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This paper presents Model Algebra (MA), a formalism for representing SoC de-
signs at system level. We define the objects and composition rules of MA and
show how system level models can be represented as expressions in this formal-
ism. The formalism is applied to a system level design methodology, where design
decisions are used to gradually transform the functional specification model of the
system to a transaction level model with components and communication struc-
ture. Each transformation is represented as a manipulation of a model algebraic
expression, and proven for correctness using the laws of model algebra. These
laws are based on the well defined execution semantics and notion of functional
equivalence for MA models. Our approach promises significant savings in the ver-
ification of system level models because only the first model needs to be verified
using conventional techniques. All transformations of this model, derived using
MA laws, are proven to be functionally equivalent.
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1. INTRODUCTION

The continuous increase in size and verification complexity of SoC de-
signs has raised the abstraction level of system modeling. Since these ab-
stract models are also simpler to understand and debug, the designer can
hope to eliminate most functional errors early in the design process. Once
the abstract system model is verified, it can be used as a source for de-
riving more detailed lower level models. As design decisions are made,
the source model is refined to reflect those decisions. During design space
exploration, the designer might need to create several refined models to
represent the various design points. An important concern in such a design
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methodology is that the designer should not have to repeat costly simula-
tions for each of the refined models. The verification effort for the specifi-
cation model must therefore be leveraged for verifying the refined models.
An analogy can be seen in logic synthesis, where expensive gate level sim-
ulation is avoided by using logic equivalence checking. The RTL model,
which simulates much faster than a gate level model, is verified as exhaus-
tively as possible and then synthesized to a gate level implementation. The
gate level and RTL models are then compared for equivalence using formal
methods.

In recent years, not only are the RTL models increasing in size, a sig-
nificant part of the design is being implemented in software. Hence, ex-
haustive simulation and debugging at the cycle accurate level is also be-
coming very time consuming. In an ideal scenario, one should need to
simulate and debug only the abstract system specification model. Lower
level models, that are derived from the specification, may be compared
against the specification model using some formalism.

In this paper, we introduc®lodel Algebra (MA), which is a formal-
ism for representing system level models and verifying their transforma-
tions. System level models, written in System Level Design Languages
(SLDLs), can be abstracted into MA expressions. Model transformations
are realized by manipulation of MA expressions. The formalism provides
a set of laws that can be used to transform one model into an equivalent
model at a different level of abstraction.

A possible system level design methodology is illustrated in Figure 1.
We start by distributing the behaviors in the specification onto different
HW and SW processing elements (PEs) to derive an architecture model.
However, the behaviors in this architecture model are not yet scheduled.
The static scheduling step allows for serializing the concurrent behav-
iors on the HW PEs, since they will be implemented with a single con-
troller. Also, at this stage, the communication between PEs may be stati-
cally scheduled to optimize timing. During communication synthesis, the
final bus architecture, including the busses and their connections to compo-
nents, is determined. Also, the abstract point to point traffic between these
components is routed on this bus architecture. Finally, the SW tasks are
compiled for the target processor and the HW behaviors are synthesized.

The rest of the paper is organized as follows. Section 2 discusses the
requirements for modeling at the system level and presents the definition
of Model Algebra in terms of its objects and composition rules. Construc-
tion of models with objects and composition rules of MA is discussed in
Section 3. In Section 4, we deal with semantics of hierarchy and the impact
of granularity on model analysis. The formal execution semantics, includ-
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Fig. 1. A possible system level design methodology

ing channel semantics, of models expressed in MA is defined in Section
5 and the functional equivalence verification of MA models is discussed
in Section 6. In Section 7, we look at each design step in our system level
methodology and discuss verification methods for them using MA. Finally,
we give a brief overview of related work in Section 8 and wind up with
conclusions.

2. MODEL ALGEBRA

A modeling formalism may be defined as a set of objects and composi-
tion rules that represent relationships between the objects. Our goal is to
have a formalism that can allow the designer to express executable system
models at different levels of abstraction. For instance, one should be able
to express a model that shows only the functionality of the system using
the objects and composition rules of the formalism. Also, one should be
able to express models with structural details, using the same objects and
composition rules. Given a model and its abstraction level, one should be
able to identify the various structural artifacts within the model. Finally, a
model expressed in such a formalism, should be executable so that it may
be used to evaluate the design. The formalism must, therefore, have clear
execution semantics.
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A system can be viewed as a block of computation; with inputs and
outputs for stimuli and response, respectively. This computation block is
composed of smaller computation blocks that execute in a given order and
communicate amongst themselves. Thus, for modeling purposes, it is im-
perative to have primitives for computation and communication. We will
refer to the computation units as behaviors. A behavior has ports that al-
low it to be connected to other behaviors. The units of communication
are variables and channels. These communication objects have different
semantics. Variables allow a “read, compute and store” style of communi-
cation, while channels support a synchronized double handshake style of
communication. Composition rules are used to create an execution order of
behaviors and to bind their ports to either variables or channels. A system
is thus represented as a hierarchical behavior composed of sub-behaviors
communicating via variables and channels.

