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(57) ABSTRACT 

Finite state machines (FSMs) are synthesized from hierar 
chical high-level descriptions and optimized. Partitions of 
the FSM are selected by scanning the nodes of the hierar 
chical description and assigning to each Suitable node a 
metric based upon the reachability function of the FSM. The 
metric is an indicator of the desirability of using the partition 
of the FSM, corresponding to the node, as a region of the 
FSM upon which to apply FSM optimization techniques. 
Based upon the metric, certain partitions are Selected for 
optimization. Optimization of a partition can include the 
Steps of converting the partition to a State graph, State graph 
minimization and conversion back to an FSM. Any hierar 
chical high-level language is Suitable for the present inven 
tion, provided that a correspondence between nodes of the 
high-level description and partitions of the FSM can be 
determined. Conversion of an FSM partition for the pur 
poses of optimization is performed with pruning functions 
also derived from the FSM's reachability function. 

All Oil. Partitionedcompile (High e Ue l-description top-node, circuit top) 

A Co 2. R (X) = Analyze circuit(top) 
a o 3. Choosepartitions (top-node, top, R (X) ) 
At O 4. foreach partition p designated in top { 
Al-O 5. C = ExtractSubcircuit (top, p) 
As O 6. g = CreateStateCraph (c. R (X) ) 
4 O7. g = MinimizeStateCraph (g) 
A. O8. EncodestateCraph (g " ) 
At O9. c' = StateCraphTocircuit (g ) 

A 10. MergeBackSubcircuit (top, p. c. ) 
4-11. 
A 2. } 
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Figure 1. FSMc rcuit synthesized from a hierarchical high-level description 



Patent Application Publication Feb. 21, 2002 Sheet 2 of 16 US 2002/0023256A1 

2O y 

Optimize + Encode Top FSM zo2. 
M Parii tion 

N 20. 
Sub FSM )--zo.3 

Figure 2. Optimizing and re-encoding portions of the circuit related to parts of the high 
level description. 
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A. O. i. Partitionedcompile (High le Ue -description top-node, circuit top) 
{ 

As O2. R (X) = Analyze Circuit (fop) 
4 O 3. Choose Partitions (top-node, top R (X) ) 
As o 4. foreach partition p designated in top ( 
Al-O 5. C = ExtractSubcircuit (top, p) 
A 6. g = CreateStateCraph (c. R (X) ) 
4. O7. g = MinimizeStategraph (g) 
A O 8. EncodeStateCraph (g " ) 
A. O. 9. c' = StateCraph ToCircuit (g ' ) 

10. MergeBackSubCircuit (top, p, c' ) 
4-11. } 
A 12. } 

Figure -: Overall Compile Process 
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is di. AutoPart (Hish leuel description top-node, circuit top R (X) ) 
5 O 2. { 
5 to 3. CollectIData (top-node, R (X) ) 
as O 4. PickPartitions (top-node) 
SO 5. } 
5 O 6. 
is O 7. Collectata (node n R (X) ) 
so 8. ( 
5 O 9. Rita (Xa) = 3 (Xi's 2xon) Rp(x) 

is 10. num states = numminterms (Rin (X) ) 
5 11. foreach child node c of node n ( 
is 12. Collectdata (c., R (X) ) 
S 3. } 
S 14. } 

5. 
S 16. PickPartitions (node n.) 
5 17. 
5, 18. if (num states < MinStates) ( 
is 19. return; 
is 20. } 
is 21. if (num states > MaxStates) { 
is 22. foreach child node c of node n ( 
s' 23. PickPartitions (c) 
524. else 
525. MarkPartition (c) 
526. return; 
5, 27. 
528. } 

Figures: Maximum State Threshold Algorithm 
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METHOD AND APPARATUS FOR OPTIMIZED 
PARTITIONING OF FINITE STATE MACHINES 

SYNTHESIZED FROM HERARCHICAL 
HIGH-LEVEL, DESCRIPTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001) This application claims the benefit of U.S. Provi 
sional Application No. 60/072381, Express Mail Number 
EM320545420US, filed Jan. 9, 1998, to James Andrew 
Garrard Seawright, entitled Method and Apparatus For Opti 
mal Partitioning of Finite State Machines Synthesized From 
Hierarchical High-level Descriptions, under 35 U.S.C. 
$119(e), which is herein incorporated by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to the opti 
mization of finite state machines (FSMs) synthesized from 
hierarchical high-level descriptions. More Specifically, the 
present invention relates to determining partitions of a 
hierarchical high-level description which will lead to greater 
optimization when synthesized into an FSM. 

BACKGROUND OF THE INVENTION 

0003) To tackle the exponential growth in the complexity 
of digital circuits, designers are moving to higher levels of 
abstraction in the design process. In control dominated 
applications, Several abstractions are popular for managing 
the complexity of the design of Sequential control logic. 
These techniques use an input language whose level of 
abstraction is above explicit FSM (finite state machine) 
design techniques that use State transition tables or RTL 
(register transfer level) HDL (hardware description lan 
guage) descriptions. 
0004. In these abstractions, the high-level controller 
description is typically described in a hierarchical fashion as 
depicted by the tree in FIG. 1. The nodes of the tree, which 
are Stored in the memory of a data processing System, 
represent the compositional operators of the control abstrac 
tion. For example, a particular node might indicate the 
Sequencing or the concurrent execution of the Sub-behaviors 
represented by the node's children (or Sub-nodes). 
0005 Synthesis of circuits from these hierarchical high 
level abstractions involves the translation of the high-level 
controller description into an initial FSM (FIG. 1). Typi 
cally, the Synthesis is performed as an initial translation Step 
(in which a high-level description 100 is translated into an 
unoptimized FSM 101) followed by optimization steps 
(which transform FSM 101 into optimized FSM 102). High 
level description 100 is hierarchical in the sense that it has 
a top-level node 100, with child nodes 105 and 104. This 
hierarchical organization follows, recursively, for each of 
the child nodes. Initial FSM 101 comprises, in a general 
sense, functional logic 106 and register bits 107, wherein all 
register bits 107 receive the same clock signal. Optimized 
FSM 102 comprises functional logic 108 and register bits 
109. Functional logic 108 is simpler than functional logic 
106 and/or register 109 has fewer bits than register 107. 
Both FSMs 101 and 102 provide the same functionality with 
respect to the primary inputs and outputs of the FSM. 
0006 The translation ensures correct implementation of 
the high-level semantics into an FSM, and the subsequent 
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optimizations aim to reduce the cost of the implementation 
while preserving the observable Sequential behavior. In 
conventional Systems, the optimizations are performed with 
out any additional guidance from the Structure of the high 
level description. 
0007 For example, classical FSM optimization tech 
niques include State minimization, State assignment, State 
encoding and Sequential circuit level optimizations Such as 
retiming. This separation of the translation and optimization 
phases leads to the loSS of information about the high-level 
description that is useful for optimization. 
0008. Other known methods for optimizing FSMs gen 
erated from high-level descriptions use the Structure of the 
high-level representation to determine an over-approximate 
reachable State Set, but do not use the Structure of the 
high-level language directly in the optimization Strategy. 
Some known techniques do in fact use the Structure of the 
input description, however, information about the global 
reachability and observability is unknown, thus the optimi 
Zations are generally local in Scope. 

