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110
Receiving information associated with a
definition of a control component under analysis.

120

Performing an intelligent controllability check
process on the equation defining a control
component under analysis.

150
Returning an indication of controllability analysis
results for the control component under analysis.
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310 320
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A7 |1 | 0
A8 |1 1 1
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Performing modified intelligent solving.
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Returning results of the solving.
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710
Receiving information associated with a
definition of a control component under analysis.
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Performing a modified intelligent QBF
confrollability check process on the equation
defining a control component under analysis.

750
Returning an indication of controllability analysis
results for the control component under analysis.
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Receiving information associated with definition of a control
component under analysis.

820
Performing a modified intelligent QBF controllability check process on
the equation defining a control component under analysis.
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Determining which of the following is the result of
Result/ the modified intelligent QBF controllability check

(1) /  process:

(1) a conclusion that signals provide controllability;

(2) a conclusion that signals do not provide

controllability; or

(3) can not reach a conclusion one way or other if

signals do or do not provide controllability.

Result
(2) or (3)

840

Performing a constant propagation verification process on
the results of the modified intelligent QBF controllability
check indicating the signals provide controllability.

850
Returning an indication of controllability analysis results for
the control component under analysis.
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910

Receiving information associated with a definition of a control
component under analysis.

920

Performing a first controllability check process on the equation
defining a control component under analysis.

930

Determining which of the following is the result of
the first controllability check process: Result
(1) a conclusion that signals provide controllability; (3)
{2) a conclusion that signals do not provide
controllability; or

(3} can not reach a conclusion one way or other if
signals do or do net provide controllability.

Result
(1) or (2)

945
Performing a second controllability check process.

950

Returning an indication of controllability analysis results for the
control component under analysis.
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1000

1010
Receiving information associated with a definition of a control
compenent under analysis.

1020

Performing a modified intelligent QBF controllability check
process on the equation defining a control component under
analysis.

1030

Determining which of the following is the result of
the modified intelligent QBF controllability check
Process:

(1) a conclusion that signals provide controllability;
(2} a conclusion that signals do not provide
contrallability; or

(3) can not reach a conclusion one way or other if
signals do or do not provide controllability.

Result
(1yor(2)

Result
(3)

1045
Performing a constant propagation check process.

1050
Returning an indication of controllability analysis results for the
control component under analysis.
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1110
Receiving information associated with a definition of a control
component under analysis.

1120

Performing a moditied conslant propagation controllability check
process on the equation defining a control component under
analysis.

1130

Determining which of the following is the result of
the modified constant propagation controllability Result
check process: (3)
(1) a conclusion that signals provide controllability;
(2) a conclusion that signals do not provide
controllability; or

(3) can not reach a conclusion one way or other if
signals do or do not provide controllability.

Result
(Dor(2)

1145
Performing a modified intelligent QBF check process.

1150

Returning an indication of controllability analysis results for the
control component under analysis.

FIG 11



Patent Application Publication  Nov. 13,2014 Sheet 12 of 14  US 2014/0337265 Al

1210

Receiving information associated with a definition of a control
component under analysis.

1220
Performing a modified intelligent QBF controllability check process on
the equation defining a control compoenent under analysis.

1230

Determining which of the following is the result of
Result/ the modified intelligent QBF controllability check

(1) PrOcess:

(1) a conclusion that signals provide controllability;

(2) a conclusion that signals do not provide

controllability; or

(3) can not reach a conclusion one way or other if

signals do or do not provide controllability.

Result
{2)or (3)

1240

Performing a constant propagation verification process on the results of
the modified intelligent QBF controllability check indicating the signals
provide controllability.

1245
Performing a constant propagation check process.

1250

Returning an indication of controllability analysis results for the control
component under analysis.
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CONTROLLABILITY CHECKING SYSTEMS
AND METHODS

FIELD OF THE INVENTION

[0001] The present invention relates to power control sys-
tems. In particular, the present invention relates to systems
and methods for power management controllability check-
ing.

BACKGROUND OF THE INVENTION

[0002] Electronic systems and devices (e.g., very large
scale integrated chips, central processing units, graphics pro-
cessing units, etc.) have made a significant contribution
towards the advancement of modern society and are utilized
in a number of applications to achieve advantageous results.
Numerous electronic technologies such as digital computers,
calculators, audio devices, video equipment, and telephone
systems have facilitated increased productivity and reduced
costs in analyzing and communicating data in most areas of
business, science, education and entertainment. These elec-
tronic technologies often involve attenipts at power manage-
ment control in very large and complex hardware designs.
However, traditional attempts at power management control
checking typically lack sufficient capacity and capability for
rapid power management control checking of very large hard-
ware design applications. The lack of rapid responses in con-
ventional controllability check approaches often results in
inefficient occupation of resources.

[0003] The ability to control power usage and supply in
very large hardware design applications is very important and
power controllability can often have a significant impact on
performance and power consumption efficiency. Power man-
agement controllability can be particularly critical in very
large hardware design applications involving limited power
supplies (e.g., mobile devices, battery powered devices, etc.).
In some conventional approaches, regions of a device or
system are turned off (e.g., when it’s determined that they’re
not being used, etc.) and this can result in reduction in power
expenditure that might otherwise occur (e.g., due to power
leakage, etc.). In many applications, relatively small compo-
nents (e.g., power gate, switch, transistors, etc.) are used to
allow or prevent power consumption by various components
of a device or systen. The relatively small components are
often activated or deactivated by a dedicated signal (e.g., a
clamp signal, sleep signal, etc.) that is output by a power
control component. The relatively small control components
can control various components or blocks of components and
power controllability checks canbe applied to components of
various granularity (e.g., individual components of a chip,
blocks of components in a chip, etc.).

[0004] In general, controllability is the ability to change a
system state by manipulating certain input signals. Control-
lability is typically a property of a control system’s output
resulting in a particular value in response to a specific input
configuration. Power management controllability checks
typically attempt to ascertain whether a set of inputs can
control an output signal state. In one example, an examination
is performed to ascertain if a sleep control signal or power
clamp signal is active at a specific assignment of inputs and
inactive at another input value configuration. Some conven-
tional controllability checks examine if a set of power control
signals can set and reset a power gate signal regardless of
other inputs.
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[0005] Traditional controllability checks typically involve
logic equations that define a control component under analy-
sis and resulting output signal s, signal values applied to a set
of control signal inputs C on the control input terminals of the
control component under analysis, and a target value v that is
atarget value for s. Values are assigned or applied to the set of
control signal inputs C and the logic equations solved (e.g.,
simulating propagation of the values through the control com-
ponent under analysis, etc.). If the resulting signal s gets the
target value v after applying the assigned values to the set of
control signal inputs C and solving the equations, a requested
assignment of values to the control signal inputs C that pro-
vides controllability is considered successfully found oriden-
tified.

[0006] In a very large hardware design there are usually
numerous inputs and identifying which of the numerous input
signals impact power controllability is important for perform-
ing power control and power management. The large number
of inputs makes checking which of them impact power man-
agement controllability very complex and difficult. In a con-
trollability check there are typically multiple sets of values
applied to the control signal inputs C. Traditional approaches
typically include enumeration of all possible values that can
be applied to the control signal inputs C. In many traditional
checking controllability approaches, attempts are made to
look for an assignment of values to control signal inputs C out
of 2'“' possibilities such that s gets the value v regardless of
the other inputs. In situations where the set of control signal
inputs C is more than a very small set, the enumeration of each
possible values results in checking a large number of possi-
bilities which typically consumes considerable processing
resources and time. Two alternative conventional approaches
for power controllability checking are X propagation control-
lability checking and constant propagation controllability
checking. Each of these approaches involve enumeration of
all possible input values and typically consume considerable
processing resources and time in very large hardware design
applications.

[0007] Traditional X propagation controllability checking
1s based on a three value simulation (0,1,X). For each possible
assignment of values to the set of control signal inputs C (e.g.,
0 and 1 on each bit input of C), the rest of the input terminals
are set to X. Then, values are “propagated” or applied to the
corresponding equation and the signal s is evaluated. For
example, one version of conventional power gating involves
an AND logic gate with two inputs. Ifone input is set to 0 and
the other input is set to X, the output of the AND gate evalu-
ates to constant 0. In one example, a signal s1 with value X
and a signal s1 negated or inverted are the inputs to an AND
gate. An X propagation method will evaluate this gate to be X
while other, more precise evaluation will realize it is a con-
stant zero. Even though the X propagation technique of
assignment evaluation may be fast enough for a very small
size set of control signal inputs C, it still has potential prob-
lems. One problem is it may be too conservative (results in
false negatives) that may lead to skipping of a good assign-
ment. Furthermore, even thought the X propagation typically
does not require expression optimization, it still involves
enumeration of all possible values to the set of control signal
inputs C and becomes exponentially slower as the size of the
set of control signal inputs C increases.