The objects of MA can be defined as the tuple
<RB,C.V,I, P, o >, where
A is the set of behaviors
% is the set of channels
¥ is the set of variables
# is the behavior interface
& is the set of behavior ports
</ is the set of address labels

We also define a subsét' of % representing the set of identity behav-
iors. ldentity behaviors are those behaviors that, upon execution, produce
an output that is identical to their input. In general, we will use the conven-
tion of naming identity behaviors &followed by a subscript. Each of the
variables in?” hastypeassociated with it. We defing to be the subset of
¥ such that all variables i are of typeboolean

2.1. Ports

Each behavior has an associated object called its interface. The interface
carries the ports of the behavior that are represented by their association
to the behavior. Hence, to internal behaviors of a hierarchical behavior,
the port is seen ag < p >, wherep € &2. The port is treated like any
other local variable except that we restrict operations on it, depending on
its direction Local behaviors can either write to a port, in which case it

is known as theut-port or they may read from the port, in which case it

is called thein-port. If both read and write are allowed, th port is called
inout-port When the same poq is accessed from outside of behavipr

it is written asb < p >.
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2.2. Addressing

Behaviors communicate with each other using either memory or channels.
Essentially, memory based communication follows the SW programming
paradigm, where one behavior writes data into a variable through an out-
port and another behavior reads it via an in-port. Behaviors executing con-
currently use synchronized data transactions amongst themselves for com-
munication. Channels serve as the media for such transactions. Each trans-
action uses an address to identify the sender and the receiver behaviors.
The transactions can, thus, be visualized to take place over virtual links,
that are labeled by distinct addresses. Each of the links is associated with
a channel. Hence, such a link may be writtercasa >, where the link

uses channeat and has the address Two transactions on a channel can-
not share a link if they might take place simultaneously. In other words, all
transactions on a single link must be totally ordered in time.

2.3. Composition Rules

Composition rules on the objects in MA are defined as relations in MA.
These relations may contain two or more objects. Each composition rule
creates a term, which may be further composed, in a particular format, to
create hierarchical behaviors.

2.3.1. Control flow

A control flow composition R;)determines the execution order of behav-
iors during model simulation. We write the relation as

qg: b1&bo&...&by~ b

whereVi,1<i <nbb € ZU.7,q € 2. The composition rule implies that

b executes afteall the behaviord; throughb,, called predecessors in the
relation, have completednd q evaluates to TRUER; is said tolead to

b under the conditior. It implies a synchronization whete must wait

for all predecessors to complete. The degenerate case of the control flow
relation is of the forny, : by ~» b. Here, we only have a single predecessor,
sob may start executing aftédr; if q; evaluates to TRUE, even if there are
other control flow relations leading o A relation with a TRUE condition,

eg. 1 :b; ~ b, will be shorthanded dg; ~ b,.

2.3.2.  Non-blocking write

This composition ruleR,,) is used to indicate that a behavior uses its out-
port to write to a variable or an out-port of its parent behavior. In the case
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of a 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 com-
position rule can be used to create a port connection, written as

b<p>—S2<p>

In this case, the composition rule indicates a port-map in a hierarchical
behavior. Note that p’ > must also be an out-port or inout-port.

2.3.3. 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 behavior.
In 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 amdndicates the
memory from which the data is read. In its other manifestation, this com-
position rule can be used to create a port connection, written as

I <p>—b<p>

In this case, the composition rule indicates a port-map in a hierarchical
behavior. Note that. p’ > must also be an in-port or inout-port.

2.3.4. Channel transaction

This composition ruleR;) indicates a data transfer link from the sender
behavior to one or more receiver behavior(s) over a channel. The seman-
tics of the composition rule ensure that the sender and the receiver(s) are
ready at the time of the transaction. In other words, it follows a rendezvous
communication mechanism. The sender and receiver ports as well as the
logical link of the channel are also indicated in the relation. We write this
relation as

c<a>b<p>—b<p>&p<pr>..&by< pn>

whereb < p > is the out-port of the sending behavior abgd< p; >
throughb, < p, > are the in-ports of the receiving behaviors. The transac-
tion takes place over channelnd uses the link addressad
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2.3.5. Blocking write

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

<a>b<p>—SL<p>

whereb < p > is the out-port of the writing behavior. The paft < p’ >
on the parent behavior d&f will eventually be bound to another blocking
write relation or a channel transaction relation with addeess

2.3.6. Blocking read

This composition ruleRy,) is used to indicate the port connection for the
receiver part of a transaction link. The receiving behavior(s) read(s) from
the in-port of their parent behavior through one of their own in-ports. Even-
tually, the port of the parent behavior will be bound to a channel transac-
tion. Thus, the blocking read relation facilitates the creation of hierarchy
in the model. We represent a blocking read by the expression

<a> I <p>—=b<pr>8&by< pr> .. .&by < pr>

whereb; < p; > throughb, < p, > are the in-port(s) of the receiving be-
havior(s). The port? < p’ > will eventually be bound to another blocking
read relation or a channel transaction relation. The address of the virtual
link (< a>) will be used for binding this port.

2.3.7. Grouping

This composition ruleRg)is used to indicate a collection of composition
rules. Essentially, grouping is used to create hierarchy of behaviors, by
collecting the various compositions of sub-behaviors, local channels and
local variables. This commutative relation is written as

r1.rs....Nh

whereVi,1 <i <n,r; € U{Re, Raw; Rar, R, Row, Ror, Rg}-
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Fig. 2. Control flow within hierarchical behaviors

3. MODEL CONSTRUCTION WITH MA

So far, we have seen the various objects and composition rules of MA. In
this section, we look at how to construct hierarchical system models in MA
using these objects and composition rules.

