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Abstract
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Increase in system level modeling has given rise to a
need for efficient functional validation of models above cy-

cle accurate level. This paper presents a technique for / \

Specification Mode
(SLDL)

checking functional equivalence of system level models, be- \
fore and after the distribution of behaviors in the specifica- Design -

p >0 Model Equivalence
tion over components in the platform architecture. We de-  [°%&00™ Transformation Checker

rive a control flow graph from models written in system level
design languages (SLDLs) and reduce it to a normal form
representation using well defined rules. Two models having
identical normal form are shown to be functionally equiva-
lent. An equivalence checker based on the above concept is
used to automatically check if the architecture level model
is functionally equivalent to the specification model. As a
result, the models generated for various mapping decisions
do not have to be reverified using costly simulations.

Architecture Model
(SLDL)

Figure 1. Automatic equivalence checking of system
level models

to introduce synchronization between concurrently execut-
1 Introduction ing PEs and new behaviors are added to route data across
PEs. These new channels and behaviors are obtained from

System level design languages (SLDLs) are increasinga”brary of modeling objects. Since we need to compare the
being used to create high level system models. These mod_execution of the two models, the equivalence checker needs

els are typically constructed using a hierarchical composi- {0 resolve these library elements.
tion of tasks, referred to asehaviors System level design Some research has been done for comparison of SLDL
decisions are used to map a purely functional specificationmodels using textual correlation and symbolic simulation
onto an architectural platform of processing elements (PEs),[7], but their approach requires two models to be very simi-
memories and communication elements. The models re-lar. Verification of only the synchronization primitives of
flecting these design decisions need to be compared againstpecC [3] are presented in [8]. Correct by construction
the specification model to see if the two are functionally approaches have been proposed for HW/SW partitioning
equivalent. In this paper, we will concern ourselves with [2]and model generation [1], but they restrict the designer
the design decision of distributing behaviors in the specifi- to follow a given refinement algorithm.
cation model over different PEs in the architecture. The rest of the paper is organized as follows. Section 2
Figure 1 shows the methodology for generating the ar- shows how we use graphs to capture control flow in SLDL
chitecture model from the specification and checking the models. In this section, we also define our notion of equiva-
functional equivalence of the two models. The model gen- lence and show how these graphs can be reduced to a normal
eration algorithm uses the behavior mapping decision andform using well defined rules. Architecture model genera-
syntactically transforms the specification model. The trans- tion is illustrated with a simple example in Section 3. In
formation creates a new hierarchy of behaviors, distinctly Section 4, we use this simple example to illustrate how the
showing the top level PEs and the behaviors executing inreduction rules in Section 2 are used to check the functional
them. Communication elements, called channels, are adde@quivalence of specification and architecture models. Ex-



perimental results with our equivalence checking algorithm  The execution of a behavior node, and similarly, evalua-
are shown in Section 5. Finally, we wind up with conclu- tion in a control node, will be referred to adiang. Node

sions and future work. firings are facilitated by tokens that circulate in the queues
of the BCG as shown in Figure 2. Each behavior node
2 Graph Abstractions of SLDL Models (shown by rounded edged box) in the BCG has one queue,

for instancebl_queuefor behavior noddo;. All incoming

Computation in SLDLs is encapsulated inside behaviors edges to a behavior node represent the various writers to the
that read data from variables via in-ports, perform local gueue. A behavior node blocks on an empty queue and fires
computation, and then write data to variables via out-ports. if there is at least one token in its queue. Upon firing, one
We will assume that each variable is written to by only one token is dequeued from the node’s queue. The control node
behavior. We will refer to the writer of a given variahte ~ (Shown by circular node), on the other hand, has as many
aswr(v). Most SLDLs, also support the concept of hierar- queues as the number of incoming edges. For instgace
chy, where a complex behavior can be described in termshask queues, one each for edges fromthroughby. A
of sub-behaviors and their compositions. A behavior with- control node, sequentially checks all its queues and blocks
out any sub-behaviors is calledl@af behavior We will ~ ON empty queues. If the queue is not empty, it dequeues a
assume that model transformations will treat the leaf be- token from the queue and proceeds to check the next queue.
haviors as atomic. We also define a class of leaf behaviors,The node fires after it has dequeued one token from each of
calledidentity behaviors, that output the same data as their I'S qUEUES.
input. They do not perform any computation, and are typi- After firing, a behavior node generates as many tokens as
cally used as place holders or for data routing. We assumdts out-degree, and each token is written to the correspond-
channel transactions only between identity behaviors. Weing queue of the destination control node in a non-blocking
use a graph based data structure, namely#fevior con- fashion. Upon firing, the control node evaluates its condi-

