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METHOD FOR INCREMENTAL TIMING 
ANALYSIS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority of provisional US. 
patent application Ser. No. 60/082,993, ?led Apr. 23, 1998, 
entitled “METHODS FOR INCREMENTAL TIMING 
ANALYSIS FOR TIMING-DRIVEN PLACEMENT AND 
ROUTING” Which is incorporated herein by reference for 
all purposes. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates to timing analyses for deter 
mining Whether timing requirements are met in electronic 
designs. More speci?cally, the invention relates to rapid 
techniques for performing such timing analyses by recalcu 
lating a timing parameter for only a portion of the electronic 
design. 

[0003] Electronic design automation (“EDA”) is becom 
ing increasingly complicated and time consuming, due in 
part to the greatly increasing siZe and complexity of the 
electronic devices designed by EDA tools. Such devices 
include general purpose microprocessors as Well as custom 
logic devices including Application Speci?c Integrated Cir 
cuits (“ASICs”). Examples of ASICs include non-program 
mable gate arrays, Field Programmable Gate Arrays 
(“FPGAs”), and Complex Programmable Logic Devices 
(“PLDs” or “CPLDs”). The design of even the simplest of 
these devices typically involves generation of a high level 
design, logic simulation, generation of a netWork, timing 
simulation, etc. 

[0004] Timing analyses or simulations are performed to 
determine Whether a particular design meets timing require 
ments speci?ed by the designer. Such requirements may be 
necessary to ensure compliance With the requirements of an 
application for Which the device Will be used. Usually, 
timing simulation cannot be performed until the design has 
been compiled to the point Where various gate level entities 
(representing at least a subsection of the overall design) are 
synthesiZed and placed and the lines therebetWeen are routed 
on a target hardWare device. This compilation requires that 
an initial design (or a signi?cant piece of it) be functionally 
completed. 

[0005] Quite typically, a designer (or the compiler itself) 
Will modify a design after an initial compilation. This may 
be required When a timing simulation or other design 
analysis conducted after (or as part of) compilation indicates 
a problem. Or, the product requirements may change in the 
middle of the device’s development. Regardless of Why a 
design change is necessary, that change requires a recom 
pile. With some or all such recompiles, the designer con 
ducts timing analyses. 

[0006] In a hierarchical or “top doWn” design process, 
initial designs may specify generic logic blocks (e.g., an 
arithmetic logic unit) Without specifying the gate level logic. 
Other parts of the design may be completed to the gate level. 
Such initial designs are very coarse; i.e., they are far 
removed from the ?nal exact hardWare layout of the Whole 
device. Results of timing simulations performed after com 
pilation at these early stage designs Will necessarily lack 
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precision. The design parameters are not completely de?ned 
at the silicon level and the design Will likely change/evolve 
as development progresses. Nevertheless, a timing analysis 
can be performed on these initial designs in order to deter 
mine Whether the timing parameters are Within the general 
range (“ballpark”) speci?ed by the designer. In later stage 
designs, the timing parameters can be gauged With more 
precision and accuracy. 

[0007] If a design is being driven primarily by timing 
considerations so that the goal is a very fast device, obvi 
ously the timing simulations must be performed very fre 
quently during the design process. In this case, a designer 
may conduct timing simulations With each small design 
modi?cation. If the design is driven primarily by some other 
parameter such as logic density, then timing simulations may 
not be necessary quite as often. But regardless of Whether 
the design is driven more by timing constraints or area 
constraints, some form of timing analysis must be frequently 
performed during the design process. 

[0008] To guide later stages of design and to verify that 
timing requirements are met, timing analyses are typically 
performed before, during, and after “?tting.” Fitting is a 
process Whereby a compiler ?ts an electronic design onto a 
target hardWare device. For PLD designs, ?tting can be 
divided into three phases: partitioning, placement, and rout 
ing. Partitioning involves grouping logic cells Which share 
common inputs/outputs and/or feed one another. This group 
ing is intended to minimiZe the amount of long distance 
routing. Cells that frequently communicate With each other 
or share common resources should be placed close together 
so that most routing is local. During the placement phase, the 
various logic groups or blocks created during partitioning 
are assigned to speci?c geographic locations on a hardWare 
device. Finally, routing makes interconnections betWeen the 
various logic blocks that are noW placed on the hardWare 
device. Normally, the timing of each neW “?t” of a design is 
checked. 

[0009] While the primary goal of timing analyses is to 
ensure that the resulting electronic design and constituent 
circuits are meet timing requirements (i.e., they are fast), it 
is also important to ensure that the timing analyses them 
selves can be executed rapidly. Each compilation and asso 
ciated timing simulation consumes signi?cant time, so mul 
tiple recompiles/timing simulations translates to 
signi?cantly longer development times. This can greatly 
sloW the time to market for an integrated circuit under 
design. Because PLDs rely on a short time to market as a 
major selling point, sloW development can erase any com 
mercial advantage. 

[0010] The problem is compounded because maximum 
CPLD device siZes are increasing at a speed slightly greater 
than that predicted by Moore’s laW (i.e., each neW chip 
contains roughly tWice as much capacity as its predecessor, 
and each chip is released Within 18-24 months of the 
previous chip). If compilation time Was a linear function of 
design siZe then it Would be expected that the time to 
compile the largest device on the most poWerful computer 
Would remain approximately constant. Unfortunately, com 
pile times are typically proportional to n2, Where n is the 
number of logic elements on a device. This means that a 
design tWice as big takes four times as long to compile (on 
a given computer). Consequently, the compile times for the 
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largest devices are accelerating. It is not uncommon for large 
projects to compile for about 24 hours or more on a modem 
Workstation. Obviously, the fastest compilers (and associ 
ated timing simulators) Will become critical components of 
integrated circuit design environments. 

[0011] It appears that most available design products do 
not perform timing analysis as rapidly as they might. There 
fore, there is a need for more rapid techniques for perform 
ing timing analyses in large and/or compleX electronic 
designs. 

SUMMARY OF THE INVENTION 

[0012] The present invention provides an “incremental” 
timing analysis or simulation in Which much of the results of 
a previous timing simulation are used. The previous timing 
results Were obtained for a previous electronic design Which 
Was slightly modi?ed by the designer. The portion of the 
design affected by the modi?cation is identi?ed and its 
timing is recalculated. The timing for the remainder of the 
design is left as is from the previous design. This speeds the 
timing analysis for the modi?ed design because less than the 
entire design need be considered in the neW timing analysis. 

[0013] In this invention, the timing analyses of interest are 
performed after considering at least one and usually tWo 
“regions” associated With a design change: (1) the region of 
the design change itself and (2) a possibly larger region 
having its timing in?uenced by the design change. 

[0014] The process of interest is triggered When a “?rst 
electronic design” is converted to a “second electronic 
design.” This involves taking the ?rst design and modifying 
a portion of it by re?tting that area, changing the logic in that 
area, or otherWise changing that area. In an important 
embodiment, it involves re?tting the portion. As a result of 
the modi?cation, some portion of the ?rst design Will be 
modi?ed. That portion is referred to herein as a “modi?ed 
portion.” The remainder of the design is referred to as the 
“unmodi?ed portion.” Thus, the second electronic design 
includes a modi?ed portion and an unmodi?ed portion. The 
modi?ed portion may have had the gates themselves 
changed, cell fan-in or fan-out changed, the location of a cell 
changed, etc. In an important embodiment, the modi?cation 
involves only a change in location of a logic cell. The fan-in 
and fan-out of the moved cell (as Well as the other cells) 
remain unmodi?ed. 