[0008] In conventional attempts at constant propagation
controllability checking, all the possible multiple sets of val-
ues of control signal inputs C are enumerated and each set of
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values in control signal inputs C are assigned to the inputs.
Then, the expression of output signal s can be optimized (e.g.,
using expression optimization like constant propagation,
redundancy removal, de-Morgan’s rules, etc.) and the con-
stants are propagated. If output signal s reduces to a constant
value and the value is a target value v the check is passed. This
conventional constant propagation controllability checking
approach is often more accurate than the conventional X
propagation controllability checking approach. For example,
a conventional constant propagation controllability checking
approach can realize that the above AND gate is a constant
zero. However, this method is usually much slower and typi-
cally still too conservative. For example, in complicated cases
it may get an expression that is too complex to realize it is a
constant, which can lead to skipping a good assignment.

SUMMARY

[0009] Presented systems and methods can facilitate con-
trollability checking. In one embodiment, an intelligent con-
trollability check process examines if a conclusion regarding
a controllability check can be established while avoiding
enumerating some possible values for a set of control signal
inputs. The reduction or avoidance of enumerating some val-
ues of a set of possible control signal inputs (e.g., C, etc.)
conserves resources (e.g., processing time, processing powetr,
etc.) utilized to perform controllability checking. In one
embodiment, an intelligent controllability check process
includes a formal controllability check that can include an
extensive or exhaustive consideration of possible value
assignments while avoiding enumeration of some possibili-
ties. In one exemplary implementation, the formal controlla-
bility check examines if a proof establishes a conclusion
regarding assignment values (e.g., prove an input value exists
that causes a output target value, prove no such input value
exists, etc.). A modified intelligent controllability check pro-
cess can utilize the proof in determining possible results
including: (1) a conclusion that signals provide controllabil-
ity; (2) a conclusion that signals do not provide controllabil-
ity; or (3) can not reach a conclusion one way or other if
signals do or do not provide controllability.

[0010] In one embodiment, a modified intelligent Quanti-
fied Boolean Formula (QBF) controllability check is utilized
including a modified intelligent QBF solver. In one embodi-
ment, the controllability check is looking for an assignment of
values to a set of control input signals that result in the value
of an output signal being a particular value regardless of the
values of other inputs. The intelligent controllability process
can include: performing an initialization process, including
translating values in a controllability environment format into
a solver environment format; performing modified intelligent
QBF solving; and returning the results of the solving. The
intelligent controllability process can include: mapping
between each solver environment format value and corre-
sponding control component under analysis interface values;
and maintaining a list of the mapping.

[0011] Ttis appreciated that the presented approach can be
readily implemented in a variety of configurations. The intel-
ligent controllability checking can include multiple levels or
techniques of controllability checking. The different levels of
controllability checking can be used for various reasons (e.g.,
if one technique fails to reach a conclusion, utilizing a second
technique as a verification of first technique results, etc.). In
one embodiment, the intelligent controllability process
includes: performing a first controllability checking tech-
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nique (e.g., a modified intelligent QBF controllability check-
ing, etc.) and performing a second controllability checking
technique (e.g., a constant propagation controllability check-
ing, etc.). The second controllability checking technique can
be performed on the results of the first technique for verifi-
cation. The second controllability checking technique can be
performed if the first controllability checking technique fails
to conclude the signals are controllable. In one exemplary
implementation, if a conclusion regarding controllability can
not be established with less than all possible values of a set of
control signal inputs being enumerated, an option to enumer-
ate all possible values can be implemented.

DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are incorpo-
rated in and form a part of this specification, illustrate
embodiments of the invention by way of example and not by
way of limitation. The drawings referred to in this specifica-
tion should be understood as not being drawn to scale except
if specifically noted.

[0013] FIG. 1 is a flow chart of an exemplary intelligent
controllability check method in accordance with one embodi-
ment of the present invention.

[0014] FIG. 2 is a block diagram of an exemplary of intel-
ligent controllability check environment in accordance with
one embodiment of the present invention.

[0015] FIG. 3 is a block diagram of assignment scenarios
for the set of control signal inputs C in accordance with one
embodiment of the present invention.

[0016] FIG. 4 is a flow chart of an exemplary intelligent
controllability check process in accordance with one embodi-
ment of the present invention.

[0017] FIG. 5 is a block diagram of an exemplary control-
lability test system including translations and mapping in
accordance with one embodiment of the present invention.
[0018] FIG. 6 is a block diagram of an exemplary intelli-
gent QBF controllability checking system including transla-
tions and mapping in accordance with one embodiment of the
present invention.

[0019] FIG. 7 is a flow chart of an exemplary intelligent
QBF controllability check method in accordance with one
embodiment of the present invention.

[0020] FIG. 8 is a flow chart of an exemplary intelligent
QBF controllability check method including verification in
accordance with one embodiment of the present invention.
[0021] FIG.9is a flow chart of an exemplary controllability
check method including a second controllability check pro-
cess in accordance with one embodiment of the present inven-
tion.

[0022] FIG. 10 is a flow chart of an exemplary controlla-
bility check method including a constant propagation control-
lability check process if a modified intelligent QBF control-
lability check process can not reach a conclusion one way or
other if signals are controllable in accordance with one
embodiment of the present invention.

[0023] FIG. 11 is a flow chart of an exemplary controlla-
bility check method including a modified constant propaga-
tion controllability check process and a modified intelligent
QBF controllability check process if the modified constant
propagation controllability check process can not reach a
conclusion one way or other if signals do or do not provide
controllability in accordance with one embodiment of the
present invention.
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[0024] FIG. 12 is a flow chart of an exemplary controlla-
bility check method including a verification of the results of
the modified intelligent QBF controllability check process
when a modified intelligent QBF controllability check pro-
cess results in a conclusion that the signals are controllable;
and a constant propagation controllability check process if
the modified intelligent QBF controllability check process
results in a conclusion the signals do not provide controlla-
bility, or can not reach a conclusion one way or other if signals
do or do not provide controllability in accordance with one
embodiment of the present invention.

[0025] FIG. 13 is a table or graph of exemplary run time
versus complexity results in accordance with one embodi-
ment of the present invention.

[0026] FIG. 14 is a block diagram of'a exemplary computer
systen, one embodiment of a computer system upon which
embodiments of the present invention can be implemented.

DETAILED DESCRIPTION

[0027] Reference will now be made in detail to the pre-
ferred embodiments of the invention, examples of which are
illustrated in the accompanying drawings. While the inven-
tion will be described in conjunction with the preferred
embodiments, it will be understood that they are not intended
to limit the invention to these embodiments. On the contrary,
the invention is intended to cover alternatives, modifications
and equivalents, which may be included within the spirit and
scope of the invention as defined by the appended claims.
Furthermore, in the following detailed description of the
present invention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, it will be obvious to one of ordinary skill
in the art that the present invention may be practiced without
these specific details. In other instances, well known meth-
ods, procedures, components, and control component under
analysis have not been described in detail as not to unneces-
sarily obscure aspects of the present invention.

[0028] Presented systems and methods can facilitate effi-
cient intelligent controllability checking. FIG. 1 is a flow
chart of an exemplary intelligent controllability check
method 100 in accordance with one embodiment of the
present invention. In one embodiment, intelligent controlla-
bility check method 100 is implemented in very large hard-
ware design applications. In one exemplary implementation,
the intelligent controllability check process intelligently
checks if enumeration of some possible assignment values for
a set of control signal inputs can be avoided and if a conclu-
sion regarding controllability can be established. Ifa conclu-
sion regarding controllability can not be established with less
than all possible assignment values of a set of control signal
inputs being enumerated, an option to enumerate and con-
sider all possible values can be implemented.

[0029] In block 110, information associated with a defini-
tion of a control component under analysis (e.g., hardware
description, logic expressions, etc.) is received. In one
embodiment, an equation defining a control component under
analysis, a set of control signal inputs C that are inputs to a
control component under analysis, and a target value v for an
output signal s of the control component under analysis are
received. Itis appreciated the control component under analy-
sis can be a power control component (e.g., power gate,
switch, etc.).

[0030] In block 120, an intelligent controllability check
process is performed based upon the information received in
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block 110. In one embodiment, the intelligent controllability
process examines if assignments of values to control signal
inputs C cause output signal s to be the target value of v. In one
exemplary implementation, the intelligent controllability
check process examines if enumeration of some possible
value assignments for a set of control signal inputs (e.g., C,
etc.) can be avoided.