trol graph (BCG) to capture the control dependencies be- tion. If the condition evaluates to TRUE, then a token is
tween leaf behaviors in the model. generated and written to the queue of the destination behav-

ior node, else no token is generated.
2.2 Deriving BCG from SLDL Models

BCG is powerful enough to represent a model’'s execu-
tion trace at the granularity level of leaf behaviors. How-
ever, it lacks the concept of hierarchy that most SLDLs
have. Also, BCG does not have different constructs for se-
guential and concurrent execution. Concurrency is realized
simply by orthogonality of the behavior nodes. We will now
show how control flow of a model written in a SLDL can be
abstracted into a BCG.

Figure 2. The firing semantics of BCG nodes

2.1 Behavior Control Graph

The BCG is similar in principle to the Kahn Process Net-
work [5], but with some remarkable differences.lt is a di-
rected graph (N,E) with two types of nodes, nantedhav-
ior nodeg¢Ng) andcontrol nodefNg). The behavior nodes, (b)
as the name suggests, indicate behavior execution, while the
control nodes evaluate control conditions that lead to further  Figure 3. BCGs for different hierarchical behavior
behavior executions. Directed edges are allowed from be- compositions
havior 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 No(BCG) UNg(BCG) x Ng(BCG) The control flow between behaviors is typically ex-




pressed using switch-case or goto constructs in SLDL. A
simple pseudo code example for a hierarchical behdvior
is as follows

b: run by; if g==1run b, else break

This behavioral composition is illustrated in Figure 3(a).
Note the addition of placeholder identity behaviesg, and
vtpy, (represented by hollow boxes). The former indicates
thevirtual starting pointof b, while the latter indicates the
virtual terminating poinbf b. The addition of these identity
behaviors makes the BCG polar, which helps in flattening
the model. Therefore, any control dependency leadiry to
can be realized in BCG by an edge leadingy$q,. Simi-
larly, any control dependency frobncan be represented by
an edge fronvtp, in the BCG.

The resolution of parallel compositions is done similarly,
as shown in Figure 3(b). The SLDL statement for a parallel
composition:par {run bs; run by} creates a hierarchical
behaviorbpsr. Execution ofbp,r indicates that botly; and
b, are ready to execute. The executionbgf; terminates
when bothb; andb, have terminated. Agairvsp,,, and

Vi, Serve as the starting and terminating points, respec-

tively, of the hierarchical behavior.

Channel

New BCG

Figure 4. Effect of rendezvous channel on BCG

Due to their rendezvous semantics, channels in SLDLs
imply control flow dependencies between communicat-

cution. In particular, we are interested in the variables that
are written to by non-identity behaviors. We will refer to
such variables asbservedsariables. 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 functionally equiv-
alent, if they have identical observed variables and the trace
of values assumed by those variables during model execu-
tion is identical, given the same initial assignment. The for-
mal notion of equivalence is as follows.

Given a modeM, let | (M) be the initial assignment of
observed variables ill. Let
Vv, 3wr(v) € Ng(BCGM))

Letd;,i > O be the value written to after theit" execution
of wr(v). Letdy be the initial assignment value of We
define the ordered set

(v, M,I(M)) = {do,d1,dp,...}

We claim that two models! andM’ are equivalent iff

YW I (M) =1(M) = 1(v,M,1(M)) =T1(v, M1 (M"))

From the above definition of functional equivalence, we
have the following implications. Clearly, for two models
to be equivalent, they should have a one-to-one mapping
of non-identity leaf behaviors. Also, the control flow re-
lations amongst these leaf behaviors must be identical. In
particular, a functionality preserving transformation is one
that does not alter the firing sequence of non-identity be-
havior nodes in the BCG under any initial assignment. We
will now look at transformations to the BCG that retain the
functionality of the model.

