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and Apparatus for Data Smoothing  INVENTOR: Eric Paul Tabor, Gilbert,
Arizona FIELD OF THE INVENTION The invention relates to data smoothing.
BACKGROUND PCT/US02/16727 *ACTION* Data smoothing techniques are used to
elicit trends from noisy or inconsistent data. The  data may comprise any
sort of data. For example, the data may be a series of data points taken
over time, such as spectroanalysis data from a semiconductor etching
system, output test data  from a semiconductor testing system, financial
data relating to prices or exchange rates that vary  with time, and the
like. The data may comprise any stream or array of data that varies, but
includes a general trend or pattern. A wide variety of data smoothing
techniques have been devised to assist in identifying  trends and patterns
that may exist in the data. For example, data smoothing techniques include
random, random walk, moving average, simple exponential smoothing, linear
exponential  smoothing, seasonal exponential smoothing, and exponential
weighted moving average  smoothing. All of these various types of data
smoothing techniques may-assist in smoothing the  data, but include various
tradeoffs between effectively smoothing the data and maintaining an
accurate reflection of the information in the data. For example,
exponential smoothing techniques are configured to eliminate extreme
variations in the data to remove noise. The effect of exponential smoothing
is to remove  significant variations in the signal, but still track to the
overall changes in the data. If the  coefficient is too low, however, the
exponentially smoothed data does not match effectively the  raw data in the
event of a relatively sudden change in the raw data. On the other hand, if
the  coefficient is too high, the smoothing function loses value as more
noise is returned to the 



1 WO 02/095508 PCT/US02/16727 original data. - In many other data smoothing
systems, a tradeoff occurs when optimizing for  sensitivity without
disrupting the smoothing. SUMMARY OF THE INVENTION A method and apparatus
for smoothing data according to various aspects of the present  invention
comprises adjusting data according to a first smoothing technique and
selectively  adjusting the data according to a second smoothing technique.
In one embodiment, the method  and apparatus applies a first smoothing
technique to a selected datum to adjust a value of the  selected datum. The
method and apparatus also compares preceding adjusted data to preceding
raw data to generate a comparison result. The system may apply a second
smoothing technique  to the selected datum to adjust the value of the
selected datum according to whether the  comparison result meets a first
threshold. In addition, the method and apparatus may calculate a  predicted
value of the selected datum and apply a third smoothing technique to adjust
the value  of the selected datum according to whether the predicted value
meets a second threshold. BRIEF DESCRIPTION OF THE DRAWINGS A more complete
understanding of the present invention may be derived by referring to  the
detailed description when considered in connection with the following
illustrative figures,  which may not be to scale. Like reference numbers
refer to similar elements throughout the  figures. Figure 1 is a block
diagram of a data smoothing system according to various aspects of  the
present invention; and Figure 2 is a flow chart for operation of an
exemplary data smoothing system according  to various aspects of the
present invention. Elements in the figures are illustrated for simplicity
and clarity and have not necessarily  been drawn to scale. For example, the
connections and steps performed by some of the elements  in the figures may
be exaggerated or omitted relative to other elements to help to improve
understanding of embodiments of the present invention. 2 WO 02/095508 