0009. It would therefore be desireable to have a method 
for automatically optimizing FSMs synthesized from high 
level descriptions which uses the structure of the high-level 
description in conjunction with global reachability informa 
tion in order to select Sub-FSMs for optimization which 
achieve circuits that are more highly optimized. 
0010. It would further be desireable to have a method 
which achieves greater optimization of Sub-FSMs by using 
global reachability information while optimizing a Selected 
Sub-FSM. 

SUMMARY OF THE INVENTION 

0011. In circuit synthesis Software in accordance with a 
preferred embodiment of the present invention, finite State 
machines (FSMs) are translated from hierarchical high-level 
descriptions and optimized. Optimization involves partition 
ing. With respect to the hierarchical high-level description a 
partition is the subtree defined by a selected node. With 
respect to the translated FSM, a partition is a subset of the 
next State functions, a Subset of the output functions and a 
Subset of the State variables corresponding to the Selected 
Subset of functions. Partitions of the FSM are selected by 
Scanning the nodes of the hierarchical description and 
assigning to each Suitable node a metric based upon the 
reachability function of the FSM. The metric is an indicator 
of the desirability of using the partition of the FSM, corre 
sponding to the node, as a region of the FSM upon which to 
apply FSM optimization techniques. Based upon the metric, 
the Software Selects certain partitions for optimization. Opti 
mization of a partition can include the Steps of converting 
the partition to a State graph, State graph minimization, State 
assignment (also known as re-encoding) and conversion 
back to an FSM. Any hierarchical high-level language is 
Suitable for use with the present invention, provided that a 
correspondence between nodes of the high-level description 
and partitions of the FSM can be determined. Conversion of 
an FSM partition for the purposes of optimization is per 
formed with pruning functions also derived from the FSM's 
reachability function. 
0012. In general, the invention comprises the following 
method, the Steps of which are performed by a data pro 
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cessing System: Scanning at least one node of a hierarchical 
description of a finite State machine; assigning, for each 
node of the hierarchical description Scanned, a metric deter 
mined from a reachability function of the finite state 
machine; and Selecting, according to the metric, certain 
nodes of the hierarchical description as defining a partition 
of the finite State machine for optimization. 
0013 The invention also comprises the following 
method, the Steps of which are performed by a data pro 
cessing System: generating at least one State or State transi 
tion of a State graph from a finite State machine; and 
determining whether the State or State transition is valid from 
the reachability function of the finite state machine. 
0.014 Furthermore, the invention comprises the follow 
ing method, the Steps of which are performed by a data 
processing System: assigning a property to an input descrip 
tion; translating the input description into a first finite State 
machine, wherein the first finite State machine comprises at 
least a Second finite State machine; generating at least one 
State or State transition of a State graph from the Second finite 
State machine; and determining whether the State or State 
transition is valid from the property of the input description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.015 The accompanying drawings, that are incorporated 
in and constitute a part of this specification, illustrate Several 
embodiments of the invention and, together with the 
description, Serve to explain the principles of the invention. 
0016 FIG. 1 depicts the main stages of synthesizing a 
high-level input description into an optimized FSM through 
the Steps of translation and optimization; 
0017 FIG. 2 depicts the correspondence between parti 
tions of the input description and sub-FSMs of a translated 
circuit; 
0018 FIG. 3 depicts a partition with respect to the 
remainder of the high-level description tree and the parti 
tion's corresponding Sub-circuit with respect to the remain 
der of the translated circuit; 
0019 FIG. 4 depicts an overall method by which a 
high-level input description, and its translated circuit, are 
partitioned and optimized, in accordance with the present 
invention; 
0020 FIG. 5 depicts a method by which partitions are 
Selected, in accordance with the present invention; 
0021 FIG. 6 illustrates the typical hardware computing 
environment in which the Software in accordance with a 
preferred embodiment of the present invention is executed; 
0022 FIG. 7 depicts an example of a hierarchical high 
level input description, to which the present invention may 
be applied; 
0023 FIG. 8 depicts an unoptimized translation of the 
high-level description of FIG. 7 into an FSM circuit; 
0024 FIG. 9A depicts a virtual circuit representation of 
the FSM circuit of FIG. 8 in accordance with the Protocol 
Compiler Software product; 
0025 FIGS. 9B and 9C show the steps for determining 
the pruning relations, in accordance with the present inven 
tion, for the example partition selected from the FSM circuit 
of FIG. 8: 
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0026 FIG. 10 shows how the correspondence between 
the high-level input description of FIG. 7 and the FSM 
circuit of FIG. 8 is maintained in the Synopsys Protocol 
Compiler Software product; 
0027 FIG. 11A depicts a pruned, but unoptimized, state 
graph of a sub-circuit of FIG. 8 produced in accordance with 
the present invention, while 
0028 FIG. 11B depicts a pruned, transition simplified 
but unoptimized state graph of a sub-circuit of FIG. 8 
produced in accordance with the present invention; and 
0029 FIG. 12A depicts an optimization of the state 
graph of FIG. 11A, while 
0030 FIG.12B depicts an optimization of the state graph 
of FIG. 11B. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0031 Reference will now be made in detail to preferred 
embodiments of the invention, examples of which are illus 
trated in the accompanying drawings. Wherever possible, 
the Same reference numbers will be used throughout the 
drawings to refer to the Same or like parts. 
0032) The FSM produced by the translation of a high 
level description (which may also be referred to as an FSM 
circuit or merely a circuit) is typically represented in two 
ways, either of which can be represented in the memory of 
a data processing System. An FSM circuit may be a netlist 
including gates and registers. Alternatively, an FSM circuit 
may comprise the next State and output functions of the 
FSM, with the functions preferably represented by binary 
decision diagrams (BDDs). 
0033. The compilation strategy of the preferred embodi 
ment of the present invention can be Summarized as the two 
following main StepS. 
0034) First, the unoptimized FSM circuit is analyzed to 
yield its reachability function which shall be referred to, for 
the purposes of this patent, as R(X). The reachability func 
tion receives a vector of X bits as input which represents a 
state of the FSM circuit. The reachability function outputs a 
one if the input state X can be reached by the FSM circuit 
and outputs a Zero if Such a State cannot be reached. 
0035) R(X) is preferably determined by implicit tech 
niques. Explicit techniques, however, Such as State graphs, 
can also be used to find R(X). If it is too difficult to 
determine ROX) exactly, an over-approximate ROX) may be 
used instead. 