[0031] Inone embodiment, a modified intelligent control-
lability check process includes a formal controllability check.
A formal controllability check approach can include an
extensive or exhaustive consideration of possible value
assignments while avoiding enumeration of some possibili-
ties. In one exemplary implementation, a modified intelligent
controllability check process enumeration avoidance results
in less than all possible values being enumerated and applied
to the inputs of the control component under analysis or
inputs to the equation defining the control component under
analysis that would otherwise occur in a traditional constant
propagation approach. In one embodiment, a formal control-
lability check approach does not use random analysis (e.g.,
random selection of possible values, etc,). In one exemplary
implementation, the formal controllability check examines if
a proof establishes a conclusion regarding assignment values
(e.g., prove an input value exists that cause a output target
value, prove no such input value exists, etc.). A modified
intelligent controllability check process can utilize the proof
in determining possible results including: (1) a conclusion
that signals provide controllability; (2) a conclusion that sig-
nals do not provide controllability; or (3) can not reach a
conclusion one way or other if signals do or do not provide
controllability.

[0032] Ttis appreciated the intelligent controllability check
process canutilize a variety of techniques for avoiding assign-
ment values for the set of control signal inputs C. In one
exemplary implementation, a modified intelligent QBF con-
trollability check is utilized including a modified intelligent
QBF solver. Additional information regarding a modified
intelligent QBF controllability check is presented in follow-
ing portions of the detailed description.

[0033] In block 150, an indication of a controllability
analysis result for the control component under analysis is
returned. In one embodiment, if assignments to control signal
inputs C that cause s to be the target value of v (regardless of
the other input values) are found, the results indicate that
output signal s is controllable. In one embodiment, output
signal s is a clamp signal or sleep signal.

[0034] FIG. 2 is a block diagram of an exemplary intelli-
gent controllability check system 200 in accordance with one
embodiment of the present invention. Intelligent controllabil-
ity test system 200 includes intelligent controllability check-
ing component 211 on computer system 210 and control
component under analysis 220 on computer system 210. Itis
appreciated that control component under analysis 220 can be
a simulation implemented on computer system 210. Control
component under analysis 220 can represent a power control
component included in a very large hardware design (e.g., a
power control unit in a very large scale integrated chip, a
power control unit in a central processing unit, a power con-
trol unit in a graphics processing unit, etc.). The component
under analysis 220 is checked or analyzed by intelligent con-
trollability checking component 211.

[0035] Controllability component under analysis 220 has a
number of inputs including a set of control signal inputs C
(e.g., C1, C2, C3) and other input signals (e.g., R1, and R2).
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Controllability component under analysis 220 also has an
output signal s. In one embodiment, an intelligent controlla-
bility check involves the set of control signal inputs C (e.g.,
C1, C2, C3), a target value v for output signal s, and an
equation defining control component under analysis 220 and
output signal s. FIG. 3 is a block diagram of assignment
scenarios for the set of signal inputs C. In assignment scenario
310, a set of all possible assignments (e.g., Al, A2, A3, etc.)
of values for control signal inputs C are enumerated for the
specific application. In assignment scenario 320, an intelli-
gently selected set of assignments (A1, A4, and A5) of values
for the control signal inputs C are enumerated for the specific
application. The intelligently selected set of assignments of
values for control signal inputs C includes less enumerated
values than the set of all possible assignments (A1, A2, A3,
etc.) of values for control signal inputs C. It is appreciated that
the intelligently selected set of assignments of values for
control signal inputs C can be developed or established uti-
lizing a variety of techniques (e.g., QBF techniques, etc.).
Additional information regarding a modified intelligent QBF
controllability check is presented in following portions of the
detailed description.

[0036] Intelligent controllability checking component 211
performs an intelligent controllability check. In one exem-
plary embodiment, the intelligent controllability check exam-
ines if assignments of values (e.g., logical values, signal val-
ues, etc.) to the set of control signal inputs C when applied to
an equation defining the control component under analysis
produces an output s with a target value of v (e.g., logical 1,
logical 0, etc.) regardless of the values on other inputs (e.g.,
R1 and R2). The intelligent controllability check applies an
intelligently enumerated set of assignments of values for the
set of control signal inputs C. In one exemplary implementa-
tion, the intelligently enumerated set of assignments (A1, A4,
and A5) are applied for analysis to the equation defining the
control component under analysis 220. The analysis includes
determining if an intelligently enumerated set of assignments
include an assignment Av of values for the set of control
signal inputs C that results in s being the particular target
value v. The analysis is also capable of proving that such
assignment Av of values does not exist.

[0037] Tt is appreciated that applying an intelligently enu-
merated set of assignments for analysis (e.g., to an equation
defining the control component under analysis, etc.) results in
less occupation of resources than applying all the potential
enumerated assignments. It is also appreciated that if an intel-
ligently enumerated set of assignments does not provide con-
firmation of controllability or lack of controllability, an intel-
ligent controllability check can then optionally perform an
analysis applying all the potential enumerated assignments.
Additional information regarding different controllability
checking approaches is presented in following portions of the
detailed description.

[0038] In one embodiment, the intelligent controllability
check conducts checks whether assignments of values to the
set of control signal inputs C can set output signal s to two
possible target logic values. It checks if one assignment (e.g.,
Al, etc.) of logic values to the set of control signal inputs C
sets output signal s to a first logical value (e.g., logical value
1, false, etc.) regardless of other inputs (e.g.,R1 and R2) to the
control component under analysis 220. Then it checks if
another assignment (e.g.. A2) to the set of control signal
inputs C sets output signal s to a second logical value (e.g., a
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logical value inverse of the first logical value, logical value 0,
true, etc.) regardless of other inputs to the control component
under analysis 220.

[0039] FIG. 4 is a flow chart of an exemplary intelligent
controllability check process 400 in accordance with one
embodiment of the present invention. In one embodiment,
intelligent controllability check process 400 is similar to the
intelligent controllability check process utilized in block 120.
[0040] Inblock 410, an initialization process is performed.
In one embodiment, the values in a controllability environ-
ment format (e.g., a logic expression format, a format com-
patible with control component under analysis, etc.) are trans-
lated into a solver environment format (e.g., a format
compatible with intelligent solver, etc.). In one exemplary
implementation, the solver environment format includes a
modified intelligent QBF-solver format (e.g., CNF format,
Qdimacs, etc.). Additional information regarding an initial-
ization process is presented in following portions of the
detailed description.

[0041] In block 420, modified intelligent solving is per-
formed. It is appreciated the intelligent controllability check
process can utilize a variety of techniques. In one embodi-
ment, modified intelligent QBF solving is performed. Addi-
tional information regarding modified intelligent solving is
presented in following portions of the detailed description.
[0042] Inblock 430, the results of the solving are returned.
The results can include an indication that an assignment Av of
values to the set of control signal inputs C controls output
signal s regardless of other inputs to the control component
under analysis or inputs to the expression defining the control
component under analysis. The results can include an indica-
tion that an assignment Av of values to control signal inputs C
does not control the control component under analysis output
s. In one embodiment, in which modified intelligent QBF
solving is performed in block 420 the results can include SAT,
UNSAT and ABORT indication. Unlike traditional
approaches, the SAT indication can include additional infor-
mation associated with the controllability checking. In one
embodiment, the additional SAT indication information
includes an assignment of C in the form of a list of corre-
sponding pairs of a terminal of C and a value. In one exem-
plary implementation, the SAT indication includes a list of
pairs of Cnfids and values. Additional information regarding
modified intelligent QBF controllability checking and solv-
ing is presented in following portions of the detailed descrip-
tion.

[0043] FIG. 5 is a block diagram of an exemplary intelli-
gent controllability test system 500 in accordance with one
embodiment of the present invention. Controllability test
environment 500 is one embodiment of controllability test
system 200. Controllability test environment 500 includes
intelligent controllability checking component 511 imple-
mented on computer system 510 and control component
under analysis 520. It is appreciated control component under
analysis 520 can be a simulation on computer system 510.
Control component under analysis 520 is one embodiment of
control component under analysis 220. Intelligent controlla-
bility checking component 511 is one embodiment of intelli-
gent controllability checking component 211. Intelligent con-
trollability checking component 511 includes translation
component 512, intelligent solver 513, and additional fea-
tfures component 514.