3.1. Hierarchy

Using the control flow relations, we can compose behaviors such that they
execute in a desirable order. Most SLDLs provide for hierarchical compo-
sitions of behaviors to aid modeling. In MA, hierarchy is achieved using
the interface object and its relation to behaviors. In figure 2, a behavior
b (shown as rounded rectangle) is created by hierarchical composition of
sub-behaviord; andb,. Note thevirtual starting poinfVSP) and therir-

tual terminating poinfVTP) behaviors ob. The VSP is the identity behav-

ior vsp, that is the first to execute inside Other sub-behaviors dif are
executed aftevsp,, depending on outgoing control relations (shown using
broken arcs and circular nodes labeled with control conditions) freg

We can see in figure 2 that the VSP in this casg, is triggering the ex-
ecution of sub-behavids;. Due to its nature, a VSP behavior would only
have outgoing control to other sub-behaviorsbotikewise, the identity
behaviorvtp, is the last behavior to execute insideand will only have
incoming control from other sub-behaviors lmf All hierarchical behav-

iors are assumed to have a unique VSP and a VTP. Hence, the starting and
terminating control relations df can be written as

VS~ b1y ~ vip



Verification of System Level Model Transformations 9

o

pbf
Y
)]

S|
b par (o)
P @ //
) ;G
B
\\\ @
)

(@) (b)

Fig. 3. (a)Parallel and (b)FSM style compositions of behaviors

e

/ E\®
&

3.2. Parallel and Conditional Execution

Most SLDLs provide for special constructs to create different types of
behavioral hierarchies. The common ones are parallel composition and
conditional composition. Figure 3(a) shows a parallel composition of be-
haviorsb; andb,. A typical SLDL may allow construction of a parallel
composition using a statement likar {run by; run by}. Let the result-

ing behavior be callethpsr. The execution obp, indicates that botity
andb, are ready to execute. The executionbgf, completes when both

by andb, have completed. In the corresponding MA expressiam,,,,
andvtp, , serve as the starting and terminating points, respectively, of
the hierarchical behavidrps,. We can see, that insidg;,, by andb, are
allowed to start simultaneously. This is ensured by the control relations
(VSPher ~ b1.VSPYy,, ~ b2). Hence, the parallelism is realized by orthog-
onality of the execution of behaviolg andb,. The control relation at the
end ;&b ~ vtpy, ) ensures that both; and b, must complete their
execution beforevtp, , executes. The execution wfp,,, indicates the
completion of the hierarchical behavibg,;.

A typical if-then-elsestyle composition of behaviors is shown in Figure
3(b). A simple pseudo code example for a hierarchical behdyigy is
run by; if @ == 1 gotol2 elsebreak; The control relations &fsm can be
written as follows in MA
VSfh,, ~ D1.01 1 b1~ 2.0 S by~ Vi 2~ VD,
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Fig. 4. Using ports for non-blocking data flow in hierarchical behaviors

3.3. Variable Access via Ports

In MA, a variable (shown using rectangular box) is directly visible only to
the behaviors that are at the same level of hierarchy as the variable itself.
Therefore, in order to access variables at higher levels of hierarchy, data
ports are used. Ports are visualized as tiny boxes on the behavior interfaces.
As shown in Figure 4, behavidn reads variable; present irbner via the

port “in” of its parentb. Hence, to realized this port connection, we need
terms at different levels of behavior hierarchy. At the levebigi;, we use

the non-blocking relation; — b < in >. At the level ofb, we use the port
connection (shown using solid directed arcs) from the interfadetob; .

We can write this as the relatiof < in >— by < p1 >.

The dual of read port connection is the write port connection as shown
by the access of variable from behaviorb, in figure 4. In this case, the
port “out” of b is used to realize the variable access. The term at the level
of bhjer is b < out >— v». while the term at the level dfis b, < py >—

S <out>.

3.4. Channel Access via Ports

Fig. 5. Sharing channel for transactions with different addresses
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Fig. 6. Various manifestations of the identity behavior

As in the case of non-blocking reads and write, MA provides mech-
anism for blocking reads and writes (shown using solid arcs labeled with
link address) via ports. For instance, in Figure 5, we see channel trans-
actions fromb to by andb,, overc, labeleda; anday respectively. After
zooming into the hierarchy d, we see that the transactions are taking
place fromb; to b} andb;, to bl,. The portsp; and p, of b makes the chan-
nelcvisible tob; andb,. Therefore, using the relaticna >: b; < p11 >+
# < p1 >. behaviorb; can access channelHowever, this requirep; to
be bound to the transaction link addressedpy

In MA several virtual links may share a single channel. Each of the
virtual links are assigned a different address, but the data transfer takes
place on the same medium. Figure 5 shows an instance of channel shar-
ing. Here, the two virtual links with addressesa; > and< a, > use a
common channet. Transactions may be attempted concurrently on these
links. However, due to sharing of the channel, we can allow only one trans-
action at a time. Thus, an arbiter in the channel must ensure that only one
transaction may take place at any time. In MA, this is guaranteed by the
mutual exclusion property of the channel, where the channel is a shared
resource and each transaction is treated as a critical section. This allows us
to connect several different virtual links to the same channel.
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3.5. Using Identity Behaviors

A class of behaviors in MA is known as the identity behavior. As the name
suggests, these behaviors have the same output as the input. As a result they
do not have any computation inside them. They have two ports namely the
“in” port for reading the input and an “out” port for writing the output.

In general, the identity behavior first reads data from the “in” port to a
local variable and then writes this variable to the “out” port. The actual
implementation of the read and write within the identity behavior depends
on the port connections.