PCT/US02/16727 DESCRIPTION OF EXEMPLARY EMBODIMENTS The present invention
may be described herein in terms of functional block components,  software
execution, and various process steps. Such functional blocks, execution,
and steps may  be realized by any number of hardware or software components
configured to perform the  specified functions. For example, the present
invention may employ various machines,  processors, storage systems,
processes, and integrated circuit components, e.g., arithmetic logic
units, memory elements, signal processing elements, logic elements, look-up
tables, and the like,  which may carry out a variety of functions under the
control of one or more microprocessors,  controllers, or other control
devices. In addition, the present invention may be practiced in
conjunction with any number of environments, and the system described
herein is merely one  exemplary application for the invention. For example,
various embodiments and aspects of the  present invention may be
implemented partially or entirely using software or hardware, and may  be
integrated into larger systems or separated into other systems. Further,
the present invention  may employ any number of conventional techniques for
data analysis, data processing, I/O  transfers, and the like. Referring to
Figure 1, a smoothing method and apparatus 100 according to various
aspects of the present invention is suitably implemented, for example, as a
program operating on  a computer 102 comprising a processor and a memory.
The computer 102 communicates with a  data source 104 which provides the
raw data. The smoothing system 100 also suitably includes  an output 106
for transmitting data, such as transmitting smoothed data. The smoothing
system  100 suitably comprises multiple phases for smoothing the data
according to various criteria. The  first phase may include a basic
smoothing process. The supplemental phases conditionally  provide for
enhanced tracking and/or additional smoothing of the raw data. The system
100 suitably operates by initially adjusting an initial value of a selected
datum according to a first smoothing technique, and supplementarily
adjusting the value  according to a second smoothing technique if at least
one of the initial value and the initially  adjusted value meets a
threshold. The initial value suitably comprises a raw data value, though in
may comprise any other value to be operated upon by the system, such as a
processed signal, a  datum converted from analog to digital form, or any
other value. The first smoothing technique  tends to smooth the data. The
second smoothing technique also tends to smooth the data and/or 



3 WO 02/095508 PCT/US02/16727 improve tracking of the data, but in a
different manner from the first smoothing technique.  Further, the
threshold may comprise any suitable criteria for determining whether to
apply  supplemental smoothing. In one embodiment, the method and apparatus
applies the first  smoothing technique to the selected datum to adjust a
value of the selected datum. The system 100 compares a plurality of
preceding adjusted data to a plurality of preceding raw data to  generate a
comparison result, and applies a second smoothing technique to the selected
datum to  adjust the value of the selected datum according to whether the
comparison result meets a first  threshold. Further, the system 100
suitably calculates a predicted value of the selected datum,  and may apply
a third smoothing technique to the selected datum to adjust the value of
the  selected datum according to whether the predicted value meets a second
threshold Referring to Figure 2, a first smoothed data point is suitably
set equal to a first raw data  point (step 202) and the system 100 proceeds
to the next raw data point (step 204). Before  performing smoothing
operations, the smoothing system 100 initially determines whether
smoothing is appropriate for the data point and, if so, performs a basic
smoothing operation on  the data. Any criteria may be applied to determine
whether smoothing is appropriate, such as  according to the number of data
points received, the deviation of the data point values from a  selected
value, or comparison of each data point value to a threshold. In the
present  embodiment, the smoothing system performs a threshold comparison.
The threshold comparison  determines whether data smoothing is appropriate.
If so, the initial smoothing process is suitably  configured to proceed to
an initial smoothing of the data. More particularly, in the present
embodiment, the process starts with an initial raw data  point Ro, which is
also designated as the first smoothed data point So. As additional data
points  are received and analyzed, a difference between each raw data point
(Rn) and a preceding  smoothed data point (Sn.i) is calculated and compared
to a threshold (Ti) (step 206). If the  difference between the raw data
point Rn and the preceding smoothed data point S,,.1 exceeds the  threshold
Ti, it is assumed that the exceeded threshold corresponds to a significant
departure  from the smoothed data and indicates a shift in the data.
Accordingly, the current smoothed data  point S" is set equal to the raw
data point R" (step 208). No smoothing is performed, and the  



process proceeds to the next raw data point. 4 WO 02/095508 PCT/US02/16727
If the difference between the raw data point and the preceding smoothed
data point does  not exceed the threshold T1, the process calculates a
current smoothed data point S" in  conjunction with an initial smoothing
process (step 210). The initial smoothing process provides  a basic
smoothing of the data. For example, in the present embodiment, the basic
smoothing  process comprises a conventional exponential smoothing process,
such as according to the  following equation: Sn=(Rn--Sn_1) * Mi +Sn - I
where Ml is a selected smoothing coefficient, such as 0.2 or 0.3. The
initial smoothing process  suitably uses a relatively low coefficient Ml to
provide a significant amount of smoothing for the  data. The initial
smoothing process may be selected according to any criteria and configured
in  any manner, however, according to the application of the smoothing
system, the data processed,  requirements and capabilities of the smoothing
system, and/or any other criteria. For example,  the initial smoothing
process may employ random, random walk, moving average, simple
exponential, linear exponential, seasonal exponential, exponential weighted
moving average, or  any other appropriate type of smoothing to initially
smooth the data. The data may be further analyzed for and/or subjected to
smoothing. Supplementary  smoothing may be performed on the data to enhance
the smoothing of the data and/or improve  the tracking of the smoothed data
to the raw data. Multiple phases of supplementary smoothing  may also be
considered and, if appropriate, applied. The various phases may be
independent,  interdependent, or complementary. In addition, the data may
be analyzed to determine whether  supplementary smoothing is appropriate.
In the present embodiment, the data is analyzed to determine whether to
perform one or  more additional phases of smoothing. The data is analyzed
according to any appropriate criteria  to determine whether supplemental
smoothing may be applied (step 212). For example, the  system 100 may
compare a plurality of adjusted data points and raw data points for
preceding  data and generate a comparison result according to whether the
substantially all of the preceding  adjusted data share, a common
relationship (such as less than, greater than, or equal to) with  