0036) The implicit determination of R(X) is preferably 
performed using a BDD-based approach as described in O. 
Coudert, C. Berthet, and J. C. Madre, “Verification of 
Synchronous Sequential Machines Based on Symbolic 
Execution,” in Automatic Verification Methods for Finite 
State Systems, International Workshop, Grenoble France, 
vol. 407, Lecture Notes in Computer Science, Springer 
Verlag, June 1989, which is herein incorporated by refer 
ence, and H. Touati et al., “Implicit State Enumeration of 
Finite State Machines using BDD’s.” Proceedings of Inter 
national Conference on Computer-Aided Design ICCAD90, 
pp. 130-133, November 1990, which is herein incorporated 
by reference. An over-approximate reachable State Set can be 
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determined using heuristics based on the input description as 
described in E. Sentovich, H. Toma, G. Berry, “Efficient 
Latch Optimization Using Exclusive Sets.” Proceedings of 
34th Design Automation Conference, pp. 8-11, June 1997, 
which is herein incorporated by reference. 
0037 Conventional implicit techniques can be also be 
applied partially in order to determine an under-approximate 
R(X). Such a partial application may be used if a full and 
exact determination of R(X) is too difficult. In the discussion 
which follows, an under-approximate R(X) could be used in 
the determination of metrics for the Selection of the parti 
tions. Once a partition has been Selected, however, its 
Sub-circuit cannot be converted into a State graph for opti 
mization using an under-approximate R(X). 
0038. The determination of R(X) is very useful because 
from R(X) information can be extracted relating to how any 
particular partition of the FSM circuit Sequentially interacts, 
in a global manner, with the rest of the FSM circuit. 
0.039 The second major step of the compilation strategy 
of the described embodiment of the present invention uses 
the RCX) obtained by the above analysis and, in conjunction 
with the Structure of the high-level Specification, performs 
FSM circuit partitioning and sub-FSM circuit optimization 
of the selected partitions (FIG. 2). The sub-FSM circuit 
optimizations are preferably performed using State graph 
based minimization and re-encoding techniques which 
directly use R(X), as described below. 
0040 FIG. 2 show a hierarchical high-level description 
200 which has been translated into an FSM circuit 201. 
Partitions 205 and 204 have been identified in the high-level 
description using a method described below in detail. AS 
with any partition of a high-level description, partition 205 
is a subtree of high-level description 200. The root of 
partition 205's subtree is node 206. Partition 204 is another 
subtree of high-level description 200, wherein the root of the 
subtree is node 207. Partition 205 of the high-level descrip 
tion corresponds to sub-FSM circuit 202, while partition 204 
corresponds to sub-FSM circuit 203. Assuming that they 
represent partitions Selected for optimization, Sub-FSM cir 
cuits 202 and 203 are optimized using State graph based 
minimization and re-encoding techniques which directly use 
R(X), as described below. 
0041 State graph minimization techniques are powerful 
because States are merged in a global way relative to the 
Scope of the total State graph being considered for optimi 
Zation. During State minimization, States which are indistin 
guishable in terms of all future possible Sequences of outputs 
are merged. After minimization, State graph encoding can 
Select new State codes for each State using a variety of 
techniques. State encoding can reduce the number of regis 
ters to the minimum required or the re-encoding can be done 
using other metrics. However, State graph techniques have 
Several limitations. State graphs will explode due to unsyn 
chronized concurrency present in the design. Even though 
State graph minimization is possible for State graphs far 
beyond thousands of States, the effectiveness of re-encoding 
State graphs beyond a few hundred States is poor. Re 
encoding eliminates State register bits by achieving a greater 
utilization of the total number of possible states of an FSM 
circuit. This greater utilization, however, requires greater 
complexity of the next State logic which decodes the current 
State and outputs an encoded next State. For State graphs 
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beyond a few hundred States it is generally the case that the 
larger next State logic outweighs the Savings in register cost. 
0042 A preferred embodiment of the present invention 
incorporates manual control by the designer. For example, 
the designer can Select certain partitions for optimization, 
using any appropriate user interface, while letting automatic 
methods partition the rest of the FSM circuit. In addition, or 
alternatively, the designer can indicate that certain partitions 
are not to be Selected by automatic methods. These manual 
methods are accomplished by the designer placing partition 
ing attributes on nodes of the high-level description via a 
user interface. 

0043 A preferred embodiment of the present invention 
can be used in conjunction with any FSM synthesis system 
which, for each node of hierarchical Structure of the high 
level input description, permits the location of the corre 
sponding sub-FSM circuit of the initial translated FSM 
circuit (FIG. 3). Details of how to maintain this correspon 
dence is discussed below in the context of presenting a 
specific high-level input example for optimization. FIG. 3 
depicts a high-level description 300 and its corresponding 
translated FSM circuit 301. Top-level node 302 of the 
high-level description 300 has a pointer 310 to the entire 
FSM circuit 306. Partition 305 (also known as sub-circuit 
M) is a subtree represented by node 304. Node 304 has a 
pointer 311 to sub-circuit 307 of the total FSM circuit 306. 
Thus the total FSM circuit 306 has been divided into two 
parts: Sub-circuit 307 (comprising M functional logic 322 
and state variable register 315), and the rest of FSM circuit 
306 (called sub-circuit Top-M and comprising functional 
section 323 and register bits 314). FSM circuit 306 has 
primary inputs I, Some or all of which are directed to 
sub-circuit Top-M via bus 308. Some or all of the primary 
inputs of FSM circuit 306 are directed to sub-circuit 307 via 
bus 309. FSM circuit 306 has primary outputs provided by 
bus 321 of sub-circuit Top-M and bus 320 of sub-circuit 307. 
Sub-circuit 307 has certain inputs, called IoM, which are 
driven only by Sub-circuit Top-M over bus 313. Sub-circuit 
307 also has certain output, called OM, which drive only 
certain inputs of Sub-circuit Top-M over bus 312. 
0044) The pseudocode for the overall compile process is 
presented in FIG. 4 and will now be discussed. This process 
is performed, for example, by a processor of a data proceSS 
ing System executing instructions Stored in a memory of the 
data processing System. The processes of all pseudocode 
discussed herein are embodied as Such a processor executing 
instructions in a memory. 
0045. After the initial translation of the high-level 
description (top node) into an initial circuit (top), a reach 
ability analysis is performed (Analyze(Circuit() in step 402) 
to determine the set of reachable states R(X) of the entire 
circuit. 

0046. After the reachabliity analysis is complete, circuit 
partitions are selected by the routine ChoosePartitions( ) in 
step 403. As described above, various preferred embodi 
ments choose those partitions: (i) according to manual 
Selections of the designer, (ii) according to the automatic 
methods of the present invention, or (iii) in a hybrid manual 
and automatic mode as described above. Automatic partition 
Selection is described in detail later. 

