling cost of masks and ghmo& to market, every respin sets back
design companies not only in design costs but also in loskebgrenetration opportunity. The
clearly leading reason for respins was functional veriftceamounting up to half of all respins.

Traditional design automation tools work with models at tiyele accurate level or
below. As applications become larger, the lower level tketikie cycle accurate timing or imple-
mentation of protocols must be abstracted away to get arhattéerstanding of the design and
for ease of verification. The adoption of the system level)(&ldesign abstraction is breeding a
new generation of languages and tools [GZD, Sysa] for verification of abstract models. Most
of this verification is simulation based. Since SL modelsudate several orders of magnitude
faster than their pin and cycle accurate counterpartsesysesigners choose to develop several
SL models to evaluate possible implementation alternatiVgpically, such SL models are refined
from a golden reference model. However, without an undeglyormalism and well defined se-
mantics for SL models, we will inevitably run into the proimief having too many models for the
same design that cannot be synthesized or verified for fumadtiequivalence. This dissertation
attempts to alleviate this problem by introducing a forsralifor representation of SL model, and

using that formalism to develop reliable algorithms formifg one SL model into another.
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Figure 1.1: 2003 survey results for reasons behind chipresp

In this introductory chapter, we present current systematiingl styles and verification
methodologies. We also propose our modeling and verificatiethodology that is based on

correct step wise refinement of abstract SL models into met&ldd models.

1.1 Traditional System Verification

Systems consisting of both HW and SW components are typispkcified at the high
level using a C description or a MATLAB [Mat] model that sesvas the golden reference for
design of both HW and SW. The SW application code is typicatiiften in a high level language
like C. The HW application is converted to a cycle accuratelehin a hardware description lan-
guage(HDL), either manually or using behavioral synth&ss [For]. The glue logic, consisting
of the HW interfaces on one side and the processor core (&lihgarts of the RTOS) on the SW

side, allows co-simulation of the entire systems at cyctrigte detail. However, the simulation



speed of such models is painfully slow since there are twiergiit simulation kernels for HW
and SW. SL design languages like SystemC and SpecC easedhism by providing a single
language for expressing both HW and SW and a single simal&gonel. They also allow con-
nection elements called channels that allows communicdtween different components using
function calls instead of pin-level wire wiggling. Thus,ségm simulation becomes dramatically

faster. However, the accuracy of protocol details and tymslost.

/ Cycle-Accurate HW2

JTTmTTmmmmmsmsmem————-——----g U
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1 1 \ o=
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code H ) o
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! [ , a.8
€ 1 -
: &[i: 1 \‘ ,'I g 8
: External interrupt lines i \\ // O Lf
Y

Figure 1.2: Pin-Accurate System Model

1.1.1 Pin and Cycle Accurate Simulation

Figure 1.2 shows the pin-accurate model of the system. A magystem may consist
of one of more processor and a bunch of peripherals like D&Rsom hardware units, memo-
ries, IPs etc. These components are connected to each @lmorts on their interface. In order
to implement communication between these components, & teeimplement additional com-
munication elements such as bus arbiters and programnrablkeupt controllers (PICs). These
elements form part of the communication sub-system alonf thie bus drivers implemented
inside each component.

On the SW side, the processor core consists of a bus intetdattee processor bus.
Special HW registers are assigned to control bit togglinghenbus wires to enable communi-
cation. The system software consists of a hardware alisimdetyer (HAL) that implements the

bus drivers, responsible for sending and receiving bus svosthg the underlying interface logic.



These drivers implement the cycle accurate bus protocalleasribed in the data sheet of the
processor. The OS layer provides higher layers of commtioicabstraction, that hide the ac-
tual communication events from the application. Thus, thglieation may be able to perform

message level transactions using the underlying services.

On the HW side, the communication primitives are implememig cycle accurate HDL
code, which may be inlined into the rest of the HW functiatyaliThe FSMD used for commu-
nication implements primitives like sending interruptddnollowing the detailed bus protocol.
Finally, memory devices implement controllers that folldve memory acess protocol. We will
consider all memory components to be slaves that only peo@dd and write service on the bus.
As mentioned earlier, the complete system may be modelegsiers design languages. Alter-
nately, we can model the SW part on the ISS, which will give emueate performance numbers

since the ISS model of the processor includes internalldesach as pipelining etc.
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i i & 1
{App. code s ' :
IO | B = 3!
_/ %) :D 1
) I
> 1
I — |
1
l>
1
1
1
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Figure 1.3: Cycle accurate simulation environment

Figure 1.3 shows the simulation environment for the pindeate model described above.
The application code, along with the system software lilkeHAL and OS are compiled into a
single binary. This binary is then loaded into the ISS of thecpssor. On its interface, the ISS
model provides ports identical to those on the processa:. ¢ar simulation purposes, these ports

are connected to the signals that communicate with reseayhtem.

4



The ISS is usually a C model that must be connected to an HDlysteB1C simulator
for complete system simulation. HDL simulators like thoee Werilog and VHDL come with
standard C interfaces into which these 1SS models can bggdlid-igure 1.3 shows how the ISS
can be wrapped inside a SystemC or SpecC wrapper for coationulith rest of the system. At
every simulation cycle, the inputs to the processor interfare read and provided to the ISS. Then
the cycle is advanced and the “Execute 1 cycle” method of $i&i$ invoked from the wrapper.
After the cycle, the ISS updates the output ports of the msmemodel, which are sampled by
the wrapper. The remaining system, consisting of HW compizner other processors executes

in parallel to the ISS.

Memory

Mem . Controller

Processor

Proc.

]

bl]s’ )

Figure 1.4: A transaction level model of the system

1.1.2 Transaction Level Simulation

It can be seen that verification at pin and cycle accuraté tarebe very slow not only
due to two different simulation kernels, but also becausryebus transaction wiggles several
bus wires that generate too many events. All these evenestbdye processed by the simulator
that significantly slows down model execution. One way tdralos away the pin-level simulation
details is to implement each transaction as a function ball ises events to synchronize and

word level assignments for data transfer. This is the basicept behind transaction level model



as shownn Figure 1.4, where the system connectives are @sgishown by ovals) that provide

services like synchronization and data transfer in the foffanctions.

1.2 Proposed System Verification

Our verification technique works in a system level designhoddlogy where increas-
ingly detailed models are refined from high level models. \WBn# clear semantics of models

and design decisions that are need to refine models cotrectly

sL o
—’ (—{Specification model

Design decisions / -
Optimizations ::> Intermediate model

Finalized TLM

i

‘ Sequential Equivalence Checking ‘

RTL model

t

| Logic Equivalence Checking |

Gate net  -list

Figure 1.5: Anillustration of proposed verification metbtmby

1.2.1 System Design Methodology

Figure 1.5 shows our system design and verification metloggoMe start with a well
defined executable specification model that serves as tdemyoéference. Before settling on the
specification it must be thoroughly verified using simulatmr formal methods against a set of
system properties. Then the specification is gradually edfito a transaction level model that
forms the basis for developing pin and cycle accurate moddéie latter can be fed to traditional

design automation tools. Transaction level models and Rodets can be compared for func-

(o)}



tional equivalence using sequential equivalence ched8mN87, sle]. Similarly, RTL models
and gate level models can be compared for equivalence usimdpinational logic equivalence
checking [GPBO1]. Both these verification techniques aablei due to the used modeling for-
malisms, namely finite state machines and boolean algelmaet#r, no such universally adopted
formalism exists above the cycle accurate level.

The gradual refinement produces intermediate models depenthe design decisions.
If the model semantics and underlying formalism are not defined, the refinement process
cannot be automated or verified for functional correctnés®ur methodology, each refinement
translates to several small model transformations. Mog@lasitics at each abstraction level and
all the transformation rules are formally defined and prdeeatorrectness. Therefore the refine-

ment process can be reliably automated.

1.2.2 Formal Modeling

Formally, a model is a set of objects and composition ruldineé on the objects
[AG0O4c]. A system level model would have objects like bebawifor computation and chan-
nels for communication. The behaviors can be composed abgienordering. The composition
creates hierarchical behaviors that can be further conadpobderfaces between behaviors and
channels or amongst behaviors themselves can be visuakzetations. This allows us the ability
to create complex models as a hierarchy of small computatigects linked with communication

objects.

1.2.3 \Verification by Correct Refinement

A transformation on a model can be expressed using the cbo€eparranging and
replacing objects. For instance, in order to distributeltbleaviors in a specification onto compo-
nents of the system architecture, we need to rearrange tiavibes into a different hierarchical
composition, based on the distribution. In order to use IPmanents, we need to replace be-
haviors in the model with an IP from the library. Each of thesmsformations has to be proven
correct in a formal context.

A model refinement can be expressed as a well defined sequétreasiormations.



Therefore, a refinement, s& of modelM is a syntactic manipulation d¥l resulting in a new
model M’. RefinemenR can be written as a sequence of transformatigrtrought, in that

order. Hence, we can write
M’ =R(M) = ty(th_1(...t2(M)...))

Since each transformation is shown to be correct, the regnémiso produces an output model
equivalent to the input model, by transitivity. A refineméased methodology can be defined as
a set of well defined models and the refinements between them.
The notion of model equivalence comes from the simulationasgics of the model.

Two models are equivalent is they have the same simulatisuitse This translates to the same
(or equivalent) objects in both models and the same part@groof execution between them.
Correct refinement, however, does not mean that the outpdeii® bug free. We also need to
use traditional verification techniques on the specificatimdel and prove equivalence of objects

that can be replaced with each other.

1.3 Thesis organization

The rest of this dissertation is organized as follows. Infi&ie2, we present an overview
of existing methods in verification of embedded systems. \llgovesent both simulation based
and formal verification techniques and give arguments orstliability of these approaches in
different design scenarios. In Chapter 3, we present a ftsmacalled Model Algebra (MA), that
is used to represent system level models and reason abouutitional equivalence. We define
the obejcts and composition rules of MA and show how systerl lmodels can be represented as
expressions in this formalism. We also define the formal @txec semantics of models written in
MA and discuss notion of equivalence for such models. Theprgsent functionality preseving
transformation rules on such models. Chapter 4 deals withsikstem level model refinements
and how their correctness is proved using the transformatites. The implementation of an
automatic tool for verifying such refinements is presente@hapter 5. Finally, we wind up with
conclusions in Chapter 6 by outlining, the benefits of ouifiation approach, the contributions

of this thesis and outlook for future research in this digect



Chapter 2

System Verification Techniques

Verification is the most time consuming stage of system dedy most estimates, more
than 70% of design effort is spent in verifying if the desigrets the specifcation requirements.
Most of this effort is directed in functional or logic verifiton. The other, equally important,
facet of verification is performance verification, where tlesigner tries to check if the final
manufactured device will meet the specified contraints rofrtg, area and power, among other
metrics. In this chapter, we will give a brief overview of cemt industrial practice of design
verification and the underlying techniques.

The verification methods available today can be broadlysilad into two categories,
namely simulation based and formal methods. In simulatesed methods, the designer writes
an executable model of the design. Test vectors are appliteb tinputs of the model and output
values are generated after delays as specified in the mduefufictionality of the model is tested
by comparing the generated outputs to the expected outBute formal methods do not need a
simulation environment. The models and properties areesged in a mathematical form and
mathematical formulations are used to either compare twdetscor check if a property holds
in a model. Semi-formal methods primarily use a simulatiamienment, but apply symbolic
methods for stimulating and monitoring the design. The ggim the absence of test cases,
however monitoring simulation results becomes more caratgd. This is because the monitor
has to compare generated output expressions against edpaajput expressions using formal

methods.
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Figure 2.1: A typical simulation invironment

2.1 Simulation based Methods

Simulation is the most widely used method for validation afdals. A typical simula-
tion environment in shown in Figure 2.1. The design to beete# described in some modeling
language and is referred to as design under test (DUT). Tsigrdspecification is then used to
generate input and out test vectors. The stimulus routipéespthe input vectors to the models.
The inputs are propagated through the model by the simualatiol and finally the outputs are
generated. A monitor routine checks the output of the DUTreg@xpected outputs for each in-
put test vector. If a mismatch is found, the designer can abaghing tools to trace back and find
the source of the problem. The problem arises from eithesriect design or incorrect timing.
Once the problem source is identified, the designer can fixditsémulate the new model.

The intent of the designer is to test the model for all possszlenarios. However, this
would require unreasonable number of test vectors. Sinlyeaolimited number of test vectors
will be used, the designer must try to choose the most usefs.oThe usefulness of a test case
is usually defined by the number of components and connectiaran cover. Moreover, a test
case that verifies an already tested part of the design daesldany value. Therefore, several
coverage metrics have been invented to quantify the usefslaf a test case.

The simulation performance can be improved either by spgedp the simulator or
by choosing test cases intelligently to maximize coveragh minimal simulation runs. One
optimization is to reduce test generation time by givingstmints to stimuli and testing with
only valid inputs. Monitoring non-primary output variablen the model reduces debug time by
pointing out the error closer to its source. Testing the rmbgerototyping it on hardware provides
much faster functional testing. Finally, rewriting the nebtly abstracting away low level details

also reduces simulation time, thereby finding functionebrmsrearlier.
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Figure 2.2: Simulation optimization using coverage feettba

2.1.1 Stimulus Optimization

Writing down test vectors for simulation can be a painfukta&lso, generating test
vectors randomly might result in a lot of invalid vectorsn& the model is typically constrained
to work for only select scenarios, we can use this knowledggenherate valid test vectors only.
The test scenario can thus be written in some language likgeve] and SystemVerilog [Sysb]
and a tool can be used to generate valid test vectors for¢batso.

Using the results from coverage is another way to minimizentihmber of test vectors.
For instance, the code coverage feedback technique castmized in Figure 2.2. A simulation
run with vector “11” results in only block “x” being covere@he designer looks at the coverage
result and comes up with a vector “10” to cover blocks “y” ad. ‘Note that vector “00” would
not cover block “y” and is thus not used. Such a feedbackegiyatan be used with other coverage
metrics as well.

An increasingly popular method to minimize the effort in geating test vectors is by
using explicit properties in the model. These propertiefied assertions, are typically temporal
in nature and may be embedded in the model either as specmhents (pragmas) or in a dif-
ferent language than the modeling language. Some langlikg&y/stem Verilog provide special
syntax for specifying assertions. The assertions are gpdrge@ special test vector generator that
automatically creates constrained test vectors, thenal®yny the designer from writing explicit

tests for all manifestations of the assertion.
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2.1.2 Monitor Optimization

Monitoring only the primary outputs of a design during siatidn lets us know if a bug
exists. Tracing the bug to its source can be difficult for a plax design. If the source code of
the model is available, assertions can be placed on inteamibles or signals in the model. For
example, we can specify that the two complementary outpussflip-flop never evaluate to the
same value. Not only does this improve understanding of #ségd, it also points out the bug
much closer to the source. Assertions can also be used t& vhkdity of properties over time,

like protocol compliance.

c I\ ...

c=aandb >

/ .......

Figure 2.3: Graphical visualization of model execution

Graphical visualization of the structure and behavior oésigh also helps debugging.
Specifically, correlation between different representetj such as waveforms, net lists, state ma-
chines and code, as shown in Figure 2.3, allows the desigreasdily identify the bug in a graph-

ical representations and locate the source code for bugtpithe model.

2.1.3 Speed up techniques

Overall simulation time can be reduced by simply increasiregsimulation speed. The
two common speedup techniques are cycle simulation andagionul Cycle simulation is used
when we are only concerned about the signals at clock boigsdarhis allows improving the
simulation algorithm to update signal values at clock bauies$ only. On the other hand event
driven simulation needs to keep track of all events, evewdet the clock edges, and is thus much
slower.

Another speedup technigue is the use of reconfigurable lzaede implement the DUT.

12



If the designer wants to simulate a component in a largettatai system, the FPGA implemen-
tation can be hardwired in the system. This technique igdalfi-circuit emulation [Gan01]. A
different scenario in which emulation is used is dubbed &itian acceleration [SBR05]. The
synthesizable part of the hardware is implemented on an FERGASW and the unsynthesizable
HW runs on a software simulator, which talks to the emulatawi via remote procedure calls. It
must be noted that FPGA prototyping is meant for functioralfication only. Synthesis results
for ASICs and FPGA implementation of the same design can kyeditterent in timing, area and
power. Therefore, if the design is to be finally implementedSIC, the FPGA prototype only

provides close to “at-speed” functional verification.

Communication

A
Cycle -
timed
A. System specification model
B. Component  -architecture model
) C. Bus -arbitration model
Approximate D. Bus -functional model
timed E. Cycle -accurate computation model
F. Cycle -accurate implementation model
un - .
timed
Un - Approximate - Cycle - Computation
timed timed timed

Figure 2.4: System level models with different computatioid communication details

2.1.4 Modeling Techniques

A different approach to reduce functional verification timeéoy modeling the system
at higher abstraction levels. By abstracting away unnacgssmplementation details, the model
not only becomes more understandable, but also simulatey.fdor instance, models with bus
transactions at word level simulate faster than those &t because the simulator does not have
to keep track of bit-toggling on bus wires. Similarly, mal@lith coarse timing result in fewer
events during simulation. There are several abstract radtiat can be used depending on the

size and nature of the design as well as the design methoddtagure 2.4 illustrates system level
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models at different levels of abstraction by placing thetatiee to the two axes of computation

and communication detail [CG03, Don04].

2.2 Formal Verification Methods

Formal verification techniques use mathematical formaretito verify designs. In this
section, we will discuss three basic techniques of forméfigation, namely equivalence check-
ing, model checking and theorem proving. In order to checkcforectness of synthesis and
optimization of models, we can use equivalence checkingd®fime some notion of equivalence
like logic equivalence or state machine equivalence andethavalence checker proves or dis-
proves the equivalence of original and optimized/syn#tegtimodels. Model checking, on the
other hand, takes a formal representation of both the modkhagiven property, and checks if
the property is satisfied by the model. Theorem proving tédesal representations of both the

specification and implementation in a mathematical logit proves their equivalence using the

Equivalence
result

Figure 2.5: Logic equivalence checking

axioms and inference rules of the logic.
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2.2.1 Logic Equivalence Checking

During synthesis or optimization of logic circuits, the igsis optimized to reduce

the number of gates or circuit delay. The designer is resplenfor the logical correctness of
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any such transformation. A logic equivalence checker chelct the result of the synthesis or
optimization is equivalent to the original design. Thiséhi@ved by dividing the model into logic
cones between registers, latches or black-boxes as shdwiglire 2.5. The corresponding logic
cones are then compared between original and optimizedlmode

Logic cones can be described with boolean expressions asddpresented as boolean
decision diagrams (BDDs) [Bry86] or some normal repregantdike conjunctive normal form
(CNF). Since BDDs have a canonical form, we can reduce tlggnaiti and optimized cones to
their respective canonical forms and check if they are identhis requires an ordering of the
boolean variables in the expression. The size of the BDDdhlhisensitive to this ordering.
Alternately, satisfiability solvers can be used to compheghioolean expressions. This technique
is the most popular formal technique in industry and is widgdplied at the GATE/RTL level to

ensure correctness of logic synthesis.

2.2.2 FSM Equivalence Checking

Logic equivalence checker checks only the equivalence efcttimbinational part of
the circuit. There are also techniques to check equivalehdke sequential part of the design
[SDN87]. In order to understand those techniques, we hadefioe the notion of a finite state
machine. A finite state machine (FSM) is a tuple consisting sét of inputs, a set of outputs and a
set of states. Some of the states are designated as iratied stnd some as final states. Transitions
between states are defined as a function of current statdarmpt. An output is also associated

with every state. Formally, we can write
M=<Q,I,0,8,%,50 >, where

Q = set of all states

I = set of all inputs

O = set of all outputs

S C Q = set of initial states

F C Q = set of final states

0 C Q x I x Q = transition function

0 C Q x O = output labeling of each state.

15



We can think of a FSM as a language acceptor. Assume that vvéreta an initial state
and supply input symbols from a string S, with each input itepa state transition. If we reach a
final state once all the inputs from S are exhausted, then&@ddsbe accepted by the FSM. The
set of all acceptable strings forms the language of the FS&laMb define the notion of a product
FSM. The product of two finite state machinds andM, has the same behavior asvfi andM,

were running in parallel. Formally, given
Ml - (Q17 Ila 017517 .‘7:176170-1)

M1 =(Q, I, 02,52, F2,82,02)

The product state machitd = M1 x M is defined as
M=(Q,I,0,8,F,00), where

Q=0AxQ

I=Lhx1D

O=01x 0O

S=851x5%

F=hx%

The transition function is defined as follows. If there isansition from statey; to ¢ for input
i1 in M1 and there is a transition from statg to ¢, for inputi, in My, then there is a transition
from (q1,02) to (g7, ) for inputiq, iz in My x M2. The output labeling oM, x My is defined as
follows. If (g1,01) € 01 and(gp,02) € 02, then((q1,02),(01,02)) € O.

