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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. 
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4- O l . Partitionedcompile (High I g a: |__description top__node , circuit top) 
( 

4-02. R(X) = Analyzecircui‘i'u'oP) 
4+ O 3 . ChoosePartitions (top__node, top, R(X) ) 
l]- O 4 . foreach partition p designated in top { 
1+0 5 . c = Extraccsubcircuit (top, p) 

4-06. g = CreateStateGraph(c, R(X)) 
11-07. 9’ = MinimizeStateGraph(g) 
L,’- O 8 . EncodeStateGraph (g ' ) 
4'09. c' : StateGraphToCircuit(g’) 

L}- 10 . MergeBackSubCircuit(top, p, c ') 

Figure ‘+ : Overall Compile Process 
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AutoPart(H;5"\ieue'_description top__node, circuit top, R(X) ) 
{ 

CollectData(top__node, R(X) ) 
PickPartitions(top__node) 

) 

CollectData.(node n, RP(X) ) 
( 

Rmmm) = El (xi'sEXMn) RP(X) 
num_st:a.t:esn = num_minterms(RHn(XHn) ) 
foreach c'hild ncde c of node n ( 

CollectData(c, Run(X;.m) ) 
} 

} 

PickPartitions(node n) 
{ 

if (nunLStatesn < MinStates) ( 
return; 

} 
if (num_states > MaxStates) ( 

foreach child node c of node n ( 
PickPartitions (c) 

) else { 
MarkPartition(c) ; 
return; 

Figure 5 .‘Maximum State Threshold Algorithm 
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METHOD AND APPARATUS FOR OPTIMIZED 
PARTITIONING OF FINITE STATE MACHINES 

SYNTHESIZED FROM HIERARCHICAL 
HIGH-LEVEL DESCRIPTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/072381, Express Mail Number 
EM320545420US, ?led 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 ?nite state machines (FSMs) synthesiZed from 
hierarchical high-level descriptions. More speci?cally, 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 (?nite 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, ?nite 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 de?ned 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 ?nite state machine; assigning, for each 
node of the hierarchical description scanned, a metric deter 
mined from a reachability function of the ?nite state 
machine; and selecting, according to the metric, certain 
nodes of the hierarchical description as de?ning a partition 
of the ?nite 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 ?nite state machine; and 
determining Whether the state or state transition is valid from 
the reachability function of the ?nite state machine. 

[0014] 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 ?rst ?nite state 
machine, Wherein the ?rst ?nite state machine comprises at 
least a second ?nite state machine; generating at least one 
state or state transition of a state graph from the second ?nite 
state machine; and determining Whether the state or state 
transition is valid from the property of the input description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The accompanying draWings, that are incorporated 
in and constitute a part of this speci?cation, 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 simpli?ed 
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 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 ?nd If it is too dif?cult to 
determine R(X) exactly, an over-approximate R(X) 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, “Veri?cation of 
Synchronous Sequential Machines Based on Symbolic 
Execution,” in Automatic Veri?cation 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, “Ef?cient 
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 

Such a partial application may be used if a full and 
exact determination of R(X) is too dif?cult. 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 

[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. 

[0039] The second major step of the compilation strategy 
of the described embodiment of the present invention uses 
the R(X) obtained by the above analysis and, in conjunction 
With the structure of the high-level speci?cation, 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 identi?ed 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 
speci?c 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 ITOP/M, Which are 
driven only by sub-circuit Top-M over bus 313. Sub-circuit 
307 also has certain output, called OM/TOP, 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 (AnalyZeCircuit( ) 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: 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 


