substantially all of the corresponding raw data. The smoothing system 100
of the present 5 WO 02/095508 PCTIUS02/16727 embodiment compares a selected
number P2 of raw data points to an equal number of smoothed  data points.
If the values of all of the P2 raw data points exceed (or are equal to) the
corresponding smoothed data points, or if all raw data points are less than
(or equal to) the  corresponding smoothed data points, then the smoothing
system may determine that the data is  exhibiting a trend and should be
tracked more closely. Accordingly, the smoothing applied to  the data may
be changed by applying supplementary smoothing. If, on the other hand,
neither of  these criteria is satisfied, then the current smoothed data
point remains as originally calculated  and the relevant supplementary data
smoothing is not applied. In the present embodiment, the criterion for
comparing the smoothed data to the raw data  is selected to identify a
trend in the data behind which the smoothed data may be lagging.
Accordingly, the number of points P2 may be selected according to the
desired sensitivity of the  system to changing trends in the raw data. The
supplementary smoothing changes the effect of the overall smoothing
according to  the data analysis. Any appropriate supplementary smoothing
may be applied to the data to more  effectively smooth the data or track a
trend in the data. For example, in the present embodiment,  if the data
analysis indicates a trend in the data that should be. tracked more
closely, then the  supplementary smoothing may be applied to reduce the
degree of smoothing so that the  smoothed data more closely tracks the raw
data (step 214). In the present embodiment, the degree of smoothing is
reduced by recalculating the value  for the current smoothed data point
using a reduced degree of smoothing. Any suitable  smoothing system may be
used to more effectively track the data or otherwise respond to the
results of the data analysis. In the present embodiment, another
conventional exponential  smoothing process is applied to the data using a
higher coefficient M2: S=(Rn-Sf_I)*M2+Sn_I The coefficients Mt and M2 may
be selected according to the desired sensitivity of the system,  both in
the absence (MI) and the presence (M2) of trends in the raw data. In
various applications,  for example, the value of M1 may be higher than the
value of M2. 6 



WO 02/095508 PCTIUS02/16727 The supplementary data smoothing may include
additional phases as well. The  additional phases of data smoothing may
similarly analyze the data in some manner to determine  whether additional
data smoothing should be applied. Any number of phases and types of data
smoothing may be applied or considered according to the data analysis. For
example, in the present embodiment, the data may be analyzed and
potentially  smoothed using a predictive process based on the slope of the
smoothed data. The process  computes a slope (step 216) based on a selected
number P3 of smoothed data points preceding  the current data point
according to any appropriate process, such as line regression, N-points
centered, or the like. In the present embodiment, the data smoothing system
uses a "least squares  fit through" process to establish a slope of the
preceding P3 smoothed data points. The smoothing system predicts a value of
the current smoothed data point according to  the calculated slope. The
system then compares the difference between the previously calculated
value for the current smoothed data point (Sn) to the predicted value for
the current smoothed  data point to a range number (R3) (step 218). If the
difference is greater than the range R3, then  the current smoothed data
point is not adjusted. If the difference is within the range R3, then the
current smoothed data point is set equal to the difference between the
calculated current  smoothed data point (Se) and the predicted value for
the current smoothed data point (Snpred)  multiplied by a third multiplier
M3 and added to the original value of the current smoothed data  point
(step 220). The equation: S. = (Sn-pred - Sn) * M3 + Sn Thus, the current
smoothed data point is set according to a modified difference between  the
original smoothed data point and the predicted smoothed data point, but
reduced by a certain  amount (if M3 is less than 1). Applying the
predictive smoothing tends to reduce point-to-point  noise sensitivity
during relatively flat (or otherwise nontrending) portions of the signal.
The  limited application of the predictive smoothing process to the
smoothed data points ensures that  the calculated average based on the
slope does not effect the smoothed data when significant  changes are
occurring in the raw data, i.e., when the raw data signal is not relatively
flat. 7 WO 02/095508 PCT/US02/16727 It should be appreciated that the
particular implementations shown and described herein  