We can now define equivalence of FSM models by using the preljialiscussed no-
tions and concepts. The specification and its implememtatie both represented as FSMsand
M; respectively. It must be ensured that the input and outinzdlet of the two machines should
be the same.

We derive the product machimés x M; using cross product of FSMs. Now all the states
in Mg x M; that have pair of differing outputs are labeled as final stabe Figure 2.6, the states
ps pt andgr have output pairs with non-identical symbols (xy or yx) anglthus labeled as final
states. We also keep only those transitions that have the sgmbols in the input pair. What

we are trying to prove is that for the same sequence of inpd¢sand M; would produce the
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Figure 2.6: FSM equivalence checking

same sequence of outputs. In other words, any state withrafoaon-identical outputs should
never be reached. Since such states are the final states jpnaithect FSM, they should never
be reached. Therefore the product FSM should not acceptamguége. This notion is called
language emptiness. Showing language emptiness meainsgsteom the set of initial states in
Ms x M; and performing a reachability analysis. If any of the finalts$ is reachable, then the

specification and implementation are not equivalent.

P1 @ p2 P =P2always leads to P4

|
&

M

True/
False + counter -example

Figure 2.7: Model checking of a transition system

2.2.3 Model Checking

Model checking [CGPO00] is a formal technique for propertyifieation illustrated in
Figure 2.7. The model is represented as a state transit&iaray(also called a Kripke structure),
which consists of a finite set of states, transitions betvetsies and labels on each state. The state
labels are atomic properties that hold true in that statee mbdel checking problem is simply

defined as a verification that a temporal property P is saliffiethe model defined as a state
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transition system (M,s), where s is the start state for thdehexecution. We write the model
checking problem aM,s = P. For example, in the model of a D-flip flop the state variables
would be the input, the clock, the output, its complement] e reset. The states would be all
possible values of the state variables. A simple properghire that if the reset signal is 0, then
eventually the output will be 0. In figure 2.7 we loosely defihas “if P2 is satisfied, then P4
will always be satisfied”. The model checker needs to get pugperties in a formal input format.

Temporal logics [Pnu77] are such formalisms that may be t@expecifying temporal properties.

Figure 2.8: Example of a computation tree

The most common temporal logic is the computation tree I¢GItL*). Formulas of
CTL* describe properties on computation trees. These mem$ormed by taking a start state of
the transition system as root and unrolling all reachablespfriom that state. Temporal properties
can by graphically visualized on this computation tree.uF&g2.8 shows the computation tree
rooted atS, for the transition system in Figure 2.7. CTL* formulas cahsif atomic properties,

temporal operators and path quantifiers. Temporal oparatolude

e Next state operator X, where X(P) means that P will hold instheond state,
e Eventual operator F, where F(P) means that P will hold some i the future,
e Always operator G, where G(P) means that G will hold all thestj

e Until operator U, where U(P1, P2) means that P1 will holdIup& becomes true, but may

not afterwards
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e Release operator R, where R(P1, P2) means that P1 will sidibg true from the last state

that P2 was true

Besides the temporal operators, we define path quantifideaomputation tree. Quantifier A(P)
implies that P will hold true on all paths on the tree and gifi@nE (P) implies that P will hold true
for at least one path of computation tree. Using these opsraind quantifiers, we can express
our original property “if P2 holds then P4 will always holddfn figure 2.7. Since P2 only holds

in states,, we can pose this model checking problem as
M.s; = A(F(P4))

The model checker works on the state transition system ohtbdel and the given
property and produces a result TRUE is the property holdsdnmodel. If the property does not
hold, the checker gives a counter-example to show that theepty is violated. This feature of
model checking is very helpful in debugging because it gtesia readymade test case.

The major problem with model checking is the state spaceosiqi problem. The state
transition system grows exponentially with the number atestvariables. Therefore, memory
for storing the state transition system becomes insuffiaenthe design size grows. Symbolic
model checking [JEK90] avoids creation of explicit graph data structures faresenting state
transition systems. Instead, the atomic properties ané stnsitions are expressed as a boolean
expression of the state variables in the model. This allegithe problem of too many states to a

large extent.

2.2.4 Theorem Proving

In general, theorem proving [CRSS94, M.J88] is a technighera&za model is specified
in a formalism. The formalism provides for objects and cosifian rules to create models and a
set of axioms and inference rules to apply transformationa given model. Logic equivalence
checking may be considered a special case of theorem prowvimgre the underlying formalism
is boolean algebra.

Due to its generality and mathematical basis, theorem pgovan be applied to almost

any verification problem in any domain. In the domain of diteand systems, higher order logic
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is used to prove properties on models. The theorem proviaglgm may be posed as follows.
Given two expressions in some logic, derive a proof usingtiles of that logic and the problem
domain for the expressions’ equivalence or otherwise.

The proof uses certain assumptions about the problem daandimxioms of the math-
ematical logic. In the domain of circuit design, an assuorptinight be that power supply is
always at logic level 1 while ground is logic 0. The proof isstvucted by breaking down a com-
plex proof goal into smaller goals. The smaller goals ara gimplified using assumptions and
then passed onto automatic theorem prover. Theorem prawistjl a largely manual process.

Several steps of manually simplifying and breaking dowropgmals may be required before an

automatic prover can solve it.
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Figure 2.9: A CMOS inverter implementing= —x

We present a simple example of the use of theorem provingdofying circuits due
to Gordon [Gor88]. Suppose we have to prove that the CMOStigweircuit, shown in Figure
2.9, inverts the input logic. We start with the basic assummgt about voltage levels and logic
levels and the behavior of P and N transistors. The formul#ii®implementation is derived by
conjunction of the various components of the inverter. TecHication formula simply states
that the output is logical inverse of input. The proof pracezkes the implementation formula
and reduces it to the specification formula by a number ofsst&ach proof step uses either an
inference rule, an axiom or an already proven theorem.

Forthe CMOS inverter in Figure 2.9, let be the net connected to power supphbD).
Let wy be the net connected to groun@ND). Let x be the input and/ the output variable.

Using the assumptions about PMOS and NMOS transistors, itegéllowing assumptions (or
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inference rules)

2.1)

The specification of the CMOS inverter may be written as

Spe¢x,y) == (y = —x)
The implementation shown in the figure may be written as attral composition of the basic
modules defined in the assumptions 2.1. Hence, we have
Impl(x,y) := 3w;w,.V DD(w;) APMOSXx,w1,y) ANMOSX,Wa,y) A GND(wWs)

We have to prove that the implementation meets the speadiiGair

Impl(x,y) = Spe¢x.y) (2.2)
We perform a forward proof of theorem in 2.2 as follows

Impl(x,y) = 3Fwiwp.VDD(w1) APMOSX, wy,y) ANMOSX,W>,y) AGND(wW;), by definition
= Iwwa.(wg = T) APMOSX,wp,Y) ANMOSX, Wp,y) A (Wo = F), using 2.1
= Iwwa.(wg = T)APMOSX, T,y) ANMOSX, F,y) A (wp = F), by substitution
= (Awp.wp =T)APMOSX,T,y) ANMOSX, F,y) A (3wa.wp = F),
usingda.t; Aty = (Jat;) At2 if a does not occur ity
= PMOSXx,T,y) ANMOSX, F,y), since3w;.w; =T and(3w,.w, = F) hold

= (X=(T=y)AX—=(y=F)), using 2.1

= Impl(T,y) = (y=F),Impl(F,y) = (y=T), analyzing all valuations of
= Impl(x,y) = (y = —x), by all implementation valuations

= Impl(x,y) = Spe€x,y), by definition
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2.2.5 Drawbacks of Formal Verification

Formal verification methods have not been as well acceptiéeimdustry as simulation
based methods because of several drawbacks. Logical &nageachecking works only for com-
binational logic and FSM equivalence checking requires sptecification and implementation
machines to have the same set of inputs and outputs. Modekioke besides suffering from the
state explosion problem, is not suitable for all types ofgles Since it needs a state transition
system, it works best for control intensive designs liketgerol compliance etc. Automatic theo-
rem proving has not become very popular in the industry eeatiseveral reasons. The foremost
reason is the amount of manual intervention required iningnthe theorem prover. Since dif-
ferent applications have different kinds of assumptiord pioof strategies, it is infeasible for a
theorem proving tool to generate the entire proof autoratlyicSecondly, most designers lack a
background in mathematical logic. Therefore, it requiresige investment and long training time

for them to start using theorem proving efficiently.

2.2.6 Improvements to Formal Verification Methods

There have been several improvements to formal technigaets;ularly in model check-
ing. Symbolic model checking encodes the state transitystem using BDDs, which is much
more compact than exhaustively enumerating the statesransittons. Bounded model check-
ing [CKY03, KCYO03] is a variant of model checking that cheéka model satisfies a property
on paths of length at most K. The number K is incremented anilig is found or the problem
becomes intractable. Also, for bounded model checkingettiiee kripke structure of the model
need not be created, which alleviates the problem of statiesrn.

Partial order reduction techniques [ABH7] are usually used in model checking of
asynchronous systems, where concurrent tasks are ivedleather than being executed simul-
taneously. It uses the commutativity of concurrently exeduransitions, which result in the
same state when executed in different orders. Abstraatidmiques [CGL94] are used to create
smaller state transition graphs. The specified propertyeseribed using some state variables.
The variables that do not influence the specified propertglrenated from the model, thereby

preserving the property while reducing the model size.
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2.2.7 Semi-Formal Methods: Symbolic Simulation

The idea behind symbolic simulation is to significantly mirze the number of simu-
lation test vectors, for the same coverage, by using symhstsad of explicit test vectors. In
symbolic simulation [Bry90], the stimulus applies booleariables as inputs to the simulation
model. During simulation, the internal variables and otgfare computed as booelan expressions
of the input variables. In order to check for correctness,dttput expression is compared with
the expected output expression for logic equivalence. BBddsbe used to store the boolean ex-
pressions. Since, BDDs of equivalent boolean expressiande reduced to the same canonical
form, the equivalence of specified output expression to ksited output expression can easily be
checked. However, as the logic depth increases, the sizeedBDDs increases exponentially.
Therefore, for larger circuits, where the BDD size may blqw 8AT solvers [MMZ 01] may be

used.

2.3 Evaluation Metrics for Verification Techniques

In order to determine the most suitable verification metloo&, can define some metrics
to evaluate them. The three most common metrics that we stiSoere are coverage, cost and
scalability. Coverage of a verification method determines much of the design functionality
has been tested. Cost includes the money spent on purché&selsyfhiring of experts and the
training of users. Scalability of the technique shows if¢hare any limitations on the size or type
of design that we are verifying.

Formal verification claims to provide complete coveragewkeler, the coverage is lim-
ited to the given property and the richness of the formalisat is used for model representation.
For instance, model checking covers all possible statekdrstate transition representation of
the model for a given property. Logic equivalence checkimgecs the combinational part of the
model only. Nevertheless, the coverage of formal methddisey are applicable, is significantly
more than that of simulation based methods for the sameamen-tJsing assertions in the design
can help make better test cases that exercise the assettiereby ensuring that the tests are use-
ful and valid. Pseudo random testing, on the other hand, dvgeiherate a lot of test inputs that

are invalid for the design, and hence wasted.
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Cost and effort of a verification method influences the deplggse in which it is used.
For instance, the preliminary phase usually employs sitimmdo uncover most of the easy bugs.
This is because most designers have experience with siotutabls and debuggers and it is thus
cost effective. It is counter intuitive to employ expensivels and expert verification engineers
during early bug hunting. As the verification process camgand the design models stabilize,
bugs become harder to find. In the latter phase, specializédrmre expensive techniques like
model checking or theorem proving may be used. Assertioasalso used to generate more
directed tests and to verify correctness on corner casesuiiiersal 80-20 rule applies to most
design verification cases, that is, 20% of the total cost werc80% of the bugs and vice versa.

The performance of a verification method on different sizes abstraction levels of
models determines its scalability. Some methods like legjaivalence checking are limited to
RTL models or below. Similarly, model checking is consteairby the number of state variables
in the model. Compared to other techniques, simulatiorescatry well for alltypes of models.
Almost any executable model at any level of abstraction easitnulated.

If we look at the trend in the acceptance of verification téghes in the industry, we
find that methods with a severe drawback have been genevaligesl. Model checking suffers
from poor scalability and theorem proving is way too expemsthereby making equivalence
checking the most commonly used technique in the indusinyil&ly, assertion based techniques
may require extra cost but they are replacing pseudo randowiation because of their better

coverage. Universal adoption of new verification and asselthnguages is testimony to this fact.

2.4 Future of System Verification

The new challenges to verification of systems comes from et in size and com-
plexity of designs. Individually verified components do mairk together due to interface issues.
Also the sheer size of designs makes modeling and verifit&iimexpensive and time consuming.

To answer this challenge, we look towards a disciplinedesystesign methodology. To
design complex systems on chip, the level of model abstrattas been raised. If the semantics
of system level models is well defined, then they can be fdmadl Consequently, we can de-

fine transformations from models at one abstraction levahtther. The transformations can be
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proven to produce equivalence models. Thus, the traditimeshods can still be used at higher
levels of abstraction while correct transformations wileg time remove, the need to verify lower

level models for functionality.

2.5 Chapter Summary

In this chapter, we provided an overview of various verifmatstrategies being em-
ployed in the industry today. We showed how coverage of ticadil simulation is improved
by using directed test vectors instead of random vectorgsteBmonitoring techniques such as
graphical views of simulation results aid in understanding debugging of designs. Emulation
techniques provide “at-speed” simulation of the designdiyally prototyping it in hardware. We
also looked at formal verification methods that are slowdy,surely, making inroads into the veri-
fication market. We presented the theoretical aspects widlomethods such as logic equivalence
checking, model checking, theorem proving and symboliciition.

In conclusion, we found that as the size and complexity ofesysdesigns increase,
traditional techniques might not be able to keep pace. Aesystesign methodology will well
defined model semantics may be a possible solution to thdgmnobSpecifying the design at a
higher level of abstraction would make traditional verifioa and debugging tractable because
of smaller model size. Well defined model semantics wouldarigossible to define and prove
correct transformations for automatic model refinementer&fore, formalisms for representing

and correctly transforming models would make completeesysterification much faster.
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Chapter 3

Model Algebra

A modeling formalism may be defined as a set of objects and ositign rules that
represent relationships between the objects. Our goalhse a formalism that can allow the
designer to express executable system models at diffeggals| of abstraction. For instance,
one should be able to express a model that shows only theidnatity of the system using the
objects and composition rules of the formalism. Also, oneusih be able to express models with
structural details, using the same objects and composities. Given a model and its abstraction
level, one should be able to identify the various structaréifacts within the model. Finally, a
model expressed in such a formalism, should be executalitata may be used to evaluate the

design. The formalism must, therefore, have clear exetsgnantics.

3.1 Definition

A system can be viewed as a block of computation; with inpats@utputs for stimuli
and response, respectively. This computation block is o of smaller computation blocks
that execute in a given order and communicate amongst ttessseThus, for modeling pur-
poses, it is imperative to have primitives for computatioxd @ommunication. We will refer to
the computation units as behaviors. A behavior has portsallav it to be connected to other
behaviors. The units of communication are variables andradla. These communication objects
have different semantics. Variables allow a “read, compun# store” style of communication,

while channels support a synchronized double handshale aftgommunication. Composition
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rules are used to create an execution order of behaviorsodnidd their ports to either variables
or channels. A system is thus represented as a hierarclibavior composed of sub-behaviors

communicating via variables and channels.

3.1.1 Objects

The objects of MA can be defined as the tuple
<B,C,V,1,P,4>,where
B is the set of behaviors
C is the set of channels
7 is the set of variables
I is the behavior interface
P is the set of behavior ports

4 is the set of address labels

We also define a subsét' of B representing the set of identity behaviors. Identity
behaviors are those behaviors that, upon execution, peodncoutput that is identical to their
input. In general, we will use the convention of naming idgnbehaviors as followed by a
subscript. Each of the variables i hastypeassociated with it. We defin@ to be the subset of

7 such that all variables i@ are of typeboolean

3.1.1.1 Ports

Each behavior has an associated object called its interfibe interface carries the
ports of the behavior that are represented by their asgmtittt the behavior. Hence, to internal
behaviors of a hierarchical behavior, the port is seeh ag >, wherep € . The port is treated
like any other local variable except that we restrict operet on it, depending on itdirection
Local behaviors can either write to a port, in which case Kriswn as theout-port or they may
read from the port, in which case it is called theport. If both read and write are allowed, th port
is calledinout-port When the same pogis accessed from outside of behavipit is written as

b<p>.
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3.1.1.2 Addressing

Behaviors communicate with each other using either memochannels. Essentially,
memory based communication follows the SW programmingdigna, where one behavior writes
data into a variable through an out-port and another behes@als it via an in-port. Behaviors ex-
ecuting concurrently use synchronized data transactimmgst themselves for communication.
Channels serve as the media for such transactions. Eadattaon uses an address to identify
the sender and the receiver behaviors. The transactionshees be visualized to take place over
virtual links, that are labeled by distinct addresses. Exche links is associated with a channel.
Hence, such a link may be written as< a >, where the link uses channeblnd has the address
a. Two transactions on a channel cannot share a link if theynntake place simultaneously. In

other words, all transactions on a single link must be tpt@itiered in time.

3.1.2 Composition Rules

Composition rules on the objects in MA are defined as relatinoiMA. These relations
may contain two or more objects. Each composition rule eseatterm, which may be further

composed, in a particular format, to create hierarchichhbiors.

3.1.2.1 Control flow

A control flow composition R.)determines the execution order of behaviors during

model simulation. We write the relation as
q:b1&br&...&b,~~ b

whereVi, 1 <i<nbb € BuI,qe Q. The composition rule implies thatexecutes afteall the
behaviorsb; throughby, called predecessors in the relation, have complatetlq evaluates to
TRUE. R; is said tolead to bunder the conditior. It implies a synchronization whetemust
wait for all predecessors to complete. The degenerate dake control flow relation is of the
form q; : by ~ b. Here, we only have a single predecessoth stay start executing aftdy if g
evaluates to TRUE, even if there are other control flow retetileading td. A relation with a

TRUE condition, eg. 1b; ~ b, will be shorthanded as; ~ b,.
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3.1.2.2 Non-blocking write

This composition ruleR,,) is used to indicate that a behavior uses its out-port teewrit
to a variable or an out-port of its parent behavior. In theeazfsa write to a data variable, we use
the expression

b<p>—v

whereb < p > is the out-port of the writing behavior andindicates the memory into which
the data is written. In its other manifestation, this conifpms rule can be used to create a port
connection, written as

b<p>—I<p>

In this case, the composition rule indicates a port-map ie@kchical behavior. Note that p’ >

must also be an out-port or inout-port.

3.1.2.3 Non-blocking read

This composition ruleR,,) is used to indicate that a behavior uses its in-port to read
data from a variable or through an in-port of its parent barayn the case of a read from a data
variable, we use the expression

v—b<p>

whereb < p > is the in-port of the reading behavior ardndicates the memory from which
the data is read. In its other manifestation, this compmsitule can be used to create a port
connection, written as

I<p>—b<p>
In this case, the composition rule indicates a port-map iielchical behavior. Note that p’ >
must also be an in-port or inout-port.
3.1.2.4 Channel transaction

This composition ruleR;) indicates a data transfer link from the sender behavionto o
or more receiver behavior(s) over a channel. The semantiteeaomposition rule ensure that

the sender and the receiver(s) are ready at the time of theairdon. In other words, it follows a
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rendezvous communication mechanism. The sender and eeqmivts as well as the logical link

of the channel are also indicated in the relation. We write rtblation as
c<a>b<p>—bi<pr>&br<p>..&bh< pp>

whereb < p > is the out-port of the sending behavior amd< p; > throughb, < p, > are the
in-ports of the receiving behaviors. The transaction tgdase over channeal and uses the link

addressead.

3.1.2.5 Blocking write

This composition ruleRyy,) is used to indicate the port connection for the sender part
of a transaction. The sender behavior writes to the outgfdts parent behavior through one of
its own out-ports. Eventually, the port will be bound to amea transaction. Thus, the blocking
write relation facilitates the creation of hierarchy in thedel. We represent a blocking write by
the expression

<a>b<p>—I<p >

whereb < p > is the out-port of the writing behavior. The part< p’ > on the parent behavior
of b will eventually be bound to another blocking write relationa channel transaction relation

with address.