2.4 Graph Reduction

A given BCG by eliminating identity behavior nodes and
redundant control dependencies. In this section, we will de-
fine the rules for reducing a BCG. It must be noted that the
transformations applied in the reduction rules will preserve
the original functionality of the model. If a BCG cannot be
reduced any further by applying the reduction rules, then it
is said to be in amormal form

ing behaviors. Figure 4 demonstrates this control depen-
dency extraction from channels. Recall our assumption thatp 4.1
the SLDL model has channel transactions only between
identity behaviors. The synchronization properties of the The identity behavior, by definition, does not perform any
SLDL channel would ensure that any behavior following computation. Hence, we may remove the identity behaviors
the sender identity behavior would not execute until the re- from BCG by making appropriate changes to the control
ceiver identity behavior has executed, and vice versa. If wedependencies.

were to optimize away the channel to reveal the control de-  The simple example illustrated in figure 5(a) shows part

pendencies, the result will be as shown in figure 4. of a BCG involving an identity behavice in the control
path fromb; to by. It must be noted that there are no other

edges to eithee or the control nodes; andqgz. As per

the semantics of BCG, we can eliminat®y merging the
Our notion of functional equivalence is based on the control nodes); andg, as shown for the BCG in figure 5(b).

trace of values that the variables hold during model exe- Note that in both the modelb; will execute afteb; if both

Identity Elimination

2.3 Notion of Functional Equivalence
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Figure 5. BCG before and after identity elimination

control conditionsy; andqy evaluate to TRUE. Hence, the

elimination ofe leads to the merging of nodes andg, to

form the new control node labeled gsA g2 (ANDing of

the boolean variableg; andqp). This simple example of

identity elimination shows how the reduction rule works in

principle. We now present the general definition of the rule.
Identity Elimination Rule (R1) : Given a model M, let

e € Ng(BCG(M)) be an identity behavior. Let M’ be the

model resulting from elimination of. Let there benedges

to efrom control nodes); throughgm, in BCG(M). Also, let

there ben edges frone to control nodes labeleg} through

O, in BCG. Now,Vi, j,st.1<i<m1<j<n

In BCG(M), g has in-degred(i) and ¢ has in-degree

k(j)+1. _ _

Let, (XllaQi)v (X|27qi)a e (X:(i)aQi) € E(BCG(M))' and

(.0, (YA, (Vi - ;) € E(BCO) Also, let (qf, 7)) €
E(BCG). After, elimination ofe, the merger of control
nodes would result im x n new control nodes. Therefore,
Vi,j,st.l<i<ml<j<n

Gi Ad] :x‘l&...&x}<i>&yjl&...&y|1((j) ~»zj € BCGM’)
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Figure 6. BCG before and after redundant control
elimination

2.4.2 Redundant Control Dependency Elimination

In order to eliminate spurious edges in a BCG, we first
need a control dependence analysis. Given model M, let
y € Ng(BCG(M)),x € N(BCG(M)). If during any execu-
tion of M, y alwaysfires at least once before and at least
once between every firing of then we defing/ to be a
dominator of x. The set of dominator nodes famwill be
represented bgom(x,M). The setdom(x,M) can be de-
fined inductively as follows

1. If x € Ng(BCG), then domx,M) = domx,M) U
Ngxee@camyly:y € domg,M)}

2. If x € No(BCG), then domx,M) = dom(x,M) U
Ubxee@eamy{bU{y:y € domb,M)}}

An instance of control dependency elimination is shown in
Figure 6. Giverg € No(BCG(M)). Let
b1,bz € Ng(BCG) and(b1,q), (b2,q) € E(BCG)
Thusb; andb, must fire forq to fire.If we can show that
b; € domby,M) then the edgedbi,q) can be eliminated
from the BCG. This is because, upon executiobgfa to-
ken will be enqueued in the queue correspondindioq).
Now, if by executes, we know théh has already executed
and enqueued the relevant token. The ngeéll dequeue
this token fronb; and will wait for a token fronb,. Hence,
a token fromb, means thab; must already have a token
sent tog. If we remove edgébs,q), while keeping edge
(b2,q), the order of firings in BCG would not change.
Control Dependency Elimination Rule (R2) Given
model M, letg € No(BCG(M)). If 3by, b € Ng(BCG(M)),
s.t.
b1 € dom(bz, M) and(by,q), (b2,0) € E(BCG(M)), then
E(BCG(M)) = E(BCG(M)) — (by,q).