[0015] The modi?cation Will typically have an affect on 
timing results. The design system of this invention Will store 
timing results of a “?rst timing analysis” performed on the 
?rst electronic design. The modi?cation to the ?rst elec 
tronic design Will typically impact the timing results. The 
trick here is to determine the timing results of the second 
electronic design Without redoing the entire timing simula 
tion for the second electronic design. To accomplish this, the 
invention delineates an “affected portion” of the second 
electronic design Where the timing results are likely to have 
been locally changed as a result of the modi?cation. Often 
the “affected portion” Will subsume the “modi?ed portion.” 
Once this affected portion has been identi?ed, the timing 
simulation of the second electronic design can be stream 
lined. It involves ?rst calculating a “local timing result” for 
the affected portion of the design, and second calculating an 
“overall timing result” for the second electronic design by 
using the local timing result and an “unmodi?ed timing 
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result.” This unmodi?ed timing result is the portion of the 
timing result from the ?rst electronic design that corre 
sponds to that location of the ?rst electronic design that lies 
outside of the “affected portion.” 

[0016] Preferably, the ?rst electronic design is a design of 
a partially completed ASIC design, such as a PLD design. 
Often the timing analysis Will be performed on a compiled 
version of the design. Thus, the ?rst timing analysis Will be 
performed on a compiled version of the ?rst electronic 
design. The analysis results are then stored. Subsequently, 
the base design is modi?ed to form the second electronic 
design, Which is then recompiled and analyZed per the 
second timing analysis. 

[0017] Preferably, the modi?cation to the ?rst electronic 
design is a re?tting of the logic associated With that design. 
In a particularly preferred embodiment, the re?tting involves 
moving cells such as by repartitioning cells betWeen tWo 
logic groups. Each neW design (the second electronic design, 
etc.) may be generated by moving a single cell from one 
logic block to another, as is performed in conventional 
partitioning processes. Each cell movement affects the tim 
ing by changing the lengths of lines connecting to the moved 
cell. It also affects the loads on those cells. 

[0018] In coarse timing analyses (such as those performed 
relatively early in the overall design process), the timing 
analysis of the second electronic design may be conducted 
Without regard to the load changes on the lines to and from 
a moved cell. In one embodiment, such “load-independent” 
analysis requires that the “affected portion” of the second 
electronic design be the fan-out from the output nodes of a 
cell that has been moved, together With the moved cell itself. 
For more precise timing analyses (often performed relatively 
late in the overall design process), the timing analysis of the 
second electronic design considers the load changes on the 
lines to and from a moved cell. In one embodiment, such 
“load-dependent” analysis requires that the “affected por 
tion” of the second electronic design be the fan-out from the 
output nodes of all cells that feed the cell that has been 
moved. 

[0019] The goal of many timing analyses is to determine 
Whether the overall timing result meets a given timing 
constraint. Thus, the present invention also provides for 
comparing the overall timing result (obtained for the second 
electronic design) With a design constrain. Sometimes the 
design constraint is not posed in the same timing type or 
criteria as the type used in the timing analysis. For eXample, 
the timing constraint may be speci?ed as Tcycle Whereas the 
timing analysis is conducted With Tpd. When this is the case, 
it may be convenient to have a preliminary step of convert 
ing the timing constraint from a ?rst type to a second type. 

[0020] This invention also pertains to devices (e. g., PLDs) 
designed using the timing analyses described herein. Fur 
ther, the invention covers machine readable media or com 
puter program products having instructions and/or data for 
implementing the timing analyses described herein. 

[0021] In another aspect, this invention provides a system 
for an electronic design automation (EDA) system that 
includes at least a ?tter (Which ?ts logic onto a target 
hardWare device such as a PLD) and a timing analyZer. The 
timing analyZer in turn includes a “delineator” Which 
identi?es an affected region of a modi?ed design Where 
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timing may have been locally changed as a result of a 
modi?cation from a previous design, and (ii) a “timer” 
Which calculates the timing at nodes Within the affected 
region. The system may also include a database communi 
cating With the ?tter and storing design data for the modi?ed 
design and the previous design. 

[0022] The timing analyZer may obtain the data it needs in 
at least tWo Ways. In a ?rst embodiment, it obtains the design 
data from the database directly, Without having the design 
data past through the ?tter. In a second embodiment, it 
obtains the design data from the database indirectly, via the 
?tter. 

[0023] In preferred embodiment, the ?tter Will be provided 
as part of an electronic design compiler. The compiler may 
contain other modules or entities such as a logic synthesiZer. 
In a preferred embodiment, the logic ?t by the ?tter onto the 
target hardWare device takes the form of logic cells. In this 
embodiment, the ?tter may move one or more logic cells to 
create the “modi?ed design.” 

[0024] These and other advantages of the present inven 
tion Will become apparent to those skilled in the art upon a 
reading of the folloWing descriptions of the invention and a 
study of the several ?gures of the draWing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a process How chart illustrating the 
invention at a high level in conteXt of a larger design effort. 

[0026] FIG. 2 is an idealiZed representation of an elec 
tronic design shoWing the boundaries of a modi?ed region 
caused by a design modi?cation and an affected region 
having its timing affected by the modi?cation, With both the 
modi?ed and affected regions shoWn Within larger unmodi 
?ed and unaffected regions of the overall design. 

[0027] FIG. 3 is a schematic illustration of a small com 
binational circuit (?rst electronic design) including a plu 
rality of logic cells ?Xed in logic elements, With each cell 
having multiple ports de?ning fan-ins and fan-outs. 

[0028] FIG. 4 is a schematic illustration of the combina 
tional circuit shoWn in FIG. 3, but assuming that one cell has 
been moved to a different logic element to create a second 
electronic design and thereby affect the timing analysis of a 
number of cells in a load-independent manner. 

[0029] FIG. 5 is a schematic illustration of the combina 
tional circuit shoWn in FIGS. 3 and 4, but assuming that one 
cell has been moved to a different logic element to create a 
second electronic design and thereby affect the timing 
analysis of a number of cells in a load-dependent manner. 

[0030] FIG. 6 is a How chart depicting a method for 
delineating a collection of cells and ports Which must have 
their timing recalculated during an incremental timing 
analysis. 

[0031] FIG. 7 is a block diagram of a typical computer 
system suitable for implementing an embodiment of the 
present invention. 

[0032] FIG. 8 is a block diagram shoWing modules that 
may be employed in a PLD design compiler and timing 
analyZer of this invention. 
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[0033] FIG. 9 illustrates a data processing system con 
taining a PLD produced in accordance With this present 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0034] 1. Introduction 

[0035] This invention relates to incremental timing analy 
ses. Some of terms used herein to illustrate the principles of 
this invention are not universally used in the art. Other terms 
may have multiple meanings in the art. Therefore, the 
folloWing de?nitions are provided as an aid to understanding 
the description that folloWs. The invention as set forth in the 
claims should not necessarily be limited by these de?nitions. 

[0036] The term “compiler” is used throughout this speci 
?cation to refer to softWare—and apparatus for running such 
softWare—that compiles an electronic design. It may also 
refer to specially designed hardWare Which implements 
some or all of the compiler functions. Compiler functions 
may include synthesiZing a netlist, ?tting a synthesiZed 
netlist on a target hardWare device, simulating an electronic 
design, etc. In the conteXt of this invention, a compiler Will 
preferably contain a timing analyZer or provide results that 
are amenable to analysis by a timing analyZer. 