3.1.2.6 Blocking read

This composition ruleRy,) is used to indicate the port connection for the receivet par
of a transaction link. The receiving behavior(s) read(sirfithe in-port of their parent behavior
through one of their own in-ports. Eventually, the port of frarent behavior will be bound to
a channel transaction. Thus, the blocking read relatiotiittdes the creation of hierarchy in the

model. We represent a blocking read by the expression
<a> I<p>—b<p>&bp<p>..&b<pn>

whereb; < p; > throughb, < py > are the in-port(s) of the receiving behavior(s). The port
I < p/ > will eventually be bound to another blocking read relatianaocchannel transaction

relation. The address of the virtual link @ >) will be used for binding this port.
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3.1.2.7 Grouping

This composition ruleRy)is used to indicate a collection térmsformed using above
composition rules. Essentially, grouping is used to crhegrarchy of behaviors, by collecting the
various compositions of sub-behaviors, local channelsl@cal variables. This commutative and
associative relation is written as

l1.r2....NK

whereVi, 1 <i < n,r; € J{Rc, Raw, Rar, R, Row; Ror, Rg}.

Essentially, a grouping of model algebraic terms is anofimare complex) term. Nor-
mal set theoretic operations like union and substraction lmegperformed to manipulate complex
terms formed by grouping. For example, we can use the djtqperation to add another term to

a group as follows

(r1.ro....rn).fnp1 =102, Mgt
Similarly, we may substract a term from a group as follows
(r1.rg....fp) =i =re.ro...ri—1.fiz1...n

Finally, we also define belongs-taelation between sub-terms of a complex term and the complex
term itself as follows

Vi, such that I<i < n,rj € ry.ro...r

3.2 Model Construction with MA

So far, we have seen the various objects and compositiog @tiMA. In this section, we
look at how to construct hierarchical system models in MAgghese objects and composition
rules.

3.2.1 Hierarchy

Using the control flow relations, we can compose behaviorh #at they execute in a

desirable order. Most SLDLs provide for hierarchical cosipons of behaviors to aid modeling.
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Figure 3.1: Control flow within hierarchical behaviors

In MA, hierarchy is achieved using the interface object aadelation to behaviors. In figure 3.1,
a behaviolb (shown as rounded rectangle) is created by hierarchicaposition of sub-behaviors
b, andb,. Note thevirtual starting poinfVSP) and therirtual terminating poinfVTP) behaviors
of b. The VSP is the identity behaviesp, that is the first to execute insite Other sub-behaviors
of b are executed aftersp,, depending on outgoing control relations (shown using &no#rcs
and circular nodes labeled with control conditions) frespm,. We can see in figure 3.1 that the
VSP in this casessp, is triggering the execution of sub-behavioy. Due to its nature, a VSP
behavior would only have outgoing control to other sub-lvedta of b. Likewise, the identity
behaviorvtp, is the last behavior to execute insideand will only have incoming control from
other sub-behaviors & All hierarchical behaviors are assumed to have a uniquearfsia VTP.

Hence, the starting and terminating control relationb o&n be written as

VS~ b1y~ vipy

3.2.2 Parallel and Conditional Execution

Most SLDLs provide for special constructs to create diff¢itypes of behavioral hier-
archies. The common ones are parallel composition and twonai composition. Figure 3.2(a)
shows a parallel composition of behavidssandb,. A typical SLDL may allow construction of
a parallel composition using a statement like
par {run bg; run by}.

Let the resulting behavior be calldgl,. The execution obp, indicates that botly; andb, are
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ready to execute. The executiontmfy, completes when both; andb, have completed. In the
corresponding MA expressions,,,, andvtp,, serve as the starting and terminating points, re-
spectively, of the hierarchical behavibg,,. We can see, that insid®,,, b; andb, are allowed to

start simultaneously. This is ensured by the control retesti

VSR, ~ br.vsp .~ bp

par par

Hence, the parallelism is realized by orthogonality of tkecaition of behaviorg; andb,. The
control relation at the end

b1&by ~~ vt Popar

ensures that bothy andb, must complete their execution beforep, , executes. The execution
of vtp,,,, indicates the completion of the hierarchical behawigy:.

A typical if-then-elsestyle composition of behaviors is shown in Figure 3.2(b)irAde
pseudo code example for a hierarchical behakigp, is run by; if g1 == 1 goto 12 elsebreak;

The control relations dbssm can be written as follows in MA

Vsn)Par ~ bl'ql : bl ~ b2q/1 : bl ~ thOpar'bz ~ th)par

3.2.3 Variable Access via Ports

In MA, a variable (shown using rectangular box) is direciisilvie only to the behaviors

that are at the same scope of hierarchy as the variable iidwfefore, in order to access variables
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Figure 3.3: Using ports for non-blocking data flow in hiefacal behaviors

at higher levels of hierarchy, data ports are used. Portgisualized as tiny boxes on the behavior
interfaces. As shown in Figure 3.3, behavimrreads variables, present inbyier via the port
“in” of its parentb. Hence, to realized this port connection, we need termsffatrelnt levels of
behavior hierarchy. At the scope lofie;, we use the non-blocking relation — b < in >. At the
scope ofb, we use the port connection (shown using solid directed fnms the interface ob to

b1. We can write this as the relation
I<in>—by<p>

The dual of read port connection is the write port connecéisishown by the access of
variablev, from behaviorb, in figure 3.3. In this case, the port “out” tfis used to realize the

variable access. The term at the scopbigf is
b<out>—w,
while the term at the scope bfis

by, < p2 >— I <out>

3.2.4 Channel Access via Ports

As in the case of non-blocking reads and write, MA providesmaaism for blocking
reads and writes (shown using solid arcs labeled with linttr@gk) via ports. For instance, in
Figure 3.4, we see channel transactions ftoto b} andb), overc, labeleda; anda; respectively.
After zooming into the hierarchy df, we see that the transactions are taking place fopto b}
andb, to b,. The portsp; and p; of b makes the channelvisible tob; andb,. Therefore, using
the relation

<a>bp<pu>—I<pr>

34



a2
b

p22

Figure 3.4: Sharing channel for transactions with diffetdresses

behaviorb; can access channel However, this requirep, to be bound to the transaction link
addressed bg;.

In MA several virtual links may share a single channel. Eatthe virtual links are
assigned a different address, but the data transfer takes ph the same medium. Figure 3.4
shows an instance of channel sharing. Here, the two virtnks$ Iwith addresses: a; > and
< ap > use a common channel Transactions may be attempted concurrently on these. links
However, due to sharing of the channel, we can allow only caestction at a time. Thus, an
arbiter in the channel must ensure that only one transaatiay take place at any time. In MA,
this is guaranteed by the mutual exclusion property of tlenkl, where the channel is a shared
resource and each transaction is treated as a criticabrectihis allows us to connect several

different virtual links to the same channel.

3.2.5 Using Identity Behaviors

A class of behaviors in MA is known as the identity behavios the name suggests,
these behaviors have the same output as the input. As a tlesyltio not have any computation
inside them. They have two ports namely the “in” port for iegdhe input and an “out” port for
writing the output. In general, the identity behavior firsads data from the “in” port to a local
variable and then writes this variable to the “out” port. Hutual implementation of the read and
write within the identity behavior depends on the port canioas.

There are four basic manifestations of the identity behaagoshown in figure 3.5. In
the first case, as shown in figure 3.5(a), both the “in” and™potts of the identity behavioe;

are connected to variables. Hence, the respective read atedare non-blocking relations. In
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Figure 3.5: Various manifestations of the identity behavio

MA, the read/write relations ad; are expressed as
V—e <in>.e <out>—V

The second case of identity behavior is shown in figure 3.5(®re, the “in” port is
connected to a variable, hence the input is read using a lnakibg relation. On the other hand,
the “out” port is connected to channelHence, the output needs to be senb tsing a blocking

write relation. In MA, the read/write relations ef are expressed as
Voe<in>.c<a>g<out>—b<p>

The third case of identity behavior is shown in figure 3.5(g)ere, the “in” port is
connected to a channelhence the input is read from behaviusing a channel transaction. On
the other hand, the “out” port is connected to variableHence, the output needs to be written

using a non-blocking write relation.In MA, the read/writdations ofe; are expressed as
c<a>b<p>—e<in>.g<out>—v

Finally, the fourth manifestation of identity behavior fgosvn in figure 3.5(d). Here, the

“in” port of e4 is connected to a channefor reading data frono. Hence the input is read using
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a channel transaction relation. The “out” porteafis also connected to a channel naneedor
writing data tob’. Hence, the output is also written using a channel trarmacélation. In MA,

the read/write relations @&, are expressed as

c<a>b<p>—e<in>cd<d >eg<out>—b<p >

3.2.6 Hierarchical Modeling in MA

The model of a system is simply a behavior in MA. Typicallysia hierarchical behavior
showing the various components and connections of thersyastel the functionality within these

components.

Figure 3.6: A hierarchical behavior with local objects aathtions

3.2.6.1 Internal and Interface Terms

In MA, it is possible to represent a hierarchical behavica geouping of terms involving
its sub-behaviors, its interface and its local variables@rannels. Figure 3.6 shows a hierarchical
behaviorbyier. The expression for the hierarchical behavior is writteimgishe local objects and
their compositions. For instance, in the given behabjqy, we can see sub-behavidrs andbs.
We can also see control flow relations that determine theutgcscenario under the conditions
labeled on the control arcs. We also see data flow relatiooth, &mongst sub-behaviors and
between sub-behaviors and the interface. The groupindaifars between local objects will be

referred to as thinternal termsof a hierarchical behavior. Similarly, the grouping of talas
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involving the interface will be referred to as thderface term®f the hierarchical behavior.
We can write the hierarchical behavior as a grouping of alliriternal and interface
terms, along with the internal terms of its sub-behavior&ie rouping of internal terms for a

given behaviob is represented db|. Thus, we can write

[bhier] = [VS p)hier]'[bl]'[bz]'[vt p)hier]'vs p)hier ~ bl'ql : bl ~ b2'

O : b1~ VP02 ~ Wty b1 < P12 >— Vv — by < po1 >
The interface terms diyier are represented bipier|. From figure 3.6, we can see that
bhier| =<@a>: I <py>—by <puu>.bp<ppo>—I<p>

Finally, we write the hierarchical behavior as a groupingtsfinternal and interface
terms. We will use the convention of enclosing the expres$iw a hierarchical behavior in
braces. Therefore, we get

bhier = ([bhier]-|bhier|)

-
N

(b)
Figure 3.7: Hierarchical behavidm, showing (a) local scope, and (b) all scopes down to leaf

behaviors
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3.2.6.2 Multiple Levels of Hierarchy

In the above example, a conditional hierarchical compmwsivas created. The resulting
behaviorbyier can be used further to create more hierarchical behavioos.inStance, in Fig-
ure 3.7(a), we see behavibgier in a parallel composition with behavidi. The two behaviors
exchange data using the virtual link addresagdver channet. The hierarchical composition

results in a new behavior calldgl,. The expression fdop,, is written in MA as follows
bpar = ([VS n)par]-[bhier]-b3-[Vt pbpar]-vS IQ)par ~ Dhier-VS IQ)par ~ D3.bhier& bz ~ thbpar-

c<a>:bz< ps1 > bhier < P1> bhier < p2>—I<p>)

The model of the system can be expressed in Model Algebrg asset of equations (as above)
where each hierarchical behavior is expressed as a groapitglocal behaviors and control and

data depenency terms.

3.3 Execution Semantics

In order to define the execution semantics of MA, the contetdtions in the model
are captured using thBehavior control grap{BCG). BCG is simply a graph representation of
the control flow in the model. Control dependencies impligdh®e rendezvous transactions on
channels are also converted into BCG arcs to derive an ezacutodel of the system. In this
section we will first look at the formal execution semantiéstmdel algebra using the BCG.
Then we will look at semantics of channel transactions andthe control dependencies of such

transaction links can be translated to BCG form.

3.3.1 Behavior Control Graph

The BCG is similar in principle to the Kahn Process Networkalfg4], but with some
remarkable differences.lt is a directed graph BCG(N,Ehwito types of nodes, namefehavior
node¢Ng) andcontrol nodefNg). The behavior nodes, as the name suggests, indicate behavi
execution, while the control nodes represent evaluatiotoofrol conditions that lead to further

behavior executions. Directed edges are allowed from bhehaedes to control nodes and vice
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Figure 3.8: The firing semantics of BCG nodes

versa. Also, a control node can have one, and only one, onggaige. Thus,
E(BCG) C Ng(BCG) x Ng(BCG) UNg(BCG) x Ng(BCG)

There is a one to one correlation between the BCG and theataatations of the MA

representation. A relation of the form
g: b1&bo&...&b, ~~ b

translates to a BCG with a control nodg,(n+ 1 behavior nodedxbs, ...,b,) andn+ 1 directed
arcs (bs,q), ..., (bn,q), (g, b)).

The execution of a behavior node, and similarly, the evianah a control node, will
be referred to as firing. Node firings are facilitated by tokens that circulate in glueues of the
BCG as shown in Figure 3.8. Each behavior node (shown by emiedged box) in the BCG has
one queue, for instandel_queuefor behavior nodds;. All incoming edges to a behavior node
represent the various writers to the behavior's queue. dh&@ node (shown by circular node),
on the other hand, has as many queues as the number of incechjjeg. Note that a control
node may have only one outgoing edge. This restriction idldirectly from the control flow
composition rule of model algebra. As shown in Figure & &ask queues, one each for edges
from by throughby.

A behavior node blocks on an empty queue and fires if there lisaat one token in

its queue. Upon firing, one token is dequeued from the nodessig After firing, a behavior
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node first updates all variables that it is writing to. Thergdnerates as many tokens as its out-
degree, and each token is written to the corresponding qoietie destination control node in a
non-blocking fashion.

A control node, sequentially checks all its queues and Blackempty queues. That is
if an incoming edge’s queue is empty, we must wait until theslv@r on the other end of the edge
has fired. If the queue is not empty, it dequeues a token frengileue and proceeds to check the
next queue. Once we have dequeued one token from each oftcthreiimy queues, the condition
inside the control node is evaluated. If the result is TRWENtthe control node fires. Upon firing,
the control node enqueues one token to the queue of the akestirbehavior in a non-blocking

fashion. The process of checking the incoming queues iategendefinitely.

3.3.2 Channel Semantics

The channel object allows for rendezvous communicatiorag3o Mil80] between two
concurrently executing behaviors. As discussed befordyaarel transaction implies a control
dependency between parts of the communicating behavioihoMY loss of generality, we can

assume both the sender and the receiver to be identity lmekavWe will follow this assumption

a a
e e

time

in all future discussions.

Case A: wait wr  wait
Writer arrives first

d,

wr  wait
Case B: e——>
wait rd

Reader arrives first

Atomic Transaction

Figure 3.9: Timing diagram of a transaction on a channel
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3.3.2.1 Channels with single transaction link

Figure 3.9 shows a transaction taking place over chann&k can express this transac-
tion MA using the ternt < a >: g, < out >— g4 < in >. The timing diagram for this channel
transaction shows two instances of execution. In the firstaimce, called Case A, the writer
reaches the communication point before the reader. By thismean that during model execution,
ewr IS scheduled to execute befagg. However, the rendezvous semantics dictate éhamust
wait until 4 is ready before executing. It may be noted that if there isrerobdependency from
ewr 10 &4, the resulting model would deadlock. Heneg, must be allowed to start independently
of e,r and vice versa. Onogy is ready to start the transaction, it notifeg. The transaction is
thus initiated bya,, that performs a write on the channel. Subsequeatiyreads the data from
the channel.

In the second execution scenario, called Case B, the reasieneduled before the writer
is ready. This forcegy to wait until e, is ready to start executing. The shaded part of the
execution, in the timing diagram, indicates the atomic reanf the transaction. Note that the
channel resources (i.e. its local memory) are occupied duiyng the actual reading and writing

of the data, not during synchronization.

time

Arrival times
A e2be2

Waitl Wait2 wr(al) rd(al)

Transaction times wait 'wr(a2) rd(a2
—

Atomic Transaction

Figure 3.10: Multiple competing transactions on a singlanciel
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3.3.2.2 Channels with multiple transaction links

As discussed earlier, channel sharing is possible forréiffievirtual links, but the trans-
actions are ordered in time. This mutual exclusivity of s@rtions can be achieved by the use of
semaphores or arbiters. Thus, the shaded part represémtiagtual data read and write over the
local memory of channel is mutually exclusive. Considerabefiguration shown in figure 3.10.
In this case, two virtual links, addressadanda,, are shared over channel These links can be

written as a grouping of the following terms
c<a1>:e1<out>He(1<in>.c<a2>:e2<out>|—>e’z<in>

The timing diagram shows the actual arrival schedule ofdhie dommunicating identity behaviors
and the resulting communication schedule on the channeé tKat despite the fact thef arrives
first, transaction on, takes place before that @q. This is because, the data transfer of transaction
addressed, is ready to be performed before that &r Thus, the data transfers on the channel are
scheduled on first-ready first-serve basis. Although thestretion org; is ready to be performed

whene] arrives, it must wait for the duratiomait, since the transaction addresseds in progress.

3.3.3 Control paths and dominators

We will now define some useful control flow relations betweehdviors in a model,
based on the model's BCG. A control path from a behakiato b, in modelM is simply a nhon-
zero length path in the BCG &l from node representinly; to node representinty,. If such a
path exists, theh, is said to baeachablefrom by, elseb, is said to baunreachabldrom b, .

A behaviorb is said todominatecontrol flow fromb; to b, in a given modelM, if
during execution oM, b always fires at least ond®tweerany two unigue firings ob; andbso.

This relation betweeh, b; andb, is written as
b (bg,by)

It must be noted that the dominator relation does not mearbthaust exist in all control paths
from by to by. Figure 3.11 shows BCG of a simple model with four behavimrthroughb,. The
control paths fronb; to by are indicated by thick broken arrows labeled CP1 and CPZnthe

easily seen thdt, > (by,bs), since any firing oby is always preceded by a firing gf andg, does
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Figure 3.11: lllustration of control paths

not fire untilb, has fired. Howevel, does not exist in the control path;, s, bz, g4, b4) (labeled
CP2).

A special case of the dominator relation is as follows. Assuhere exist behaviofs
andb’ in modelM such that during any execution bf, there is atleast one unique firing lof
before every unique firing ofY. We say thab dominatedy and we will write the control relation

betweerb andb’ asb>b'. It can be easily seen that
b>b' < (b>(vspb') Abe (b, b))

The RHS of the above equation indicated thahust fires once between the firing wép (start

of model execution) and the (first) firing bf. Any subsequent firings df (after its first firing)

should also follow a unique firing df, as guaranteed by relatidn- (b/,b’). This is equivalent to
b b’ by definition of the dominator relation.

From the above definitions, we can also make the followingoltadions

bicbyAborbs = bzl>(b1,b3) (3.1)

bi>byAborbs = byi>bs (3.2)
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3.4 Notion of Functional Equivalence

Before we begin to verify models written in MA, we must firstadish a formal notion
of equivalence. There are several possible notions of atpnce for process algebras like trace
equivalence [BNPO02], bisimulation equivalence [Mil80Has0 on. The basic purpose of a formal
equivalence notion is to be able to distinguish differentiels written in a formalism. An equiv-
alence notion is said to Istrongerif it distinguishes more models. For instance two models may
be trace equivalentbut notbisimulation equivalent However, all models that are bisimulation
equivalent are also trace equivalent. Therefore, bisitimnlds astrongernotion of equivalence
compared to trace equivalence. Conversely, trace equsalisweakerthan bisimulation. The
strongest possible equivalencasesmorphismwhich indicates a syntactic equality of two models.

An interesting comparison of formal notions of equivalentay be found in [vGG89]

3.4.1 Value Traces

Our notion of functional equivalence is based on the tracalfes that certain interest-
ing variables hold during model execution. We will refer tals variables asbserved variables
Given a modeM and a set of its observed variables, §&%, let Inity be the initial assignment
of all the variables ifO\y. Letv € Ovy. We definety (v, Inity ) as the set of all possible traces of
values assumed by when modeM is executed with initializatiornity,.

Figure 3.12 shows a simple model, 9y We have shown the function inside leaf level
behaviors to demonstrate the trace values. X.atdy be the observed variables, with an initial
assignment of 0 and (undefined). When modé¥l is executedp; fires aftervsp setting the
value ofy to 2x0 = 0. sincex < 2, b, fires and incrementsg to 1. This is followed by another

firing of b; and so on. Hence, for the given scenario, we have

OVim = {XVy}
Inity = {O,U}
v(xInity) = {{0,1,2,3}}

TM(y>|nitM) = {{U70727476}}
The model terminates with= 3 andy = 6. However, it is possible that model execution
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Figure 3.12: Example of a mode¥) with unique value trace

may never terminate and the traces are infinitely long.