0047. Each partition is optimized by extracting the logic 
for the designated high-level description node as a Sub 
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circuit (ExtractSubCircuit() in step 405). This sub-circuit is 
then converted into a state transition graph (CreateState 
Graph( ) in step 406) which is minimized and re-encoded 
(MinimizeStateCraph( ) in step 407 and 
EncodeStateCraph( ) in step 408). The conversion of the 
Sub-circuit into a State transition graph is done using a 
method, discussed later, which creates a State transition 
graph, by utilizing RCX), that reflects only those States of the 
sub-FSM that can be reached in normal operation of the 
entire machine. The minimized and re-encoded State tran 
Sition graph is converted back into a circuit (StateCraphTo 
Circuit() in step 409) and this optimized circuit is merged 
with the rest of the FSM circuit (MergeBackSubCircuit() in 
step 410). A level of design hierarchy can be inserted to 
make a hard boundary around the optimized Sub-circuit. 
0.048 Typically, PartitionedCompile() is executed within 
the computing environment (or data processing System) Such 
as that of FIG. 6. FIG. 6 depicts a workstation computer 600 
comprising a Central Processing Unit (CPU) 601 (or other 
appropriate processor or processors) and a memory 602. 
Memory 602 has a portion of its memory 603 in which is 
stored FSM synthesis tools related to the present invention. 
In particular, memory 603 contains PartitionedCompile() 
and may also contain the Software which translates the 
hierarchical high-level input description top-node into the 
circuit top. Memory 603 also contains representations of the 
FSM and optimized FSMs described herein. While memory 
603 is depicted as a single region, those of ordinary skill in 
the art will appreciate that, in fact, Such Software may be 
distributed over several memory regions or Several comput 
ers. Furthermore, depending upon the computer's memory 
organization (Such as virtual memory), memory 602 may 
comprise Several types of memory (including cache, random 
access memory, hard disk and networked file server). Com 
puter 600 is equipped with a display monitor 605, a mouse 
pointing device 604 and a keyboard 606 to provide interac 
tivity between the Software of the present invention and the 
chip designer. Computer 600 also includes a way of reading 
computer readable instructions from a computer readable 
medium (not shown) into the memory 602. 
0049. Above is described the overall compilation flow 
and how individual Sub-circuits are extracted and optimized. 
An example of a preferred embodiment is presented below, 
which includes an effective heuristic for automatically iden 
tifying the Sub-circuits to extract and optimize. 
0050. The heuristic operates by partitioning the FSM 
circuit, based on the high-level description, into the fewest 
Sub-circuits each having the largest number of unoptimized 
states below Some maximum state threshold. This method is 
based on the observation (discussed above) that the re 
encoding of State graphs is most effective for unoptimized 
State graphs below a certain size. Above this threshold, the 
complexity of the next State combinational logic generally 
outweighs the Savings in register cost. The threshold is Set at 
a size Such that unoptimized State graphs of this size or 
leSS-when optimized and re-encoded will be implemented 
in logic with high efficiency. 
0051. A minimum state threshold is also used. Partitions 
are not created below the minimum state threshold. The 
rational for a minimum state threshold is that below a few 
number of States, there is usually no value in extracting a 
tiny State graph and re-encoding it. This threshold is typi 
cally less than five States. 
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0052 The pseudocode for the automatic partitioning 
algorithm AutoPart() is shown in FIG. 5. In a preferred 
embodiment of a Synthesis System that combines manual 
designer control with automatic partitioning, AutoPart( ) 
would be called by the procedure ChoosePartitions( ) dis 
cussed above. In a preferred embodiment of a Synthesis 
System which is completely automatic, Choosepartitions( ) 
would be identical to AutoPart(). 
0053) The first step of AutoPart( ): CollectData( ) 
(invoked by step 503 and defined by steps 507-14), collects 
data about the number of states in the FSM circuit contrib 
uted by each node of the high-level specification. This 
routine recursively traverses the high-level description, and 
for each node of the description, determines as a heuristic 
metric the unoptimized number of States of the Sub-circuit 
circuit corresponding to the node of the Specification. The 
number of unoptimized States for a node is determined by 
Smoothing out the State variables of the parent node's 
reachable state set Rox passed down which are not state 
variables of the node (step 509). This smoothing out (also 
known as existential quantification) is denoted as follows: 

0054 Existential quantification is a method of creating a 
Boolean function which no longer depends upon a specific 
variable or variables. For each variable to be existentially 
quantified out, the following Steps are performed. First, the 
Boolean function is evaluated with the variable set to true. 
Second, the Boolean function is evaluated with the variable 
set to false. Third, the functions produced in the first and 
Second Steps are logically ORed together. 

0055. The number of unoptimized states for a node is 
determined from the node's reachable state set by determin 
ing the number of minterms in RMCX) (step 510). The 
algorithm recurses for each child node and passes down the 
node's reachable State Set RMCX) (step 512). 
0056 Next, the high-level description is recursively tra 
versed (by PickPartitions( ) which is invoked by step 504 
and defined by steps 516-28) to select partition points in a 
top-down fashion, using a greedy heuristic, according to the 
data collected by the CollectData() routine. 
0057) If the number of unoptimized states for a node is 
less than the minimum state threshold MinStates, the recur 
sion is terminated (in steps 518-19). If the number of 
unoptimized States for a node is larger than the maximum 
state threshold MaxStates, the routine recurses for each child 
node, searching for partitions (in steps 521-3). If the number 
of unoptimized States for a node is less than the maximum 
state threshold MaxStates, then the node represents the 
largest Subtree below the threshold and the node is marked 
as a Sub-circuit to partition (in StepS 524-6). 

0.058. The rationale behind AutoPart() is that it uses the 
Structure of the high-level description and the global reach 
ability information to partition the FSM circuit along the 
lines of the actual concurrency in the design. 

0059. The reachability information permits concurrently 
described behaviors which are actually synchronized in their 
execution-for example two processes, each executing for 
the same fixed number of clock cycles-to be Selected as a 
Single partition, extracted as a single State graph, and merged 
together. Since the Synchronization of the two processes 
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does not lead to a Cartesian product of the State Spaces, the 
number of states of the collection of the synchronized 
processes can be on the order of the number of States of each 
individual process. In Such a case, the number of States 
determined by CollectData( ), for the node representing the 
collection of Synchronized processes, will in fact usually be 
on the order of the number of states of each individual 
process because ROX) allows Such synchronized behavior to 
be extracted. 

0060 Concurrent behaviors that are independent or 
loosely interacting are generally Selected as independent 
partitions by the described embodiment, Since their concur 
rent execution leads to the Cartesian product of the State 
Space of the individual concurrent behaviors. Thus, the 
partitioning algorithm tends to break the Cartesian products 
and each concurrent behavior is extracted and optimized 
Separately. 

0061 CollectData( ) can, of course, collect other data 
about the Sub-circuits represented by each high-level 
description node than the metric of the number of unopti 
mized states predicted for a node based upon R(X). For 
example, CollectIDatao can assign to each node the number 
of State variables of the node's corresponding Sub-circuit. 
Another example is the determination of the actual number 
of States for a node's Sub-circuit by actually doing the 
optimization of the node's Sub-circuit. Depending upon 
which data is collected by CollectData( ), other metrics or 
Selection Strategies can be used in PickPartitions( ). 
0.062 For example, based upon both the number of 
unoptimized States of the Sub-circuit corresponding to the 
node of the Specification and the number of State variables 
representing those States a heuristic metric of coding effi 
ciency can be determined. A node with many State variables 
representing relatively few unoptimized States is a good 
candidate for greater compactness through re-encoding 
Since this is an indication of poor encoding efficiency. Such 
a metric can be used by PickPartitions( ) by selecting a 
threshold of minimum encoding efficiency for which a node 
must fall below before the node is Selected as indicating a 
partition. The coding efficiency metric will be further illus 
trated by the following examples. A node with 3 state 
variables for 8 unoptimized States would not be a good 
candidate for re-encoding Since 8 is the maximum number of 
states for 3 variables. A node with 57 state variables for 166 
unoptimized states would be an excellent candidate since 27 
(the maximum number of states for 57 variables) is much 
larger than 166. It is therefore likely that fewer than 57 
variables can be used to represent the 166 states while still 
not offsetting the register reduction by more complex next 
State combinational logic. Finally, a node with 40 State 
variables and 8000 unoptimized states would not be a good 
candidate for re-encoding (even though 2" is much larger 
than 8000) because it has been shown experimentally that 
State graphs with more than a few hundred States do not 
optimize well. 

0.063 Another example is to use both the unoptimized 
and actual number of States as a metric in choosing a 
partition. During CollectData( ), any node whose unopti 
mized number of states is below some maximum threshold 
(typically greater than the MaxStates threshold) has its 
Sub-circuit actually optimized and the number of actual 
states stored with the node. PickPartitions( ) then traverses 
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the high-level description and Selects any node whose unop 
timized or actual number of states is below MaxStates. 