[0037] The term “electronic design” refers to the logical 
structure of an electronic device such as an integrated 
circuit. It may be implemented on hardWare (usually referred 
to herein generically as a “target hardWare device”). During 
the design and development effort, an electronic design 
(often a digital circuit design) may eXist in various states or 
stages. It may be provided as a high level Boolean repre 
sentation (encoded in a hardWare design language for 
example), as a schematic or circuit representation, or any 
other form representing the logical arrangement of a device. 
It may include other facets such as ?oor-plan constraints, 
Wave-form constraints, timing constraints, ?tting con 
straints, etc. At the gate level, it may eXist as a netlist 
(Whether synthesiZed or not) prior to placement on a target 
hardWare device. It may even include completed place and 
route assignments. 

[0038] When in the form of a synthesiZed netlist, an 
electronic design may be divided into “logic cells” repre 
senting various logic functions Within the electronic design. 
These logic cells are mapped onto “logic elements” of the 
target hardWare device during compilation. The criteria for 
mapping gates into logic cells is that a resulting logic cell 
must be able to be put into one logic element. An eXample 
of a logic cell is a collections of gates (connected in some 
Way and implemented in a look-up table) combined With a 
register and con?gured to implement a multiplexer. 

[0039] The term “target hardWare device” refers to a 
hardWare device on Which an electronic design is imple 
mented. EXamples include circuit boards and systems 
including multiple electronic devices and multi-chip mod 
ules, as Well as integrated circuits. Speci?c eXamples of 
integrated circuits include traditional integrated circuits With 
full custom layouts, hardWired ASICs (e.g., gate arrays) 
designed With high level design tools, and programmable 
ASICs such as FPGAs and PLDs. In the case of non 
programmable integrated circuits such as gate arrays, the 
electronic design de?nes the arrangement of metal lines on 
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one or more metalliZation layers of the target hardware 
device. In the case of programmable integrated circuits such 
as PLDs, the electronic design de?nes the gate functions as 
Well as interconnects to be programmed on the target hard 
Ware device. 

[0040] In the context of this invention, a target hardWare 
device typically includes a plurality of “logic elements” 
Which house logic cells from an electronic design in order to 
implement the logic functions speci?ed by these cells. The 
logic elements are typically a fundamental element of the 
hardWare device’s architecture on Which different logic 
gates can be de?ned. Such elements may contain generic 
programmable look up tables, product term circuits, etc. In 
“hierarchical” embodiments, these elements may be locally 
grouped such that each logic element is associated With a 
block (or other arbitrary containment entity). There may be 
higher level organiZation in the device such that logic blocks 
are grouped into half-roWs, roWs, or some other arbitrary 
entity. 

[0041] In the case of a FLEX10K CPLD (available from 
Altera Corporation of San Jose, Calif.), for example, logic 
elements are provided at the bottom level of a containment 
hierarchy. In this architecture, multiple logic elements are 
grouped into logic array blocks (LABs), Which are in turn 
organiZed into half-roWs, Which are in turn organiZed into 
roWs. By Way of contrast, in the case of the XC4000 
(available from Xilinx Corporation of San Jose, Calif.) logic 
elements are provided in a ?at grid Without a hierarchical 
structure. 

[0042] Examples of logic elements include a product term 
macrocell employed in the MAX 9000 family of CPLDs 
available from Altera Corporation and a look up table 
(“LUT”) employed in the FLEX10K and FLEX 8000 fami 
lies of CPLDs (Altera Corporation). These logic elements 
are described in the Altera 1998 Data Book, available from 
Altera Corporation of San Jose, Calif. The Data Book is 
incorporated herein by reference for all purposes. Another 
example of a logic element is the multiplexer-based element 
employed in some devices available from Actel Corporation 
of Sunnyvale, Calif. Those of skill in the art Will recogniZe 
that many other logic elements are knoWn and may be used 
With this invention. 

[0043] 2. Context of the Invention 

[0044] This invention relates to incremental timing analy 
ses. While most examples presented herein depict hierarchi 
cal PLD designs, the methodologies of this invention ?nd 
application in any electronic design compilation in Which 
timing simulations are employed. 

[0045] Various types of design modi?cations affect timing 
analyses. The incremental timing analyses of this invention 
may be integrated in a design effort as folloWs. Initially, at 
least a portion of a ?rst electronic design is at least de?ned 
to point Where a timing simulation can be performed. Then 
a ?rst timing simulation is performed in a suitable manner. 
In some cases, suf?cient de?nition of the ?rst electronic 
design involves compiling the design. The compilation of a 
design prior to timing analysis can involve any standard 
electronic design compilation process. In the case of a 
traditional integrated circuit design created using high level 
design tools, for example, compilation involves the folloW 
ing steps: (a) synthesis from a hardWare design language 
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(e.g., VHDL or Verilog) and (b) automatic place and route. 
Further details of these steps can be found in various sources 
and usually depend on the type of the electronic design being 
created. The folloWing references further describe these 
steps as applied to a hierarchical PLD design: US. patent 
application Ser. No. 08/958,002 ?led Oct. 27, 1997,titled 
GENERATION OF SUB-NETLISTS FOR USE IN INCRE 
MENTAL COMPILATION, and naming as inventors Bruce 
Pedersen, Francis B. Heile, MarWan Adel Khalaf, and David 
Wolk Mendel; US. application No. 08/958,436 ?led Oct. 
27, 1997, titled FITTING FOR INCREMENTAL COMPI 
LATION OF ELECTRONIC DESIGNS, and naming inven 
tors John Tse, Fung Fung Lee, and David W. Mendel; and 
US. application Ser. No. 08/958,670 ?led Oct. 27, 1997, 
titled PARALLEL PROCESSING FOR COMPUTER 
ASSISTED DESIGN OF ELECTRONIC DEVICES, and 
naming David W. Mendel. Each of these references is 
incorporated herein by reference in its entirety and for all 
purposes. 

[0046] In keeping With the desire to speed the overall 
design process, the compilation process may be an “incre 
mental compilation” process. Speci?c approaches to incre 
mental compilation are described in the above-mentioned 
US. patent applications Ser. Nos. 08/958,002; 08/958, 
436;and 08/958,670. The incremental timing analyses of the 
present invention may, but need not, be applied With a design 
system employing incremental compilation. In essence, 
incremental compilation involves using a previously com 
piled design such that only a fraction of that design must be 
recompiled after a user or compiler makes one or more 

changes to the design. Incremental compilation requires at 
least tWo steps: (1) delineating a sphere of in?uence of user 
changes in a previously compiled design (the sphere of 
in?uence typically being de?ned Within a netlist), and (2) 
recompiling the logic from Within this sphere of in?uence 
into appropriate logic elements available Within a target 
hardWare device. To maximiZe ef?ciency, the compiler 
should limit recompile to a minimum region of the elec 
tronic design (and a corresponding region of a target hard 
Ware device) Which is directly affected by the design change. 

[0047] In the incremental timing simulations of this inven 
tion, the designer modi?es the ?rst electronic design (after 
it has been previously simulated). Such modi?cation could 
apply at any stage during the overall electronic design 
process. It may apply at an initial stage When large sections 
of the total design remain as un?nished blocks, it may apply 
at a ?nal stage When the positions of most cells are ?xed, or 
it may apply at any stage in betWeen. The precision and 
accuracy of a subsequent timing simulation Will greatly 
depend upon Where the modi?cation occurs in this overall 
?oW. In the early stages, the simulation Will necessarily be 
coarse. In later stages, the simulation Will necessarily be 
?ner. The present invention may account for these differ 
ences by providing different types of incremental analysis 
for different stages in the overall design process. 