Figure 3.13 shows a new model, sil. In this model, the behaviords; andb, are
rearranged to execute in parallel. As in the previous case,dndy be the observed variables,
with an initial assignment of 0 arld (undefined). When modéll’ is executed, eitheln;, or by,
may fire first aftere. Therefore, the value of may become 0 ib; fires first, or become 2 if,
fires first (modifyingx to 1). However, by the time, executex is definitely 1. Sincex < 2, e;
fires again, allowing eithdp; or b, to fire first. The process continues untibbecomes 3, Hence,

for the given scenario, we have

Ovn = {xVy}
Inity = {O,U}
Tw(x Inity) = {{0,1,2,3}}
ynity) = {{U,0,2,4},{{U,0,2,6},{{U,0,4},
{{U,0,4,6},{{U,2,4},{{U,2,6},{{U,2,4,6}}
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Figure 3.13: Example of a moda¥l() with several possible value traces

3.4.2 Trace based equivalence

Given two modeldM andM’ expressed using model algebra, we wish to determine if
they are equivalent with respect to some well defined notioeqoivalence. First, we need to
determine a correlation between the two models based on rispective observed variables.
We choose the observed variables of a model as the set ofrebles in a model that are not
written exclusively by identity behaviors. The reasonisghat variables that are connected to
the output ports of identity behaviors are simply a copy afthar variable. Informally speaking,
we consider two models to be functionally equivalent, ifyth@ave one-to-one correspondence of
observed variables and the trace of values assumed by thaables during model execution is
identical, given the same initial assignment. The traceslishbe identical for all possible initial
assignments.

More formally, in order to show equivalence fandM’, we require that,
|OVm| = |OViw|
and there exists a bijective mapping fr@v, to Ovy. We will represent the mapping of respec-
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tive elements by the- symbol. Therefore, we have
Vv € OV, 3V € OV, such that « vV

Let Inity be the initial assignment of all variables @, andInity; be the initial assignment of

all variables inOVy;. ModelsM andM’ are equivalent if
Vinity, Inityy, Yv € OV, V' € OViy, such that < V/
if the initial assignment of is equal to the initial assignment @f then

™ (V, |nit|\/|) = TMI(\/, I nitM/)

3.5 Transformation laws of MA

We will now define laws of MA that will allow us to perform uséfiwnctionality pre-
serving transformations on a model. For clarity, We will derstrate these transformations on the
graphical representations of the model. The transformatt@n also be shown on corresponding

MA expressions, since the two representations have ooedazorrelation.

Figure 3.14: lllustration of flattening law

3.5.1 Flattening of Hierarchical Behaviors

Addition of hierarchy allows the designer to group diffdarbehaviors together. It does
not add any functionality to the model. For functional vatidn, we need to be concerned with

only the leaf level behaviors. Hence, we may get rid of higraiby flattening the model. The law
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for flattening a hierarchical behavior follow from the seriesof hierarchical behaviors in MA.
Consider the hierarchical behavibyg in figure 3.14.According to the semantics of the VSP, any
control relation leading tdy, is effectively leading torsp wherevspis the virtual starting point
of behaviorby,. This is becausgspis always the first behavior to execute inslige Similarly, in
any control relation wherby, is a predecessor, it may be replacedvby. This is becausegtp is
always the last behavior to execute insige

To enable data flow, hierarchical behaviors allow for port$heir interface. These ports
are essentially a conduit for data transfer from one leafibien to another. During flattening,
these ports can be optimized away by appropriately makimg pet connections as shown in
RHS of Figure 3.14. A virtual link addressedover channet is used for blocking data transfer
from b,. However, due to the hierarchical behavigr channek is not visible from the local scope
of bp. Thus, a port is used to facilitate the connectiorbpfvith channelc. When the interface
of by, is removed during flattening, we can directly connlecto channel. Similarlyp; may be
directly connecting to variablkeduring flattening. Boolean functions for control conditanside
the hierarchical behavior may have in-ports as paramefausing flattening, when in-ports are
replaced by their port maps, the boolean functions for tlrobconditions must be updated by

replacing the in-port parameter with the port map.

3.5.1.1 Flattening rule

The flattening transformation rule consists of severalastit manipulations of model
algebraic expression as shown below. Assume lthas the hierarchical behavior which is a
sub-behavior ob that we are trying to flatten. Letsp, be the virtual starting point db, and
vt p, be the virtual terminating point dj,. It must be noted that the flattening transformation is
atomic, that means all the following syntactic manipulasionust take place together in a single

transformation step.

() Vq,by,...bn, suchthag: b1&...&by ~~ by € b,
b=(b—q:m&...&by~~ by).q: b1&...&bp ~ vspy

(i) Vq,bq,...by, 0 such thay: b;&..&br&..&b, ~ b’ € b,
b=(b—q: )& .&bn&..&b, ~b).q: b1&..&Viph&..&b, ~ b
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(i) Vp,pn,p € P, suchthab, < ph>— I <p>ebAb<p >— 1< p,>€b,

b=bW<p>—>I<p>),b=b—(bh<ph>—1<p>)

(iv) Vp',pne€ P,ve v, such thaby < ph >—vebAb <p >— I < py>€ by,

b=b.(b<p >—v), b=b— (b, < ph>—V)

(V) Vp,pn, P € P,ge Qsuchthatl < p>—by<ph>ebAlI<ph>—b <p >eb,qg=
fo(... ] < pr>...),
b=b(I<p>—>b<p>),b=b-(I<p>—by<ph>),q="f(..I<p>..)

(vi) Vp,pr e P,ve V,ge€ Qsuchthat — by < pp >e bA T < ph,>— b < p >eby,,q=
fo(coe I < Pn>...),
b=b(v—ob<p>),b=b—(voby<prh>),q="fp(..I<p>..)

(vii) Yae 4,p,pn, p € P, suchtha:bh < ph>— I<p>cbra:b <p >— 1< p,>€h,

b=b(a:b<p>=I<p>),b=b—(a:bh<pr>—I<p>)

(vii) Yae 4,pw,p,ph€ P,ceC, suchthac<a>:b,<ph>— by < py >€b
na: b < p >—I<pnh>€bn,

b=b(c<a>b<p>—by<py>),b=b—(c<a>by<pn>—by <py>)

(ix) Yae 4,p,pn, P € P, suchthat: I < p>—by<pr>cbra: I <py>—b < p >chy,

b=b(a:I<p>—b<p>),b=b—(a:I<p>—b,<pn>)

(X) YVae 4,py,p,phe P,ce C, suchthat<a>:by < py—by<py,>€b
Aa: I < ph>—b <p >ehy,

b=b(c<a>by<py>—b<p>),b=b—(c<a> by <py—by<pn>)

3.5.1.2 Soundness proof

The soundness of flattening rule follows directly from th&rdgon of hierarchy in MA.
By definition of the VSP of behavidu,, firing of by, starts with the firing of/sp,. That is a token
enqueued foby, in the BCG of hierarchical model corresponds to a token emegiéorvsp, in the

BCG of flattened model. Similarly, the firing bf, completes with the firing of itst p,,. Therefore,
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we can say that
Vge Q,% € B,q: X1&X2...&Xn ~ bh = 4 X1&X2...& Xy ~» VS, and

Vqe Q,Xxe B,q:..&bh&... ~ X=Q: ...&bh&... ~ vip,

Therefore, manipulations (i) and (ii) of the flattening rale sound.

The firing of a behavior results in reading of variables thratraapped to its inport and
the updation of variables mapped to its outport. Fob/adluch thaty is a sub-behavior dfy, the
firing of b’ updates all variables mapped to its outport. If the out pafrké are mapped to out ports
of by, then the variables mapped to the latter will be updatedréfbee, by inductive reasoning,
manipulations (iii) through (vi) are sound. Using a similaasoning for port mappings for ports
connected to channel, we establish the soundness of mamgnd (vii) through (x).

; 2 out -\‘ 5
bl 02 ) v

!

Figure 3.15: Resolution of channels into control depensnc

3.5.2 Control flow resolution of links

As seen during the discussion of channel semantics, thenelgaim MA imply control
flow dependencies between communicating behaviors. Outualegoal is to collect all control
dependencies resulting from transaction links and ingateothem into the BCG. We will now
see how to resolve the transaction links in MA models intotmdrdependencies. Figure 3.15
demonstrates this control dependency extraction and thificegion of data dependencies.

Recall our assumption that blocking relations and chamaekgction relations can in-
volve only identity behaviors or hierarchical behaviorshu$, for the purpose of control flow
extraction from channel transaction relations, we needtsicler only the case where sender and
receiver are both identity behaviors. The synchronizgimperties of a channel would ensure the

following two premises:
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1. Any behavior following the sender identity behavior webuot execute until the receiver

identity behavior has executed.

2. Any behavior following the receiver identity behavior uld not execute until the sender

identity behavior has executed.

If we were to optimize away the channel to extract only thetrmrmlependencies, the result will
be as shown in figure 3.15. As per the above premises, behaviotlowing sendere; cannot
start untile, has completed. This is guaranteed by adding théerq; ) to the BCG. In the dual
of the above casdy, following e, is blocked until the sendes has executed. This premise is

ensured by adding the are; (qp).

3.5.2.1 Linkresolution rule

Assume thabis a hierarchical behavior, with identity sub-behavierande,. We will
also assume that the input and output ports of both thesétidbehaviors are named andout
respectively. Let there be a channel transaction link fearto e, over channet, with address.

Also, lete, write to variablev. Hence, we have
c<a> g <out>—e<in>bAe<out>—veb

The link resolution rule consists of several syntactic rpataitions of model algebraic expression
as shown below. It must be noted that the flattening transftom is atomic, that means all the

following syntactic manipulations must take place togethe single transformation step.

() Vge Q,by € B, suchthaq: ...&e1&... ~ by € b,
b=(b—q:..&e&...~Db1).q:..&e1&e&... ~

(i) Vge Q,by € B, suchthag: ...&e&...~ by € b,
b=(b—q:..&e&...~D0).q:..&e1&e&...~ by

(i) b=b—c<a>:g <out>—e <in>

(iv) b=(b—e <out>—v).e <out>—v
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3.5.2.2 Soundness proof

The soundness of link resolution rule follows from the défim of transaction seman-

tics for channels. Assume a modélwith transaction
c<a> g <out>—e <in>

From the channel semantics, firing &f is not complete until firing ok, is complete and vice
versa. In other words, all control nodes in the BCG of M thatehedges frone; will not fire until
&. Note however, that any such control node, gagnay not have an explicit edges fraan The
synchronization semantics of the transaction link havestirae effect on firing o, as if there
were a an extra edge,q) in the BCG of M. Therefore, the LHS and RHS in manipulations (i
and (ii) have the same firing results in the respective BCG31cd manipulations (i) and (ii) are
sound.

By definition of identity behaviors in Section 3.2.5, thenitley copies any incoming
data (non-blocking or blocking read) to its out port in eitleeblocking or non-blocking way.
Therefore, whem, fires, it reads its in port and sends dat&tia c and using address Assume
thate, writes to variablev. The channel transaction and relatien< out >— v is equivalent to

e; — V, sincee; does not complete firing unté. Hence, manipulations (iii) and (iv) are sound.

Figure 3.16: Variable merging

53



3.5.3 \Variable merging

By definition, identity behaviors copy a value from one valgato another when they
are fired. Data read relation from the copy variable may bceg by data read relation from
source variable using the variable merging rule. The souadable, say; is identified as the one

which is connected to the in-port of the identity behaviag evia the relation
vy —e<in>

wherein is the inport ofe. The copy behaviow; is identified by its connection to the out-port of
e by the relation

e<out>—\V,

Figure 3.16 illustrates the variable merging rule. On theS| Hhe source variabhg is written by
behaviorb; while the copy behaviow, is read by behavidp,. After v, is merged intos;, behavior
b, can read the merged behavigras shown on the RHS. Such merging of variables is possible
only if the identity behavioefires at least once between any firingogfandb,. In other wordse
must dominate the control flow froim to bs.

The merging of variables also has implications on the cowtaditions. The control
condition is nothing but a boolean function of the variabtethe behavior. If a control condition,
sayq, depends on the copy variable, then during merging the capgghble must be replaced by

the merged variable in the boolean functiorgof

3.5.3.1 Variable merging rule

Assume thab is a hierarchical behavior, with identity sub-behaveosind variables,

andv, such that
vi —e<in>cbAe<out>tow cbA Ab(#£e) e B,peP sth<p>—wveb
Also Vby, b, € B, p1, p2 € P, such that
by <pr>—>VviAvo—by < pr>
if ex(by,by), then the following syntactic manipulations may be perfednfor variable merging
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(i) Vo e B,ppe P,b=(b—Vvo = by < p2>).vy — by < pp >

(i) VG = fo(o. Vo), q = ooy Va, )

(i) b=(b—e<out>—wv)—v; —e<in>

3.5.3.2 Soundness proof

The soundness of variable merging can be proved as follovesn Ehe assumptions for
application of the rule, we know thatis the only writer tov,. Also, by the dominator relation,
e fires at least once between a firing of any writewpfand firing of any reader of,. Letb; be
a writer of v; andhb, be a reader of,. Whenb; fires, it updates; with a value, say. After
b, has fired, and before any firing bf, identity e fires and copies$ into vo. Therefore, foh,,
it does not make a difference if it is reading or v», since it will read the same absolute value.
We will assume without loss of generality that no other wriakv, and no other reader @b fire
meanwhile.

We also know that, is not an observed variable in the model, since it does nat hav
a non-identity writer. Since the control dependencies dachange during variable merging, the
firing partial orders of the behaviors will also not change: ddir previous argument, under the
given assumptions, all the behaviors continue to read tine salues as before for all their firings.
Therefore, the firing results guarantee the same trace obablrved variables before and after

variable merging. Hence, the variable merging transfaomaule is sound.

3.5.4 Identity elimination

The identity behavior, by definition, does not perform anynpatation. If an identity
behavior does not write any variables in the model, it may ft@zed away using the identity
elimination rule.

The example illustrated in figure 3.17 shows three diffecases in which identity elim-
ination can be applied. In Case (a), on the LHS we have aniigdrghaviore, with 1 incoming
control edge from control nodg andm outgoing control edges to control nodgisthroughg,,.
As illustrated in the figure, the outgoing control nodes mayehcontrol edges to it from behav-

iors other thare. After optimization ofe using identity elimination, the incoming control node is
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Case (b)

Case (c)

The second case in which identity elimination may be apgbedhen we haven > 1

Figure 3.17: Identity elimination rule

merged with each outgoing control node to fonmmew control new control nodes. Each of the
new control node conditions is the conjunction of the respegncoming and outgoing condi-
tions (that isoq1 A of where 1<i < m). The predecessors of the merged control node are derived
by the union of predecessors of the respective incoming atgbing nodes. The successor of the

merged control node is the successor of the respective ingtgode.

control edges ta and only 1 outgoing control edges froen After the transformatiom new

control nodes are formed by merging each incoming contrdeneith the outgoing node;. As
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in the previous case, each of the new control node condit®tie conjunction of the respective
incoming and outgoing conditions (thatgs\ ¢; where 1< i < n). The predecessors of the merged
control node are derived by the union of predecessors ofgpective incoming and the outgoing
nodeq;. The successor of the merged control node is the successue gif as shown in Figure
3.17(Case c).

The third, and final case, of identity elimination rule isiftrated in Figure 3.17(Case c).
Here, we have > 1 incoming control nodes ard > 1 outgoing control nodes. The difference in
this case is that the outgoing control nodes hase their only predecessor. After the transforma-
tion, we getm x n merged nodes, where each node has the control conditiom asiijunction of
the respective incoming and outgoing control conditioaf(thg; Aq’j where 1I<i<n,1 < j<m).

In all the above cases, the transformation rule applies ibtiy new condition node in
the transformed model will fire only if the respective incagiand outgoing nodes had fired in the
original model, for the same execution scenario. This isiEtsby restricting the identity elim-
ination only if none of the variable that the incoming nodealeds on can be modified between

the firing of incoming node and the outgoing node.

3.5.4.1 Identity elimination rule

Recall that a control path from a behavior or control nodentatlzer behavior or control
node in a given modeM, is the ordered set of behavior and control nodes represgtiité control
path in the BCG oM. We will simply write a control path from behavidwrto control nodeg as
CP(b,q). Note that there can be multiple control paths or no contathgromb to g. We will
assume that we are eliminating identity behawvith n incoming control edges and outgoing

ones. If the following condition holds true,
() Vi,1<i<ngeQbeBqg:. &b&. . ~eecbVjl<j<md:. .&e&..~Dbeb
(i) Ave V,st.e<out>—veb

(i) WeV.byeB,pne?P, s.t.g= (. ,v\.)Aby<pu>—V,
Adj, s.t. 3CP(bw, ) Adi ¢ CP(bw, qj)

(iv) if n>1Am>1vqd eQ,b,b"e B Aq:..&b'&e&...~b b
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then the identity elimination rule can be appliedegasing the following syntactical

manipulations

() Vi,j,1<i<nl<j<mg:b&. &by ~ecbnd: . .&e&...~ 1 eb,
b=b.((GA): .. &D1&..&Dn&... ~ 1Y)

(i) Vi,1<i<n,qg:bi&...&b,~~ecbb=b—(qg:b1&..&by~~€)

(i) Vj,1<j<md:..&e&...~b ebb=b—(q:..&e&...~ D)

3.5.4.2 Soundness proof

According to the assumptions of the identity eliminatiokerthere does not exists any
variable in the model such thatis writing to it. We will consider the soundness for the three
different cases as shown in Figure 3.17.

In Case (a), consider the BCG for the models on LHS and RHSwhHIS there is only
one control node); such that there is a control edge framto e in the model's BCG. Behaviors
nodes forb; throughb, each have an edge ¢p During execution of LHSg; fires when all ofb;
throughb, have fired. Themy, is evaluated. If it is true, then it fires, leading to the firoige and
the subsequent evaluation and possible firingiahroughap,. A nodeq), where 1< j < mwill
fire only if gy is trueand g is also true. From assumption (iii), we know that none of thiables
that q’j depends on will be updated between the firingipfind q’j. Therefore the evaluation of
q; at the same time as the firing of will produce the same result as firing gf aftere. Thus,
the two evaluations can be replaced by the evaluatiomy @fq’j beforee fires. Generalizing for
all control nodesq’j,l < j <m, we get the same firing results as the model on RHS. Therefore,
identity elimination rule is sound for Case (a).

Now consider the BCGs for the models on RHS and LHS of Casédibthe LHS, the
identity e, to be optimized, has control edges francontrol nodes namelg; throughg,. There
is one control edge frore to nodeq;. During execution of the model on the LH8will fire if
one ofq; throughgq, fire. Upon firing,e enqueues a token in the queue for edgey)). If the

other predecessors df also fire, therg; will be evaluated and may potentially fire, leading to
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firing of b’. Without loss of generality, let us assume thatl < i < n fires. That means that all
predecessors df;, saybj; throughby, must fire. Again, using assumption (iii), the evaluation
of o will yield the same result if it fired at the same timeas Therefore, ifg A g} is true (at
the time ofqg;’s firing, thenb’ will fire, otherwiseb’ will not fire. Now, generalizing our result
foralli,1 <i < n, we deduce that the execution of LHS and RHS models will hagesame set
of possible traces for all corresponding observed varsablehis is because does not write to
any variable and the firing results for all non-identity beébes have been shown to be identical.
Therefore, identity elimination rule is sound for Case (b).

Finally, we look at the BCGs of models on the LHS and RHS of GakeThe identity
behaviore, that will be eliminated, has incoming control edges anmu outgoing control edges
to nodesq, ..., 0, andd;, 05, ..., O, respectively. Consider control nodg where 1<i <nand
control noderj, where 1< j <m, such that edgej;, €) and(e, qj) exist in the BCG of the model
on the LHS. Lett; be a behavior node such that edgg, 1) also exists in the BCG of LHS
model. Letb;j; throughbi be all the behaviors with edge tp. From assumption (iv), we know
that there are no behaviors, besidghat may have and edge q(p Without loss of generality, we
assume that during model executidm, throughbiy fire resulting in the evaluation af. If q; is
true, e fires leading to evaluation mfj If q’j also evaluates to true, théfjl will also fire. Again,
from assumption (iii), we know that the evaluation resul'qgoi/vill not be affected, if it were to
fire at the same time ag. Hence, we deduce thb‘; will fire if bj; throughbjk fire andg; Aq’j
evaluates to true. Generalizing our result forigll <i < nand for allj,1 < j < m, we deduce
that the execution results will be identical for models onrS.&hd RHS. This is becauseloes not
write to any variable and the firing results of all non-idgntbehaviors are shown to be identical

for the same initialization. Therefore, identity elimiiet rules is sound for Case (c).
(b by
-

Figure 3.18: Redundant control dependency elimination
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3.5.5 Redundant control dependency elimination

If a control flow relation has more than one predecessorsyentrge predecessor domi-
nates another, then the relation can be simplified usingieatht control dependency elimination
(RCDE) rule. Consider the firing semantics of the BCG for thaneple model shown in LHS of
Figure 3.18. The dominator relation betwdmnandb, (b, >by)is shown by a solid grey arrow
from b, to by. Both behaviord; andb, have an edge to control node According to the seman-
tics of BCG,q has two queues, one for each edge from the behaviobs >lifi,, then the firing of
b, indicates that a unique firing bf has already taken place. Therefore, if a token is enqueued fo
b,, then a token has already been enqueuedfoiThe model on RHS of Figure 3.18 is derived
by removing the control edge frolm to q. The transformed model would execute just like the

original model, since the edge fro to g was redundant due to the presence of edge fipto

g.