0064 Node selection methods (wherein the node repre 
Sents a partition) other than the greedy heuristic can be used. 
ASSume, for example, a coding efficiency metric in which 
the larger the metric's value (on Some positive Scale) the 
greater the coding efficiency. Partitions can then be Selected 
such that the FSM circuit is completely covered and the sum 
of the efficiency metrics of the Selected partitions is at a 
maximum. 

0065 Referring back to the pseudocode for the overall 
compile process in the embodiment of FIG. 4, once Choos 
ePartitions( ) has completed its operation, each partition is 
optimized according to a proceSS which uses six main 
functions. The details of the Step of creating the State graph 
(CreateStateCraph( ) in step 406) will now be explicated. 
This generation of the State graph uses the reachability 
function R(X) which permits the elimination of both invalid 
States and invalid transitions (even invalid transitions 
between valid States) from the generated State graph. Con 
ventional methods of creating a State graph, which do not 
use ROX), create a state graph which is exponentially larger 
than necessary, thus limiting the amount of optimization 
which can be accomplished. 
0066. In order to effectively optimize a sub-circuit, the 
communication between the Sub-circuit and the rest of the 
circuit must be carefully considered in the State graph 
generation process. Consider the diagram in FIG. 3 which 
shows the logic for a sub-circuit M in relation to the rest of 
the circuit Top (denoted as Top-M). The sub-circuit 
extracted for M comprises all the combinational logic (M 
logic 322) and registers (XM 315) for the sub-tree M in the 
high-level description. IM designates the portion of 
inputs to M which are internal wires from other parts of 24 
the circuit and are not among the primary inputs to Top. The 
Set of all primary inputs to the circuit is denoted as I. In a 
Similar way, a portion of the outputs of M are internal wires 
to the rest of the circuit and are not primary outputs. These 
outputs are designated OMI. 
0067. Optimization of M must consider the sequential 
behavior of the inputs ITM as these inputs are internally 
generated control signals and their signal values are typi 
cally strongly correlated with the sequential behavior of M 
itself. The sequential don't care information about ITM is 
accounted for through the use of R(X) in the methods of the 
present invention and is what prevents the extracted State 
graph of M from being exponentially larger than necessary. 

0068 The state graph for a sub-circuit is preferrably 
generated in a breadth-first process. Starting with the initial 
State of the Sub-circuit, the next States and next State tran 
Sitions are enumerated by forward image calculations of the 
present States through the next State logic as described in O. 
Coudert, C. Berthet, and J. C. Madre, “Verification of 
Synchronous Sequential Machines Based on Symbolic 
Execution”, incorporated by reference above, and H. Touati 
et al., “Implicit State Enumeration of Finite State Machines 
using BDD’s", incorporated by reference above. Each new 
State Visited and each new transition traversed is tested with 
respect to the global reachability information of the entire 
circuit to determine if the State transition of the Sub-circuit 
is consistent with the overall circuit. States and transitions 
traversed consistent with the overall circuit are allocated as 
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the nodes and edges of the State transition graph. States and 
transitions of the Sub-circuit inconsistent with the global 
circuit are pruned. 
0069 Invalid states of a sub-circuit M are pruned during 
State graph construction by testing each generated State for 
its inclusion in the Set of reachable States of M, denoted as 
RMCXM). AS discussed above with respect to CollectIData (), 
the States of an unoptimized Sub-circuit are determined by 
smoothing out of R(X) the state variables of the entire circuit 
which are not in the sub-circuit M (these are the state 
variables of register 314 with respect to sub-circuit 307 in 
FIG. 3). This smoothing out is denoted as follows: 

0070 Invalid transitions of a sub-circuit M are pruned 
during State graph construction by testing each generated 
transition with a transition pruning relation TM(XM, IM), 
where IM-UP. This pruning relation is a Boolean func 
tion returning true if and only if the current State of the 
Sub-circuit M and the input combination Specified leads to a 
valid next state. TMCXM, I.M.) is determined as follows. 
0071 First, where k is the number of individual inputs 
represented by IM, and where 1snsk, each individual 
input of IIM shall be referred to as in For each i, a 
function describing how the i is driven by the global circuit 
(in FIG. 3 there is global circuit 306), in terms of state 
variables and primary inputs, is derived and denoted as 
f(X.I). 
0072 Second, each f(X,I) is exclusive NORed with its 
corresponding in. 

0073. Third, the results of the exclusive NORs are all 
ANDed together. 

0074 Fourth, the result of the AND is itself ANDed with 
R(X) to produce the transition pruning relation TOX, IM). 
0075 Fifth, since we don't care about the state variables 
not in Sub-circuit M, we existentially quantify them out to 
produce the desired pruning relation: 

0.076 Another way of creating a pruning relation is from 
designer-asserted properties which can be attached to any 
node of the high-level input description. For example, the 
designer can assert, via indications in the high-level descrip 
tion or via a user interface with the Synthesis Software tool, 
that certain nodes of the high-level description do not 
represent pipelined Sub-circuits. A pipelined circuit is 
defined as follows. Consider a Sub-machine M which waits 
in its initial State until receiving a start Signal. Sub-machine 
M is pipelined if M can receive a start signal before M has 
finished the processing begun by the previous Start Signal. If 
M is not pipelined, the following transition pruning relation 
can be constructed (without resort to a reachability func 
tion): 

0077. This pruning relation is interpreted as follows. If M 
is in the initial State (denoted as XM), then a transition is 
valid with start either true or false. If M is not in the initial 
State, then a transition is only valid with Start being false. If 
a State cannot be reached because of this transition pruning 
relation, that State can also be pruned. 
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0078 After pruning has been accomplished, transitions 
can be simplified as follows. Find the care set for each state 
(call it state X) of the generated State graph for a Sub-circuit. 
The care Set for State X is the logical Sum of the State's input 
condition boolean formulae, where each input condition 
boolean formula is responsible triggering an unpruned tran 
Sition out of the State X. If the care Set is not equal to a 
logical one, then it is possible to minimize (using known 
techniques) at least Some of the input condition boolean 
formulae triggering a transition out of the State X. Transition 
Simplification can be accomplished as part of the Creat 
eStateCraph() step 406 of FIG. 4. 
0079. Following pruning or transition simplification, the 
State transition graph for each Selected Sub-circuit is opti 
mized by minimization (also known as State minimization) 
and re-encoding (also known as State encoding). During the 
State minimization process (performed by MinimizeState 
Graph( ) discussed above), all of the Sub-circuit's outputs 
(including those to the rest of the circuit) must be maintained 
since they are observable by the other parts of the circuit. 
After State minimization, Several State encoding methods 
can be applied. For manual partitioning, the designer can 
Select a particular Style of encoding for each partition via, 
e.g., a user interface. For automatic partitioning (performed 
by EncodeStateCraph() discussed above), a minimum width 
binary code State encoding algorithm is preferably used. 
0080. The above-described principles of the described 
embodiment of the present invention will now be further 
explicated through a specific example. 

0081 FIG. 7 depicts a hierarchical high-level input 
description 

0082 according to the Protocol Compiler software tool 
(also known as Dali) available from Synopsys, Inc. of 
Mountain View, Calif. The details of the Protocol Compiler, 
and its input language, are described in A System for 
Compiling and Debugging Structured Data Processing Con 
trollers, by A. Seawright et al., EuroDAC 96, Geneva, 
Switzerland, pps. 86-91, which is herein incorporated by 
reference, and U.S. Patent Application entitled A System for 
Frame-Based Protocol Graphical Capture, Synthesis, Analy 
sis and Simulation, Ser. No. 08/529,876, filed Sep. 18, 1995, 
to A. Seawright et al., which is herein incorporated by 
reference. It should be understood that any appropriate 
translation mechanism can be used with the present inven 
tion without departing from the Spirit and Scope of the 
invention. 