[0044] The components of intelligent controllability test
system 500 cooperatively operate to perform intelligent con-
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trollability checking. Intelligent controllability test system
500 performs various translations, including translation
between different data structure formats (e.g., BED, CNF,
etc.) and translation between non-Boolean and Boolean
expressions (e.g., BIT-blast, etc.). In one embodiment, the
values in a controllability environment format (e.g., a format
compatible with control component under analysis 520, etc.)
are translated by translation component 512 into a solver
environment format (e.g., a format compatible with intelli-
gent solver 513, etc.). Translation component 512 maps
between each solver environment format value and corre-
sponding control component under analysis interface values
(e.g., the control signals values, rest signals values, etc.) and
maintains a list of the mapping. In one embodiment, a trans-
lation component 512 translates between logic expressions
and solver formats (e.g., BED format, CNF format, etc.). In
one embodiment, intelligent solver 513 intelligently exam-
ines if an output signal s is controllable while efficiently
avoiding possible but invalid assignments to control signal
inputs C before enumerating and applying them to the inputs
ofthe equation defining the control component under analysis
that would otherwise occur in traditional approaches. In one
exemplary implementation, if the results indicate that some
assignment value enumerations can be avoided, additional
processing time and resources are not expended analyzing
those avoided assignments. Additional features component
514 can provide a variety of additional features (e.g., verifi-
cation of results, alternative controllability checking
approaches if the intelligent solver fails to conclude a signal is
controllable, etc.).

[0045] FIG. 6 is a block diagram of exemplary modified
intelligent QBF controllability checking system 600 in accor-
dance with one embodiment of the present invention. Con-
trollability checking system 600 includes controllability
environment/QBF environment translation component 610
and modified intelligent QBF solver 620. The components of
modified intelligent QBF controllability checking system
600 cooperatively operate to perform modified intelligent
QBF controllability checking.

[0046] Controllability environment/QBF  environment
translation component 610 translates between a controllabil-
ity checking compatible format and a modified intelligent
QBF compatible format. In one embodiment, controllability
environment/QBF environment translation component 610
includes a Boolean Expression Diagram (BED)/logic expres-
sion map component 611 and a corresponding list component
612. QBF environment translation component 610 can also
include a Conjunction Normal Form (CNF )/logic expression
map component 613 and a corresponding list component 614.

[0047] In one embodiment, a modified intelligent QBF
controllability check process translates a logic equation of an
output signal s to cnf(s). During the translation it populates a
map between cnf ids to each control signal input in a set of
control signal inputs C. The set of cnf Ids representing the set
of control signal inputs C is Cenflds. In addition, it creates a
list of enf'ids representing the rest of the inputs and keeps this
list of cnflds in incnflds. It creates a cnf formula that repre-
sents s and keeps it in cnf(s). Finally, it keeps the new cnf
variables in newenflds. Using these data it creates the follow-
ing control component under analysis input formula or
expression which is fed to the modified intelligent QBF
solver:
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[0048]
(cnf(s)).
The input formula [1], is a QBF SAT formula that is satisfied
if and only if s is controllable. The reason is that every assign-
ment that satisfies [1] demonstrates an assignment to the
terminals in C that sets the signal s regardless of the values to
the rest of the terminals.

[0049] Modified intelligent QBF solver component 620
intelligently determines a controllability assignment. In one
embodiment, modified intelligent QBF component 620 intel-
ligently avoids enumeration of some of the possible assign-
ments from consideration that are irrelevant while performing
efficient checking processing. The modified intelligent QBF
solver can return a SAT indication, an UNSAT indication and
an ABORT indication. An ABORT return means the solver
run time exceeds the maximum time limit. An UNSAT return
means there is no such assignment. A SAT return means the
solver found an assignment. In one embodiment, the SAT
indication includes an assignment of C in the form of a list of
corresponding pairs of a terminal of C and a value. That
assignment if applied to the terminal of C and evaluated by a
constant propagation will set s regardless of any value of other
inputs. In one exemplary implementation, the SAT indication
includes a list 650 of pairs of Cnf ids and values. In one
exemplary implementation, the solver is modified to return
the assignments to Cenflds. Then, using the maps 613, 611
this assignment is translated to terminals in C. In one embodi-
ment, in a situation where the solver returns ABORT then a
constant propagation controllability check is called. In a situ-
ation in which there is an UNSAT the solver indicates there is
no such assignment. In one embodiment in which an UNSAT
is returned there are two options. A first option is to conclude
there is no such assignment, terminate the check at this point,
and indicate the signal s is not controllable. A second option
is to call a constant propagation controllability check in case
there is a bug in the modified intelligent QBF-solver.

[0050] Inoneembodiment, modified intelligent QBF-Solv-
ers can be utilized in the controllability checking. In one
exemplary implementation, the solver’s input file format is a
Qdimacs which is similar to standard dimacs for CNF except
it is preceded by alternative quantifiers. A new function called
QBF controllability is implemented and uses amodified intel-
ligent QBF-solver. In one embodiment, a modified intelligent
QBF-SAT solver is utilized. In one exenplary implementa-
tion, the solution is complete and if given enough time returns
a satisfying assignment Av (e.g., an assignment of values to
the control signal inputs C that results in a target value v for
output s, etc.) or a proof that such assignment cannot be
found. While it can go overall possible assignments to control
signal inputs C, it intelligently uses the latest SAT solving
technology to perfume intelligent learning that enables it to
skip many useless assignments. In one exemplary implemen-
tation, the assignment results of the modified intelligent QBF
solver can be forwarded to a constant propagation verification
process that is run on the assignment results from the modi-
fied intelligent QBF process but not other possibilities. In one
embodiment, running the constant propagation verification
process on the assignment results from the modified intelli-
gent QBF process but not other possibilities is more efficient
than traditional constant propagation attempts that check all
possibilities. In one embodiment, if a modified intelligent
QBF controllability check fails to conclude that output signal
sis controllable, then there are two options. A first option is to
conclude there is no such assignment, terminate the check at

[1] Exists Cenflds, forall Incnflds, Exists newcnflds
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this point, and indicate the signal s is not controllable. A
second option includes calling a function that uses constant
propagation (e.g., const-controllability, etc.).

[0051] Tt is appreciated that an intelligent controllability
check process can include a variety of controllability exami-
nation techniques. In one embodiment, one portion of an
intelligent controllability check process includes a first
examination technique and another portion includes a second
examination technique. In one exemplary implementation, a
first portion can be a first controllability check and a second
portion can be utilized to verify results of the first controlla-
bility check. Additional information on additional or optional
features (e.g., verification, alternate checking techniques, etc)
is presented in following portions of the detailed description.
[0052] In one embodiment, an intelligent controllability
check includes a modified intelligent QBF controllability
check or examination technique. FIG. 7 is a flow chart of a
modified intelligent QBF controllability check method 700 in
accordance with one embodiment of the present invention.
Modified intelligent QBF controllability check method 700 is
similar to an embodiment of controllability check method
100 in which intelligent controllability check process 120 is a
modified intelligent QBF controllability check process.
[0053] Inblock 710, information associated with a control
component under analysis definition is received. Block 710 is
one embodiment of block 110.

[0054] Inblock 720, a modified intelligent QBF controlla-
bility check process is performed on the equation defining the
control component under analysis. Block 720 is one embodi-
ment of block 120. In one embodiment, the modified intelli-
gent QBF controllability check process includes modified
intelligent QBF solving and translation between a controlla-
bility checking compatible format and modified intelligent
QBF compatible format. In one exemplary implementation,
modified intelligent QBF controllability check process 720 is
implemented using modified intelligent QBF controllability
checking system 600. In one embodiment, modified intelli-
gent QBF controllability check process checks that an output
signal s can be set to 1. Next, modified intelligent QBF con-
trollability check process checks that an output signal s can be
set to 0 by calling it after adding an inverter to the output
signal s.

[0055] In one embodiment, the modified intelligent QBF
controllability check process includes performing a formal
controllability check that examines if enumeration of some
possible value assignments for a set of control signal inputs
(e.g., C, etc.) can be avoided (e.g., less than all the possibili-
ties are enumerated, etc.). In one exemplary implementation,
the modified intelligent QBF controllability check avoids
enumerating some possible values for a set of control signal
inputs that would otherwise occur in a traditional controlla-
bility check approach (e.g., avoid enumeration of values that
a X propagation controllability check does not avoid, avoid
enumeration of values that a constant propagation controlla-
bility check does not avoid, etc.). A modified intelligent QBF
controllability check can include utilization of a modified
intelligent QBF solver. In one embodiment, a modified intel-
ligent QBF controllability check process includes a formal
controllability check that comprises an extensive or exhaus-
tive consideration of possible value assignments while avoid-
ing enumeration of some possibilities. The formal controlla-
bility check can examines if a proof establishes a conclusion
regarding assignment values (e.g., prove an input value exists
that cause a output target value, prove no such input value
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exists, etc.). A modified intelligent QBF controllability check
process can utilize the proof in determining possible results
including: (1) a conclusion that signals provide controllabil-
ity; (2) a conclusion that signals do not provide controllabil-
ity; or (3) can not reach a conclusion one way or other if
signals do or do not provide controllability. Additional infor-
mation regarding a modified intelligent QBF controllability
check is presented in following portions of the detailed
description.