3.5.5.1 RCDErule

The RCDE rule can simply be written as
If 3g€ Q,by,by,bg,be B, s.t.q:...&b1&by&... ~ bz € bAby>by, then

b= (b—q : &bl&bz& ~ bg)q : &bz& ~ b3

3.5.5.2 Soundness proof

The soundness proof of RCDE is fairly straightforward. Gdaisthe model shown on
the LHS of Figure 3.18. We know thht > b, from the assumption for RCDE. Consider the BCG
for the model on LHS. The control nodgwill fire only if both b; andb, have fired, according
to model execution semantics. Now, by the dominator defimjtive know that any firing o,
implies thatb; must have fired at least once in the past before the previdng fif by, or vsp
Therefore, ifb, fires and enqueues a token for the queue of ¢dgey), then we are assured that a
token is already enqueued in the queue for the €bgey). By the model execution semanticg,
attempts to dequeue a token from each of its incoming edgaeegusefore evaluation the control

condition and potentially firing. If a token is found in quefee (b,,q), then we can skip the
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checking of queue fofb;,q). If a token is not found in queue fgh,, q) (that isb, does not fire),
thenq will not prepare to fire in any scenario. Therefore, the edgeq) is redundant for model
execution. Hence, the models on LHS and RHS have the sametiexecesults. Thus, we have

proved that redundant control dependency eliminationisu®und.
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Figure 3.19: Control relaxation rule

3.5.6 Control relaxation

If there is a control dependency between two behaviors withay data dependency,
then such a dependency may be removed using the controatielaxule. Figure 3.19 illustrates
the control relaxation rule more specifically. On the LHS,vaee a model with a control depen-
dency from behaviob; to b, with conditiong. Also b; dominated,, as shown by the solid grey
arrow fromb; to by. If there is no data dependency frdmto eitherq or by, thenq andb, may
fire in parallel with b; without creating any difference in the value trace of obsdrvariables.
Specifically, if there does not exist any variablen the model such thdi; writes tov and either
b, readsv or q is a boolean function of, then the dependency frolm to b, may be replaced by
two new dependencies, namely one frbgto by, and another froni, to bs. The result of this
transformation is that, does not need to wait fdr, to fire before firing itself. Essentiallyy, may

now fire inparallel with b;.
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3.5.6.1 Control relaxation rule

The control relaxation transformation can be applied if fillowing conditions hold

true. If
(i) dby,bo,beB,geQ, s.t.q:...&1&... ~ b ebAbi>by
(i) Ibp € B, s.t. L:bp~~byebA (AW (£by) € B, A € Qs.t.q :..&b&.. ~ by €D)
(i) Fbze B, s.t. L:by~~bzebA (A (#£bs) e B, Ad € Qs.t.d :..&br&..~ b €b)
(iv) Ave V,p1,p2 € P, st.(bi<pr>—veb)A(q=Tf(..v..)V(Vv—by < pp >€ b))
then, the following syntactical manipulations may be perfed

(i) Vi,1<i<nblcB stq:..&b&b&bM&. . .&b] ~ by b,
b=(b—q:..&0 &b &b1&...&bY ~ by).q: ...& bl & bo& bl 1& ...&bf ~ by)

(II) b= (b—l . b2 ~ bg).l Zbl&bz ~ b3

3.5.6.2 Soundness proof

The soundness proof for control relaxation rule is as falowonsider the LHS and
RHS models in Figure 3.19. The only pathlipis from by, therefore, only the firing oy will
trigger the firing ofb;. As per the assumptiong,andb, do not have any data dependenciedgn

Let there be a variablein the model on LHS, such that
dpoe P,v—hby<pr>€b
By assumption (iv), we know that
Apre P, st.by<pr>—veb

Also, g does not depend on any variable writtengy Therefore, ifgis evaluated either aftéxr of
before it, the evaluation result will be the same. Assumeithtne BCG of LHS, the edgéb;, )

is replaced with edgébp, q). Sinceby fires once for every firing ob;, the pattern of incoming
tokens to queues af will remain unchanged. Thus, will fire as before and with same results,

sinceb; will not modify any inputs ofos.
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Now consider the control node following, with control condition 1. As per assump-
tion (iii), there are no other control nodes with an edge fityn Therefore, for every firing of
b,, the successor nod® will also fire once. In the LHS modehs; would fire if bothb; andb,
would fire, sinceb, >bs. In the model on the RH®; fires if bothb; andbs fire. This is ensured
by the extra control dependency added as an edge Iffcim 1. Therefore, the execution of both
LHS and RHS will produce a different firing order of behavjdrat the same value traces for all

observed variables. Hence, the control relaxation ruleuss.

vsp)
¥
@@ o

Figure 3.20: Streamlining rule

3.5.7 Streamlining

The streamlining rule is used to simplify the model algebeipression by removing
redundant control dependencies. Itis similar to contrpletielency elimination and identity elim-
ination and can be used in cases when neither of the aboweaattebe applied. As illustrated in
Figure 3.20, streamlining rule can be applied for a givertrmbnodeq with successob, andn+ 1
predecessors, whene> 1 one of the predecessors is an identity behamiddentity e, in turn has
two control dependencies (both with condition 1), from tvebaviors, say, andbs. Behaviorb,
is eitherV SPof the model or dominated By SP. Behaviorbs is eitherbs or dominated byoy. If
b3 #£ by, thenbs must fire at least ondeetweerany two firings ofby. If all the conditions are met,
then the model may be transformed by removing the contraénidgncy frome to by, effectively

deleting the edge frorato q.
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3.5.7.1 Streamlining rule

The streamlining transformation can be applied if the feitgy conditions hold true. If

(I) vn > 17E|bll7 b127---7b1n7b27b37b47e7b € $7q € Q? S.t.
q:b11&...&bjr&e~~bsebrl bp~~ecbAl:bz~eeb

(i) (b2 =vspvvsp>by) A (b3 = sV (bs>bzAbz>(bs,bs)))
then, the following syntactical manipulation may be parfed

b= (b—q: b11&...&b1 & e~ b4)q 1b11&...&biy ~ by

3.5.7.2 Soundness proof

The soundness proof for streamlining rule is performed bygaring the BCGs for the
models on the LHS and the RHS of Figure 3.20. In the model oh &, we have a control node
g with control edges from behaviolg 1 throughby, and identitye. Also, g has a control edge to
behaviorbs. Now, from the execution semantibg will fire if all of by, throughb;, and identity
e fire and then conditiom evaluates to true. Let us consider the firing of idenéityNodee has
two incoming control paths fror, andb,. Thereforegwill fire if and only if eitherb, of b fire.
From assumption (i, is eithervspor dominated by it. Therefore, during all of model execution
b, will fire only once, sincevspfires only once for any model execution. Now, by the second par
of assumption (ii) by is either same als, or fires once for each firing dis (after by has fired).
Therefore, the first firing of will result from the control path frorb,, leading to a potential firing
of by, if all of byy throughbyy, fire. If by fires, thenb, will also fire, leading to another firing @&
and a subsequent potential firingtafif all of by, throughbyy, fire. Therefore, every firing dis is
dependent only on the firing bf ; throughby,, and the evaluation @jto be true. Thus, the control
dependency represented by the eflgq) is redundant. Hence, the models on both LHS and RHS
produce the same firing of behaviors. Since, no data relmt@oe modified, we have proven the

soundness of streamlining rule.
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3.6 Chapter Summary

In this chapter, we introduced a formalism called Model Alge which can be used for
functional verification of system level models. The objemtsl composition rules of Model Al-
gebra allowed us to represent hierarchical system levekla@$ expressions. We then presented
the formal execution semantics of model algebraic desoriptusing behavior control graphs.
We also established a notion of functional equivalence aof tmodels based on the value trace
of variables in the models. This led us to define functiopgiteserving transformation rules on
model algebraic descriptions. The soundness of thesddraration rules was proved based on
our notion of equivalence. The expressive power and welhddfrules in MA can be used to
derive new equivalent models from the specification andopercorrect transformations on them.
The formalization of models using Model Algebra shows pmof significant impact on system

level verification.
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Chapter 4

Functionality Preserving Refinements

In the last chapter we proposed a formalism for represergyrsgem level models as
expression. Within this formalism , called Model Algebrae ®iso defined a set of correct trans-
formation rules that can be used to derive an equivalent hiiaae another model. In this chapter,
we will apply the established theory of Model Algebra to d lidéa system design methodology.

The desigh methodology is based on the SpecC methodologtdrés with an exe-
cutable functional specification model of the design andaslgally refined into a cycle accurate
model that is ready to be manufactured using traditionabdesutomation tools. The refinement
process consists of several steps. Each of these stepstmalta manipulates the model either
by rearranging or replacing objects in the model. We wilhitify the key refinement steps that
can be verified in Model Algebra and give algorithms for immpénting such refinements. Proofs
of correctness for each refinement algorithms is based oprtha@ously proven transformation
rules. These proofs will establish the correctness of theement algorithms and ensure that the

derived models are indeed functionally equivalent to thigimal models.

4.1 Refinement Based Design Methodology

A possible system level design methodology is illustrateéigure 4.1. The designer
starts with a specification of the platform architectureeinms of components and system busses
and their connections. The functional specification is pled as an executable model. This

specification model forms the golden reference for all medelupcoming design steps. Based
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Figure 4.1: Refinement based design methodology

on the platform model and certain performance contraintsttfe system, the designer makes

decisions to refine the specification model in a step wisadast\t each step, a model is changed

to reflect features of the platform, resulting in a new exallet model, which can be further
refined.
The process of going from the purely functional specificgatioodel to a very detailed

cycle accurate model, that can be passed on to traditios@rdautomation tools, is broadly di-

vided into two major design steps. The first is the systenl Be®sign step that takes the functional

specification to a transaction level model. The transadéwal model contains details pertaining

to the mapping of functional tasks to appropriate compaant the routing of abstract commu-

nication over system busses. However, it does not have &mynation on the micro-architectural

67



details of the components and the busses themselves.

The transaction level model is handed off to the next steydéaccurate (CA) design.
During CA design, the functional task mapped to hardwarepmorants undergo HW synthesis
to derive RTL models of the application and the bus interfaGmilarly, for task mapped to
processors, we perform OS targeting and compilation to §Wainary that can be down loaded
to the processor and simulated using the instruction setlator of the processor.

Our work falls under the domain of system level design. Hemcthis dissertation, we
will concern ourselves with models and transformations éine encountered in going from func-
tional specification to transaction level. We will discusarfkey refinements and their verification

in Model Algebra. These refinements are

1. Behavior Partitioning During this refinement, the hierarchy of behaviors in thectional
model is rearranged to reflect the mapping of leaf level behsto component behaviors
[PAGO02]. New transaction links may be introduced to allowadeansfer between behaviors
mapped to different components or to synchronize betweetm Isehaviors. The refinement
is driven by the design decisions including mapping of be&rao components and map-

ping of new transaction links to busses.

2. Serializing In order to prepare the model for HW synthesis, behavioas ithust be exe-
cuted with a single controller are serialized. The sewdion refinement converts parallel

composition of relevant behaviors into sequential contjors.

3. Communication schedulingThe performance of a design may be improved by modify-
ing the scheduling of bus transactions [MDB0]. The corresponding refinement process

reorders the communicating behaviors to reflect the schegdecision.

4. Transaction routing Transaction links may be reassigned from one bus to antdhien-
prove performance. Sometimes, due to interface incompigtia bridge or router may
be inserted between communicating components [BK87]. Tesslts in the splitting of
a transaction link (between such components) into two Jimke from the sender to the
router, and another from the router to the receiver. Funatig, the router is simply an

identity behavior that loops forever, reading from one kamd writing to another.
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We will now look at each of the design steps in greater deRdfinement algorithms
for deriving new models for each set of design decisions algb be presented and proved using

rules of model algebra.

4.2 Behavior Partitioning

A given specification model may consist of an arbitrary highg of behaviors. During
partitioning, we determine the number of processing elésn@Es) that will be needed to imple-
ment the design. The leaf behaviors in the specificationree tistributed over these PEs. The
PEs are assumed to execute concurrently. Thus, in thisteegdesign decision is to map each leaf
behavior in the specification model to a PE. We will consiaer different refinemnet algorithms
that create a different style of architecture model for #ama design decisions. The styles differ
in the size of the models and the amount of synchronizatiqnired between PEs. However, both

algorithms will be proven to produce models that are fumetity equivalent to the specification.

4.2.1 Design Decisions

The decision to implement a given task on a certain PE isuiéted by several factors.
Often, restrictions on the type of PE limit the choice of magp For example, a task involving
floating point operations is better implemented on a pramesith a built in floating point unit.
Although the floating point operation may be emulated invgaffe on a processor without a ded-
icated floating point unit, the performance of an emulateplémentation is significantly poorer.
Another motivation for using multiple PEs may be to utilibe built in parallelism in the applica-
tion in order to improve preformance. Furthermore, mostlnaal time applications may require
a mix of SW processors and specialized HW components to nogetlbxibility and performance
demands.

We now show how the design decisions are input to the refineaigarithm. LetMg
be the specification model that needs to be refined. Leatf§Ms) be the set of all leaf level
behaviors inVis. Let there ben different PEs in the platform architecture nanidg, throughPE,.
Let map be the set of leaf behaviors Mg that are assigned for implementation on component

PE;, where 1< i < n. The mapping is such that
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1. Aleaf behavior is mapped to only one PE, ¥&.j1 <i,j <n,i # j,mapnmap = {}
2. All leaf behaviors are mapped to some PE, (£ map = LeafgMs)

The input to the refinement algorithm from the designer,imap, where 1<i <n.

4.2.2 Refinement Algorithm for Lock-Step output

The input to behavior partition refinement is the originaé@fication model and the
design decision of mapping leaf level behaviors to the PERe Joal is to generate a model
that represents the mapping of system functionality toieecture components. The specification
model is an arbitrary hierarchy of behaviors representirgsystem functionality. Model refine-
ment would distribute the behaviors onto components thatamcurrently in the system. It must
be noted that refinement does not in any way influence the mgpulgicision. The designer is free
to choose any mapping of behaviors to components and refirtenwild produce a model that
represents it. However, each leaf behavior in the spedditaodel must be mapped to only one
component.

Figure 4.2 shows the application of the lock-step refinenaggmrithm on a behavior
b, of a given specification mod®s. The rule shown in the figure is applied generally to all the
behaviors in the specification. We assume that the archigecbnsists of two processing elements
PE1 and PE2. Lehap, be the set of leaf level behaviors i that are mapped to PE1 anthp
be the set of leaf behaviors mapped to PE2. In the illustratiee have assumed thate map.

The architecture modéi; is created as follows. We start by creating a parallel compo-

sition of all PEs, to denote the concurrent execution of PEke system. We have,
Ma = [PE1].[PE]...[PEy).1 : vsp~ PE;...1 :vsp~ PE,.1: PE;...PE, ~ vtp

Then, we copy the specification model inside each PE. Thddeaf behaviors in each copy are
replaced by special hierarchical behaviors depending emtapping. We will demonstrate this
replacement using the illustration in Figure 4.2. Sicés mapped to PE1, in the architecture
model Mg, we will replace copy oty inside PEL withb;, where hierarchical behavidg; is

created as follows.
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Figure 4.2: Lock-step style output of behavior partitiannefinement

Let l\/Ts be the modeMs after flattening down to leaf behaviors. Let there be vaegbl

vy throughvp, such thab; is a writer for all these variables. That is
¥j,1<j<m3b < p;>— Vj € Ms

The hierarchical behavidy; is a sequential composition of+ 2 behaviors namels, b;, ti1, ..., tin,
where all these behaviors, excdptare identity. We also copy the portslgfontob;1, such that
port p on b;j; is mapped to porp onb;. Additionally, we createn new in ports orty;;, that allow
behaviorg; throughty, to read the local copies of variablesthroughvy,. We also create an extra
portbif to work as the bus interface, which is mapped to changglthat represents the system
bus. Blocking write relations tbif are added insidb;j; to synchronize its execution with other

PEs.

71



If a leaf behavior is not mapped to a PE, then its local copydeshe PE is replaced
by a special hierarchical behavior as follows. We will detratte this case on the replacement
of b inside PE2, sincd; € map. Letb; be replaced by, inside PE2 as follows. We create a
sequential composition @h+ 1 identity behaviors namely,t/;, ..., ti,,. We also createnin ports
on bj» corresponding to then out ports ofb; in Ms. The ports are mapped to the local copies of
the m variables that are written blg: in Ms. Insidebj,, the ports are mapped to the outputs of
the identity behavior$; throught,,. We also create an additidaif port as in the previous case.
Blocking read relations are created usiifj to all the identity behaviors insid#,. The addressing
of these relations is done such tlsasends a transaction $hlabeleday. Transactions for sending
variables written byb; to update the local copies in PE2 are created suchvthdt< j < mt;;
sends variable; to ti’j using transaction addressagover Cyys.

The idea of the lock-step output is that each leaf behaviec@bes inside the PE it
was mapped to. Any outputs updated by the leaf behavior &racare immediately copied to
the local copies of the outputs inside other PEs. Behavitewing the execution of this leaf
behavior must wait until all the copies everywhere in thdeaysare updated. Therefore, the state
of the system at leaf behavior boundaries is preserved iartttetecture model.

The pseudo code for the lock-step style refinement is predentAlgorithm 2. The
algorithm uses a method call&hcapsulatehat is presented in Algorithm 1. THencapsulate

method is the inverse of flattening a hierarchical behavitn @ single child behaviors.

4.2.3 Correctness Proof for Lock-Step Refinement

We now present the proof of correctness for the refinemermridthgn for generating
lock-step style architecture model. Lt be the specification model and lgtbe a leaf level
behavior inMs. Assume that the designer mapdo PE,. In other wordsh; € map. Figure 4.3
shows the basic proof steps we follow. Our proof strategy itake the generated architecture
model and use the functionality preserving transformatidas to derive the specification. The
illustration is for an architecture with two PEs, but thegfroan be easily generalized to multiple
PEs.

We begin by using the flattening transformation rule to @eaflattened architecture

model. Consider behavidy; in the flattened architecture model as shown in Figure 4.Ba}he
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Algorithm 1 Encapsulte (Behavior b, Behavior Parent)

1:

2:

3:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

b®=[b].1:vsSF ~ b.l:b~ vtp®

if vwwe ¥V, pe P,v— b < p>e Parentthen
bP=bT<p>—b<p>

end if

if Vp,p € P,1 < p >— b < p>e Parentthen
bP=bT<p>—b<p>

end if

if vwwe ¥V, pe P,b< p>—ve Parentthen
b*=b°b<p>—T<p>

end if

if Vp,p € P,b< p>— I < p >€ Parentthen
bf=b°b<p>—T<p>

end if

if Vp,p € P,ae 4,a: I < p >— b < p>e Parentthen
bf=bta:I<p>—b<p>

end if

if Vp,p € P,ae 4,a:b< p>— I < p >€ Parentthen
b*=bta:b<p>—TI<p>

end if

if Vp,p € P,ac A,ce C, € B,c<a>: b < p >— b< p>ec Parentthen
b*=bta:I<p>—b<p>

end if

if Vp,p € P,ac 4,ce C,b e Bc<a>:b< p>—b < p > Parentthen
b*=bta:b<p>—TI<p>

end if

Parent= Parentp_pe
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Algorithm 2 Refine2LockStepNs,n,map,...,map,)
1: Ms= flatten(Ms); LeafgMs) = {by,by,...}

2: fori=1TOndo
3 PE = Mg W e varsMs),PE = PE|,—y; ¥q € ctrls(Ms), G = Qlv—y, PE = PEi|q—q
4. for j=1TO|LeafgMs)| do

5: vars) = {v|b; < p>—veMsA(3q,q= f(..,v,..)VIb&map,v—b < p > M;)
6: if bj € map then

7: bl = Encapsulatéb;, PE;)

8: bj = (bj —1:vsg ~ bj —1:bj ~ vtp).1:vsg ~ s

9: bl =bl.aj:sj <out>—TI<py>.1:bj~th

10: for k=1TO|varsj| do

11: bl =bl.bj < p>— T <p>.1<p>—t) <in>

12: bl = bj.a}: th < out>— I < Po > 1:th ~ 1y,

13: end for

14 b = (B} =1t~ tars 1)) ars | = VP

15: else

16: b‘jzl:vsq'w§j.a§):1<po>|—>§j<in>

17: last=s,

18: for k=1TO|varsj| do

19: if (39,q= f(...,vars;(k),...)) V (3 € map,varsj(k) — b’ < p/ > Ms) then
20: bj =bl.al: I < pe>-th <in> .t <out>— I < pc> .1:lastth; last=t),
21 end if

22: end for

23: bl =b\.1:last~ vtp

24: end if

25: PE = PEily, o,

26: end for

27: Mg = Ma.[PE].vsp~ PE
28: end for

29: Mg = My.PE1&PE& ...& PE, ~ Vi
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Figure 4.3: Proof steps for refinement to lock-step style ehod

refinement results shown in Section 4.2.2, we have charemgactions frong to g, fromt/; to
tiz and so on.
We apply the transaction link resolution rule to convemsaction links into new control

and data dependencies (Step 1). In this context, the link
C<ag>:§ <out>—9 <in>
is modified to the pair of control dependencies
1:5&5 ~b.1:5&5 ~t)
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Similarly, the following link and data flow relation
c<a >itip<out>—t) <in>.t <out>—V,
get converted to control dependencies and new data redai®follows
1 :t1&t ~ i 1 it &t ~ thtip <out>— vy

The transformed model is shown in Figure 4.3(b). Next, wewas@ble merging rule to merge
vi andVv; (Step 2). We have assumed here that concurrent behaviorsiobayrite to the same

variable. Therefores; has no other writers except and the condition for applying the variable
merging rule is met. Also, we eliminate identity using Case (a) of the identity elimination rule.