There are four basic manifestations of the identity behavior as shown
in figure 6. In the first case, as shown in figure 6(a), both the “in” and “out”
ports of the identity behaviag; are connected to variables. Hence, the re-
spective read and write are non-blocking relations. In MA, the read/write
relations ofe; are expressed as— e; < in > .e; < out >— V. The sec-
ond case of identity behavior is shown in figure 6(b). Here, the “in” port is
connected to a variable, hence the input is read using a non-blocking rela-
tion. On the other hand, the “out” port is connected to chacnklence,
the output needs to be sentliaising a blocking write relation. In MA,
the read/write relations of, are expressed as— e, < in > .c < a>:

e; < out >— b < p>. The third case of identity behavior is shown in fig-
ure 6(c). Here, the “in” port is connected to a changyghence the input

is read from behaviob using a channel transaction. On the other hand,
the “out” port is connected to variable Hence, the output needs to be
written using a non-blocking write relation.In MA, the read/write relations
of e3 are expressed as<a>.b<p>—e<in>.egs<out>—v.
Finally, the fourth manifestation of identity behavior is shown in figure
6(d). Here, the “in” port ofey is connected to a channelfor reading
data fromb. Hence the input is read using a channel transaction relation.
The “out” port of g4 is also connected to a channel nanmédor writ-

ing data tob’. Hence, the output is also written using a channel trans-
action relation. In MA, the read/write relations ef are expressed as
c<a>b<p>—eg<in>d<ad>eg<out>—<p>.

4. HIERARCHICAL MODELING IN MA

The model of a system is simply a behavior in MA. Typically, it is a hier-
archical behavior showing the various components and connections of the
system and the functionality within these components.

4.1. Internal and Interface Terms

In MA, it is possible to represent a hierarchical behavior as a grouping
of terms involving its sub-behaviors, its interface and its local variables
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Fig. 7. A hierarchical behavior with local objects and relations

and channels. Figure 7 shows a hierarchical behdyjgr The expression

for the hierarchical behavior is written using the local objects and their
compositions. For instance, in the given behavligg,, we can see sub-
behaviorsh; andb,. We can also see control flow relations that determine
the execution scenario under the conditions labeled on the control arcs.
We also see data flow relations, both amongst sub-behaviors and between
sub-behaviors and the interface. The grouping of relations between local
objects will be referred to as theternal termsof a hierarchical behavior.
Similarly, the grouping of relations involving the interface will be referred

to as thanterface termf the hierarchical behavior.

We can write the hierarchical behavior as a grouping of all its internal
and interface terms, along with the internal terms of its sub-behaviors. The
grouping of internal terms for a given behavioris represented af).
Thus, we can write
[Bhier] = [Vsp)hier]'[bl]'[bz]'[vt pOhier]'VSp)hier ~ br.op by~ b2'qéL t by~
Vt Doy, -02 ~ VE Py, 01 < P12 >— ViV — b < P2y >
The interface terms diyer is represented bjopie;|. From figure 7, we can
see that
|bhier] =<a>: . <pr>—by<pi1> . <po>— I <p>

Finally, we write the hierarchical behavior as a grouping of its internal
and interface terms. We will use the convention of enclosing the expression
for a hierarchical behavior in braces. Therefore, we get

bhier - ([bhier]-’bhier’)
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Fig. 8. Hierarchical behavidspar with a parallel composition (a) before, and (b)
after flattening

4.2. Multiple Levels of Hierarchy

In the above example, a conditional hierarchical composition was created.
The resulting behavidnier can be used further to create more hierarchical
behaviors. For instance, in figure 8(a), we see behdyjgr in a parallel
composition with behavidpz. The two behaviors exchange data using the
virtual link addresse@, over channet. The hierarchical composition re-
sults in a new behavior calldoh,,. The expression fobpg, is written in

MA as foIIows

bpar = ([VS@,a]- [Ohier]-b3. [Vt pbpar].vs Bpar ~ Brier-

VS[hpy ™~ bs. E)hler& bz ~» vt pbpar

c<a>:bz < par > bhier < P1> bhier <p2>— S <p>)

4.3. Flattening of Hierarchical Behaviors

Addition of hierarchy allows the designer to group different behaviors to-
gether. It does not add any functionality to the model. For functional vali-
dation, we need to be concerned with only the leaf level behaviors. Hence,
we may get rid of hierarchy by flattening the model. The laws for flattening
a hierarchical behavior follow from the semantics of hierarchical behaviors
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in MA. Consider the hierarchical behavibgie, in figure 7.According to
the semantics of the VSP, any control relation leadinig.tg is effectively
leading tovsp,,,. This is becausesp,,, is always the first behavior to
execute insiddnier. Similarly, in any control relation whena,e, is a pre-
decessor, it may be replaced Wy, ... This is becausetp,,,, is always
the last behavior to execute insibge,.

This allows us to define the first two laws for flattening a given hierar-
chical behaviob. The term on the LHS is part of the original expression
involving b. The term of the RHS is the one that replaces the LHS term
onceb is flattened. We will use symbolsy andz as free variables.