[0048] Modi?cations can take many forms. They may 
involve changing the design circuitry (e.g., at the netlist 
level) or may involve a less signi?cant change such as 
changing the placement of a cell. In a preferred implemen 
tation of this invention, it involves moving a single cell, as 
by changing the ?rst electronic design’s partitioning or 
placement of logic blocks. The algorithms that folloW are 
speci?cally geared to incremental timing analysis resulting 
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from a change in the design caused by a re?tting the-?rst 
electronic design. Such changes could come about by a 
change in partitioning, placement of cells, or routing 
betWeen cells. 

[0049] It is possible that multiple ?tting changes may be 
made betWeen the time When the ?rst timing analysis is 
performed (on the ?rst design) and When the second timing 
analysis is performed (on the second design). For example, 
numerous cells may be moved betWeen the times When the 
?rst and second analyses are conducted. This situation can 
be handled in tWo Ways. First, the incremental timing 
analysis could be performed in one step by simultaneously 
considering all the changes as a single change. Alternatively, 
the incremental timing analysis could separately consider 
each of the sub-steps that led to the larger change. 

[0050] In the speci?c example that folloWs, the ?tting 
change is movement of a single cell from one position to 
another. This keeps With the methodology used in many 
traditional place and route tools. It is assumed that all 
connections to the moved cell remain the same. That is, the 
fan-out and the fan-in remain the same. HoWever, the lines 
making those connections change in length. FIG. 1 presents 
a How chart illustrating the context and high level features 
of this example of the present invention. 

[0051] As shoWn in FIG. 1, a process 10 begins at 11, and 
then at a process step 13 the design system receives a “?rst 
timing analysis” of the ?rst electronic design. At a step 15, 
the system receives instructions from a designer to move a 
cell in the ?rst electronic design. The instructions specify the 
neW location of the cell (e.g., to a neW logic element). The 
design system then moves the cell to the speci?ed location 
to initiate creation of the second electronic design. See step 
17. 

[0052] At this point, the second electronic design contains 
a modi?ed portion Which deviates from the ?rst electronic 
design and an unmodi?ed portion With remains substantially 
unchanged from the ?rst electronic design. For example, the 
moved cell and associated input and output lines constitute 
a modi?ed portion. As mentioned such modi?cations affect 
the timing simulation in some Way such that results of the 
?rst timing simulation are typically no longer completely 
valid. Nevertheless, some parts of the ?rst timing analysis 
may remain unchanged (valid). The valid parts correspond 
to speci?c locations of the second electronic design (typi 
cally unmodi?ed from the ?rst electronic design). At these 
locations, the signal arrival times remain the same in the 
second electronic design (With respect to the ?rst design). 
Such regions Where timing results (typically arrival times) 
are unaffected by the modi?cation are deemed “unaffected.” 
Other regions Where the timing results have changed are 
referred to as “affected.” 

[0053] At a step 19, the design system determines Where 
the affected portion of the second electronic design lies. One 
preferred technique for accomplishing this is described 
beloW. Next at a step 21 the design system evaluates timing 
consequences of the modi?cation by focusing on the 
affected portion. This is an “incremental timing analysis.” If 
necessary, the system converts the timing analysis format or 
type of the design prior to evaluating. 

[0054] After the incremental timing analysis has been 
completed at step 21, the system determines Whether the 
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timing results meet the timing constraints imposed on the 
design. See decision step 23. If the system determines that 
the second design meets the timing constraints (i.e., decision 
step 23 is ansWered in the af?rmative), then the current 
design task is deemed successfully completed at a step 25 
and the process concludes at 31. If on the other hand the 
system determines that the second design fails to meet the 
timing constraints (i.e., decision step 23 is ansWered in the 
negative), then the system determines Whether a further 
design modi?cation (to produce a third electronic design for 
example) is appropriate. This decision is made at a step 27 
Which in effect determines Whether the current design task 
has gone through a maximum number of iterations Without 
suf?cient improvement. If so, the current design task is 
deemed to have failed at a step 29 (the process task ?nishes 
at 33) and a neW tack is taken. 

[0055] In the above process ?oW, a collection of affected 
cells must be identi?ed ?rst before the neW timing analysis 
is performed. These affected cells represent a sub-set of the 
total cells or ports in the electronic design under consider 
ation. Because the method limits the neW timing analysis to 
the sub-set, it requires less computation resources to perform 
the timing analysis than the traditional process ?oW, Which 
Would require analysis of each and every cell and/or port in 
the electronic design. 

[0056] Note that step 21 alloWs for a format conversion in 
the timing analysis. In a preferred embodiment, the timing 
analyZer is con?gured to perform only one type of timing 
analysis (e.g., a Tpd timing analysis). A conversion may be 
necessary When the designer speci?es a timing constraint in 
one timing format (e.g., Tsu) and the timing analyZer com 
ponent of the design system performs timing analysis in 
another format (e.g., Tpd). In one example, a constraint 
expressed in terms of Tcycle is converted to a Tpd problem. 
Tcycle is the time required for a signal to propagate from one 
register’s output port to another register’s input port. Tpd is 
the time required for a signal to propagate from a primary 
input pin to a primary output pin of a combinational circuit. 
To transform a Tcycle constraint to a Tpd analysis, the 
register boundaries of the Tcycle are compared to the 
locations of the primary input and output pins. An appro 
priate coordinate transformation is then made (simply by 
adjusting the end point of the reference timing path). If a 
primary input pin is located doWnstream from the output 
port of the ?rst register used to reference Tcycle, then the 
“Tcycle value” at the primary input pin Will be greater than 
Zero. A simple coordinate transformation is all that is 
required to convert the Tcycle values to Tpd values in this 
example. In a preferred embodiment, the timing analyZer 
uses Tpd to calculate timing delays. In general, there are ?ve 
conventional types of timing requirement: Tpd and Tcycle as 
described above, Tco from a clock/register output port to a 
primary output pin, Tsu and Thold from a primary input pin 
to a register input port With respect to the clock of the 
register. The timing analysis of any of these types can be 
converted to a timing analysis of type Tpd. The Tpd require 
ments can be checked by simple addition and subtraction, 
once the arrival time at each pin (port) of the circuit is 
obtained. 

[0057] 3. Determining the Boundaries of a Region 
Affected by a Design Modi?cation 

[0058] FIG. 2 presents a generic representation of an 
electronic design. A design 254 represents a complete sec 
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ond electronic design for a given device or a substantially 
independent portion of that design. It may or may not 
subsume an entire physical layout of logic elements in a 
target hardWare device. Within overall design 254, there is 
a “modi?ed region”258 representing the portion of overall 
design 254 changed by a user’s modi?cation(s) to a ?rst 
electronic design. For example, modi?ed region 258 may 
represent one or more logic cells that have been moved from 
a ?rst logic element (in the ?rst electronic design) to a 
second logic element (in the second electronic design) on a 
target hardWare device. While FIG. 2 shoWs only a single 
modi?ed region 258, it should be understood that overall 
design 254 may contain multiple changed regions. 