As a result, we have the following new control relations abittethe model
1:bi&t; ~ th.1:b&t; ~ ti

The resulting model is shown in Figure 4.3(c).
In Step 3, we optimize away identity behavigyr using Case (a) of the identity elim-
ination rule. The resulting model, shown in Figure 4.3(d} tze following new control flow

relations
1Zbi&S&qwtilz.libi&S&éwtiz 4.2)

It can be easily seen that>b; ands >b;. Therefore, we can apply the RCDE rule to remove the
redundant control flow relations. Specifically, bathands are removed as predecessors from
both control flow relations in 4.1. Therefore, we have thailtesy model as shown in Figure
4.3(e).

We iteratively apply steps 1 through 4 over all the leaf ldvehaviors in the model,

thereby generalizing fdp;. In the transformed model in 4.3(e), we can see that a ralatio
q:..&b&...~ bje |\/|_5
gets transformed into

10~ (&1 b~ b0 &ti&... v 5.0 &Y &.. > .11 5&S] v bj € M,
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Applying identity elimination ori;, t/, sj, s, and RCDE we get
q:..&b&...~bj € M,

Therefore, we have

'\/Ts:'\/Tast:Ma

by soundness of flattening transformation rule. Hence Atlgor 2 is functionality preserving.

PE2

Figure 4.4: RPC style output of behavior partitioning refivest

4.2.4 Refinement Algorithm for RPC style output

The lock-step style output is easy to generate, but maytriestdo may inter-PE trans-

actions than needed. Some optimizations may be performedirtionize the number of such
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transactions while keeping the functional equivalencéhefibput and output models. In the spe-
cial case, when a single behavior is mapped to a differenbR&may generate an optimal style
of architecture model that has very little inter-PE trafficssentially, the behavior mapped to the
different PE is triggered into execution as if it were a reenmtocedure call.

Figure 4.4 shows the output model generated when leaf laleorb; in the spec-
ification is mapped to PE2, when the rest of the specificasomapped to PE1. Therefore the

partitioning decision is such that
map = LeafgMs) — {b}; map = by

In order to generate the architecture maddg| we create a parallel composition of the two PEs as
follows

Ma = [PE3].[PE;].1 :vsp~ PE;.1:vsp~ PE,.1 : PE;&PE, ~ vtp

The specification is copied inside PE1, as is, replacing bpnlyith special hierarchical behavior
bi1. The behaviolby; is constructed as follows. L(NTS be the specification model that has been
flattened down to its leaf level behaviors. Assume thaih Mg hasr input ports mapped to
variablesvj; throughvi,. Also, letb; havew output ports, mapped to variableg throughvgy
inside Ms. We createbi; to be a sequential composition af + w) identity behaviors, namely
S1, .-+, Sr, o1, ---, low IN that order. We copy all the ports bfin Mg in bj; and create port mappings
such that" in-port is mapped to in port of identitgy insidebi;. Similarly, thek™ out port is
mapped to the out port of identity,. Additionally, we create a bus interface pbif onb;j;. We

create blocking write and read relations insigleas follows
vk,1<k<ral:sk<out>— I <bif >

Vk,1<k<wal:I<bif >—tx<in>

On the other end inside PE2, we create a while loop with they Ibeihg a sequential
composition ofr + w+ 1 behaviors, namelg, ...,s,bj,t1, ..., tw, in that order, where all the be-
haviors, excepb; are identity. The loop runs endlessly over this body. Wetereapies of all
input and output variables &f in Ms inside PE2. Thé&" input variables is mapped to the out port

of s, while thek!" output variable is mapped to the in porttaf We also create blocking read and
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write relations inside PE2 as follows
vk,1<k<ral:I<bif>-g<in>

vk,1<k<ral:rg<out>— I <bif >

The RPC style output executes as follows. Wheneyver not executing, PE2 is waiting
on behaviors; for a transaction from PE1. Inside PE1, whenever a controtition triggers
execution ofbj1, the sender identity behaviors insitdg send the input variables to PE2. Thus,
the local copies of the inputs of are updated whenever is scheduled to be executed. Once the
input gathering transactions are completgdxecutes and writes the outputs to PE2's local copy
of by’s outputs. Then the sender identity behaviarthrought,, send the outputs to PE1, where
identitiesty; throughte,, update the local copies. The state of PE2 is back to waitinghinext
“call”. The execution seems to PEL1 like a remote procedulieotd;, hence the name for the
model. The algorithm can be generalized to any number of BHsng as PEs other than PE1
have only one behavior mapped to them. Algorithm 3 presértpseudo code for refinement of

specification to an RPC style architecture model.

4.2.5 Correctness Proof for RPC Style Refinement

We now present the correctness proof for RPC style refineaigatithm. Assume that
Ms is the specification model arglis a leaf level behavior iMs. For simplicity, we will consider
the refinement for two PEs only. The proof can easily be gdimecafor more PEs. Let PE1
and PE2 by the two PEs in the system architecture. Let alldehfviors ofMg be mapped to
PE1, with the exception df;. Behaviorb; is mapped to PE2. Also, without loss of generality, we
assume thdp, has one input and one output. Figure 4.5(a) shows the flattamhitecture model
for the said mapping.

We start by applying link resolution rule to eliminate chahg,,s from the model and
introducing new control and data relations as follows (Step The transaction link and data

dependency relations

C<a>:§ <out>—g <in>.§ <out>—V
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Algorithm 3 Refine2RPCNls, map, map)

1: PE; = Mg = flattenMs)

2: LeafgMg) = {by, by, ...}

3: for i =1 TO|LeafgMs)| do

inputs = {v|3pe P,v— b < p>c Ms

R

outputs={v|Ipe P,bi < p>—ve Mg

a

6: if bj € map then
7 last; = vsi},last = vsiF

8: for j=1TO|inputg| do

o: bt =bl.1: Iastlwal I <inpjj >—>§1J <in>
10: b' =bl.al: st <out>— 1 <bif >

11; b? =b?.1:last ~ a1 T <bif >— & <in>
12: b? = b2.s% < out >— inv.invi — by < inp;j >

13: Iastlzal-,lastzzazj

14: end for

15: b? = b?.1:last ~ by; last = by
16: for k=1 TO |outputs| do

17: bl =bl.1:last ~ t}.ad": 1 <bif >—tk <in>

18: bl =bl.ti <out>— I <outpyx >

10: b? = b?.1:lask ~ tz.bi < outpk >— out\e.outwe — ta < in >
20: b? =b?.ad" : t2 < out > I < bif >

2L last = t},last =t2

22: end for

23: bl =bl.1:last ~ vtpl; b2 =b2.1:last ~

24: PE1 = PEily,_1; PE2 = PE2.[b7].1:vspp ~ bF

25:  endif

26: end for

27: My = [PE;].[PEy].1 : vsp~ PE;.1:vsp~ PE,.PE;&PE; ~~ vtp
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Figure 4.5: Proof steps for refinement to RPC style model

81



are replaced by new control and data dependency relations
1:5&S ~11.1:5&5 ~ bi.1:5 <out>—V;
Also, the following relations
c<a >t <out>—tip <in> .ty <out>—V,1:t) ~ g

are replaced by

1:t1&t; ~ tip. 1 i1 &t) ~ .tiy < out >—

The resulting model is shown in figure 4.5(b).
Next, in Step 2, we use a generalization of streamliningsfiamation rule to remove

predecessag from the relation
1:5&S ~ by (4.2)

The streamlining rule is applicable in this case sigads identity and has two incoming control
relations. One relation has vsp as the predecessor. Thetabg; andt/; as the predecessors.

Looking at the control paths frosj to tj; andtjy, it is easy to see that
bi>tis Atig> (b, by) and
bi >t At > (b, by)
Therefore the streamlining rule may be applied to replaeedhation in 4.2 by
1:s5~b
In Step 3, we again apply the streamlining rule, this timéagpg
1:5&S ~tig

with
l:s~tpy
Sinces does not have any out-going edges and it is an identity behavimay be removed since

it does not modify any variables during model execution. Beshof 5 leads to the removal of

control conditions leading tg, thereby resulting in the cleaned up model in Figure 4.5(c).
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Using identity elimination rule, we optimize away identtighaviorsj; andt/; in steps
4 and 5, respectively. Before, optimizing awigy we merge variableg, andv, using the variable
merging rule. Recall that we do not allow concurrent behavio write to the same variable.
Therefore, the variable merging rule is applicable in tlisec Finally, since dominatesy;, we
can perform RCDE transformation as shown in Step 6 to demeartodel shown in Figure 4.5(g).

Now, by definition of the RPC style refinement algorithm, iété exists a relation
q:..&bj&... ~ b € Mg
then in the architecture model, we will have
q:..&0j&..~5 €M,

Similarly, if we have

q:..&b&...~ b e I\/Ts

then in the architecture model, we will have
q:..&t&. ..~ b e I\/Ta

Now, from the result in Figure 4.5(g) and optimizing avsgndt; using identity elimination, we
have

q:..&bj&... ~ b e I\/Ta/\C]Z &bi&...~ b e |\/Ta

Therefore, we have

'\/Ts:'vTa:>MS:Ma

by soundness of flattening transformation rule. Hence, we peoved that behavior partitioning
refinement for RPC style output if functionality preserving
4.3 Serializing

After mapping the different tasks in the specification to aaeprocessing elements,
we created a new model that reflected such a mapping. Howbisgnew model might still not

be executable on the chosen platform. If we make the assomibtat each PE in the system is
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a uni-processor then we cannot handle the explicit tasK [llelism in the model. In other
words, each PE can only have a single controller, therefare have any concurrently specified
tasks that are mapped to the same PE, then they need to Hezedridlternately, the designer
may include an RTOS that serializes the tasks at run time.

In the context of Model Algebra, concurrent tasks are matiakbeing explicitly par-
allel. If an underlying RTOS does run time thread creatiod serialization [YGGO03], then it
must be verified that the RTOS is indeed emulating the pasgéification as per our trace based
notion of equivalence. This requires property checkinghoas$, which are beyond the scope of
this dissertation. In this section, we will discuss the mfivent that statically serializes parallel

behaviors.

4.3.1 Design Decisions

The design decision of mapping concurrent tasks to the s&weith static scheduling
implies the decision to serialize these tasks. Considenaocheduled HW PE with two threads of
execution. The first thread executes behatsiofollowed byh,, while the second thread executes
bs followed by bs. A possible serialization of the PE would sequentially exedhe behaviors
in the order{by, bs, by, by}. Other schedules, that do not violate data dependenciesalso
possible.

We now formally define the design decision for serializingve® a hierarchical behav-
ior b with parallel composition of its sub-behavidng, by, ...,b,. Therefore, we have the control

relations as
b= [by].[b2]...[bn].1 : vSP~> by...1 :vSp~ bp. 1 : b1 &...& by ~~ vip
Let there be an ordered 981 with n integer variables such that
O=1{01,02,...,0n}

Let there be an assignmeff the integers irD such that each;,1 <i < nis assigned a unique
integer between 1 ami The serialization decision may be given as the®and a serialization

refinement would modify the control condition of b, such thfiér refinement

b = [b1].[by]...[bn].1 : vSP~~ bo,.1 : VSP~s bg,...1 1 VSPas by, 1 i D1 &... &by ~~ VP
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Figure 4.6: Serialization of parallel behaviors

4.3.2 Refinement Algorithm

The goal is to generate a model that represents the new rgdefibehaviors inside
components. Algorithm 4 gives the simple serializationnexfient algorithm that serializes a
parallel composition according to user decisions. WitHoss of generality, we can assume that
decision to simply be

vi<i<no =i

Let there be a parallel composition of behaviors inside sahihical behaviobp in modelMs.

Let the child behaviors be;, by, ...,b,. Hence, we have
bpar = [b1]...[bn]. 1 :vSp~ by...1 1 vSp~s by 1 i D1& D& ...& by ~~ VP
Let Mser be the model after serialization b, insideMs.

4.3.3 Proof of Correctness

We use induction and control relaxation rules of model algeb prove the correctness

of serialization refinement. The induction step of the prieaghown in Figure 4.7. Assume we

85



Algorithm 4 Serialize bpar, Ms)

Require: Ave V)i, j1<i,j<ni#j, sth<p >—ve Ms
Require: (v— bj < pj >€ MsV bj < pj >— vE M;)

2: Dseq= bpar — 1 :01& & ...& by ~ vip

3: last=vsp

4: fori=1TOndo

a

6: last=0Dh;

7: end for

[e¢]

: bseq: bseql bn ~ th

©

: Mger= Ms‘bpar:bseq

have a sequential composition of two behavibrsaandb,, such that there is no data dependency

between them. This includes variables that may be writtebdbly behaviors. We have
b= [by].[b2].1:vSp~> b1.1: by~ by.1 by~ Vi

Since there is no data dependency betweeandb,, we can use the control relaxation rule to
relax the dependency

1: bl ~y b2
As a result, the transformed model is a parallel composéa®follows

b= [by].[b2].1:vSp~> b1.1:vSp~ bp.1:b1&by ~ vip

Hence, the parallel composition and sequential compasitfd», andb, is equivalent. Therefore,
we have shown that serialization algorithm is functioygtiteserving for two behaviors.

Let us now consider a sequential compositionndfehaviors, namet); throughb;.
Assume that using control relaxation, we haarallelizedthe firstm behaviorshy throughby,
wherem < n, as shown in Figure 4.7. We now try to make a parallel comjpositf b; through
Bm. 1.

Consider control flow relation

b1&...& b ~ b1 (4.3)
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Figure 4.7: Inductive proof steps for serialization of pletdoehaviors

Since there is no data dependency betwmeandb, 1, the control dependency fro to by 1
in 4.3 can be relaxed (Step 1). After control relaxation, wethe intermediate model as shown

in middle of Figure 4.7. The relation in 4.3 is replaced witlothew control relations as follows
1 ZVSngbz&...&bm ~y bm+l-1 . bl&bm+1 ~y bm+2

We continue to relax dependencies fronto b, 1, where 1< i < m. At theit" step, the control

relation in 4.3 is replaced by
1 ZVSF&le&...&bm ~ bm+1.1 : bl&---&bi&bm+l ~ bm+2

This is becaus#i,1 < i < m, b does not have any data dependencybgn;. Finally, at them"

step, we get the relations
1:vsp~ bmi1.1:01&...&bme1 ~ bpao

We have shown that assuming the serialization algorithnoiigect form, behaviors, it will also

be correct form+ 1 behaviors. Hence, we have proved in general that the izatiah algorithm

is functionality preserving.
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4.4 Communication Scheduling

Once we have partitioned the behaviors and serialized thdaheir respective PEs, we
turn to optimization of inter PE communication. In a systeithwnultiple PEs, point to point
communication may be shared over physical busses. Modelbidg allows the specification of
bus based communication, by separating the logical tréingalinks from physical channels. A
single channel may support several logical point to poitgaction links. Since channels have
built in arbitration, the transactions are ordered rangaahtun time. We recall that for functional
verification, the actual arbitration scheme is irrelevantamg as it safe and fair. That is, no two
transaction requests will be granted together and no tciinearequest will be forever denied.

On of the important system level optimizations for commatian performance is static
scheduling of transactions. Specifically, if two transasi are attempted concurrently on a given
bus, then it is difficult to predict from the model which tranton will be granted first. Therefore,
designer statically schedule transactions on the samelimptove predictability of performance.
Essentially, this results in the reordering of behaviom thave channel transactions. Such a
scenario is shown in Figure 4.8, where daia sent from PE1 to PE2 over chaneelThe channel
implements rendezvous communication semantics, i.e.dmvitler and receiver must synchronize
for the transaction to take place. Consequently, for the ci®wn in Figure 4.8(a)y1> must
wait until by1 has completed and the transaction is performet;ltakes a long time to execute,

execution inside PE1 will stall, as it waits for the data saction. Behaviob;»> may be scheduled
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before the transaction, if it has no data dependenogy@mn . Of course, we are assuming thas
is a leaf level behavior without any blocking relations. Tkeulting schedule,shown in 4.8(b),

optimizes timing so thdb;» does not have to wait for the transaction to complete.

4.4.1 Design Decisions

The design decisions for communication scheduling are ¥arazk or postpone a trans-
action depending on the schedule of bus transaction atsesmnplttraffic [LDRO1]. The transaction
may be advanced either by reordering the behaviors in thaes®E, such that the sender identity
is executed earlier. Alternately, the receiver identityyrba scheduled earlier. The exact results of
the scheduling depend on run time data, so it cannot be geadstatically that a certain reorder-
ing would work better. The designer also has a limited windowscheduling the transaction.
For instance, the sender identity cannot be scheduledébferdata to be sent is available. Con-
versely, the receiver identity cannot be scheduled after#niable that stores the received data is
read. Both these cases will result in erroneous simulagsalts.

The communication scheduling decisions can essentialjjvem as a sequence of steps

of the following four types
1. Advance sender identity to execlneforeits current scheduled time
2. Postpone sender identity to execatter its current scheduled time
3. Advance receiver identity to execuieforeits current scheduled time

4. Postpone receiver identity to execaféer its current scheduled time

4.4.2 Refinement Algorithm

The goal of communication scheduling refinement is to geaemamodel that repre-
sents the new ordering of behaviors and transactions. Veemptréere four refinement algorithms
for the four types of design decisions. Algorithm 5 advantessender identity before its cur-
rent schedule by exchanging its position with the immedtiigbeeceding behavior in the control
flow. Algorithm 6 postpones the execution of sender ideriityexchanging its position with the

behavior scheduled immediately after the sender in theraloftbw. Algorithm 7 advances the
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receiver identity before its current schedule by exchamgmposition with the immediately pre-
ceding behavior in the control flow. Algorithm 8 postpones éxecution of receiver identity by
exchanging its position with the behavior scheduled immiedly after the receiver in the control
flow. All these refinement methods require that there is na dapendency between the identity
and the behavior it exchanges position with. Also, we regthiat there is a synchronization trans-
action before either of the exchanged behaviors. Also, émator must be leaf level and have no

blocking relations.

Algorithm 5 MoveSenderUp (Identitg, Behaviorb, BehaviorPE)
Require: dve V,a€ 4, stv—e<in>cPE,a:e<out>— I < bhif > PE

Require: 1:b~»ecPE, Ab/(#b,#€) € B,d € Q, s.t.
q:..&b&...~ecPEV]:..&b&...~ b

Require: Ad € 4,pe P, st.a:b< p>— I <bif > PEV
a: I <bif >»b<p>cPEvb<p>—vePE
s forall ge Q, s.t.q:b1&...&b, ~ b e PEdo

[EEY

22 PE=(PE—Qq:b1&...&b,~~b).q: )1 &...&b, ~ €
3: end for
4: forall ge Q,b' € B, s.t.q:...&e&... ~ b € PEdo

5. PE=(PE—q:..&e&..~D).q:..&b&...~ b
6: end for

7. PE=(PE—1:b~e€).l:e~b

4.4.3 Proof of Correctness

The proof steps for correctness of communication schegluéfinement are presented
in Figure 4.9. In this proof, we only consider the refinemdrgttmoves the communicating
behavior down on the sender component. The other three casdse proved similarly.