FL1 g:Xx~b=Qq:Xx~vVsp
FL2 q:b~Xx=Q:Vip~ X

To enable data flow, hierarchical behaviors allow for ports on their in-
terface. These ports are essentially a conduit for data transfer from one leaf
behavior to another. During flattening, these ports can be optimized away
by appropriately making new port connections as shown in figure 8(b). A
virtual link addresseé over channet is used for blocking data transfer
from bs to b;. However, due to the hierarchical behavilg,, channek is
not visible from the local scope &f. Thus, the porp; is used to facilitate
the connection adb; with channek. When the interface ddyer is removed
during flattening, we can directly connect chanodb b;. Similarly, the
port p2 on bhier can be optimized away by directly connecting< po >
to port p on by, interface.

Therefore, we have the following additional laws for port optimization
during behavior flattening. On the LHS, we show the expression for the
hierarchical behavior enclosed in braces. Only the interface term for the
relevant port is shown.

FL3 (Ly—= 2 <p>...)<p>—X=Yy—X
FLA X— (.. <p>—>Y.)<p>—=X—Yy>
FL5 z<a>:X—(..<a> f<p>—=Yy.)<p>=z<a> X—y>

FL6 z<a>: (..<a>yr— F<p>.)<p>—X—
z<a>iyr—X>
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5. EXECUTION SEMANTICS

In order to define the execution semantics of MA, the control relations in
the model are captured using tBehavior control grap{BCG). BCG is
simply a graph representation of the control flow in the model. Control
dependencies implied by the rendezvous transactions can also converted
into BCG arcs.
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Fig. 9. The firing semantics of BCG nodes

5.1. Behavior Control Graph

The BCG is similar in principle to the Kahn Process Netwdtkbut with

some remarkable differences.It is a directed graph BCG(N,E) with two
types of nodes, namelgehavior nodedNg) and control nodefNg). The
behavior nodes, as the name suggests, indicate behavior execution, while
the control nodes evaluate control conditions that lead to further behav-
ior executions. Directed edges are allowed from behavior nodes to control
nodes and vice versa. Also, a control node can have one, and only one, out
going edge. Thus,

E(BCG) C Ng(BCG) x Ng(BCG) UNg(BCG) x Ng(BCG)

The execution of a behavior node, and similarly, evaluation in a control
node, will be referred to asf&ing. Node firings are facilitated by tokens
that circulate in the queues of the BCG as shown in Figure 9. Each behav-
ior node (shown by rounded edged box) in the BCG has one queue, for
instancebl_queuefor behavior nodds;. All incoming edges to a behavior
node represent the various writers to the queue. A behavior node blocks
on an empty queue and fires if there is at least one token in its queue.
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Upon firing, one token is dequeued from the node’s queue. The control
node (shown by circular node), on the other hand, has as many queues as
the number of incoming edges. For instampehask queues, one each

for edges fromb; throughbg. A control node, sequentially checks all its
queues and blocks on empty queues. If the queue is not empty, it dequeues
a token from the queue and proceeds to check the next queue. The node
fires after it has dequeued one token from each of its queues.

After firing, a behavior node generates as many tokens as its out-degree,
and each token is written to the corresponding queue of the destination con-
trol node in a non-blocking fashion. Upon firing, the control node evaluates
its condition. If the condition evaluates to TRUE, then a token is generated
and written to the queue of the destination behavior node.

There is a one to one correlation between the BCG and the control
relations of the MA representation. A relation of the form

qg: b1&bo&...&by~ b

translates to a BCG with a control nodg,(h+ 1 behavior nodedy( by, ..., b,)
andn+ 1 directed arcs(p1,q), ..., (bn,Q), (q,b)).

5.2. Channel Semantics

The channel object allows for reliable communication between two con-
currently executing behaviors. As discussed before, a channel transaction
implies a control dependency between parts of the communicating behav-
iors. We will assume both the sender and the receiver to be identity behav-
iors in future discussions.

5.2.1. Channel with single transaction link

Figure 10 shows a transaction taking place over channdk can express
this transaction MA using the term< a >: gy < out >+— gq < in >.

The timing diagram for this channel transaction shows two instances of
execution. In the first instance, called Case A, the writer reaches the com-
munication point before the reader. By this we mean that during model
executiong,, is scheduled to execute befagg. However, the rendezvous
semantics dictate tha,, must wait untileq is ready before executing.

It may be noted that if there is a control dependency fegmto &4, the
resulting model would deadlock. Hen@gy must be allowed to start inde-
pendently ofe,, and vice versa. Onogq is ready to start the transaction,

it notifiese,r. The transaction is thus initiated lay;, that performs a write

on the channel. Subsequentyy reads the data from the channel.
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a a
e e

time
Case A: wait wr  wait
Writer arrives first rd
—>
wr  wait
Case B: | —r—
Reader arrives first wait rd

Atomic Transaction

Fig. 10. Timing diagram of a transaction on a channel

In the second execution scenario, called Case B, the reader is sched-
uled before the writer is ready. This forceg to wait until e, is ready to
start executing. The shaded part of the execution, in the timing diagram,
indicates the atomic nature of the transaction. Note that the channel re-
sources (i.e. its local memory) are occupied only during the actual reading
and writing of the data, not during synchronization.