are illustrative of the invention and its best mode and are not intended to
otherwise limit the  scope of the present invention in any way. Indeed, for
the sake of brevity, conventional signal  processing, data transmission,
and other functional aspects of the systems (and components of  the
individual operating components of the systems) may not be described in
detail herein.  Furthermore, the connecting lines shown in the various
figures contained herein are intended to  represent exemplary functional
relationships and/or physical couplings between the various  elements. Many
alternative or additional functional relationships or physical connections
may be  present in a practical test system. The present invention has been
described above with reference to a preferred  embodiment. However, changes
and modifications may be made to the preferred embodiment  without
departing from the scope of the present invention. These and other changes
or  modifications are intended to be included within the scope of the
present invention. 8 WO 02/095508 CLAIM PCT/US02 /16727 1. A method of
smoothing data, comprising: applying a first smoothing technique to a
selected datum to adjust a value of the selected  datum; comparing a
plurality of preceding adjusted data to a plurality of preceding raw data
to  generate a comparison result; applying a second smoothing technique to
the selected datum to adjust the value of the  selected datum according to
whether the comparison result meets a first threshold; calculating a
predicted value of the selected datum; and applying a third smoothing
technique to the selected datum to adjust the value of the  selected datum
according to whether the predicted value meets a second threshold. 2. A
method according to claim 1, further comprising initially determining
whether  smoothing is appropriate for the selected datum. 3. A method
according to claim 2, wherein determining whether smoothing is appropriate
comprises at least one of: comparing the value of the selected datum to a
threshold;  



determining a number of data received; and determining a deviation of a
plurality of data from a value. 4. A method according to claim 2, wherein
determining whether smoothing is appropriate  comprises: determining a
difference between the value of the selected datum and an adjusted value
of a preceding datum; and comparing the difference to a threshold. 5. A
method according to claim 1, wherein at least one of the first smoothing
technique and  the second smoothing technique comprises at least one of
random smoothing;  random walk smoothing;  moving average smoothing;
simple exponential smoothing; 9 WO 02/095508 PCT/US02/16727 linear
exponential smoothing;  seasonal exponential smoothing; and exponential
weighted moving average smoothing. 6. A method according to claim 1,
wherein at least one of the first smoothing technique and  the second
smoothing technique comprises adjusting the value of the selected datum
substantially in accordance with the equation: Sn=(Rn-Sn-1) * M1 +Sn-1
where Sn is the adjusted value of the selected datum, R" is the value of
the selected datum, S,  is an adjusted value of a preceding datum, and M1
is a selected smoothing coefficient. 7. A method according to claim 1,
wherein: the first smoothing technique comprises adjusting the value of the
selected datum  substantially in accordance with the equation: Sn=(Rn-Sn_1)
* MI+Sn_1 where S" is the adjusted value of the selected datum, Rn is the
value of the selected datum, Sn  is an adjusted value of a preceding datum,
and M1 is a first selected smoothing coefficient; and  