[0056] Inblock 750, an indication of controllability analy-
sis results for the control component under analysis is
returned. Block 750 is one embodiment of block 150.
[0057] Tt is appreciated, the performance of the modified
intelligent QBF controllability check can have an input
threshold or range. The modified intelligent QBF controlla-
bility check is not performed if the number of input is not
within the threshold or range. In one exemplary implementa-
tion, the threshold or range includes 5-70 inputs. In one
embodiment, an alternative or other controllability check
(e.g., a constant propagation controllability check, a modified
intelligent constant controllability check, an X propagation
controllability check, etc.) can be performed if the number of
inputs is not within the threshold or range.

[0058] Tt is appreciated that an intelligent controllability
check can include a verification process. In one exemplary
implementation, one examination technique is utilized to
check controllability and another examination technique is
utilized to verify the results. FIG. 8 is a flow chart of control-
lability check method 800 in accordance with one embodi-
ment of the present invention. Controllability check method
800 is similar to controllability check method 100 in which
verification of the results of a modified intelligent QBF con-
trollability check process is included when the modified intel-
ligent QBF controllability check process results in a conclu-
sion that an output signal s is controllable. In one embodiment
in which a SAT is returned, the assignment can be utilized to
set the values for a set of control signal inputs C, and then a
constant propagation controllability verification method is
called. This method propagates the constants on inputs C and
performs other optimization that reduces the equations rep-
resenting output signal s to a constant 1. This is used to verify
that the assignment values received from the QBF-solver that
sets output signal s to a target value v regardless of the other
inputs. In one embodiment, a constant propagation control-
lability verification method is similar to a constant propaga-
tion controllability check except importantly the constant
propagation controllability verification method checks the
results of the modified intelligent QBF controllability check
process and not all possible value assignments to the set of
control signal inputs C.

[0059] Inblock 810, information associated with a control
component under analysis definition is received. Block 8101s
one embodiment of block 110.

[0060] Blocks 820, 830 and 840 are included in one
embodiment of block 120.

[0061] Inblock 820, a modified intelligent QBF controlla-
bility check process is performed on the equation defining a
control component under analysis.

[0062] In block 830, a determination is made regarding
which of the following is the result of the modified intelligent
QBF controllability check process from block 820: (1) a
conclusion that signals provide controllability; (2) a conclu-
sion that signals do not provide controllability; or (3) can not
reach a conclusion one way or other if signals do or do not
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provide controllability. If the modified intelligent QBF con-
trollability check process result includes (1) a conclusion that
the signals provide controllability, the process proceeds to
bock 840. If the modified intelligent QBF controllability
check process result includes: (2) aconclusion that the signals
do not provide controllability; or (3) can not reach a conclu-
sion one way or other regarding whether the signals do or do
not provide controllability, the process proceeds to block 850.
[0063] Inblock 840, a constant propagation controllability
verification process is performed on the results of the modi-
fied intelligent QBF controllability check indicating the sig-
nals provide controllability. In one embodiment, the constant
propagation controllability verification process verifies the
signals and values that the modified intelligent QBF control-
lability check indicates provide controllability also provide
controllability according to the constant propagation control-
lability verification. In one embodiment, the constant propa-
gation controllability verification process efficiently verifies
the results of the modified intelligent QBF controllability
check indicating a signal provides controllability without
wasting time on signals that do not provide controllability. In
one exemplary implementation, the modified intelligent QBF
controllability check allows the rapid and efficient identifica-
tion of controllability while the constant propagation control-
lability verification process allows assurance the results are
accurate.

[0064] TItisappreciated that in many situations the results of
the modified intelligent QBF controllability check signifi-
cantly reduces the number of enumerated assignments input
to the constant propagation controllability verification pro-
cess as compared to a traditional constant propagation con-
trollability check process. In one embodiment, the number of
enumerated assignments input to the constant propagation
controllability verification process is very small (e.g., 1, 2, 4,
10, etc.) as compared to a usual number of inputs to a tradi-
tional constant propagation controllability check (e.g., 100,
450, all possible inputs, etc.). In one exemplary implementa-
tion, the small number of enumerated inputs allows the con-
stant propagation controllability verification process to pro-
vide the additional assurance and confidence ofa verification
at very little additional cost (e.g., time, occupying processing
resources, power consumption, etc.)

[0065] 1In block 850, an indication of controllability analy-
sis results for the control component under analysis is
returned. Block 850 is one embodiment of block 150.
[0066] In one embodiment, an intelligent controllability
check includes a fall-back checking process. In one exem-
plary implementation, if one examination technique is uti-
lized but fails to provide adequate results another fall-back
examination technique is utilized to provide results. FIG. 9 is
a flow chart of controllability check method 900 in accor-
dance with one embodiment of the present invention. Con-
trollability check method 900 is similar to controllability
check method 100 and includes a second or fall-back control-
lability check process if a first controllability check process
can not reach a conclusion regarding the controllability of a
signal.

[0067] Inblock 910, information associated with a control
component under analysis definition is received. Block 910 is
one embodiment of block 110.

[0068] Blocks 920, 930 and 945 are included in one
embodiment of block 120.

[0069] 1Inblock 920, a first controllability check process is
performed on the equation defining a control component
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under analysis. In one embodiment, the first controllability
check process is considered a first level. In one exemplary
implementation, the first controllability check process is
faster (e.g., takes less time to reach a result, can reach a
conclusion within limited time threshold, etc.) than a second
controllability check process.

[0070] In block 930, a determination is made regarding
which of the following is the result of the first controllability
check process from block 920: (1) a conclusion that signals
provide controllability; (2) a conclusion that signals do not
provide controllability; or (3) can not reach a conclusion one
way or other if signals do or do not provide controllability. If
the first controllability check process result includes: (1) a
conclusion that the signals provide controllability; or (2) a
conclusion that the signals do not provide controllability, the
process proceeds to block 950. If the first controllability
check processresults is (3) and can not reach a conclusion one
way or other regarding whether the signals do or do not
provide controllability, the process proceeds to block 945. In
one embodiment, if there is an indication that a first control-
lability check process is aborted, a second controllability
check process can be performed.

[0071] Inone exemplary implementation, the first control-
lability check process has a predetermined time limit con-
straint. If the time limit constraint expires or is exceeded
before block 930 is complete the process can proceed to block
940

[0072] Inblock 945, a second controllability check process
is performed if the first controllability check can not reach a
conclusion one way or other regarding whether the signals do
or do not provide controllability. In one embodiment, the
second controllability check process is considered a second
level. In one exemplary implementation, the second control-
lability check process is slower (e.g., takes more time to reach
aresult, can reach a conclusion within larger time threshold,
no time threshold, etc.) than a first controllability check pro-
cess. It is appreciated the first controllability check process
and second controllability check process can be different.
[0073] Inblock 950, an indication of controllability analy-
sis results for the control component under analysis is
returned. Block 950 is one embodiment of block 150.
[0074] In one exemplary implementation, having the sec-
ond controllability check provides a “safety” or fall-back
check. The second controllability check can provide a fall
back check if a first controllability check can not reach a
conclusion that signals are controllable or a conclusion that
the signals are not controllable.

[0075] FIG. 10 is a flow chart of controllability check
method 1000 in accordance with one embodiment of the
presentinvention. Controllability check method 1000 is simi-
lar to controllability check method 100 and a constant propa-
gation controllability check process is included if a modified
intelligent QBF controllability check process can not reach a
conclusion that the signals are controllable or are not control-
lable. In one embodiment, controllability check method 1000
is similar to controllability check method 900 in which the
first level is a modified intelligent QBF controllability check
process and the second level is a constant propagation con-
trollability check. In one exemplary implementation, if a first
level modified intelligent QBF controllability check process
is aborted a constant propagation check process is performed.
[0076] Inblock 1010, information associated with a control
component under analysis definition is received. Block 1010
is one embodiment of block 110.
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[0077] Blocks 1020, 1030 and 1045 are included in one
embodiment of block 120.