5.2.2. Channels with multiple transaction links

As discussed earlier, channel sharing is possible for different virtual links,
but the transactions are ordered in time. This mutual exclusivity of trans-
actions can be achieved by the use of semaphore constructs in a SLDL.
Thus, the shaded part representing the actual data read and write over the
local memory of channel is mutually exclusive. Consider the configuration
shown in figure 11. In this case, two virtual links, addresag@nd ay,

are shared over channelThese links can be written as a grouping of the
following terms

c<a1>:e1<out>n—>e(1<in>.c<ag>:e2<out>v—>dz<in>

The timing diagram shows the actual arrival schedule of the four commu-
nicating identity behaviors and the resulting communication schedule on
the channel. Note that despite the fact thaarrives first, transaction on

a, takes place before that @a. This is because, the data transfer of trans-
action addressed, is ready to be performed before that far. Thus, the
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. . fel Aer
Arrival times

A e2be

Waitl Wait2 wr(al) rd(al)

Transaction times wait 'wr(a2) rd(a2
4—»4—»4—2

Atomic Transaction

Fig. 11. Multiple competing transactions on a single channel

data transfers on the channel are scheduled on first-ready first-serve basis.
Although the transaction oay is ready to be performed whe arrives,

it must wait for the durationvait, since the transaction addresseds in
progress.

®§* :Z:><:j:

@ et W

3

A ]

Fig. 12. Resolution of channels into control dependencies

5.2.3. Control flow resolution of links

As seen during the discussion of channel semantics, the channels in MA
imply control flow dependencies between communicating behaviors. Our
eventual goal is to collect all control dependencies resulting from trans-
action links and incorporate them into the BCG. We will now see how to
resolve the transaction links in flattened MA models into control depen-
dencies. Figure 12 demonstrates this control dependency extraction.
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Recall that in an analyzable model, blocking relations and channel
transaction relations can involve only identity behaviors or hierarchical
behaviors. Upon flattening, the analyzable model would only have channel
transaction relations between identity behaviors. Thus, for the purpose of
control flow extraction from channel transaction relations, we need to con-
sider only the case where sender and receiver are both identity behaviors.

The synchronization properties of a channel would ensure the follow-
ing two premises:

1. Any behavior following the sender identity behavior would not execute
until the receiver identity behavior has executed.

2. Any behavior following the receiver identity behavior would not exe-
cute until the sender identity behavior has executed.

If we were to optimize away the channel to extract only the control depen-
dencies, the result will be as shown in figure 12. As per the above premises,
behaviorb; following sendere; cannot start untie, has completed. This

is guaranteed by including the afe,, ;) to the BCG. In the dual of the
above caseh, following & is blocked until the sendes; has executed.
This premise is ensured by adding the axG q>).

6. EQUIVALENCE OF MODELS

We can ensure the correctness of generated system level models by using
transformations proved in MA. Thus, we need a notion of functional equiv-
alence of models in MA. Using this notion, we can define useful laws of
MA and prove their soundness.

6.1. Notion of Functional Equivalence

Our notion of functional equivalence is based on the trace of values that
the variables hold during model execution. In particular, we are interested
in the variables that are written to by non-identity behaviors. We will refer
to such variables asbserved/ariables. The reasoning is that variables that
are connected to the output ports of identity behaviors are simply a copy of
another variable. Informally speaking, we consider two models to be func-
tionally equivalent, if they have identical observed variables and the trace
of values assumed by those variables during model execution is identical,
given the same initial assignment. The formal notion of equivalence is as
follows.

Given a modeM, let1(M) be the initial assignment of observed vari-
ables inM. Let
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v e Ny (PCN(M)),3wr(v) € Ng(PCN(M))

Let d;,i > 0 be the value written tw after theit" execution ofwr(v). Let
do be the initial assignment value wfWe define the ordered set

T(V, M, I (M)) = {do,dl,dz, }

We claim that two modelM andM’ are equivalent iff

W, I (M) =1(M) = 1(v,M,[(M)) = 1(\, M, 1 (M)

6.2. Transformation laws of MA

We will now define laws of MA that will allow us to perform useful func-
tionality preserving transformations on a model. For clarity, We will demon-
strate these transformations on the graphical representations of the model.
The transformations can also be shown on corresponding MA expressions,
since the two representations have one-to-one correlation. Due to page re-
strictions, we will refer the reader to our technical regértfor detailed
soundness proofs of these transformations.

6.2.1. Identity elimination

The identity behavior, by definition, does not perform any computation.
Hence, we may remove the identity behaviors from the model, while mak-
ing appropriate changes to the variable dependencies.

(a) Before applying identity elimination (b) After applying identity elimination

Fig. 13. Parts of the model before and after identity elimination

The simple example illustrated in figure 13(b) shows parts of a model
involving an identity behavioe, which is part of the control path frofo
to by. It must be noted that there are no other edges to egtbethe control
nodesq; andgp. As per the semantics of the model, we can elimirg
merging the control nodes andgp as shown in figure 13(b). Note that in
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both the modeldy, will execute aftemb; if both control conditiongy; and

g evaluate to TRUE. Hence, the eliminationeleads to the merging of
nodesq; andgp to form the new control node labeled @sA g (ANDing

of the boolean variableg; andg,). However, it must be noted that as a
result of elimination of, the variable thae was writing to, also becomes
invalid. This variables, is simply a copy of/, by definition of the identity
behavior. Therefore, all dependenciesvpnincluding in-port connections
for behaviors and parameters for control conditions, must be replaced by
dependencies ow. The elimination ofe from the original model results

in the model shown in figure 13(b). This simple example of identity elim-
ination shows how the reduction rule works in principle. We now present
the general definition of the rule.

Identity elimination law (IE)

Given a model M, lee € Ng(M) be an identity behavior. Let M’ be the
model resulting from elimination oé. Let there bem edges toe from
control nodesy; throughgm, in M. Also, let there ben edges frome to
control nodes labeled; throughg, in M. Now, Vi, j,st.1 <i<m/1<
j<n

In M, g has in-degreé(i) andq; has in-degreé(j) + 1.