We start with a flattened model for the one shown in LHS of FeguB. The model has
sequentially executing behaviors on both the sender amiverdPE. We see two transactions over
the channetyys, 0ne at the top betweexy ande}), labeledag and one betweee, andey, labeled

a. We are trying to postpone the schedule of the latter trdiogaclt is assumed that there are
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Algorithm 6 MoveSenderDownl{lentitye BehaviorihBehaviorPB

Require: dve V,a€ 4, stv—e<in>c PE,a:e<out>— I <bif > PE
Require: 1:e~~bePE, Ab/(#£e#b) e B,d €Q, s.t.
q:..&b&...~bePEV(:..&6&...~ b
Require: Ad € 4,pc P, st.a:b< p>— I <bif > PEV
a:Il<bif >-»b<p>cPEVvb<p>—vePE
1. forall ge Q, s.t.q: b1&...&b, ~ e€ PEdo
2. PE=(PE—(q:b1&..&by~ €).q:b1&...&b,~ b
3: end for
4: forall ge Q,b' € B, s.t.q:...&b&... ~ b € PEdo
5. PE=(PE—q:...&b&...~b).q:...&e&...~ b
6: end for

7. PE=(PE-1:e~Db).1:b~e

Algorithm 7 MoveReceiverUpl@entitye BehaviorhBehaviorPg

Require: dve V,a€ 4, ste<out>—vePE a: I <bif >—e<in>cPE
Require: 1:b~-ecPE, Ab/(#b,#€) € B,d € Q, s.t.
q:..&b&..~ecPEVJ:..&b&...~ b
Require: Ad € 4,pc P, st.a:b< p>— I <bif > PEV
a:I<bif >-»>b<p>cPEVVv—b<p>cPE
1. forall ge Q, s.t.q: b1&...&b, ~ b e PEdo
2. PE=(PE—(q:b1&..&by~b).q: 01&...&by ~ €
3: end for
4: forall ge Q,b' € B, s.t.q:...&e&... ~ b € PEdo
5. PE=(PE—(:..&€&...~bD).q:..&b&...~ bf
6: end for

7. PE=(PE-1:b~e).l:e~D
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Figure 4.9: Proof steps for verification of communicatiohestuling
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Algorithm 8 MoveReceiverDownlfientitye BehaviorhBehaviorPB

Require: dve V,ae€ 4, ste<out>—vePE,a: I <bhif >—e<in>cPE

Require: 1:e~~bePE, Ab/(#£e#b) e B,d €Q, s.t.
q:..&Pb&...~bePEV(:..&6&...~ b

Require: Ad € 4,pe P, st.a:b< p>— I <bif > PEV

a:l<bif >»b<p>cPEVvv—b<p>cPE

[EnY

: forall ge Q, s.t.q: b1&...&b, ~ e€ PEdo

22 PE=(PE—q:b1&...&b,~~€).q: b1&...&by~ b
3: end for
4: forall ge Q,b' € B, s.t.q:...&b&... ~ b € PEdo

5. PE=(PE—q:..&b&...~bD).q:..&6&...~ 1
6: end for

7. PE=(PE-1:e~Db).l:b~we

sequential paths fromy ande, to by; andb,, respectively. Therefore, we have
(o> b11) A (655 b21) A (€9 b21) A (€y>bag)
After applying link resolution rule (Stepl), the transantiand data relation
Cpus< a>: € < OUt > & < in > .6 < out >—V
is converted to appropriate control and data relations

1:1&6 ~» b1l :e1&e ~ boo.ey < out>— V

(4.4)

It can be seen from the model that there are no data deperdeinom eithere; or e, to by».

Therefore, in Step 2, we relax these control dependenciag tise control relaxation rule. The

resulting model is shown in Figure 4.9(c). Now, we have ambriiependency froniny; to byo.

Assuming that there are no shared memories between the twparents, then we can assume

that there is no data dependency betwiggrandb,,. Thus, the control dependency can be relaxed.

After relaxation, there will be a control dependencylan from a behavior that executes before

bo1. We continue to relax control dependenciesbgauntil we get a dependency frogj. This is

guaranteed to happen since there is a sequential compasitibe receiver component.
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In step 4, we use the result in 4.4 to remove the redundantatalgpendency ob;»

from &,. The application of RCDE is possible since we have the cbd&pendency as
1:by &€l ~ by

Also, we can use RCDE on the control condition
1:bp1&er ~ b3

because clearli,;>€e,. The resulting model is shown in 4.9(e). We can see that theesdial
relation betweere; and b, is now transformed to a parallel relation. Since these twanaoio
have any data dependencies, we can use the inverse of thelgefdxation rule to derive the
model shown in Figure 4.9(f). This is isomorphic to the mothelt we get by flattening and
resolving the transaction links of model shown in RHS of Fégd.8. Therefore, we have shown

that communication scheduling refinement is functionglitgserving.

4.5 Transaction Routing

After behavior partitioning and scheduling, the system ehambnsists of concurrent
behaviors communicating with several channels. Althoubk, model shows the computation
structure correctly, the communication structure stikde to be implemented. In a bus-based
SoC communication scheme, the various PEs are connectgstémrsbusses. The communication
model can thus be represented using channels for bussesadhction links in the input model

are shared over the néws channels

4.5.1 Design Decisions

The design decision in this case is choosing the number aftirsnels and mapping the
transaction links to the bus channels. In some cases, attins link may need to be implemented
on several busses. This will require the addition of new fitiebehaviors to act as transducers,

that will allow the routing of transactions over busses.
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Transducer

Figure 4.10: Routing transactions via transducer

4.5.2 Refinement Algorithm

Let there be a modd¥lg of a system with a bus represented by chamnélet there be
n transactions ovet from and to different PEs connecteddoSuppose we change the commu-
nication architecture such that the communicating PEs@nreaonnected to two different busses,
represented by channets andc,. The original transaction links represented by addreages
througha, must now go over two busseg andc,, via a new component called tA@ansducer
The transducer has two interfadei$; andbif, for the two busses; andcy, respectively. Inside
the transducer, we have a parallel composition séts of 3 identity behaviors, each set responsi-
ble for routing of transactions on one original link. A sehsists of a receiver identity behavior

that copies the incoming data from one bus into a local budfied a sender identity behavior that
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sends the data from buffer over the other bus to the intere@plient and a notification identity be-
havior that sends a notification transaction to the sender tife sender has executed. Algorithm

9 gives pseudo code for the refinement resulting from tracesdinsertion.

Algorithm 9 InsertTransducerXddressa, ...ay,Channelcc,, ¢, BehaviorM)
1: Mg=Mg.[T].1:vsp~T

2: fori=1toTOndo
Require: JPEg,PE € B, sit.c< g >: PEs < bif >— PR < bif > Mg
3: if (Connected T@PEs) == busl AConnected TPE; ) == bu<2) then

4: Ms= (Ms—c< & >:PEs< bif >— PR < bif >).cl<a,-1>:PE5< bif >—T < bif; >

5: Ms=Ms.C; < & >: T < bif, >— PR < bif >

6: T=T1l:vspr~er.l:er~ é€;1l:€~ €f.1l:€f~ er

7: T=T.eri<out>—v.v — € <in>

8: T=Ta':I<biff>—er<in>.a?:e;<out>— I <bhif, >.a: € <out>—
I <bify >

9: else if(Connected T@PEs) == bu2 A Connected TAPE; ) == busl) then
10: Ms= (Ms—c< & >:PEs< bif >— PR < bif >).cz<a,-1>:PE5< bif >— T < bif, >
11: Ms=Ms.Cc1 < & >: T < bif; >— PR < bif >

12: T=T.1:vspr ~eril:er~ ;1 €~ er

13: T=T.eri<out>—v.v — € <in>

14: T=Ta?: I<bif,>—er<in>.al:e;<out>— I <bif; >
15:  end if

16: end for

4.5.3 Proof of Correctness

Figure 4.11 shows the basic proof steps for showing equicaléetween models before
and after transducer insertion. Without loss of generality assume a transducer between two
channelsc; andc, as shown in the flattened model in Figure 4.11(a). The traxesdeplaces a
direct channel transaction between identieande,. The transducer consists of an endless loop

with a sequential body of 3 identities namely, €; andeff. Identity er has a transaction link from
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e1. After this transaction occursy copies the received data in a local variabl@ husv is a copy
of vi. Then,&; executes, sending data fronto e, over channet;. Finally, after this transaction
is complete, identityf executes and synchronizes wéh

We start by resolving all the transaction links in the modéb iappropriate control and
data dependency relations using the link resolution tcansdtion rule (Step 1). By the application

of this rule, we replace transaction and data relations
C1<a > e <out>—er<in>.er <out>—Vv
with the following relations
1:e&er ~ €.l g&er ~ €6 <out>—v
Transaction relations betweeh ande, and data relations @ as follows
<> g <out>—e <in>.e <out>— Vv,
are replaced by control and data relations
1:e&€e; v e].1: &€ ~ €.60 <out >— vy

The notification transaction betweepande] is also replaced similarly using the link resolution
rule. At the end of transformations of Step 1, the model Ididesas shown in Figure 4.11(b).

In Step 2, we apply the streamlining rule in the same fashuosad in the proof for
RPC style behavior partitioning algorithm. The rule eliatied control dependencies fragn to
€ and fromer to €. As a result,er does not have anything executing after it and it does not
modify and variable in the model, so it is removed from the ei@ong with all its control and
data relation. The resulting model after this transfororats showed in Figure 4.11(c).

In Step 3, we optimize away identitie$ ande] using the identity elimination rule. In
Step 4, we use the RCDE rule to remove the redundant contpeindiency frone; to €. This is

because the control dependency is cause by the relation
1 :el&elf ~ e(l’

ande, > €/, there by allowing application of RCDE. Finally, in Step 5 aptimize away identity

€ using the identity elimination rule. The final resulting nebdas shown in Figure 4.11(f), is
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Figure 4.11: Proof steps for transducer insertion duringgaction routing refinement

(€)
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identical to the one derived after link resolution of a dirgtk from e, to e,. Therefore, we have

proved that the transducer insertion algorithm is funetliby preserving.

4.6 Chapter Summary

In the last chapter, we had introduced our system level fismaand etablished func-
tionality preserving transformation rules in that fornsadi. In this chapter, we built upon that
theory to present some useful system level refinements. &feement algorithms were proven
for correctness using the transformation rules of Modekhlg.

We presented the behavior partitioning refinements thatecimmwo flavors. Based
on the design decision of mapping the tasks in a functionatipation to different processing
elements (PEs), the refinement algorithms generated tieralit types of output models that
reflected the mapping. The first output model was based owdhkestep style of synchronization,
where the state of each PE is synchronized with other PEssdtmnd output model employed a
remote procedure call style of synchronization, where thster PE used a channel transaction to
start execution of a behavior mapped to a slave PE. Afterutixet the slave PE returns to wait
for the next request from the master.

We then presented two commonly used refinements for scimgdtdsks in different
PEs in the system. The first refinement was used to serializtlglaasks if the designer wants
to minimize the number of controllers. The second refinemeatl reordering of communicating
behaviors to change the overall communication schedulegsystem. Communication schedul-
ing is used to minimize the number of competing transactmm#he bus, which in turn leads to
fewer arbitration delays and more predictable system behav

Finally, we presented a refinement resulting from changdése@ommunication archi-
tecture in the system. If two communicating PEs have diffemeterface structure or protocol,
then they cannot use the a single bus for communication. réhedctions between such PEs must
be routed through a special bridge behavior that we refes ta iansducer. We showed how a
system model may be refined to insert transducers betweewitEscompatible interfaces.

All the aforementioned refinements were proved correctguhia rules of Model Alge-

bra. In our design methodology, such refinements are frélyuesed to evaluate different system
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architectures. Reliable methods for implementing theBeements cut the costs for verifying all

refined models that are generated during the system levigidpsocess.
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Chapter 5

Automatic Refinement Verification

In the previous chapter we established theoretical repeltgining to the refinement
of system level models in Model Algebra and the verificatidrsuch refinments. We used the
proof strategies for showing correctness of refinementeteldp an automatic tool that applies
the sound transformation rules of model algebra on two nsoeprove their functional equiva-
lence. The models themselves are abstractions of perfaenaodels written in system design
languages, in our case SpecC.

Our verification methodology is shown in Figure 5.1. It fel®from our system level
design methodology already discussed in the previous ehapd shown in Figure 4.1. We use
our automatic tool to check the equivalence of the models udargo various refinements in
out methodology. In this chapter, we will present our edenee verification tool, discuss the
automatic verification algorithms and provide experimenggults for the verification tool on
SpecC examples.

The verification tool flow is shown in Figure 5.2. First, we thst the SLDL model into
a graphical MA representation. The MA representation thetergoes a series of transformations
until no more transformations can be applied. The final masislaid to be normalized. The
normalized models are then checked for isomorphism. Threrene key requirements for such a
verification technique to succeed. The first requiremettesdundnessf the transformation laws
that are used to normalize the model. Soundness means tatraasformation must produce

an equivalent model, according to the equivalence notidimel® above. The second requirement
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Verifier
Scheduled
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Verifier

Transaction
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Figure 5.1: Refinement Verification methodology

is that the normalization algorithm must always producenisiphic normal forms for any two

models that can be proven equivalent using the transfoomédivs.

5.1 Functional Abstraction

Our verification tool is based on the syntax and semanticsarféVlAlgebra. However,
it would be inconvenient and complicated for verificatiorgigeers to convert their system level
models into model algebraic expressions for verificatiome Key difference between a model
written in a typical SLDL and once written in Model Algebratigat the model algebraic model
treats behaviors as black boxes or uninterpreted functidls®, it treats any conditional expres-
sions in the model as uninterpreted predicates. The SLDLeinehluates values of variables
during execution, while in model algebra, we only care altoeiinteractions and dependencies of

the behaviors, conditions and variables. Therefore, anesdde approach would be to automati-
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SL Model (B) Abstraction P ®) Normalization Model B

Figure 5.2: Steps in refinement verification

cally derive the model algebraic expression from an SLDL ehod
The front end or our tool is essentially a SpecC parser thedtes model algebraic
expressions from SpecC behaviors. In this section, we \wi# g brief overview of the relevant

features of SpecC and show how a SpecC behavior is abstiattelmodel algebraic behavior.

5.1.1 SpecC language and SIR

SpecC is a system design language that was created for mpadéembedded systems
consisting of tasks that run in HW and those that run in SWs built on top of ANSI-C and
allows explicit modeling of concurrency, bit-vector tymasd hierarchy to allow system level rep-
resentation of HW/SW designs. We now look at the basic siraadf SpecC language that are
relevant for our model algebra based functional verificatid/e also discuss the SIR application
programming interface that allows us to interpret and maaip SpecC models. In our verifica-
tion tool, the key idea of functional abstraction moduleigierive the model algebraic expression

of a design from its SpecC representation.

5.1.1.1 Basic Structure of SpecC

SpecC allows us to code a hierarchical composition of conicating behaviors. Each
behavior is either a module written in ANSI-C or a further qaosition of other behaviors. We
will not consider hierarchical behaviors that have subabvedrs interspersed with other C-code.
It is perfectly legitimate to write and execute such a model, defeats the purpose of clean

hierarchy and treatment of leaf behaviors as uninterprietections. SpecC allows for ports and
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variables that have identical interpretation as ports amthliles in MA. However, in SpecC,
ports and variables may have data types, something thattisomsidered in MA. In general,
channels in SpecC are different from those in MA since Spegetag considers a channel to be
simply a class with available functions. These functiony to@ declared in an interface that is
implemented by that channel. Itis possible to have chammighsfunctions for purposes other than
communication, which would make them like any other behawidVA. We will consider only
one implementation of the SpecC channel, namely the dowbiddihake channel with mutually
exclusive data transfers. The semantics of the channel ddewady been discussed in previous
sections. This channel can be easily written in SpecC arsbigaed to be available in the models

that we are trying to verify. No other types of channels al@nadd.

5.1.1.2 SpecC Internal Representation

The SpecC internal representation (SIR) is an abstracasyapresentation of a model
written with SpecC syntax. The SIR also comes with a rich AlPréading and modifying SpecC
programs. The functional abstraction module uses the SIRARad a SpecC model and build
the verifier's internal data structure representing thednadical model algebraic expression of the
model. SIR API provides the following classes and types theititate creation of model alge-
braic expressionssir_behavior::BehaviorClassised to identity if a behavior is to be treated as
uninterpreted function or a hierarchical behavior. Cdntetations are created based on the re-
turned behavior type.Classes fir_portmap and sirportdirectionused to identify port mappings
and the corresponding data flow relations.Inside FSM behasir_transitionsare used to create

control relations with complex control conditions.

5.1.2 Executable Performance Models in SpecC

A typical executable performance model is shown in FiguBésd. The platform con-
sists of a processor (Proc.) connected to Busl along withhivdware components (HW1 and
HW2). Communication elements such as arbiter and intecaptroller (IC) allow safe and syn-
chronized communication between the processor and the HWpaoeents. The architecture in

the model is captured using hierarchy (a parallel commositif components) and signals and
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(a) Performance Model (b) Abstract functional model

Figure 5.3: The platform model and its corresponding fuomal abstraction

channels for wires and bus interfaces. The applicatiolff isseaptured by instantiating behaviors
inside the appropriate component behavior. For instanglegaworsb; andb, of the application

are mapped to Proc. as seen by the behavioral hierarchy.

5.1.3 Deriving Model Algebraic Expression

Given the syntax of Model Algebraic representation, wewdethe abstract functional
model of our example as shown in Figure 5.3(b). The bold gregws show the abstraction
of the objects in the performance model in Figure 5.3(a) ottfects in the abstract model on
the right hand side. All hierarchical behaviors have unigtaet and terminate identity behaviors
calledvirtual starting point (vspandvirtual terminating point (vtpyespectively. Leaf behaviors
are copied as is since they are treated as uninterpretetidiusic Sequentiality and loops inside
HW1 are modeled using control dependencies as shown. Netaltraction of the behaviors
and the task scheduler inside Proc. using the control flow Af Bbth behaviors; andhb, are
allowed to start simultaneous aftesp However, the Proc. behavior terminates only after both
b, andb, have terminated. All communication implemented in the granance model (using bus
signals, arbiter, IC, drivers and bus interfaces) is ab&dhinto high level transaction linkgs and
I, implemented on the channel labeBds . Finally, the top level system is abstracted as a parallel

composition of hierarchical component behaviors.

105



b:MA_Behavior

b1:MA_Behavior

[ o>

b2:MA_Behavior

[ —

c1:MA_Channel

[ o>

c2:MA_Channel

[ ~—

v1:MA_Variable

V2:MA_Variable

[+

[

p1:MA_Port

[ o>

p2:MA_Port

[ —

qvl:MA_Condval

NN R

qv2:MA_CondVval

[ o>

[ ~—

dep_v1:MA_Variable

| '-|—>| dep_v2:MA_Variable

[} =meem-

dep_p1:MA_Port

| 0-|—>| dep_p2:MA_Port

(> eeeees

I

bddvar:BDD |

q1:MA_Condition

1

| "|—>| g2:MA_Condition

[} =mmem-

|

qv:MA_CondVal |

al:MA_Address

a2:MA_Address

[ &>

[F> ==mme-

L1

rc1:MA_RC

[ o>

rc2:2MA_RC

[ —

g:MA_Condition |

pred1:MA_Behavior

| 0-|—>| pred2:MA_Behavior

(> =mmme-

I

succ:MA_Behavior |

rw1:MA_RNW

[ o>

mw2:MA_RNW

[~

source:MA_Port |

I

destn:MA_Variable |

mwil:MA_RNWI

rmwi2:MA_RNWI

[ o>

[o}> eeeees

source:MA_Port |

I

destn:MA_Port |

Figure 5.4: Data structure for storing model algebraic eggion
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5.1.3.1 Internal representation for MA

In MA, the model is simply the top level behavior. In Figured and 5.5, we have
shown the data structure for organizing model algebraicesgion of a behavior. Each object and
composition rule in MA (excluding interface) has a uniquassl implementation. Additionally,
we have a class for boolean functions that are used for reqtiag the values inside control con-
ditions. These boolean functions are stored and manigllageg BDDs in the CUDD package

and its application programming interface [CUD)].

5.1.3.2 Translation from SpecC to MA

The system model in SpecC is a hierarchical composition b&ers using different
composition styles such as sequential, parallel, FSM guelipe. The behaviors at the same scope
communicate with variables or channels. Across hierasghierts facilitate behavior communi-
cation. There is a direct translation possible from a subk8pecC to MA. We will assume that
for synthesis and refinement purposes, the designers usethose constructs that are allowed in
MA. All other SpecC constructs such as events (outside aiaprinterrupts and exceptions will
be disregarded for our discussion.