0083) An overview of the FSM described by FIG. 7 is as 
follows. Each leaf node (nodes 706-709, 712-713 and 715 
716) represents the recognition of an input of the FSM being 
of a certain value upon the execution of an FSM cycle. The 
input recognized by the leaf node is in a box. The non-leaf 
nodes (with the exception of top node 700) have operators 
which indicate when, and with what repetition, inputs can be 
recognized. The "+" operator on a node (node 701 in the 
example) indicates that the combination of inputs repre 
sented by the subtree below the "+ node must be recognized 
one or more times before the "+ node itself accepts. The 
“{}” operator on a node (for example node 702) indicates 
that its children must accept in Sequence (from left to right) 
before the “{}” node itself accepts. The “I” operator on a 
node (for example node 704) indicates that the “I” node 
itself accepts as Soon as any one of its children accepts. The 



US 2002/0023256A1 

operator on a node (node 714 in the example) indicates 
that the combination of inputs represented by the Subtree 
below the “*” node must be recognized Zero or more times 
before the “*” node itself accepts. Certain nodes have a “/ 
Symbol following either the input to be recognized (on a leaf 
node such as node 708) or the operator of a non-leaf node 
(such as node 705). An action, specified on the right side of 
the “/,” denotes an output to be generated by the FSM when 
its node accepts. 
0084. The sequence of inputs accepted by the subtree 
represented by node 703 is as follows (according to a 
bottom-up description). The “a” upon node 706 indicates 
that node 706 accepts when an input “a” to the FSM is true. 
The “1” upon node 707 indicates that node 707 is always 
“true” and therefore accepts upon any input. The “{}” upon 
node 705 indicates that node 705 accepts when its two 
children accept, in Sequence, from left to right. Therefore 
node 705 accepts when a first cycle to the FSM has input “a” 
true and a second immediately successive cycle of the FSM 
occurs (with any input). Upon accepting, node 705 sets 
output “c” of the FSM to true. The “a” upon node 708 
indicates that node 708 accepts when an input “a” to the 
FSM is false. Upon accepting, node 708 sets output “c” of 
the FSM to false. The “I” upon node 704 indicates that node 
704 accepts when either of its two children accept. There 
fore, node 704 accepts when either (i) input “a” is set true 
upon a first cycle and then a second cycle occurs, or (ii) input 
“a” is set false upon a first cycle. The “1” upon node 709, 
like node 707, accepts upon any input. The “{}” upon node 
703 indicates acceptance upon a left to right Sequence of 
acceptance of its children. Therefore, node 703 accepts 
when node 704 accepts first followed by another cycle 
occurring to cause node 709 to accept. 
0085 The “{}” upon node 702 indicates acceptance upon 
a left to right Sequence of acceptance of its children nodes 
703 and 710. The “+” upon node 701 indicates acceptance 
upon one or more acceptances of node 702. Node 700 
anchors the hierarchical description and accepts whenever 
any of its children (in this case node 701) accepts. Node 700 
also has a property 717 attached. Property 717, as discussed 
above, is a designer-asserted property of the high-level input 
description. AS discussed above, property 717 can indicate 
whether the circuit described by FIG. 7 is pipelined. Each 
Subtree of the hierarchical high-level description can also 
have a property, as exemplified by property 718 attached to 
node 710 of FIG. 7. 

0.086. It should be clear that any sequence of inputs 
causing Subtree 703 to accept must follow, Sequentially, any 
Sequence of inputs causing Subtree 710 to accept. 
0087. The sequence of inputs accepted by subtree 710 are 
as follows. Node 712 accepts when input “a” to the FSM is 
Set true and upon acceptance Sets output "d” to true. Node 
713 accepts when input “a” to the FSM is set to false and 
upon acceptance Sets output "d” to false. Node 711 accepts 
when either node 712 or node 713 accepts. Node 715 accepts 
when input “b” to the FSM is set to false. Node 714 accepts 
upon Zero or more acceptances of node 715. Node 716 
accepts when input “b” to the FSM is set to true. Node 710 
accepts upon the left to right Sequence of node 711 accept 
ing, node 714 accepting and node 716 accepting. 
0088 FIG. 8 depicts an unoptimized translation of FIG. 
7 after translation to an FSM circuit. Partition 801 of FIG. 
8 corresponds to subtree 710 of FIG. 7. 
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0089 Partition 801 has been selected to illustrate: i) how 
correspondence between the high-level description and its 
FSM circuit is maintained, and ii) how a partition is opti 
mized in accordance with the present invention. Partition 
801 has not been selected in accordance with those aspects 
of the present invention relating to choosing a partition 
based upon the circuit's reachability function. 
0090 Correspondence between the high-level descrip 
tion of FIG. 7 and the FSM circuit of FIG. 8 is maintained 
as follows in the Synopsys Protocol Compiler (FIG. 10). 
Each node of the high-level description has a unique node 
number. For example, node 710 (representing the partition 
for sub-circuit M) may have a node number of 24 (as shown 
in FIG. 10). FIG. 10 only depicts a fragment of the 
high-level tree of FIG. 7. The FSM circuit (also known as 
a virtual circuit in the Protocol Compiler) is represented by 
a data structure Vc circuit struct in the C Programming 
Language. For example, virtual circuit 800 is represented by 
vc circuit struct 1000 of FIG. 10. The vc circuit struct 
comprises a BDD formula representing the initial State as 
well as lists of BDDs representing the state variables, next 
State functions, and output functions. More importantly, the 
Vc circuit struct also comprises a hash table which is 
indexed with a node number to arrive at the node's unique 
partition definition Vc partition struct (also in the C Pro 
gramming Language). As shown in FIG. 10, node number 
24 is used to index the hash table of vc circuit struct 1000 
in order to locate vc partition struct 1001 which represents 
partition 801 of FIG.8. Vc partition struct’s representation 
of a partition comprises four integers: XStart, Xend, act start, 
and act end. Xstart and Xend represent the State variables of 
the partition, while act start and act end represent the 
outputs of the partition which are primary outputs (also 
known as actions) of the FSM. XStart and Xend and act start 
and act end represent two contiguous ranges since it is an 
artifact of the Protocol Compiler that the state variables and 
action variables of any partition can each be identified by 
contiguous sequential ranges (the particular values shown 
for XStart, Xend, act start and act end of Vc partition struct 
1001 are discussed below). Once the state and action vari 
ables are known, the functions driving these variables can be 
determined to produce a complete partition of the FSM 
circuit. 

0091 More generally, the essential information neces 
Sary to maintain correspondence between nodes of a high 
level description and partitions of an FSM circuit, where the 
FSM circuit is represented by gates and registers, is as 
follows. Upon a bottom-up traversal of the high-level 
description, each node may add additional register bits or 
gates to the translated FSM circuit. Store with each node the 
identities of the register bits and/or gates which the node 
adds. 

0092. More generally, the essential information neces 
Sary to maintain correspondence between nodes of a high 
level description and partitions of an FSM circuit, where the 
FSM circuit is represented by next state functions and action 
functions, is as follows. Upon a bottom-up traversal of the 
high-level description, each node may add additional State or 
action functions to the translated FSM circuit. Store with 
each node the identities of the State and/or action functions 
which the node adds. 