Figure 7. Model generation after behavior partitioning

3 Behavior Partitioning

Figure 7 shows a simple specification modiélon the
LHS with two behaviord; andb, and condition control
flow. After the execution ob,, if condition q evaluates to
TRUE, thenb, is executed, else the execution terminates.



The functionality of the specification model is same as that
shown in the pseudo code in Section 2.2. Hence, the BCG
for this model can be seen in Figure 3(a). On the RHS,
we see an architecture level implementatihwhereb;

is assigned td’E; andb, is assigned t&PE,. Identity be-
haviorsn andw are added along with rendezvous channel
syncto preserve the original control flow. Identity behav-
iors are represented by white boxes, while non-identity leaf
behaviors are shown by shaded boxes.

The model representing the architecture is a parallel
composition of hierarchical PE behaviors. Each PE behav-
ior has, under its hierarchy, leaf level behaviors from the
specification that were mapped to the corresponding PE.
Therefore, by looking at the model on the RHS, we can
identify that the architecture has two PEs and thaex-
ecutes orPE; andb, executes oPE,. Hence, the model
reflects the system architecture and the mapping decision.

4 Functional Equivalence Checking with
BCGs

Once the BCG for a model is constructed, we apply the
reduction rules (of Section 2.4) on it until the BCG can
no longer be reduced. Thus, the normal form BCG of the
model is obtained. If the normal form BCGs for two models
are identical, then we can claim the models to be function-
ally equivalent. This is because the reduction rules preserve
the functionality of the model. Thus, the equivalence test
complies with our notion of functional equivalence.

Figure 8 shows how a BCG for the architecture model
shown in RHS of Figure 7 is reduced to its normal form
in a step wise fashion. At each step, we use the applicable
reduction rule until we cannot apply them any more. The
obtained normal BCG is identical to the BCG of the speci-
fication model, shown in the LHS of Figure 7. The topmost
BCG in Figure 8 is derived from the architecture model.
Note the VSP and VTP identity behaviors of the two PEs.
Also, note ther andw behaviors added for synchronization.
The channesyncin the architecture model is resolved us-
ing the principle shown in Figure 4. The resulting control
dependencies are seen in the edges emanatingrfrand
W.

The reduction to normal form takes place as follows. In
the first step, we optimize away identity behavigsfhe
andvspe Using identity elimination rule R1. In Step 2,
we use R1 again to optimize away node As a result,
all edges emanating from are replaced by those from
b;. Similarly, in step 3, nodev is optimized away using
R1. Hence, all edges fromv are replaced by those from
vspy. Step 4 uses redundant control elimination rule R2
to get rid of redundant edges fromsp,y. It may be noted
that by definition of dominator in Section 2.4.2, we have
vspy € dombg,M’) Note that in the BCG after Step 3,

Vs

Figure 8. Reduction of architecture model BCG to
specification model BCG



nodes labeled, g and 1 have control dependencies from The main advantage of this techniques is that the architec-
bothb; andvsp,y. Since vspy is a dominator ob;, we can ture level model does not require any functional simulation.
eliminate the edge&/spy, 1), (VSpy,d) and(vspy,d’). In On the flip side, the equivalence checker needs to be aware
Step 5, we use R1 once again to eliminate identity behaviorsof new behaviors and channels added during model trans-
vtppel andvt ppe. Finally, in step 6, we use R2to getrid of formation, so that it may resolve them into control depen-
edge(bs, 1). This is possible because, from the definition of dencies. However, this is only to be expected since check-
dominator, we can see thiag € domby,M’). The BCG ob- ing equivalence of two arbitrary models is intractable. In
tained after Step 6 cannot be reduced any further and is thushe future, we would like to extend the equivalence check-
the normal form for the architecture model M'. It is also ing algorithm to validate more design steps like scheduling
identical to the BCG of corresponding specification model, and communication synthesis.

which is illustrated in Figure 3(a). Hence, we have shown

the function equivalence of the two models before and after Raferences

mapping of specification behaviors to PEs for our example.
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