[0059] The changes actually made at the hands of the 
designer may have been limited to one or a feW gates 
representing a subsection of changed region 258. HoWever, 
those changes typically have a Wider sphere of in?uence— 
directly affecting the timing of a more encompassing region 
than delineated by the boundaries of modi?ed region 258. 
This Wider timing affected area is shoWn generally as an 
affected region 262 depicted in thick lines and subsuming 
the modi?ed region 258. 

[0060] It is a function of this invention to identify the 
boundaries of affected region 262 Within a second (modi 
?ed) electronic design. Once those boundaries are found, the 
timing analyZer need only recalculate timing Within those 
boundaries. The timing values in an unaffected region 264 
representing the remainder of design 254 falling outside the 
boundaries of region 262 remain valid and may be kept from 
the timing analysis performed on the ?rst electronic design 
(prior to modi?cation). Together the recalculated timing 
values Within affected region 262 and the previous timing 
values Within unaffected region 264 are used to determine 
the overall timing of the second electronic design 254. 

[0061] Obviously, affected region 262 should be made as 
small as possible to reduce the timing analyZer’s Work on 
incremental timing simulation. This alloWs the timing simu 
lation to be performed much faster than if the entire design 
254 had to be resimulated after the designer’s modi?cation. 
Generally, the magnitude of the design modi?cation’s affect 
on timing Will decrease upstream (from a signal propagation 
stand point) from the modi?cation and laterally from the 
modi?cation. When highly accurate timing simulations are 
required, the region 262 should be draWn Widely enough to 
cover even those regions that are minimally affected by the 
design modi?cation. 

[0062] Many techniques for delineating the boundaries of 
the affected region eXist and can be envisioned. The present 
invention is not limited to any particular one or group of 
such techniques. Basic techniques might consider only the 
direct doWnstream affect of the change. More accurate 
techniques might consider secondary effects such as load 
redistribution, parasitic capacitance, etc. FIGS. 3-5 shoW 
eXamples of tWo suitable techniques, one deemed “load 
independent” (FIG. 4) and one deemed “load dependent” 
(FIG. 5). 
[0063] FIG. 3 shoWs a simple combinational circuit layout 
301 that might be encountered by a timing analyZer of this 
invention. Each block (labeled B0 through B13) represents 
a unique cell and each port of each cell is indicated by a solid 
dot. Primary input ports 303 are presented on the left side of 
the layout and primary output ports 305 are provided at the 

Feb. 21, 2002 

right side of the design. Thus, signals ?oW from the left side 
to the right side. While each cell could have substantially 
more complex fan-ins and fan-outs, for simplicity the cells 
in this ?gure are limited to only a single output and not more 
than tWo inputs. Note that this ?gure could possibly repre 
sent an entire electronic design—but a very simply elec 
tronic design at that. Alternatively, it might represent a 
section of a design that is under consideration. In this case, 
the depicted primary input and output pins do not necessar 
ily represent input and output pins of the entire chip. They 
simply represent, in this case, the ports that are feeding or 
receiving signals from cells of other blocks the overall 
design. 

[0064] Assume circuit 301 represents the ?rst “unmodi 
?ed” electronic design. Assume also that a complete timing 
analysis has been performed on it. FIG. 4 shoWs the circuit 
layout 301 after it has been modi?ed by a designer to create 
a second electronic design 301‘ (possibly corresponding to 
layout 254 of FIG. 2). This modi?cation involves no more 
than moving cell B6 from its ?rst location to a second 
location on the target hardWare device. The “modi?ed 
region” of 301‘ is therefore B6 alone. 

[0065] When a cell such as cell B6 is moved, it has various 
effects on timing. Assuming that the fan-in and fan-out of the 
cell have not changed (i.e., the connections into and out of 
cell B6 remain the same as shoWn), then the movement 
affects only the line lengths and the loads on those lines. 
Nevertheless, this modi?cation changes the timing result. 

[0066] FIG. 4 assumes that the affected region is inde 
pendent of changes to the loads on the lines in?uenced by 
the movement of cell B6. Note that in FIG. 4 the ports of 
moved cell B6 as Well as cells located doWnstream from that 
moved cell have changed from solid shading to open circles. 
The open circles indicate that the timing results at those 
ports are noW invalid as a result of the move. These “invalid” 
ports must noW have their timing results recalculated. Col 
lectively they represent the “affected region” of design 301‘ 
(possibly corresponding to region 262 of FIG. 2). As noted, 
in conventional timing analyses, each and every port in the 
entire design Would have to be recalculated as a result of the 
move. The incremental timing analysis of this invention is 
limited to the ports that are likely to be affected by the move. 
This considerably reduces the amount of computational 
resources that must be devoted to the timing analysis. 

[0067] As shoWn in FIG. 4, input ports 0 and 1 as Well as 
output port 2 of cell B6 have been marked invalid. Further, 
other ports located doWnstream from cell B6 have been 
marked invalid. In this load-independent embodiment, the 
affected region includes the cell that has moved as Well as 
the entire fan-out from that cell. The fan-out includes all 
logic cell ports that are fed directly or indirectly by any 
output of the moved cell. In this case, cell B6 has one output 
2 that directly feeds tWo other cells. Speci?cally the output 
port 2 feeds input port 3 of cell B8 and input port 7 of cell 
B9. Hence, these input ports are marked invalid. The outputs 
of cells B8 and B9 (ports 4 and 8 respectively) also form part 
of the fan-out and hence are marked invalid. Moved cell B6 
also indirectly feeds cells B11 and B12 (through the outputs 
of cells B8 and B9). Thus input ports 5 and 9 of cells B11 
and B12 are marked invalid. Finally, the fan-out ends at 
primary outputs 6 and 10 Which are the output ports to cells 
B11 and B12. Thus, the collection of invalid ports 0-10 
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comprise the region affected by movement of cell B6 in this 
load-independent embodiment. 

[0068] Movement of a cell from one logic element to 
another on a target hardware device Will often change the 
load distribution among ports in a circuit. Considering the 
movement of cell B6 for example. Cells B4 and B5 feed cell 
B6. If cell B6 is moved With respect to either of these cells 
it affects the load felt by that cell. For example, if cell B6 is 
moved farther aWay from cell B4, the load driven by cell B4 
likely increases (if movement of cell B6 is the only change). 
This load redistribution affects not only the timing of signals 
to port 0 on cell B6 (the port fed by cell B4), but also affects 
the timing at all other ports fed by cell B4 output. Thus, the 
timing the input of cell B10 might also have to be recalcu 
lated. 

[0069] FIG. 5 shoWs a different affected region that may 
be delineated in a load-dependent embodiment. Here, the 
affected region is more expansive. It is de?ned by the 
fan-outs of the output ports that feed the input ports of the 
cell that has been modi?ed (moved cell B6 in this example). 
In FIG. 5, the load-dependent affected region is de?ned by 
the output ports of cells B4 and B5 Which together feed input 
ports 0 and 1 of cell B6. Because these output ports feed the 
moved cell, the load-dependent affected region includes at 
least the ports comprising the load-independent affected 
region. Typically it Will include additional cells. In the 
example of FIG. 5, the affected region includes ports 0-10 
Which correspond to the entire affected region in FIG. 4. The 
load-dependent affected region also includes input 13 to cell 
B7 Which is fed by the output of cell B5. As shoWn, the 
fan-out from the output of cell B5 includes ports 15 and 16 
of cell B13 as Well as ports 13 and 14 of cell B7. In addition, 
the fan-out from the output of cell B4 includes input port 11 
and output port 12 of cell B10. Note that cell B10 has tWo 
input ports, but that only one of them has been marked as 
invalid. The other is not fed by the output port of cell B4, and 
so is not marked as invalid. Collectively invalid ports 0-16 
comprise the region affected by the movement of cell B6 in 
the load-dependent embodiment. 