Let, (Xllvqi)v(xl27qi)v-'-v (X:(|)7ql) € E(BCG(M))! and

(e.d)), (y‘l,q’j),...,(yll((j),q’j) € E(BCG) Also, let(df;,z) € E(BCG). After,
elimination ofe, the merger of control nodes would resultrimx n new
control nodes. Therefore, _ ' _ _
Vi,j,st1<i<m1<j<ngAd] :x'l&...&xi(i)&yjl&...&ylj((j) ~ Zj €
BCGM’)

For data dependencies,(if <a>: € < out>— e <in >).e < out >—
v)cM,e€ c ', thenM=(M—(c<a> € <out>—e<in>)e<
out>—v)).€ <out>—v

If (v—e<in>.e<out>—V)eM,thenVx, s.tvVtox< p>e M,M =
(M —Vtox< p>).v—Xx< p>.

6.2.2. Redundant control dependency elimination

In order to eliminate spurious control dependencies, we first need to do
control dependence analysis. Given model a MyletNg(BCG(M)),x €
N(BCG(M)). If during any execution of My always fires at least once
between every firing ok, then we defing/ to be adominator of x. The

set of dominator nodes for will be represented bgomx,M). The set
dom(x,M) can be defined inductively as follows
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Fig. 14. Model before(a) and after(b) redundant control elimination

1. If x € Ng(BCG), thendom(x,M) = dom(x,M) U qxece@cam)ly:
y € dom(q,M)}

2. If x € No(BCG), thendom(x,M) = dom(x,M) U U pxce@cam)) 10U
{y:yedomb,M)}}

An instance of control dependency elimination is shown in Figure 14.
Giveng € No(BCGM)). Let

b1,b, € Ng(BCG) and(by,q), (b2,q) € E(BCG)

Thusb; andb, must fire forq to fire.If we can show that, € dom(by, M)
then the edgéb;,q) can be eliminated from the BCG. This is because,
upon execution ob;, a token will be enqueued in the queue correspond-
ing to (b1, q). Now, if by executes, we know thd has already executed
and enqueued the relevant token. The ngudell dequeue this token from

b; and will wait for a token fronb,. Hence, a token fron, means that

b; must already have a token sentqolf we remove edgébs,q), while
keeping edgéby, q), the order of firings in BCG would not change.

Redundant control dependency elimination law (RCDE)

Given model M, leg € No(BCG(M)).

If 3b1,b, € Ng(BCG(M)), s.t.

b1 € domby, M) and(b1,q), (b2,q) € E(BCG(M)), then
E(BCGM)) = E(BCGM)) — (b1,0).

6.2.3. Control relaxation

Given a model M, legy: by ~» by be a control relation in M. If there is no
data dependency betwebnandb, and betweetb; andq, then changing
the order of execution betwedn andb, would not change the value trace
for any variable in M. Therefore, the redundant control relatjob; ~ by



24 Abdi and Gajski

N
\\ “ AN P
- = <o T -+{mf -
/ 4 / 4
7/ / 7/

@

\\ \\ 5
- X et Oe(B @ ({2 -
/ / .
/ /

(b)

N ——— -

(c)
Fig. 15. Control relaxation foq : by ~ b, after addinge; ande,

may be relaxed as follows. The dependency fimnto b, is modified into
control dependencies from all predecessors;db by, and from by to all
successors df,. In order to simplify the description of this rule, we will
massage the original model, shown in Figure 15(a), by adding one identity
behaviore; beforeb; and one identity behavia afterb,. The addition of
these identity behaviors conforms to the inverse of the identity elimination
rule and is, hence, functionality preserving. The massaged model is shown
in Figure 15(b). The control relaxation is performed by removing the arc
(b1,q) and adding arcée;, ) and(bs, 1) as shown in figure 15(c).

Control relaxation law (CR)

Given model M, letq: by ~ by, € M. Assuming the configuration shown
in 15(b),

If AV, p1, P2, S.t. (b < pr >— Vv — by < p2 >€ M or g depends o,
thenM = (M —(q: b1~ bp)).q:ep~ bbby~ e

7. SYSTEM LEVEL VERIFICATION METHODOLOGY

In our system level design methodology, the model generation algorithm
uses the design decisions and syntactically transforms the input model. The
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transformation essentially consists of rearrangement and/or replacement of
objects in the input model to create an output model.

Each of the design decisions result in different types of transforma-
tions. For different types of transformations, we need a different verifi-
cation technique to validate it. We will follow the system level design
methodology, as shown in Figure 1. The following design steps are en-
countered as we start from a functional specification model and produce a
scheduled transaction level model.

1. Behavior partitioning
2. Static scheduling
3. Communication synthesis

We will briefly discuss the model refinements resulting from these design
decisions and the transformation rules required for expressing those re-
finements. The detailed examples, demonstrating the refinements as a se-
quence of model transformations, are available in our technical réport

7.1. Behavior Partitioning

A given specification consists of an arbitrary hierarchy of behaviors. Dur-
ing partitioning, we determine the number of PEs that will be needed to
implement the design. The leaf behaviors in the specification are then dis-
tributed over these PEs. The PEs are assumed to execute concurrently.
Thus, in this step, the design decision is to map each leaf behavior in the
specification model to a PE.