[0078] 1Inblock 1020, a modified intelligent QBF control-
lability check process is performed on the equation defining
the control component under analysis. In one embodiment,
modified intelligent QBF controllability check process
includes modified intelligent QBF solving and translation
between a controllability checking compatible format and
modified intelligent QBF compatible format. In one exem-
plary implementation, modified intelligent QBF controllabil-
ity check process 1020 is implemented using modified intel-
ligent QBF controllability checking system 600.

[0079] In block 1030, a determination is made regarding
which of the following is the result of the modified intelligent
QBF controllability check process from block 1020: (1) a
conclusion that signals provide controllability; (2) a conclu-
sion that signals do not provide controllability; or (3) can not
reach a conclusion one way or other if signals do or do not
provide controllability. If the modified intelligent QBF con-
trollability check process result includes: (1) a conclusion
that the signals provide controllability; or (2) a conclusion
that the signals do not provide controllability, the process
proceeds to block 1050. If the modified intelligent QBF con-
trollability check process result is (3) and can not reach a
conclusion one way or other if signals do or do not provide
controllability, the process proceeds to block 1045.

[0080] In block 1045, a constant propagation controllabil-
ity check process is performed. In one embodiment, the con-
stant propagation controllability check process performs a
controllability check on all the signals. Even though the con-
stant propagation controllability check process performs a
controllability check on all the signals when the modified
intelligent QBF controllability check can not reach a conclu-
sion that the signals are controllable or are not controllable,
controllability check method 1000 is on average still more
efficient than conventional approaches since the constant
propagation controllability check is not performed when the
modified intelligent QBF controllability check results in a
conclusion that the signals are controllable or results in a
conclusion that the signals are not controllable. The resulting
efficiency savings when the QBF controllability check results
in a conclusion that the signals are controllable on average
outweighs the few occasions in which the constant propaga-
tion controllability check process is performed. In one exem-
plary implementation, having the constant propagation con-
trollability check provides an alternative check if the
modified intelligent QBF controllability check was not con-
clusive.

[0081] Inblock1050,anindication of controllability analy-
sis results for the control component under analysis is
returned. Block 1050 is one embodiment of block 150.
[0082] FIG. 11 is a flow chart of controllability check
method 1100 in accordance with one embodiment of the
present invention. Controllability check method 1100 is simi-
lar to controllability check method 100 in which a modified
constant propagation controllability check process and a
modified intelligent QBF controllability check process are
included, wherein the modified intelligent QBF controllabil-
ity check process is performed ifthe modified constant propa-
gation controllability check process results in a conclusion
that the signals do not provide controllability or can not reach
a conclusion one way or other if signals do or do not provide
controllability. In one embodiment, controllability check
method 1100 is similar to controllability check method 900 in
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which the first level is a modified constant propagation con-
trollability check process and the second level is a modified
intelligent QBF controllability check process.

[0083] Inblock 1110, information associated with a control
component under analysis definition is received. Block 1110
is one embodiment of block 110.

[0084] Blocks 1120, 1130 and 1145 are included in one
embodiment of block 120.

[0085] Inblock 1120,a modified constant propagation con-
trollability check process is performed on the equation defin-
ing the control component under analysis. In one embodi-
ment, the modified constant propagation controllability
check process performs a constant propagation controllabil-
ity check on less than all the possible assignments of values to
thecontrol signal inputs C. In one exemplary implementation,
the constant propagation controllability check is performed
on a subset of all possible assignments. It is appreciated the
subset can have a number of values or configurations. The
subset of assignments can be special patterns (e.g., 000, 001,
101, 111, etc.) forced on the inputs. The subset can be a
limited number of random values selected from the set of all
possible assignment values.

[0086] In block 1130, a determination is made regarding
which of the following is the result of the modified constant
propagation controllability check process from block 1120:
(1) a conclusion that signals provide controllability; (2) a
conclusion that signals do not provide controllability; or (3)
can notreach a conclusion one way or other if signals do or do
not provide controllability. If the modified constant propaga-
tion controllability check process result includes: (1) a con-
clusion that the signals provide controllability; or (2) a con-
clusion that the signals do not provide controllability, the
process proceeds to block 1150. If the modified constant
propagation controllability check process result includes (3)
can notreach a conclusion one way or other if signals do or do
not provide controllability, the process proceeds to block
1145.

[0087] Inblock 1145, a modified intelligent QBF control-
lability check process is performed. In one embodiment, the
modified intelligent QBF controllability check process is
similar to block 820. It is also appreciated that a determina-
tion (not shown) can be included in process 1100 similarto a
determination of block 830.

[0088] Inblock1150, anindication of controllability analy-
sis results for the control component under analysis is
returned. Block 1150 is one embodiment of block 150.
[0089] Whileitis not shown, itis appreciated that there can
be more than two levels of controllability checks. In one
embodiment, another constant controllability check process
similar to constant controllability check process 1045 can be
added after modified intelligent QBF controllability check
process 1145 to catch inconclusive results of the modified
intelligent QBF controllability check process 1145. It is
appreciated there can be a variety of configurations or options
implemented. In one embodiment, an intelligent controllabil-
ity check includes both a verification process and a fall-back
checking process.

[0090] FIG. 12 is a flow chart of controllability check
method 1200 in accordance with one embodiment of the
present invention. Controllability check method 1200 is simi-
lar to controllability check method 100 in which a verification
of the results of the modified intelligent QBF controllability
check process is performed when the modified intelligent
QBF controllability check process results in a conclusion that
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the signals are controllable and a constant propagation con-
trollability check process is performed if the modified intel-
ligent QBF controllability check process results in a conclu-
sion that the signals do not provide controllability, or can not
reach a conclusion one way or other if signals do or do not
provide controllability. In one exemplary implementation,
aspects of the modified intelligent QBF controllability check
(e.g., QBF heuristics, applicability of a particular QBF algo-
rithm to a particular application, translation from netlist to
QBF format, etc,) give rise to adesire to perform a verification
of the modified intelligent QBF controllability check.
[0091] Inblock 1210, information associated with a control
component under analysis definition is received. Block 1210
is one embodiment of block 110.

[0092] Blocks 1220, 1230, 1240 and 1245 are included in
one embodiment of block 120.

[0093] Inblock 1220, a modified intelligent QBF control-
lability check process is performed on the equation defining
the control component under analysis. In one embodiment, a
modified intelligent QBF controllability check process
includes modified intelligent QBF solving and translation
between a controllability checking compatible format and
modified intelligent QBF compatible format. In one exem-
plary implementation, modified intelligent QBF controllabil-
ity check process 1220 is implemented using intelligent QBF
controllability checking system 600.

[0094] 1In block 1230, a determination is made regarding
which of the following is the result of the modified intelligent
QBF controllability check process from block 1220: (1) a
conclusion that signals provide controllability; (2) a conclu-
sion that signals do not provide controllability; or (3) can not
reach a conclusion one way or other if signals do or do not
provide controllability. If the modified intelligent QBF con-
trollability check process result includes (1) a conclusion that
the signals provide controllability, the process proceeds to
block 1240. If the modified intelligent QBF controllability
check process result includes (2) a conclusion that the signals
do not provide controllability, or (3) can not reach a conclu-
sion one way or other if signals do or do not provide control-
lability, the process proceeds to block 1245.

[0095] 1In block 1240, a constant propagation controllabil-
ity verification process is performed on the results of the
modified intelligent QBF controllability check indicating the
signals provide controllability. In one embodiment, the con-
stant propagation controllability verification process of block
1240 is similar to the constant propagation controllability
verification process of block 8§40.

[0096] Inblock 1245, a constant propagation controllabil-
ity check process is performed. In one embodiment, a con-
stant propagation controllability check process of block 1245
is similar to a constant propagation controllability check pro-
cess of block 1045.

[0097] Inblock1250, anindication of controllability analy-
sis results for the control component under analysis is
returned. Block 1250 is one embodiment of block 150.
[0098] Tt is appreciated that increased efficiency over con-
ventional approaches can be realized by the presented multi-
level checking. In one embodiment, the savings in time and
resource occupation by relatively rapid conclusions regarding
controllability at a first level of control checking on average
can outweigh time and resource occupation in instances
where a conclusion can not be reached until a second level
analysis of control checking is performed. In one exemplary
implementation, efficiency in instances where a modified
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intelligent QBF controllability check at a first level reaches a
conclusion regarding controllability without enumerating all
possible assignment values for control signal inputs C on
average outweighs instances in which a second level constant
propagation checking in which all possible assignment values
for control signal inputs are enumerated and used to reach a
conclusion on controllability.