0093. In operation, Protocol Compiler uses the vc cir 
cuit struct as follows. One unoptimized vc circuit struct, 
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representing the complete translated circuit, is kept 
unchanged. A copy of the unoptimized vc circuit struct is 
made for optimization purposes. Partitions of the optimiza 
tion Vc circuit struct are each "cut out of the 
Vc circuit struct and put temporarily in its own 
Vc circuit struct. The temporary vc circuit struct is then 
optimized and “pasted” back into the optimization Vc cir 
cuit struct. Part of the process of optimizing the temporary 
Vc circuit struct involves translating the Vc circuit struct 
into a State diagram. The process for producing the pruning 
relations for generating the State diagram is discussed below 
with respect to the specific example of FIG. 7. 
0094 FIG. 9A depicts a virtual circuit representation of 
the FSM circuit of FIG. 8 in accordance with the Protocol 
Compiler. Note that Y0-Y3 of FIG. 9A correspond to set(c), 
clear(c), set(d), clear(d) of FIG. 8. In accordance with the 
above discussion of the Protocol Compiler, partition 801 is 
represented in FIG. 10 by variables (xstart,xend) being of 
values (5, 8) and variables (act start, act end) being of 
values (2, 3). In FIG. 9A, these values of variables (xstart, 
xend) represent state variables X5 to X8 and variables 
(act start, act end) represent action variables Y2 to Y3. 
0.095. In order to produce the pruning relations for par 
tition 801, the reachability function R(X) of FSM circuit 800 
must be determined. R(X) of FSM circuit 800 is shown in 
FIG. 9B. The state variables (X0.X1,X2,X3.X4) not in 
partition M are existentially quantified out of R(X) to 
produce the reachability function RMCX) just for the parti 
tion 801. R(X), depicted in FIG.9B, is used in pruning out 
unreachable states of the sub-circuit M (also known as 
partition 801) in generating the state graph for partition 801. 
0096. The relation for pruning out invalid transitions of 
Sub-circuit M, TOXIM), is derived as follows (according 
to the general procedure presented above). 
0097) First, k=1 since there is only one I input to 
partition 801. The individual input to partition 801 is 
referred to as i and the function driving i, in terms of State 
variables and primary inputs, is referred to as f(X, I). f(X, 
I) is depicted in FIG.9B. 
0098) Second, f(X, I) is exclusively NORed with it, as 
shown in FIG. 9B. 

0099] Third, the results of the exclusive NORs are all 
ANDed together which produces the same function in the 
case of FIG. 9B since there is only one IIM input. 
0100 Fourth, the result of the AND is itself ANDed with 
R(X) to produce the transition pruning relation TOX, IM) as 
shown in FIG. 9B. The full specification of T(X, IM) is 
illustrated in FIG. 9C. 

0101 Fifth, since we don't care about the state variables 
not in Sub-circuit M (namely X0-X4), we existentially 
quantify them out to produce the pruning relation TMCXM, 
IM) as shown in FIG. 9C. 
0102 Starting from the initial state of X5-X8 being Zero 
(as indicated by FIG. 9A) the state graph of sub-circuit M 
801 can be generated, with the resulting State graph shown 
in FIG. 11A. FIG. 11A is generated with invalid states and 
transitions pruned by functions R(X) of FIG. 9B and 
T(X, IM) of FIG. 9C. Thus, while the four bits of M are 
capable of representing 16 states, FIG. 11A has only the five 
States permitted by RM(XM). Furthermore, TM(XM, I.M.) 
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requires the transitions out of every State, except for the 
initial state, have the i input being false. FIG. 12A shows 
a minimization of the state graph of FIG. 11A. In accor 
dance with the overall process of FIG. 4, the minimized 
state graph would then be converted back into an FSM 
circuit (StateGraphToCircuito()) and then “pasted” back 
into vc circuit struct 1000 representing circuit 800 (by 
MergeBackSubCircuit()). 
0103) If transition simplification were also used, follow 
ing the generation and pruning of the State graph of Sub 
circuit M 801, then FIG. 11A is further simplified into FIG. 
11B. FIG. 12B shows the result minimizing FIG. 11B when 
performed in the same manner in which FIG. 11A was 
minimized into FIG. 12A. 

0104. While the invention has been described in conjunc 
tion with Specific embodiments, it is evident that many 
alternatives, modifications and variations will be apparent to 
those skilled in the art in light of the foregoing description. 
Accordingly, it is intended to embrace all Such alternatives, 
modifications and variations as fall within the Spirit and 
Scope of the appended claims and equivalents. 
What is claimed is: 

1. A method performed in a circuit Synthesis process, 
comprising the Steps performed by a data processing System 
of: 

Scanning at least one node of a hierarchical description of 
a finite State machine Stored in a memory of the data 
processing System; 

assigning, for each node of the hierarchical description 
Scanned, a metric determined from a reachability func 
tion of the finite State machine; and 

Selecting, according to the metric, certain nodes of the 
hierarchical description as defining a partition of the 
finite State machine for optimization. 

2. The method of claim 1, wherein the Step of Selecting 
Selects according to the metric with a greedy heuristic. 

3. The method of claim 1, wherein the Step of assigning 
includes a step of determining, for each node Scanned, a 
corresponding Sub-finite State machine of the finite State 
machine. 

4. The method of claim 3, wherein the Step of assigning 
further includes predicting, as at least part of the metric for 
each node Scanned, a number of States of the corresponding 
Sub-finite State machine. 

5. The method of claim 3, wherein the step of assigning 
further includes determining, as at least part of the metric for 
each node Scanned, a number of State variables of the 
corresponding Sub-finite State machine. 

6. The method of claim 3, wherein the Step of assigning 
further includes, as at least part of the metric for each node 
Scanned, optimizing, for each node Scanned, the correspond 
ing Sub-finite State machine to determine an actual number 
of States of the corresponding Sub-finite State machine. 

7. The method of claim 3, wherein the step of assigning 
further includes: 

predicting, for each node Scanned, a number of States of 
the corresponding Sub-finite State machine; 

determining, for each node Scanned, a number of States 
Variables of the corresponding Sub-finite State machine; 
and 

determining, as at least part of the metric for each node 
Scanned, a coding efficiency metric based upon the 
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number of states and the number of state variables of 
the corresponding Sub-finite State machine. 

8. The method of claim 4, wherein the Step of assigning 
further includes, as at least part of the metric for at least one 
node Scanned, optimizing, for at least the one node Scanned, 
the corresponding Sub-finite State machine to determine an 
actual number of States of the corresponding Sub-finite State 
machine. 

9. The method of claim 8, wherein the step of optimizing 
is only performed for those Scanned nodes whose predicted 
number of States is less than a threshold. 

10. The method of claim 8, wherein the step of selecting 
Selects at least one node according to the predicted and 
actual number of States. 

11. A method performed in a circuit Synthesis proceSS for 
generating a State graph, comprising the Steps performed by 
a data processing System of: 

generating at least one State of a State graph from a finite 
State machine Stored in a memory of the data process 
ing System; and 

determining whether the state is valid from the reachabil 
ity function of the finite State machine. 

12. A method performed in a circuit Synthesis process for 
generating a State graph, comprising the Steps performed by 
a data processing System of: 

generating at least one transition of a State graph from a 
finite State machine Stored in a memory of the data 
processing System; and 

determining whether the transition is valid from the 
reachability function of the finite State machine. 