[0070] Because the load-dependent affected region is 
larger than the load-independent affected region (and there 
fore requires more computational resources to calculate 
timing), it should be used only When relatively high preci 
sion and accuracy are possible and required. OtherWise the 
smaller load-independent region may be employed. Gener 
ally, the earlier stages of a large design effort provide 
relatively coarse designs that can not have their timings 
simulated With great accuracy. At such stage, the load 
independent method often Will be sufficient. At later stages 
When a large percentage of the design is ?xed, and accu 
rately measuring timing is critical, the load-dependent 
method Will be preferred. Also, to the extent that the load is 
light in a given design under simulation (i.e., timing delay 
varies little With changes in load), the load-independent 
model may be suitable. 

[0071] Obviously, it is impossible to precisely determine 
timing results until the line routes betWeen various cells in 
the analysis are ?xed. At early design phases, much or all of 
the placement and routing may be left unset. At later design 
phases, some or all of the placement and routing is set. To 
use the methods of this invention before the routing is set for 
the entire design, some assumptions and approximations 
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must be put in place. Such approximations may be based 
upon models Which predict delay or based upon statistical 
measures provided by experimental data. The nature of the 
approximation depends upon the level of detail of the design 
block. If it is a very high level design block such as a 
multiplier or other high level logic element, the approximate 
delay may simply represent a statistical average over dis 
similar logic elements used in comparable designs. For 
example, an average delay may be speci?ed for multipliers 
of a particular siZe and type implemented on a particular 
hardWare layout. Multipliers of other siZes Would have 
different approximate delay times. 

[0072] Assuming that the design has been synthesiZed, the 
gate-level information is knoWn. If the synthesiZed design 
has not yet been placed, certain parameters affect the 
approximate delay that may be used in a timing analysis of 
this invention. For example, the siZes of the fan-out and 
fan-in of a particular cell may determine the delay betWeen 
it and the cell or cells that it feeds. Generally, if the cell has 
a large fan-out and/or fan-in, it Will experience greater 
loading. It is also likely that it Will be placed a relatively 
great distance aWay from at least one of the cells that it 
feeds. This can be understood by recogniZing that it is 
unlikely that all the destinations of a cell having a large 
fan-out Will be close to one another. Thus, it can be expected 
that at least one line from the cell under consideration Will 
be relatively long. Also, if a cell has a large fan-in, it is likely 
that it Will be pulled toWard one or more of its inputs. This 
may constrain it from being placed close to one or more of 
its outputs. 

[0073] Other factors Which effect the signal delay from a 
cell of a synthesiZed but unplaced design include the siZe of 
the cone of logic feeding it, the length of the logic path it is 
involved With (e.g., tWo cell path versus ten cell path), 
Whether it is close to a critical path, and Whether it is to be 
placed in a hierarchical design. Regarding this last factor, 
hierarchical designs typically include logic blocks of ?xed 
numbers of cells Which transmit signals among themselves 
very rapidly. Signals that must leave the logic block travel 
more sloWly. Thus, if a cell has a relatively large fan-out, it 
can be expected that one or more output signals Would likely 
travel outside of the local logic block. This results in a 
relatively greater delay. Considering a logic block having 
eight logic cells (logic elements), fan-outs of greater than 
eight require that at least one of the output signals travels 
outside of the local logic block. For smaller fan-outs, it is 
possible that all the output signals remain Within the local 
logic block. Statistically, hoWever, some signals Will likely 
travel outside of the logic block. For example, it may be 
decided that if a cell has a fan-out of six, then there is a 75% 
chance that one of those signals Will travel outside the local 
logic block. This statistical information can be used to 
predict the delay associated With an unplaced cell. 

[0074] It should be understood that When using the 
approximate delays it may be appropriate to de?ne a range 
of delays associated With a cell. Alternatively, the approxi 
mate delay may be a single value Which is recogniZed to be 
of someWhat limited precision. 

[0075] Possibly the ?rst or second electronic design (as 
presented in FIGS. 3-5 for example) contains a combina 
tional feedback loop provided from an output to an input of 
a particular cell. Such loops can greatly complicate the 
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timing simulation. To simplify the system for analysis 
according to the methods of this invention, a preprocessing 
step may be performed to recast the design logic so that the 
feedback loop is removed (“pre-cut”), While retaining the 
identical functioning of the design. Such processes are Well 
knoWn to those skilled in the this technology area. This 
facilitates execution of certain speci?c techniques for timing 
simulation. Thus, such preprocessing should be performed 
after a cell is moved (step 17 of FIG. 1) but before 
determining the affected portion of the second electronic 
design. 

[0076] In a conventional timing analysis, the time required 
for a signal to propagate through a circuit is determined by 
summing a number of internal propagation delays. Some are 
associated With the cells themselves. Others are associated 
With the lines connecting the cells. At each cell, there is a 
characteristic arrival time at Which the signal arrives. By 
stepping through or summing the internal propagation 
delays, the overall timing of the circuit can be found. A 
linear time algorithm for computing the arrival time at each 
pin of a full circuit is described in R. B. Hitchcock, Sr., G. 
L. Smith, and D. D. Cheng, “Timing Analysis of Computer 
HardWare,” IBM J. of Research and Development 26:1, pp. 
100-105 (1982). That article is incorporated herein by ref 
erence for all purposes. 

[0077] FIG. 6 presents a How chart depicting steps that 
may be employed to perform the recursions necessary to 
delineate an affected region as illustrated in FIGS. 4 and 5. 
The process of FIG. 6 corresponds to step 19 of FIG. 1. It 
should be understood that this is but one technique for 
delineating the boundaries of the affected region. Other 
processes (some employing different invalidation 
sequences) may be employed to the reach the same or 
similar results. In general, the process of FIG. 6 operates by 
invalidating all ports that form an output cone from the 
moved cell or from the outputs feeding the moved cell. This 
is accomplished by recursing from an initial node to a 
primary output pin and back again as many times as nec 
essary to invalidate all ports that form part of the output 
cone. At the beginning of this process all ports (inputs and 
outputs) are deemed “valid.” The recursion process encoun 
ters various nodes and marks them as “invalid” thereby 
adding them to the affected region. 

[0078] Referring noW to FIG. 6, a process 601 begins at 
603 and in a step 605 invalidates all ports of the moved cell. 
At the same time, the system sets the inputs of the moved 
cells as “current inputs.” The next steps involve tracing a 
path from the moved cell to a primary output pin (via 
looping, With each pass handling a single cell). At a step 607, 
the system selects an output of the moved cell as a “current 
output.” Thereafter, the system determines, in decision step 
609, Whether there are any more valid input ports fed by the 
current output. Assuming that there is at least one valid input 
port fed by the current output (Which Will typically be the 
case immediately after an output from the moved cell is 
designated as the current output), the system chooses, at a 
step 611, one of the valid inputs fed by that current output. 
Then in a step 613, the system sets that input as the “current 
input and invalidates it.” Also at that time, it sets the cell 
containing that input as the “current cell.” 