The output model must follow a well defined template to reflect the
mapping decision. The output shows the PEs as a parallel composition of
hierarchical behaviors. Each PE behavior is composed from the leaf level
behaviors that were mapped to it. Hence, the transformation produces a
rearrangement of behaviors. Additional channels are added from the li-
brary for synchronization amongst behaviors. We need this synchroniza-
tion since the original order of execution of the leaf behaviors must be
maintained in the new model as well. The data flow relations in the origi-
nal model must also be modified to reflect the locality of memory in each
PE. The original data transfers between leaf behaviors, mapped to differ-
ent PEs, will now go across PEs. Hence, they must be routed via identity
behaviors using channels.

Figure 16 shows a simple specification molfebn the LHS with two
behaviorsh; andb, and condition control flow. After the execution lof,
if condition g evaluates to TRUE, thel, is executed, else the execution
terminates. On the RHS, we see an architecture level implementdtion
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Fig. 16. Model generation after behavior partitioning

whereb; is assigned t&E; andb, is assigned t®E,. Identity behaviors
n andw are added along with rendezvous chansyicto preserve the
original control flow.

Since the transformations consist of rearrangements and addition of
identity behaviors and channels, they can be proved using identity elimi-
nation, flattening and redundant control elimination laws of MA.

7.2. Static Scheduling

Static scheduling is performed in system level models either due to re-
source constraints or timing optimization. Behaviors mapped to HW are
typically targeted for implementation with a single controller. As a result,
any parallelism in the HW PEs must be serialized statically. Consider an
unscheduled HW PE with two threads of execution. The first thread ex-
ecutes behaviob; followed by by, while the second thread executes
followed byb,. A possible serialization of the PE would sequentially ex-
ecute the behaviors in the ordf, bs, by, bs}. Other schedules are also
possible as long as they do not violate data dependencies.

PE1 PE2 PE1 PE2
ot || e | | anh || o
coend @ | ||| @2 ||
run (b2) ' c.send (d) '
(@) (b)

Fig. 17. Different communication schedules for transaction over channel
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Reordering of behaviors can also take place as a result of communi-
cation scheduling. Such a scenario is shown in Figure 17, wheraldsita
sent from PE1 to PE2 over chanmelThe channel implements rendezvous
communication semantics, i.e. both sender and receiver must synchronize
for the transaction to take place. Consequently, for the case shown in Figure
17(a),b, must wait untilbz has completed and the transaction is performed.

If bz takes a long time to execute, execution inside PE1 will stall, as it waits
for the data transaction. Behavioy may be scheduled before the transac-
tion, if it has no data dependency bg The resulting schedule,shown in
17(b), optimizes timing. Transformations resulting from static scheduling
can be proved using the identity elimination and control relaxation laws of
MA.

7.3. Communication Synthesis

After behavior partitioning and scheduling, the system model consists of
concurrent behaviors communicating with several channels. Although, the
model shows the computation structure correctly, the communication struc-
ture still needs to be implemented. In a bus-based SoC communication
scheme, the various PEs are connected to system busses. The communi-
cation model can thus be represented using channels for busses. All trans-
action links in the input model are shared over the hew channelsThe
design decision in this case is choosing the number of bus channels and
mapping the transaction links to the bus channels. In some cases, a trans-
action link may need to be implemented on several busses. This will re-
quire the addition of new identity behaviors to act as bridges, that will
allow the routing of transactions over busses. Hence, the laws for identity
elimination and control relaxation can be applied to prove correctness of
communication synthesis.

8. RELATED WORK

Significant research has been done in the past for developing modeling
formalisms for system level design. Process algebras, such a&§

CCS™ have been used for verifying distributed software, but have limita-
tions in modeling. For example, CSP allows only rendezvous communica-
tion between parallel processes. StateCHargrovide for hierarchy, syn-
chronization and exceptions, but have unclear execution semantics, which
have led to several variants. Colored Petri Nets are widely used for analy-
sis and modeling of concurrent systems, and verification techniques have
been developed to check for their equivalefféeFormal methods, devel-
oped for hardware verification, have been applied to embedded systems
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like bounded model checking) and theorem proving®). The problem

with most state based approaches, as above, is that their complexity in-
creases exponentially with design size. Our goal is to correctly derive de-
tailed system level models, so that we can leave the functional verification
task for only the specification model. Correct by construction techniques
have been widely applied at RT Level to prove the correctness of high
level synthesis step® (. A complete methodology for correct digital de-
sign has been proposed®?, but they only consider synchronous models
which are insufficient at system level.

More recently, research is being directed towards comparison of SLDL
models using textual correlation and symbolic simulafidh but their ap-
proach requires two models to be very similar. Verification of only the syn-
chronization primitives of Spec€? are presented ift®). Correct by con-
struction approaches at the system level have been proposed for HW/SW
partitioning *¥and model generatio®), but they restrict the designer to
follow a given refinement algorithm.

9. CONCLUSIONS

In this paper, we introduced a formalism called Model Algebra, which can
be used for functional verification of system level models. The objects and
composition rules of Model Algebra allowed us to represent hierarchical
SLDL models as expressions. We then presented the formal execution se-
mantics of model algebraic descriptions using behavior control graphs. We
also established a notion of functional equivalence of two models based
on the value trace of variables in the models. This led us to define func-
tionality preserving transformation rules on model algebraic descriptions.
The expressive power and well defined rules in MA can be used to derive
new equivalent models from the specification and perform correct transfor-
mations on them. The formalization of models using Model Algebra has
significant impact on system level verification.
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