13. A method, comprising the Steps performed by a data 
processing System of 

assigning a property to an input description of a circuit, 
the input description Stored in a memory of a data 
processing System; 

translating the input description into a first finite State 
machine, wherein the first finite State machine includes 
at least a Second finite State machine; 

generating at least one State of a State graph from the 
Second finite State machine; and 

determining whether the State is valid from the property of 
the input description. 

14. A method, comprising the Steps performed by a data 
processing System of 

assigning a property to an input description of a circuit, 
the input description Stored in a memory of a data 
processing System; 

translating the input description into a first finite State 
machine, wherein the first finite State machine includes 
at least a Second finite State machine; 

generating at least one transition of a State graph from the 
Second finite State machine; and 

determining whether the transition is valid from the 
property of the input description. 

15. The method of claim 1, further comprising the step of 
Selecting, according to input received from a user, at least 
one node of the hierarchical description as defining a par 
tition of the finite State machine for optimization. 
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16. The method of claim 1, further comprising the step of 
generating at least one Sub-finite State machine of the finite 
State machine corresponding to one of the nodes Selected 
according to the metric. 

17. The method of claim 16, further comprising the steps 
of: 

generating at least one State of a State graph from the 
Sub-finite State machine; and 

determining whether the state is valid from the reachabil 
ity function of the finite State machine. 

18. The method of claim 16, further comprising the steps 
of: 

generating at least one transition of a State graph from the 
Sub-finite State machine; and 

determining whether the transition is valid from the 
reachability function of the finite State machine. 

19. The method of claim 16, further comprising the steps 
of: 

assigning a property to the hierarchical description of the 
finite State machine; 

generating at least one State of a State graph from the 
Sub-finite State machine; and 

determining whether the State is valid from the property of 
the hierarchical description of the finite State machine. 

20. The method of claim 16, further comprising the steps 
of: 

assigning a property to the hierarchical description of the 
finite State machine; 

generating at least one transition of a State graph from the 
Sub-finite State machine; and 

determining whether the transition is valid from the 
property of the hierarchical description of the finite 
State machine. 

21. A data processing System for circuit Synthesis, com 
prising: 

a circuit configured to Scan at least one node of a 
hierarchical description of a finite State machine Stored 
in a memory of the data processing System; 

a circuit configured to assign, for each node of the 
hierarchical description Scanned, a metric determined 
from a reachability function of the finite State machine; 
and 

a circuit configured to Select, according to the metric, 
certain nodes of the hierarchical description as defining 
a partition of the finite State machine for optimization. 

22. A data processing System for generating a State graph 
as part of circuit Synthesis, comprising: 

a circuit configured to generate at least one State of a State 
graph from a finite State machine Stored in a memory of 
the data processing System; and 

a circuit configured to determine whether the State is valid 
from the reachability function of the finite state 
machine. 
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23. A data processing System for generating a State graph 
as part of circuit Synthesis, comprising: 

a circuit configured to generate at least one transition of 
a State graph from a finite State machine Stored in a 
memory of the data processing System; and 

a circuit configured to determine whether the transition is 
valid from the reachability function of the finite state 
machine. 

24. A data processing System for circuit Synthesis, com 
prising: 

a circuit configured to assign a property to an input 
description of a circuit, the input description Stored in 
a memory of the data processing System; 

a circuit configured to translate the input description into 
a first finite State machine, wherein the first finite State 
machine includes at least a Second finite State machine; 

a circuit configured to generate at least one State of a State 
graph from the Second finite State machine, and 

a circuit configured to determine whether the State is valid 
from the property of the input description. 

25. A data processing System for circuit Synthesis, com 
prising: 

a circuit configured to assign a property to an input 
description of a circuit, the input description Stored in 
a memory of the data processing System; 

a circuit configured to translate the input description into 
a first finite State machine, wherein the first finite State 
machine includes at least a Second finite State machine, 

a circuit configured to generate at least one transition of 
a State graph from the Second finite State machine, and 

a circuit configured to determine whether the transition is 
valid from the property of the input description. 

26. A computer program product including: 
a computer usable medium having computer readable 

code embodied therein for causing circuit Synthesis, the 
computer program product comprising: 

computer readable program code devices configured to 
cause a computer to effect Scanning at least one node of 
a hierarchical description of a finite State machine 
Stored in a memory of a data processing System; 

computer readable program code devices configured to 
cause a computer to effect assigning, for each node of 
the hierarchical description Scanned, a metric deter 
mined from a reachability function of the finite state 
machine; and 

computer readable program code devices configured to 
cause a computer to effect Selecting, according to the 
metric, certain nodes of the hierarchical description as 
defining a partition of the finite State machine for 
optimization. 

27. A computer program product including: 
a computer usable medium having computer readable 

code embodied therein for causing State graph genera 
tion for circuit Synthesis, the computer program prod 
uct comprising: 

computer readable program code devices configured to 
cause a computer to effect generating at least one State 
of a State graph from a finite State machine Stored in a 
memory of the data processing System; and 
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computer readable program code devices configured to 
cause a computer to effect determining whether the 
state is valid from the reachability function of the finite 
State machine. 

28. A computer program product including: 
a computer usable medium having computer readable 

code embodied therein for causing State graph genera 
tion for circuit Synthesis, the computer program prod 
uct comprising: 

computer readable program code devices configured to 
cause a computer to effect generating at least one 
transition of a State graph from a finite State machine 
Stored in a memory of the data processing System; and 

computer readable program code devices configured to 
cause a computer to effect determining whether the 
transition is valid from the reachability function of the 
finite State machine. 

29. A computer program product including: 
a computer usable medium having computer readable 

code embodied therein for causing circuit Synthesis, the 
computer program product comprising: 

computer readable program code devices configured to 
cause a computer to effect assigning a property to an 
input description of a circuit, the input description 
Stored in a memory of a data processing System; 

computer readable program code devices configured to 
cause a computer to effect translating the input descrip 
tion into a first finite State machine, wherein the first 
finite State machine includes at least a Second finite 
State machine; 

computer readable program code devices configured to 
cause a computer to effect generating at least one State 
of a State graph from the Second finite State machine; 
and 

computer readable program code devices configured to 
cause a computer to effect determining whether the 
State is valid from the property of the input description. 

30. A computer program product including: 
a computer usable medium having computer readable 

code embodied therein for causing circuit Synthesis, the 
computer program product comprising: 

computer readable program code devices configured to 
cause a computer to effect assigning a property to an 
input description of a circuit, the input description 
Stored in a memory of a data processing System; 

computer readable program code devices configured to 
cause a computer to effect translating the input descrip 
tion into a first finite State machine, wherein the first 
finite State machine includes at least a Second finite 
State machine; 

computer readable program code devices configured to 
cause a computer to effect generating at least one 
transition of a State graph from the Second finite State 
machine; and 

computer readable program code devices configured to 
cause a computer to effect determining whether the 
transition is valid from the property of the input 
description. 

31. The method of claim 11, further comprising the step 
of Selecting the finite State machine as a partition of a first 
finite State machine. 
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32. The method of claim 12, further comprising the step 
of Selecting the finite State machine as a partition of a first 
finite State machine. 

33. The method of claim 1, further comprising the step of 
Selecting, according to input received from a user, at least 
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one node of the hierarchical description as defining a par 
tition of the finite state machine not to be chosen for 
optimization. 