[0079] Next, at a decision step 615, the systems deter 
mines Whether there are any valid outputs in the current cell 
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that are controlled by the current input. If so, the system 
traverses to one of those valid outputs at a step 617. It then 
sets that output as the “current output” and invalidates it at 
a step 619. 

[0080] Next, the system determines Whether the current 
output is a primary output pin at a step 621. Assuming that 
the current output is not at a primary output pin, process 
control is directed back to decision step 609 Where the 
system determines Whether there are any more valid inputs 
fed by the current output. The process then continues as 
described above via steps 611, 613, etc. As can be seen, this 
process traces a path from the moved cell toWard a primary 
output pin cell by cell, through the input and output ports. 

[0081] There are three mechanisms for ending this march 
to the primary output pin. First, the system may ?nd at step 
609 that there are no more valid inputs fed by the current 
output. For example, all the inputs in the output cone may 
have been previously invalidated through another recursion 
path. When decision step 609 is ansWered in the negative, 
process controls directed to a decision step 623 (assuming 
that a decision step 624 is ansWered in the negative as it Will 
be When the output cone of the moved cell is being delin 
eated). At step 623, the system determines Whether there are 
any additional valid outputs in the current cell that are 
controlled by the current input. If not, the system starts 
backtracking in hope of ?nding other valid input or output 
ports Which form part of the output cone of the moved cell. 
The process for accomplishing this Will be described in 
detail beloW. A second mechanism for stopping the traversal 
toWard the primary output pin occurs When decision step 
615 is ansWered in the negative. In other Words, the system 
?nds that there are no more valid outputs in the current cell 
that are controlled by the current input. At that point, process 
control reverts to decision step 609 Where the system 
determines Whether anymore valid inputs are fed by the 
current output. Assuming that the ansWer to this question is 
no, process control is directed to decision step 623 Which is 
evaluated as described above. The ?nal mechanism by 
Which the march toWard a primary output pin ends occurs 
When decision step 621 is ansWered in the af?rmative. That 
is, the current output is found to be a primary output pin. At 
that point, process control is also directed to decision step 
623. 

[0082] If the system logic determines that decision step 
623 is ansWered in the af?rmative, then there are other valid 
outputs that are fed by the current input. When this is the 
case, process control is directed back to process step 617 
Where the system considers the next valid output controlled 
by the current input. 

[0083] Assuming that decision step 623 is ansWered in the 
negative (i.e., there are no more valid outputs fed by the 
current input), the system determines Whether the current 
output is in the moved cell or another cell Which feeds the 
moved cell (see decision step 625). When the system traces 
back to this point, it may indicate that the recursion is 
nearing its conclusion. The mechanism for handling this Will 
be described in more detail beloW. For noW, assume that the 
current output is neither in the moved cell nor a cell feeding 
the moved cell (i.e., decision step 625 is ansWered in the 
negative). Then, the system sets the output that feeds the 
current input as the “current output” at a process step 627. 
This moves the frame of reference back from the current 
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output to the input Which feeds that output. Next, at a 
decision step 629, the system determines Whether there are 
anymore valid inputs fed by the current output. Because the 
system moves the frame of reference back one cell, there 
may have been other valid inputs in the output cone Which 
Were not previously captured in the recursion. It is the 
purpose of step 629 to identify such remaining valid inputs. 
Assuming that the ansWer to step 629 is yes, process control 
is directed back to step 611 Where the system considers the 
next valid input and thereafter invalidates it as described 
above. Assuming the opposite (i.e., that no more valid inputs 
are fed by the current output), the system must move the 
frame of reference back yet another notch. This is accom 
plished at a process step 631 Where the system logic sets the 
invalid input port controlling the current output as the neW 
“current input.” It also sets the cell having the neW current 
input to the neW “current cell.” From there, process control 
loops back to decision step 623 Where the system again 
determines Whether there any more valid outputs in the 
current cell that are controlled by the current input. This step 
is then handled as described above. 

[0084] After tracing back through steps 623 through 631 a 
sufficient number of times (i.e., after all the ports in the 
output cone have been invalidated), decision step 625 Will be 
ansWered in the affirmative. In other Words, the current 
output resides in a cell that Was moved or a cell feeding the 
moved cell. When this occurs, the system determines 
Whether a load-dependent or a load-independent model 
applies. See step 633. If the system is using a load-indepen 
dent model (as illustrated in FIG. 4), then the ansWer to this 
decision step is automatically no. When that is the case, the 
process is concluded at 639. HoWever, if a load-dependent 
model is employed, the system decides at a decision step 635 
Whether there are any more outputs feeding the moved cell 
that have not previously been set as the “current output.” 
Assuming that this is true, then the system sets a remaining 
output feeding the moved cell to be the current output. See 
step 637. From there, process control returns to decision step 
609 Where the recursion of another branch proceeds as 
described above. At some point during this recursion, pro 
cess control Will return to decision step 625 and it Will be 
found that the current output is a cell feeding the moved cell. 
At this point, process control again goes to decision step 635 
Which determines Whether there are any remaining outputs 
feeding the moved cell Which have not before served as the 
current output. When this is the case, the process is con 
cluded at 639 (for the load-dependent model). 

[0085] Note that the above How chart handles the load 
independent model shoWn in FIGS. 4 as Well as the load 
dependent model shoWn in FIG. 5. In both cases, the 
recursion ?rst carves out the output cone from the output of 
the moved cell. If the load-dependent model is used, then the 
frame of reference moves back to the one or more outputs 
Which feed the moved cell via step 637. It is also necessary 
for the system to abort the process of recursing through a 
branch When the current output feeds the moved cell and 
there are no more valid inputs fed by that current output. 
This is capability is provided at decision step 624. 

[0086] The process How 601 Will be described noW With 
the examples presented in FIGS. 4 and 5. Focusing initially 
on FIG. 4, cell B6 is the moved cell. Step 605 of process 601 
requires that all ports of cell B6 be invalidated. Thus, as 
shoWn in FIG. 4 input ports 0 and 1 and output port 2 are 
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invalidated. Next, at step 607, output port 2 is selected as the 
current output. At steps 609, 611, and 613, input port 3 of 
cell B8 is selected, invalidated, and set as the current input. 
Cell B8 is also set as the current cell. 

[0087] Next, at step 615, 617 and 619, output port 4 of cell 
B8 is selected, invalidated, and set as the current output. 
Because output 4 is not a primary output pin, decision step 
621 is ansWered in the negative and process control returns 
to step 609. 

[0088] The next pass through steps 609, 611, and 613 
requires that input port 5 of cell B11 be selected, invalidated 
and set as the current input port. Steps 615, 617, and 619 
then require selection and invalidation of output port 6 of 
cell B11. Because output port 6 is noW the current output, 
decision step 621 is ansWered in the affirmative. In other 
Words, the system determines that the current output is a 
primary output pin. 

[0089] Next, the system determines Whether there are any 
more valid outputs controlled by the current input (step 623). 
An evaluation of current input port 5 indicates that there are 
no other output ports controlled by it. Therefore, decision 
step 623 is ansWered in the negative and the system deter 
mines at step 625 Whether the current output (port 6) is in the 
moved cell (cell B6). Because it is not, the system begins 
stepping back toWard the moved cell in its recursion. Next, 
steps 627 and 620 move the current output back to output 
port 4 of cell B8 and determine Whether there any remaining 
valid inputs fed by output port 4. As there are not, steps 631 
and 623 move the current input back to input port 3 and 
determine Whether there are any further output ports con 
trolled by input port 3. As there are not, step 627 sets the 
current output back to output port 2 of moved cell B6. 