the second smoothing technique comprises adjusting the value of the
selected datum  substantially in accordance with the equation: Sn
=(Rn-Sn_1) * M2+Sn-1 where M2 is a second selected smoothing coefficient,
and where M2 is greater than M1. 8. A method according to claim 1, wherein
comparing the plurality of preceding adjusted  data to the plurality of
preceding raw data comprises: _ comparing an adjusted value of each of the
plurality of preceding adjusted data to a  corresponding value of each of
the plurality of preceding raw data; and generating the comparison result
according to whether substantially all of the adjusted  values of the
plurality of preceding adjusted data share a common relationship with
respect to the  corresponding values of the plurality of preceding raw
data. 9. A method according to claim 1, wherein calculating the predicted
value of the selected  datum comprises calculating a slope according to a
plurality of preceding data. 10. A method according to claim 9, wherein the
slope is calculated using at least one of- a least squares fit through
technique; 10 WO 02/095508 PCTIUS02/16727 a line regression technique; or
an N-points centered technique. 11. A method according to claim 1, wherein
the second threshold corresponds to a difference  between the adjusted
value of the selected datum and the predicted value of the selected datum
to  a range. 12. A method according to claim 1, wherein the third smoothing
technique comprises  adjusting the value of the selected datum
substantially in accordance with the equation:  Sn = (Sn-pred - Sn) * M3 +
Sn where Sn is the adjusted value of the selected datum, Sn.pred is the
predicted value of the selected  datum, and M3 is a smoothing coefficient.
13. A method according to claim 1, wherein at least one of the second
smoothing technique  and the third smoothing technique is configured to
improve the tracking of the adjusted value of  the selected datum to a
selected raw data. 



14. A method according to claim 1, wherein at least one of the second
smoothing technique  and the third smoothing technique is configured to
enhance the smoothing of the data. 15. A method according to claim 1,
wherein the data comprises at least one of automatic test  equipment test
data and financial data. 16. A computer readable program for smoothing
data, the computer readable program  configured to cause a computer to:
apply, a first smoothing technique to a selected datum to adjust a value of
the selected  datum; compare a plurality of preceding adjusted data to a
plurality of preceding raw data to  generate a comparison result; apply a
second smoothing technique to the selected datum to adjust the value of the
selected datum according to whether the comparison result meets a first
threshold;  calculate a predicted value of the selected datum; and apply a
third smoothing technique to the selected datum to adjust the value of the
selected  datum according to whether the predicted value meets a second
threshold. 17. A computer readable program according to claim 16,
further'comprising initially  determining whether smoothing is appropriate
for the selected datum. 18. A computer readable program according to claim
17, wherein determining whether  smoothing is appropriate comprises at
least one of 11 WO 02/095508 PCT/US02/16727 comparing the value of the
selected datum to a threshold;  determining a number of data received; and
determining a deviation of a plurality of data from a value. 19. A computer
readable program according to claim 17, wherein determining whether
smoothing is appropriate comprises: determining a difference between the
value of the selected datum and an adjusted value  of a preceding datum;
and comparing the difference to a threshold. 20. A computer readable
program according to claim 16, wherein at least one of the first  



smoothing technique and the second smoothing technique comprises at least
one of. random smoothing;  random walk smoothing;  moving average
smoothing;  simple exponential smoothing;  linear exponential smoothing;
seasonal exponential smoothing; and exponential weighted moving average
smoothing. 21. A computer readable program according to claim 16, wherein
at least one of the first  smoothing technique and the second smoothing
technique comprises adjusting the value of the  selected datum
substantially in accordance with the equation: Sn= (Rn-Sn_1) * MI+Sn - i
where Sn is the adjusted value of the selected datum, R" is the value of
the selected datum, Sn - is an adjusted value of a preceding datum, and Mt
is a selected smoothing coefficient. 22. A computer readable program
according to claim 16, wherein: the first smoothing technique comprises
adjusting the value of,the selected datum  substantially in accordance with
the equation: Sn=(Rn-Sn_1) * Mt+Se - t 12 WO 02/095508 PCTIUS02/16727 where
Sn is the adjusted value of the selected datum, R. is the value of the
selected datum, Sn _ I  is an adjusted value of a preceding datum, and M1
is a first selected smoothing coefficient; and the second smoothing
technique comprises adjusting the value of the selected datum
substantially in accordance with the equation: Sn=(Rn_Sn_1) * M2+Sn-I where
M2 is a second selected smoothing coefficient, and where M2 is greater than
M1. 23. A computer readable program according to claim 16, wherein
comparing the plurality of  preceding adjusted data to the plurality of
preceding raw data comprises: comparing an adjusted value of each of the
plurality of preceding adjusted data to a  corresponding value of each of
the plurality of preceding raw data; and generating the comparison result
according to whether substantially all of the adjusted  