[0099] Itis appreciated that a variety of different modified
intelligent QBF controllability check processes can be imple-
mented. The different modified intelligent QBF controllabil-
ity check processes can include different heuristics or be
directed to different problems. In one embodiment, a first
modified intelligent QBF controllability check processes is
directed or tuned to a first problem or application (e.g., hard-
ware verification problem, CAD specific problem, etc.) and a
second modified intelligent QBF controllability check pro-
cesses is directed or tuned to a second problem (e.g., a general
problem, an artificial intelligence problem, a random prob-
lem, etc.). In one embodiment, the utilization of a constant
propagation controllability verification process and a con-
stant propagation controllability check process can be based
upon the trust or confidence level in the accuracy and appli-
cability of a particular QBF controllability check process.
[0100] Inoneembodiment, the tests or checks include a few
dozen to over a thousand signals involved in the controllabil-
ity check. The check of each one of these signals can be
independent. Therefore, the tests or checks can be run in
parallel. In one exemplary implementation, the old method
and the new method are run on a single machine for compari-
son. The results of a parallel run can be much faster.

[0101] Unlike traditional approaches that only validate if
the conclusion is UNSAT (e.g., conventional techniques that
include recoding antecedents for conflicts and assignments,
constructing a resolution based proof by a post-root DFS,
etc.); presented intelligent controllability checks approaches
(e.g., method 100, 700, 800, system 200, etc.) can validate
both a conclusion that signals are controllable (e.g., SAT, etc.)
and a conclusion that signals are not controllable (e.g.,
UNSAT, etc.) can be validated. In one exemplary implemen-
tation, more than just pass fail is utilized by the solver to
validate the solver. In one embodiment, the solver provides
the assignment it finds for the outmost existential variables.
Most DPLL solvers keep this assignment and therefore it is
available for utilization. In one embodiment, a presented con-
trollability check doesn’t require any recoding of informa-
tion, which saves memory and speedup runtime. In one exem-
plary implementation the proof is done by a constant
propagation and optimization process which is a very fastand
efficient process.

[0102] A constant propagation check process can include a
random approach to assignment for controllability checking
and the advantages of an intelligent modified QBF controlla-
bility check (e.g., intelligently avoiding enumeration of some
possible values, etc.) are more efficient on average over vari-
ous constant propagation approaches of enumerating more
values and randomly checking assignments. In one embodi-
ment, there can be an upper limit or threshold on the number
of module inputs (e.g., up to 2*2, 2% etc.) where efficiencies
of a modified intelligent QBF controllability check process
over a constant propagation check process diminish. A con-
stant propagation check process random approach to assign-
ment can have a chance of reaching a controllability conclu-
sion “randomly” and may be efficient compared to a modified
intelligent QBF controllability check when the number of
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module inputs exceeds the upper limit or threshold. In one
exemplary implementation, when a number of inputs is at or
below a threshold a modified intelligent QBF controllability
check process is utilized and when the number of inputs is
above a threshold a constant propagation check process is
utilized.

[0103] Inoneembodiment, there are two behaviors associ-
ated with the presented modified intelligent QBF controlla-
bility check approaches. The first behavior is utilization of a
modified intelligent QBF-SAT solver. In one exemplary
implementation, the use of a modified intelligent QBF-SAT
solver can be identified by the unique input file that it uses.
Unlike a standard sat-solver that uses dimacs format, a modi-
fied intelligent QBF-SAT solver uses Qdimacs that have
unique data fields at the top of'the file. The second behavior is
a unique modification made to the QBF-SAT solver. The
modification enhances the solver to return the relevant part of
the assignment it found. Most QBF-solvers won’t return the
full assignment because it is impractical. Returning only the
part needed for this innovation is a characteristic of the pre-
sented modified intelligent QBF controllability check
approach.

[0104] Inoneexemplary implementation, the present intel-
ligent controllability checking approach advantage is demon-
strated by choosing a simple parametric benchmark, bench(n)
where n defines the complexity and changes from 1 to 14. A
benchmark that has an AND gate like the one discussed (with
an input and its negation) is chosen. Therefore, the X propa-
gation won’t be able to solve it. In addition, the benchmark is
chosen to have increasingly more combinations to go through
such that the constant evaluation will take more and more
time. Finally, many XOR gates are used in order to challenge
the sat solver a little bit.

[0105] The following is one exemplary expression or defi-
nition of Bench (1):

[0106] Inputs: inl, in2 .. .inl0, cl, ¢2, c3.

[0107] Outputs: k1_0k1 1,51

[0108] K1_0=lc2

[0109] KI1_1=cl&c3

[0110] SI=(kl_1l(inl"in2"...in10°c3)) & k1_0l(inl &
linl)

[0111] The following is one exemplary expression or defi-

nition of Bench (i+1):

[0112] Inputs: inl, in2 . . . inl0, cl, 2, 3, . . . c{i*2},
cfi*2+1}.

[0113] Outputs: k1 _0k1 1,51

[0114] Ki_ 0=lc2&!cd& .. . & Ic{i*2}
[0115] Ki_l=c1&c3& . .. & c{i*2+1}
[0116] Si=(ki_1I(inl"in2"...in10%c3" ...
ki_ Ol(inl & !inl)

[0117] FIG. 13 is a table or graph of exemplary run time
versus complexity results in accordance with one embodi-
ment of the present invention. The results of the different run
times versus complexities can be analyzed and compared.
This analysis and comparison can show that despite the con-
ditions outlined above the presented modified intelligent
QBF approach runtime increases linearly while a constant
propagation approach increases exponentially. In one
embodiment, the results show that while the complexity of the
benchmark increases according to n, the runtime increases
linearly. This linear increase is despite of the exponential
increase in the number of combinations that need to be
checked.

ofi*2+1)) &
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[0118] It is appreciated that presented modified intelligent
QBF controllability check systems and methods can be
included in a variety of environments. While the description
of presented modified intelligent QBF controllability check
systems and methods is often discussed in terms of power
controllability and management, it is appreciated the pre-
sented modified intelligent QBF controllability check can be
utilized for a variety of controllability checks (e.g., commu-
nication, processing, etc.). In one embodiment, the power
controllability and management can be utilized in a manufac-
turing or fabrication environment (e.g., for floor sweeping,
for testing, etc.).

[0119] Thus, presented approaches facilitate efficient con-
trollability checking. Conventional approaches often attempt
checks or analysis of all possible Boolean assignments to the
inputs of a component under analysis and may cause the
runtime to be prohibitively large (e.g., of the order of few
days, etc.). In one embodiment, the presented modified intel-
ligent QBF controllability check approach describes a new
algorithm that is based on a modified QBF-SAT solver that
skips many useless assignments. The presented modified
intelligent QBF controllability check approach runtime can
be a fraction of the conventional constant propagation check
time (of the order of a few minutes). The presented
approaches can facilitate efficient controllability check of a
power gated control module.

[0120] FIG. 14 is a block diagram of a computer system
1400, one embodiment of a computer system upon which
embodiments of the present invention can be implemented.
Computer system 1400 includes central processor unit 1401,
main memory 1402 (e.g., random access memory), chip set
1420 with north bridge 1421 and south bridge 1425, remov-
able data storage device 1404, input device 1407, signal com-
munications port 1408, and graphics subsystem 1450 which
is coupled to display 1470. Computer system 1440 includes
several busses for communicatively coupling the components
of computer system 1400. Communication bus 1491 (e.g., a
front side bus) couples north bridge 1421 of chipset 1420 to
central processor unit 1401. Communication bus 1492 (e.g., a
main memory bus) couples north bridge 1421 of chipset 1420
to main memory 1402. Communication bus 1493 (e.g., the
Advanced Graphics Port interface) couples north bridge of
chipset 1420 to graphic subsystem 1450. Communication
buses 1494-1497 (e.g., a PCI bus) couple south bridge 1425 of
chip set 1420 to removable data storage device 1404, input
device 1407, signal communications port 1408 respectively.
Graphics subsystem 1450 includes graphics processor 1451,
memory management unit 1455 and graphics buffer 1459.

[0121] The components of computer system 1400 coopera-
tively operate to perform a variety of processing tasks and
facilitate efficient memory accesses. Communications bus
1491, 1492, 1493, 1494, 1495 and 1497 communicate infor-
mation. Central processor 1401 processes information. Main
memory 1402 stores information and instructions for the
central processor 1401. Removable data storage device 1404
also stores information and instructions (e.g., functioning as a
large information reservoir). Input device 1407 provides a
mechanism for inputting information and/or for pointing to or
highlighting information on display 1470. Signal communi-
cation port 1408 provides a communication interface to exte-
rior devices (e.g., aninterface with a network). Display device
1470 displays information in accordance with data stored in
frame buffer 1459. Graphics processor 1451 processes graph-
ics commands from central processor 1401 and provides the
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resulting data to graphics buffers 1459 for storage and
retrieval by display monitor 1470. Memory management unit
1455 handles the memory access requests between graphics
processor 1451 and graphics buffers 1459. It is appreciated
that similar memory management units can be implemented
to facilitate efficient and independent access requests to other
memory components of computer system 1400, including
main memory 1402 and bulk data storage 1404.