[0090] Next, the system determines at step 629 Whether 
there are any more valid inputs fed by the current output 
(output port 2). Examination shoWs that input port 7 of cell 
B9 is in fact a valid port that is fed by output port 2. 
Therefore, process control is directed to 611 Where that step 
in conjunction With step 613 selects input port 7 (of cell B9), 
invalidates it, and sets it as the current input. Then, steps 617 
and 619 invalidate output port 8. Because output port 8 is not 
a primary output pin, control loops back to step 609. 
Thereafter, steps 611, 613, 615, 617, and 619 invalidate 
input port 9 and output port 10 of cell B12. 

[0091] Then the system determines at step 621 that output 
port 10 is a primary output pin and directs process control to 
decision step 623. Decision step 623 ?nds that there are no 
other output ports controlled by input port 9 (the current 
input) and directs process control to decision step 625 Where 
it is found that the current output is not in the moved cell. 
Next, the current output is moved back, at step 627, to output 
port 8 of cell B9. Then the current input is moved back to 
input port 7 of cell B9 at step 631. After looping back 
through decision steps 623 and 625, the current output is set 
to output port 2 of moved cell B6. At this point, the system 
determines Whether there are any more valid inputs fed by 
the current output at decision step 629. Because all input 
ports feeds by output port 2 have noW been invalidated, 
decision step 629 must be ansWered in the negative. Thus, 
one of input ports 0 and 1 of moved cell B6 is set as the 
current input at step 631. Upon returning to decision step 
625, the system ?nds that the current output is in the moved 
cell. Thus, process control is directed to step 633 Where the 
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system determines Whether the load independent model is in 
effect. Assuming that it is (as in the example of FIG. 4), the 
process is completed at 639. 

[0092] Assuming noW that the load-dependent model as 
presented in FIG. 5 is applied. Applying process 601, the 
system Will invalidate the same fan-out cone as Was invali 

dated in FIG. 4. In other Words, process 601 Will initially 
invalidate ports 0-10 as described above. 

[0093] HoWever, When the system encounters decision 
step 623, it Will determine that it is Working With a load 
dependent model. Therefore, process control is directed to 
decision step 635 Where the system determines Whether 
there are any more outputs feeding the moved cell. Because 
the outputs from cells B4 and B5 feed moved cell B6, they 
must be considered in this process. To handle this, the 
system sets the output of cell B4 as the current output at step 
637 and then proceeds to step 609. 

[0094] One pass through the loop controlled at step 609 
invalidates input port 11 and output port 12 of cell B10. 
Thereafter, one pass through the trace-back loop controlled 
at decision step 623 sets cell B4 as the current cell. At the 
neXt opportunity the system determines, at step 625, that the 
current output is in a cell that feeds the move to cell. This 
sends the process back through steps 633, 635, and 637. The 
result is that the output port of cell B5 is set as the current 
output. 

[0095] After process control is sent back to decision step 
609, tWo passes through the forWard recursion loop invali 
dates input port 13 and output port 14 of cell B7 and input 
port 15 and output port 16 of cell B13. Then, tWo loops 
through the backWard recursion loop set cell B5 as the 
current cell. This directs process control back through steps 
633 and 635. This time, When step 635 is reached, it is found 
that there are no remaining outputs feeding the moved cell 
that have not previously served as the current output. Thus, 
the process is completed at 639 With the entire load-depen 
dent affected region being invalidated. 

[0096] Note that step 21 of FIG. 1 requires performing the 
timing analysis on the invalidated region. This step can be 
performed by any conventional technique. In one embodi 
ment, the technique employed is outlined in the Hitchcock, 
Sr., et al. article mentioned above. At each node having 
multiple inputs or paths to an output, there may be multiple 
timing values at the output. Generally, the latest of these 
timing values Will be selected going forWard to doWnstream 
nodes in the timing analysis. 

[0097] 4. Computer System Embodiments 

[0098] Embodiments of the present invention as described 
above employ various operations involving data stored in 
computer systems. Useful machines for performing the 
operations of this invention include general purpose digital 
computers or other data processing devices. Such apparatus 
may be specially constructed for the required purposes, or it 
may be a general purpose computer selectively activated or 
recon?gured by a computer program stored in the computer. 
The processes presented herein are not inherently related to 
any particular computer or other apparatus. In particular, 
various general purpose machines may be used With pro 
grams Written in accordance With the teachings herein, or it 
may be more convenient to construct a more specialiZed 
apparatus to perform the required method steps. The 
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required structure for a variety of these machines Will appear 
from the description given above. 

[0099] In addition, embodiments of the present invention 
further relate to computer readable media that include pro 
gram instructions for performing various computer-imple 
mented operations. The media and program instructions may 
be those specially designed and constructed for the purposes 
of the present invention, or they may be of the kind Well 
knoWn and available to those having skill in the computer 
softWare arts. Examples of computer-readable media 
include, but are not limited to, magnetic media such as hard 
disks, ?oppy disks, and magnetic tape; optical media such as 
CD-ROM disks; magneto-optical media such as ?optical 
disks; and hardWare devices that are specially con?gured to 
store and perform program instructions, such as read-only 
memory devices (ROM) and random access memory 
(RAM). EXamples of program instructions include both 
machine code, such as produced by a compiler, and ?les 
containing higher level code that may be eXecuted by the 
computer using an interpreter. 

[0100] FIG. 7 illustrates a typical computer system in 
accordance With an embodiment of the present invention. 
The computer system 700 includes any number of proces 
sors 702 (also referred to as central processing units, or 
CPUs) that are coupled to storage devices including primary 
storage 706 (typically a random access memory, or RAM), 
primary storage 704 (typically a read only memory, or 
ROM). As is Well knoWn in the art, primary storage 704 acts 
to transfer data and instructions uni-directionally to the CPU 
and primary storage 706 is used typically to transfer data and 
instructions in a bi-directional manner. Both of these pri 
mary storage devices may include any suitable of the 
computer-readable media described above. A mass storage 
device 708 is also coupled bi-directionally to CPU 702 and 
provides additional data storage capacity and may include 
any of the computer-readable media described above. The 
mass storage device 708 may be used to store programs, data 
and the like and is typically a secondary storage medium 
such as a hard disk that is sloWer than primary storage. It Will 
be appreciated that the information retained Within the mass 
storage device 708, may, in appropriate cases, be incorpo 
rated in standard fashion as part of primary storage 706 as 
virtual memory. A speci?c mass storage device such as a 
CD-ROM 714 may also pass data uni-directionally to the 
CPU. 

[0101] CPU 702 is also coupled to an interface 710 that 
includes one or more input/output devices such as such as 

video monitors, track balls, mice, keyboards, microphones, 
touch-sensitive displays, transducer card readers, magnetic 
or paper tape readers, tablets, styluses, voice or handWriting 
recogniZers, or other Well-knoWn input devices such as, of 
course, other computers. Finally, CPU 702 optionally may 
be coupled to a computer or telecommunications netWork 
using a netWork connection as shoWn generally at 712. With 
such a netWork connection, it is contemplated that the CPU 
might receive information from the netWork, or might output 
information to the netWork in the course of performing the 
above-described method steps. The above-described devices 
and materials Will be familiar to those of skill in the 
computer hardWare and softWare arts. 

[0102] The hardWare elements described above may 
implement the instructions of multiple softWare modules for 