The pseudo code in the recursive Algorithm 10 is used to neditei SIR data structure
of a hierarchical behavior and covert it to a set of corredpanmodel algebraic expressions. The
algorithm recursively traverses the SpecC behaviors irpghd#st fashion and creates terms for
behaviors at the current scope. We also give pseudo codefmug helper functions that are
used during functional abstraction. These functions meldlgorithm 11 that is used to create
blocking data flow relations from the port mappings to irdeds in SpecC. The method described
in Algorithm 12 is used to create transaction link relatinasn SpecC behavior instantiations and
port mapping to channels. The final helper method describe&lgorithm 13 is used to create
control flow relations from different types of SpecC hiehacal behaviors. In this pseudo code,
we will only show the control flow creating from parallel coogitions par behavior in SpecC)
and FSM behaviors. Other type of supported SpecC behavkaerséquential and pipelined may

be derived from FSM and par behaviors.
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Algorithm 10 SpecC2MA (Behaviorlinstancgeh) returns MABehavior type
1. scbtype= SpecC behavior whose instarsebis

2: b—PortList = scbtype-PortVariables

3: if scbtypeis leaf behaviothen

4. RETURND

5. end if

6: b—VariableList = scbtype»Variables

7: b—ChannelList = scbtype-Channels

8: for all scsube scbtype-SubBehaviorlnstanceso

9:  b=Dh[SpecC2MA (scsub)]

10: end for

11: for all pmape scb-¢ PortMapdo

12: if pmap maps in-porpsyp Of scsubto v € schtype— Variablesthen

13: b = b.v— scsub< psyp >

14:  endif

15:  if pmap maps out-pops,, of scsubto v € schtype— Variablesthen

16: b = b.scsub< psyp>—v

17:  endif

18: if pmap maps in-porpsyy Of scsubto p € scbtype— PortVariablesand p.Type==
VARIABLEthen

19: b="hb.I < p>— scsub< psyp>

20:  endif

21: if pmap maps out-porps,, of scsubto p € scbtype— PortVariablesand p.Type==

VARIABLEthen

22: b= b.scsub< psyp>— I < p>
23:  endif
24: end for

25: CreateBlockingDataFlow (b, scb)

26: CreateControlFlow (b, scbtype)
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Algorithm 11 CreateBlockingDataFlow (MAehavior b, Behaviorinstanceh

1: for all pmape scb—PortMapsdo

2. if pmap maps in-porpsyp Of scsubto p € schtype- > PortVariablesand p.Type==
INT ERFACEthen

3 if scsubis Identity andpsyprecva,..) € scsubthen

4 p.addresses—~Append(a)

5: else

6: p.addresses—~Appendfsyp.addresses

7 end if

8: b=ba: I < p>~ scsub< psyp>

9:  endif

10: if pmap maps out-porps,, Of scsubto p € schtype- > PortVariablesand p.Type==
INT ERFACEthen

11: if scsubis Identity andps,p.senda,..) € scsubthen

12: p.addresses—~Append(a)

13: else

14: p.addresses—~Appendfsyp-addresses

15: end if

16: b=bha:scsub< psyp>— I < p>

17:  endif

18: end for

19: CreateTransactions (b¢ch
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Algorithm 12 CreateTransactions (MBehavior b, Behaviorinstaneseh

1: for all pmape scb—PortMapsdo

2:  if pmap maps in-porpsyp Of scsubto ¢ € schtype- > Channelghen
3 for all a€ psyp-addressesio
4: b.links —Appendf)
5: a.channel=c
6: areceivers= a.receiverg& scsub< psyp >
7 end for
8 endif
9: if pmap maps out-porps,, of scsubto ¢ € schtype— Channelghen
10: for all a € psyp-addresseslo
11 b.links —Append@)
12: a.channel=c
13: a.sender= scsub< psup >
14: end for
15:  endif
16: forall a€ b.linksdo
17: b = b.a.channel< a >: a.sender— a.receivers
18:  end for
19: end for
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Algorithm 13 CreateControlFlow (MABehavior b, Behavioscbtypé

1

2:

3:

4.

10:

11:

12

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23

. if scbtype— Type==FSMthen

b =b.1:vsp, ~» scbtype— FirstState
tx = scbtype-Transitions—First
while tx # NULL) do
if tx—NextState == NULLthen
b = btx — Condition: tx — CurrentState~ vtp,
else
b = bitx — Condition: tx — CurrentState~ tx — NextState
end if
tx = tx—Next
end while
. else ifscbtype— Type== PARthen
suhy = b — SubBehaviors-First
term=1:suh,
while suh, # NULL do
b=D0b.1:vsp, ~ suly
if sul, # b — SubBehaviors— First then
term=term&sub,
end if
suly = suly —Next
end while
b = bterm~ vtp,

- end if
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5.2 Model Normalization

The abstracted MA expression from the input SpecC modeld novg be reduced to
a normal form using the correct transformations in MA. Chegkequivalence of two arbitrary
MA expressions has not been shown to be decidable. This aubeave do not have any results
on the completeness of our transformation rules. If we dmrsiwo MA expressions such that
we can prove their equivalence using our transformatioastulve need to ask if there exists an
algorithm, with some reasonable upper bound, that can aitcafly perform a proof. Clearly,
an algorithm that tries all possible transformations wdldble to reduce any model to any other
provably equivalent model. However, such an algorithm wdnd intractable and have no practical
significance. Hence, we must resort to manually guided peogines for showing equivalence of
models, just like in theorem proving in higher order logics.

Although it seems that MA suffers from the same verificatioabtems as other for-
malisms, it must be noted that our goal is to verify refinerseag opposed to equivalence of
arbitrary models. The normalization process mimics the uahproof steps we showed in the
last chapter for verification of behaviors partitioningheduling and transaction routing. If the
refinement algorithms were correctly implemented, the dimation process would reduce the
MA expressions of the original and refined SpecC models tmdsphic forms. In this section we

will present the normalization algorithm and a proof thatlitays terminates.

5.2.1 Normalization Algorithm

The normalization algorithm is fairly straight forward dipption of the transformation
rules in Section 3.5. We start by flattening the model downddeaf level behaviors. Then, we
apply channel resolution to replace channels with conindl @data dependencies. As a result, we
have a simplified representation with only control and da&pemdencies. This representation is
converted into a directed graph data structure like thehlgcaprepresentation we have followed
in visualizing MA expressions. This graph consists of 3 §/penodes, namely behavior, control
and variable. There are two types of directed edges, nanoelyat edges (between behaviors
and control nodes) and data edges (between behaviors aablgarorfrom variables to control

nodes).
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The next step is to clean up this graphical representatioreimoving any nodes that
are unused in the model. For instance, if a behavior nodetissaghable from the modelisp
then the behavior will never be executed. This can be simpdyieed by checking for any control
relation that leads to the behavior in question. Similaflg variable does not have any readers
or writers, it will not influence the execution results. Sachariable translates to a variable node
without any incoming or outgoing edges and may be removed frar graph data structure. We
now have a completely connected directed graph on which alarimg transformations may be

applied.

Algorithm 14 Normalize (MA_BehaviorM) return MA_BehaviorMy,
1: M’ = flatten M)

2: forall c<a>:gg<out>—e <in>do
3: M’ =ResolveLinkM’, a)

4: end for

5: repeat

Moig = M’

o

7. forall ee M’ do

8: " = EliminateldentityM’, e)

9: endfor

10: forall q:...&b1&by&... ~be M A (bi>by) do

11: M’ = RCDEM’, by, by, b)

12:  end for

13:  forall 1:b;~el:by~ .q:..&6&...~be M A (vsp>by) A (b>by) A (b2 (b, b)) do
14: " = StreamlingM’, by, by, e b)

15:  end for

16: forall q:...&b&...~ by e M'A(bi>by) do
17: "= RelaxContralM’, g, by, by)

18:  end for

19: until Mgig == M’

20: M, =M’
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The pseudo code for the normalization process is given ioitlgm 14. We first ap-
ply the identity elimination rule on all possible identitghmaviors that may be optimized away.
Then we try to remove all extra control dependencies usiagRBDE rule. This is followed by
streamlining where ever applicable. Finally, we apply ogntelaxation rule on all applicable
edges. The transformations are attempted all over agatheisame order, starting with identity
elimination if there are any changes to the graph data streicturing any of the transformations.

The algorithm terminates if any round of transformatiorisrapted modifies the graph.

5.3 Isomorphism Testing of Normalized Models

The normalized graphs of the orginal and refined model mutdied for isomorphism
in order to establish their equivalence. During isomonphchecking, we consider key features
of the nodes being compared. Specifically, two behavior siodach from different model, are
considered a match if each has the same behavior type. Weasgillme that the name of the
SpecC behavior type serves as the key. It can be seen that iflemtical SpecC behaviors have
different names, then their corresponding nodes will notclnaHowever, we recall that during
verifiable refinements, we do not touch the leaf level belravibet us consider that we are testing
for isomorphism of behavior andM’. Letb € M andb’ € M’ be matching behaviors. For
simplicity, we will write this match ab <« b/. We will use the same convention for matching
of variables and control conditions. It can be seen that ifoaleh has more than one behavior
instance of the same type, then a simple type comparisomatilbbroduce a one to one match. In
such cases, we try to compare the neighboring control andblamodes to establish one to one
matching.

Matching of variables is ensured by checking for a match efrtivriter and reader
behaviors. For instance, if variablesn M is connected to out-pogt of b, and variable/ in M’
is connected to out-pon of Y and we havé < b/, then we can establish that— V. Also, the
variables should have matching reader behaviors. Spdlifitas in M is connected to in-ponp;
of by andv in M’ is connected to in-ponp, of b}, whereb, < b}, thenv < V.

The matching of control conditions is slightly more comatied. In order for control

condition nodes to match, they must have matching predexessd successors and they must
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have a matching boolean function. This means, that for angbanditionq in model M and

conditiong’ in modelM’, such that
q:b1&...&by~beM,q= f(vq,...,vm) and
q 0&..&b,~ B e M d = f/(Vq,...,Vi)
We claim thatg < ¢ iff
1. bbb
2. 3 bijective mapping®match: {by,...,bn} = {by,...,bn}, s.t.bj Pmatchb), iff by « bj
3.Vi,1<i<my <V

4. f= f/’Vi,lgigm,\/i:vi

Normalized (M) Normalized (M’)

x1 = (vl >5); x2 = (v2 <= 16) x1'= (v1' > 5); x2' = (v2' <= 16)
q=(x1) && (! x2) g =1!(x1"]| x2)

Figure 5.6: Matching graph nodes during isomorphism tgstin

An example of isomorphism matching for two normalized medslshown in Figure
5.6. The dashed lines across the figure show the matchingeahttividual nodes. Behaviors
bin M andb’ in M" are matched since they have the same type in SpecC. Variabesl v}
are matching because they are connected to the same portafingabehaviors. Consider the
two control conditionsy andq and the pairs of word-level predicatés ,x2) and (x;,%5). It can
be seen that if we syntactically replace the variables iandx, by the corresponding matching

variables inM, then the predicates become syntactically identical @ndx,, respectively. After
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this replacement, it is easy to see that the boolean furgtfiong and q’])(l —x . x=x, are equal.
Hence,q andg can be matched.

In general, it is possible that we cannot get a unique magcfinall nodes using the
above method. If there are multiple matches for a given ntite the false matches can be
iteratively removed by examining the neighbors in the grapbr example, if behaviob in M
matchedy andb” in M’, then we examine the set of all the variables read iy M and see if
there exist matching variables read using the same port$ agdb” in M’. Similar approach
may be used for variables written byand so on. The elimination process is repeated for variable
nodes and control condition nodes until no more eliminatioan be performed. At the end, if
there exist node(s) iM that do not have any match(es)Mi, then we can conclude thist and
M’ could not be proven equivalent. If matches for all nodes aoad then we conclude thi
andM’ are equivalent. Note again that the negative result maylbe, féieither the transformation
rules are incomplete or the normalization process doeserwrgte a proof.

It can be seen that for certain pathological cases, thdiiteralgorithm to find a match
is inefficient. The problem we are trying to solve is in gehergraph isomorphism problem,
whose complexity has not yet been established to be eitlieoiNP. In fact, this special problem
has its own complexity class [Tor00]. There exists sevdgirithms for matching two general
graphs [CG70] that are more efficient than our brute foraatitee method. However, heuristics
like the type restrictions on the behaviors and the booleactions for conditions significantly
reduce the possible permutations. In all the models eneceshtin our experimental results, the

matching process took only a few iterations to converge arelaresult.

5.4 Experimental Results

A verification tool based on the technique in Section 5.2, wiatien in C++ for check-
ing refinement of SpecC models. The functional abstractiodute was used to derive the Model
Algebraic representation from a SpecC Model. The normidimalgorithm in Section 5.2.1 were
then used to normalize this the algebraic representatidre nbrmalized graphs for the origi-
nal and refined model were compared using a simple graph mpdisan checker implemented

within the verification tool. A BDD manipulation package COCUD] was used to maintain
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Application Refinement Model before normalization Normal Total Number of Verification
PP Type Model Transaformations Time (sec)
Behavior B:148, D:127, Q:161; CD:332, DD:429
) . 6131 3.3
Mapping B:188, D:138, Q:202; CD:439, DD:453 B:89,
Voice Comm. B:188, D:138, Q:202; CD:439, DD:453 | D127,
. Q:115; 7065 3.7
Codec Scheduling | B:188, D:138, Q:202; CD:428, DD:453 CD:332
Transaction| B:188, D:138, Q:202; CD:428, DD:453 | DD:445 7229 3.7
Routing B:204, D:144, Q:221; CD:463, DD:470 '
Behavior B:45, D:47, Q:56; CD:115, DD:104
; . 1602 1.6
Mapping B:59, D:53, Q:68; CD:144, DD:113 B:27,
JPEG Comm. B:59, D:53, Q:68; CD:144, DD:113 D:a7,
. Q:38; 2740 2.1
Encoder | Scheduling B:59, D:53, Q:68; CD:114, DD:113 CD:109
Transaction B:59, D:53, Q:68; CD:114, DD:113 DD:104 2852 21
Routing B:67, D:56, Q:78; CD:134, DD:119 '

Figure 5.7: Performance of verification tool for various mefnents

the boolean functions for the condition nodes.

The verification tool has been tested on a wide variety ofiegigbns and refinements.
We present here, results from two applications from theimeltia domain. The first application
is a GSM voice codec application [GZG99] ( 12K lines of Spec@e) for cellular phones. The
second application is a JPEG encoder ( 3K lines of SpecC cddege types of rearrangement
refinements were tried for each application. The first refeirbehavior mappingwas used
to move some behavior from one component to another. Thiseraent resulted in a different
behavioral hierarchy and extra behaviors and synchroaizéb preserve the functionality of the
design. The second refinemeagmmunication schedulingvas used to reorder behavior execu-
tion inside components so as to change the bus traffic patfdra final refinementransaction
routing, was used to change the bus architecture and route trasrsagta a transducer.

The table in Figure 5.7 shows results for the verificationfofementioned refinements
on the two applications. The coluniiodel before normalizatiogives statistics for the abstract
functional model in terms of number of behavior nodes (Blialde nodes (D), condition nodes
(Q), control dependency edges (CD) and data dependencyg dD¢. The columrNormal Model
gives the statistics of the normalized graph. Note that mbform is unique for all models in-
volved in the refinementsNumber of transformationgiclude transformations resulting from
flattening, link resolution, identity elimination, contn@laxation, redundant control dependency

elimination (RCDE) and streamlining. We have also includgdcellaneous transformations like
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removal of unreachable nodes, variables without readexsitars etc. The number of transforma-
tions includes transformations performed for normaliZiagh the original modehnd the refined

model. As we can see, the total verification time is in the oodea few seconds, which makes

this technique very practical.

5.5 Chapter Summary

In the previous chapters we introduced Model Algebra as e&sytevel modeling for-
malism and presented useful refinement algorithms that prereen to be functionality preserv-
ing. In this chapter, we used the theory of Model Algebra dwedaroof strategies for refinements
to develop automatic methods for proving correctness afiegafents. This technique is particu-

larly useful since we can automatically verify if a certag@fimement algorithm has been correctly

implemented.
Original
Model (C D=oe.
€ 1 <
[ =]
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Figure 5.8: Refinement path vs. proof path

Figure 5.8 shows the automatic refinement strategy. Thénatignodel is refined and
a new model is generated using a particular refinement #hgori An alternate path from the
original model to the refined model consists of a sequenceaostormations, each being an
instance of the transformation rules defined in MA. If thenefhent and the transformations
result in an identical model, then we have verified that tfieeenent is functionality preserving.

The implementation of the verification tool is targeted fggtem level models written in
SpecC. We showed how the model algebraic expression forigiea and refined SpecC models

were derived using the functional abstraction module. Ttherderived expressions were reduced
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to a normal form by successively applying the transfornrmatides of MA. Finally, the normal

expressions were compared using the isomorphism testiclylmof the tool.
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Chapter 6

Conclusion

In this dissertation, we presented our work on the verificatif some useful system
level refinements. We introduced Model Algebra, a formalikat was used as a basis to reason
about the contruction, transformation and verificationystem level models. It provided a the-
oretical foundation for representing and proving the adress of system level refinements. We
identified the commonly used refinements, namely behaviditipaing, scheduling and trans-
action routing and presented the syntactic modificatioas ibsult from such refinements. The
refinements were then proven correct using sound transfmmmeules of Model Algebra. The
refinement algorithms and their correctness proofs alldiabie implementations of system level
refinements. Besides the theoretical results, we alsomeséhe implementation of an automatic
refinement verification tool that verifies if a refined moddlisctionally equivalent to the original
model.

The complexity of modern embedded system designs forcegndes to develop ab-
stract performance models that simulate fast and give naddp accurate metrics. Using these
abstract models, the designer may evaluate various implati@ens and choose the most ap-
propriate one. However, as we add details to the abstracenaodl gradually refine them, we
must guarantee that the refined model is functionally edemido the original model. The prob-
lem of verifying equivalence of independently developedtam level models is intractable at
best. Therefore, for efficient verification, we proposedwbefication of well defined refinements

instead of arbitrary models themselves. We now look at tleeiip benefits of our work, the
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contributions of this thesis and some ideas for future work.

6.1 Benefits

The key advantages of using Model Algebra and refinemerficagion in system-level

design are enumerated as follows:

1. No need to verify refined models The designer needs to perform property verification
only on the first (most abstract) model. All models deriveairirthis abstract model can
be automatically verified using our refinement verificatioalt Since property verification
can be very time-consuming, we save significant amount aof tiyn eliminating the need

for reverifying generated models.

2. Correct automatic refinements A model refinement can be expressed as a sequence of
syntactic transformations in Model Algebra. Since, eaahgformation is well defined and

is proven to be sound, the refinement can be performed autathatand reliably.

3. Automatic checking of model refinement Actual implementation of refinement tools may
contain bugs that result in generated models that are naotadent to the original model.
The additional process of running the refinement verificataml gives the designer con-
fidence that the refinement tool works correctly. If a misrascfound, it can be used to

debug the refinement tool.

4. Disciplined system design Refinement verification works in a disciplined system desig
methodology, where detailed models are derived from atistn@dels, rather than being
re-written. To get the advantage of our verification methibe, system designers define
clear semantics of models at each level of abstraction. eftie, the design methodology

enforces models that are not just simulatable, but alsdsgitable and verifiable.

6.2 Contribution

The significance of our work is that we proposed, defined andgar through imple-

mentation our new concept of refinement verification in syskevel design. The contribution of
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our work can be further enumerated as follows.

1. We defined Model Algebra as a set of objects and composgities. Expressions in Model
Algebra can be used to represent system level models asface@tmunicating hierarchical

behaviors..

2. We defined formal execution semantics of models writtdviadel Algebra that allow us to

reason about the functional equivalence of models.

3. We defined transformation rules for models written in Mo8llgebra and proved their
soundness. This allowed us to syntactically transform ondehin Model Algebra into

a functionally equivalent model.

4. We identified useful system level refinements that may bd tsevaluate different system
implementations. These refinements were proved for coresstusing above transforma-
tion rules. This allows development of reliable tools fotamatic refinement of system

level models.

5. Using the transformation rules and the proofs for refingnadgorithms, we developed a
tool for automatically checking if a certain refinement iplemented correctly. This allows
us to have greater confidence in the model refinement resudishe ability to debug the

refinement tools.

6.3 Future Directions

In this dissertation, we selected refinements namely behaértitioning, scheduling
and transaction routing. We used Model Algebra and its ndeserify algorithms for these re-
finements. In the future, we may identify more refinementtriey be verified. There are several

topics to be explored in this regard, some of which are enatedrbelow:

1. Verification of refinements such as slicing and packegizihcommunicated data will re-

quire the extension of Model Algebra to include variablegtyjpnd their compositions.

2. New transformation rules required for refinement to cydeurate models.
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3. Study of completeness (necessity and sufficiency) ofrtirestormation rules.

UM

EM
™ G

Figure 6.1: Classes of models in Model Algebra

The completeness aspect may be better understood fromubieation in Figure 6.1.
The outermost rectangular box labeléi is the set of all possible models that can be expressed
in Model Algebra. It can be easily seen that this set is irdiniThe universal set is divided
into equivalences classes, one of which is labdtéd. All models in EM are equivalent with
respect to our notion of trace equivalence discussed irdde8i4. The seEM contains the set
of verifiable modeld/ M. These are equivalent models whose equivalence can bedpusirg
the transformation rules of Model Algebra. Finally, the ¥&t contains the set of automatically
verifiable models&v M. Models in this set are such that their equivalence can beegrasing
the transformation rules and there exists a tractable igtigorthat can generate this proof. If
EM =VM, then we say that the transformation rules are completes i§ti powerful result since
equivalence, or the lack thereof, of any two models can beggrolf AV M =V M, then any proof

of equivalence can be generated automatically in finite.time
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