[0122] It is appreciated that the present invention can be
implemented in a variety of embodiments. In one exemplary
implementation the present invention can be utilized for con-
trollability checking of processing systems utilized to provide
a variety of graphics applications including video games. For
example, the present invention can be utilized for controlla-
bility checking in a game console, personal computer, per-
sonal digital assistant, cell phone or any number of platforms
for implementing a video game. It is also appreciated that
references to video game application implementations are
exemplary and the present invention is not limited to these
implementations.

[0123] Portions of the detailed description are presented
and discussed in terms of a method. Although steps and
sequencing thereof are disclosed in figures herein describing
the operations of this method, such steps and sequencing are
exemplary. Embodiments are well suited to performing vari-
ous other steps or variations of the steps recited in the flow-
chart of the figure herein, and in a sequence other than that
depicted and described herein.

[0124] Some portions of the detailed description are pre-
sented in terms of procedures, steps, logic blocks, processing,
and other symbolic representations of operations on data bits
that can be performed within a computer memory. These
descriptions and representations are the means used by those
skilled in the data processing arts to most effectively convey
the substance of their work to others skilled in the art. A
procedure, computer-executed step, logic block, process,
etc., 1s here, and generally, conceived to be a self-consistent
sequence of steps or instructions leading to a desired result.
The steps include physical manipulations of physical quanti-
ties. Usually, though not necessarily, these quantities take the
form of electrical, magnetic, optical or quantum signals
capable of being stored, transferred, combined, compared,
and otherwise manipulated in a computer system. It has
proven convenient at times, principally for reasons of com-
mon usage, to refer to these signals as bits, values, elements,
symbols, characters, terms, numbers, or the like.

[0125] Ttshould be borne in mind, however, that all of these
and similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied
to these quantities. Unless specifically stated otherwise as
apparent from the following discussions, it is appreciated that
throughout, discussions utilizing terms such as “processing”,
“computing”, “calculating”, “determining”, “displaying”,
“accessing,” “ including,” “storing,” “transmit-
ting,” “traversing,” “associating,” “identifying” or the like,
refer to the action and processes of a computer system, or
similar electronic computing device, that manipulates and
transforms data represented as physical (electronic) quanti-
ties within the computer system’s registers and memories into
other data similarly represented as physical quantities within
the computer system memories or registers or other such
information storage, transmission or display devices.

[0126] Someembodiments may be described in the general
context of computer-executable instructions, such as program

writing,”
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modules, executed by one or more computers or other
devices. Generally, program modules include routines, pro-
grams, objects, components, data structures, etc., that per-
form particular tasks or implement particular abstract data
types. Typically the functionality of the program modules
may be combined or distributed as desired in various embodi-
ments.
[0127] The foregoing descriptions of specific embodiments
of the present invention have been presented for purposes of
illustration and description. They are not intended to be
exhaustive or to limit the invention to the precise forms dis-
closed, and obviously many modifications and variations are
possible in light of the above teaching. The embodiments
were chosen and described in order to best explain the prin-
ciples of the invention and its practical application, to thereby
enable others skilled in the art to best utilize the invention and
various embodiments with various modifications as are suited
to the particular use contemplated. It is intended that the
scope of the invention be defined by the Claims appended
hereto and their equivalents.
What is claimed is:
1. A controllability check method comprising:
receiving information associated with a definition of a
control component under analysis, including an equa-
tion defining the control component under analysis;

performing an intelligent controllability check process
based upon the received information, including per-
forming a formal controllability check examines if enu-
meration of some possible values for a set of control
signal inputs can be avoided; and

returning an indication of controllability analysis results

for the control component under analysis.

2. The controllability check method of claim 1 wherein the
intelligent controllability process includes:

performing an initialization process, including translating

values in a controllability environment format into a
solver environment format;

performing modified intelligent QBF solving; and

returning the results of the solving.

3. The controllability check method of claim 2 wherein the
intelligent controllability process includes:

mapping between each solver environment format value

and corresponding control component under analysis
interface value; and

maintaining a list of the mapping.

4. The controllability check method of claim 2 wherein the
results of the QBF solving includes one of the three possible
values:

ABORT meaning the solver run time exceeds the maxi-

mum time limit;

UNSAT meaning the solver found there is no such assign-

ment; and
SAT meaning the solver found an assignment.
5. The controllability check method of claim 2 wherein the
intelligent controllability check process is looking for an
assignment A to the set C that has the following properties:
applying A to C results in the output of the equation defin-
ing the control component under analysis being a target
value regardless of the other inputs values; and

providing the values for the above A if it exists and alter-
natively proving that such A does not exist.

6. The controllability check method of claim 1 wherein the
intelligent controllability process includes:
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performing a first controllability checking technique,
wherein the first controllability checking technique has a
predetermined time limit constraint; and

performing a second controllability checking technique if

the result of the first controllability checking technique
can not reach a conclusion one way or other if signals do
or do not provide controllability.

7. The controllability check method of claim 1 wherein the
intelligent controllability process includes verification of the
results.

8. An intelligent controllability check system comprising:

a control component under analysis;

an intelligent controllability checking component operable

to perform an intelligent controllability check for the
control component under analysis, including perform-
ing a formal controllability check that examines if enu-
meration of some possible values for a set of control
signal inputs can be avoided.

9. The intelligent controllability check system of claim 8
the control component under analysis is included in a very
large hardware design.

10. The intelligent controllability check system of claim 8
wherein the intelligently enumerated assignment of values
for control signal inputs are established utilizing a modified
intelligent QBF process.

11. The intelligent controllability check system of claim 8
wherein the intelligent controllability checking component
examines if assignment of values to control signal inputs
when applied to an equation defining the control component
under analysis produces an output with a target value regard-
less of the values on other inputs.

12. The intelligent controllability check system of claim 8
wherein the intelligent controllability checking component
includes a translation component operable to: map between a
solver environment format value and corresponding control
component under analysis interface value, and maintain a list
of the mapping.

13. The intelligent controllability check system of claim 8
wherein the intelligent controllability checking component
includes a controllability environment/QBF environment
translation component operable to translate between a con-
trollability checking compatible format and a modified intel-
ligent QBF compatible format.

14. The intelligent controllability check system of claim 8
wherein the intelligent controllability checking component
includes a modified intelligent QBF component operable to
intelligently avoid enumerating some of the possible assign-
ments that are irrelevant while performing efficient checking.
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15. A system including a processor and a memory for
storing instructions which direct the processor in perfor-
mance of a controllability check method comprising:
receiving information associated with a definition of a
control component under analysis, including an equa-
tion defining the control component under analysis;

performing an intelligent controllability check process
based upon the received information, including per-
forming a formal controllability check that examines if
enumeration of some possible values for a set of control
signal inputs can be avoided; and

returning an indication of controllability analysis results

for the control component under analysis.

16. The controllability check system of claim 15 wherein
the intelligent controllability process includes performing a
modified intelligent QBF controllability check; and the modi-
fied intelligent QBF controllability check avoids enumerating
some possible values for a set of control signal inputs that a X
propagation controllability check and constant propagation
controllability check do not avoid.

17. The controllability check system of claim 15 wherein
the intelligent controllability process includes:

mapping between each solver environment format value

and corresponding control component under analysis
interface values; and
maintaining a list of the mapping.
18. The controllability check system of claim 15 wherein
the intelligent controllability check process is looking for an
assignment A to the set C that has the following properties:
applying A to C results in the output of the equation defin-
ing the control component under analysis being a target
value regardless of the other inputs values; and

providing the values for the above A if it exists and alter-
natively proving that such A does not exist, even if the
number of inputs is very large.

19. The controllability check system of claim 15 wherein
the intelligent controllability process includes:

performing a first controllability checking technique; and

performing a second controllability checking technique if

the first controllability checking technique first control-
lability checking technique can not reach a conclusion
one way or other if signals do or do not provide control-
lability.

20. The controllability check system of claim 15 wherein
the intelligent controllability process includes verification of
the results, wherein the verification can be based upon a level
of trust in a modified intelligent QBF controllability check
and the verifying can include both SAT and UNSAT.
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