values of the plurality of preceding adjusted data share a common
relationship with respect to the  corresponding values of the plurality of
preceding raw data. 24. A computer readable program according to claim 16,
wherein calculating the predicted  value of the selected datum comprises
calculating a slope according to a plurality of preceding  data. 25. A
computer readable program according to claim 24, wherein the slope is
calculated  using at least one of a least squares fit through technique;  a
line regression technique; or an N -points centered technique. 26. A
computer readable program according to claim 16, wherein the second
threshold  corresponds to a difference between the adjusted value of the
selected da'tutn and the predicted  value of the selected datum to a range.
27. A computer readable program according to claim 16, wherein the third
smoothing  technique comprises adjusting the value of the selected datum
substantially in accordance with  the equation: Sn = (Sn.pred Sn) * M3 + Sn
where Sn is the adjusted value of the selected datum, Sn_pred is the
predicted value of the selected  datum, and M3 is a smoothing coefficient.
13 WO 02/095508 PCT/LJS02/16727 28.. A computer readable program according
to claim 16, wherein at least one of the second  smoothing technique and
the third smoothing technique is configured to improve the tracking of  the
adjusted value of the selected datum to a selected raw data. 29. A computer
readable program according to claim 16, wherein at least one of the second
smoothing technique and the third smoothing technique is configured to
enhance the smoothing  of the data. 30. A computer readable program
according to claim 16, wherein the data comprises at least  one of
automatic test equipment test data and financial data. 31. A method of
smoothing data, comprising: 



initially adjusting an initial value of a selected datum according to a
first smoothing  technique; and supplementarily adjusting the value
according to a second smoothing technique if at least  one of the initial
value and the initially adjusted value meets a threshold. 32. A method
according to claim 31, further comprising adjusting at least one of the
initial  value, the initially adjusted value, and the supplementarily
adjusted value of the selected datum  according to a third smoothing
technique if at least one of the initial value, the initially adjusted
value, and the supplementarily adjusted value meets a second threshold. 33.
A method according to claim 32, wherein the second threshold corresponds to
a  difference between the at least one of the initial value, the initially
adjusted value, and the  supplementarily adjusted value, and a predicted
value of the at least one of the initial value, the  initially adjusted
value, and the supplementarily adjusted value. 34. A method according to
claim 31, further comprising initially determining whether  smoothing is
appropriate for the selected datum. 35. A method according to claim 33,
wherein determining whether smoothing is appropriate  comprises at least
one of - comparing the initial value to a threshold;  determining a number
of data received; and determining a deviation of a plurality of data from a
value. 36. A method according to claim 33, wherein determining whether
smoothing is appropriate  comprises: determining a difference between the
initial value of the selected datum and an adjusted  value of a preceding
selected datum; and comparing the difference to a threshold. 14 WO
02/095508 PCT/US02 /16727 37. - A method according to claim 31, wherein at
least one of the first smoothing technique  and the second smoothing
technique comprises at least one of. random smoothing;  random walk
smoothing;  



moving average smoothing;  simple exponential smoothing;  linear
exponential smoothing;  seasonal exponential smoothing; and exponential
weighted moving average smoothing. 38. A method according to claim 31,
wherein the first smoothing technique comprises  initially adjusting the
initial value of the selected datum substantially in accordance with the
equation: So=(Rn-Sn_1)   * M1+So -1 where S" is the adjusted initial value
of the selected datum, Rn  is the initial value of the selected  datum, So
-1 is an adjusted value of a preceding selected datum, and M1 is a selected
smoothing  coefficient. 39. A method according to claim 38, wherein the
second smoothing technique comprises  supplementarily adjusting the
initially adjusted value of the selected datum substantially in  accordance
with the equation: Sn=(Rn-S n-1) * M2+Sn_  where M2 is a second selected
smoothing coefficient, and where M2 is greater than MI. 40. A method
according to claim 1, wherein the data comprises at least one of automatic
test  equipment test data and financial data. 15 


