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INTRODUCTION 
This paper was originally to be about off-vertical accelerometer analysis, or OVAA. In 
order to demonstrate that method, though, it became necessary to compare inertial 
altitudes with barometric altitudes. A number of legacy problems quickly emerged. The 
task of dealing with them fell upon me like the task of cleaning house after retrieving a 
fallen ring from a congregation of dust bunnies.  
 
The paper therefore became elliptical, insofar as it acquired two focal points: 
 

1) Off Vertical Accelerometer Analysis (OVAA); and 
2) Inertial/Barometric Closure (IBC) 

 
The first topic is a subset of the second, but it is noteworthy because it is new. 
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Part II:  Inertial/Barometric Closure (IBC) 
 
 
BAROMETRIC ALTIMETERS 
Barometric altimeters respond to altitude-related pressure differentials, which are caused 
entirely by gravity. Accelerometers are therefore oblivious to the very force that drives 
altimeters. Data streams from these two technologies therefore provide independent 
observations of the same flight.  
 
Barometric altimeters are predicated on three principles: 
 

1) Hydrostatic equilibrium;  
2) The ideal gas law; and 
3) The first law of thermodynamics. 

 
Of these, hydrostatic equilibrium holds least well. It is predicated on the idea of still air 
that remains still because the weight of a column of air at any level is balanced by the 
pressure of the column from below. Tropospheric air is not still.  
 
The ideal gas law holds reasonably well, except where phase changes occur, as they do in 
cloud banks. It is not uncommon to see blips in balloon data as clouds are traversed. 
Hydrostatic equilibrium is a weak link. Water content also complicates temperature lapse 
rates that would otherwise emerge from the three principles.  
 
The principles lead to a formula already presented, which is the underlying principle of 
altimeters, in thr troposphere (or more generally with nonzero temperature lapse rates): 
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And  
BaseTemperature is the Kelvin temperature at some standard altitude. BaseAltitude is the 
launch site altitude relative to the standard. LapseRate is the Kelvin temperature lapse 
rate with altitude (6.5 Kelvins/km)  
HC is the hydrostatic constant, 03418155.≡HC  Kelvins per meter. 
 
This represents the troposphere, where the temperature lapse rate is observably constant 
under normal circumstances. In the stratosphere, the lapse rate goes to zero and 
ultimately reverses. One way of defining atmospheric layers, in fact, is by temperature 
variation patterns with altitude. For zero temperature lapse rate, 
 
For zero lapse rate, the relationship is: 
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We will be concerned primarily with the first equation, since most HPR flights occur in 
the troposphere.  
 
ALTIMETER QUIRKS 
Here are some signatures of known altimeter quirks. They come from aerodynamic 
effects at the static port, and they involve size or placement of the static port. All of these 
effects are to be found in regions of high velocity. 
 
Here is altimeter delay, which comes from static ports that are too small. The effect 
presents as a pot belly in the barometric altitude curve near maximum velocity. 
 

 
 
 
Below is the very opposite: the Bernoulli Effect. This results from placement of the static 
port in a region where local pressure is lower than ambient pressure. In the graph below, 
the decrease in error with altitude appears slower. That’s because the launch was at 700. 
The nose-over velocity is substantially positive, and velocity is higher all along this curve 
than it is along the other curves in this section, which are from flights that are more 
vertical. 
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There are also downwash effects from turbulent airstreams. Those illustrated below come 
from static ports placed below conical nose cones, which have sharp body tube 
transitions.  The first is from Brian Cole’s Black Brant. 
 

 
 

Downwash Effect: Black Brant 
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The next is from Cliff Sojourner’s Nike Smoke 
 
 

 
 
For a more detailed discussion of altimeter errors, see Appendix C. 
 
COMPARING BAROMETRIC AND INERTIAL DATA 
Barometric and inertial altitudes can be compared in a number of ways. Some are 
 

1) Altitude at apogee (Closure); 
2) Graphical comparison of altitude/time curves (as above!); and 
3) Statistical comparison  (using R2 and mean squared error) 

 
Of these, item two is self-explanatory, and is illustrated in the Altimeter Quirks section 
above. 
 
INERTIAL/BAROMETRIC CLOSURE (IBC) 
This involves the simple comparison of inertial and barometric altitudes at apogee. In the 
entire breadth of the altitude/time curves, this method uses only two points, so it is easy 
to under-value it. Actually, IBC is vital! The flight computer delivers two altitudes. If 
they don’t resemble each other, then something is wrong. If they rarely resemble each 
other, something is busted. 
 
In fact, IBC hasn’t worked very well in the past, and rocket enthusiasts don’t talk about it 
much. Some hardware providers don’t even display barometric altitude in their 
accompanying software, for fear of embarrassment.  
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REASONS FOR IBC FAILURE 
Here are some testable hypotheses concerning reasons for closure failure. 
 

1) Deficiencies in accelerometer analysis 
2) Off-vertical trajectories; 
3) Lack of altimeter temperature correction; 
4) Self-calibrating accelerometers. 

 
We have already addressed item 1, since OVAA is a proposed remedy. 
 
DEFICIENCIES IN ACCELEROMETER ANALYSIS 
These are evident from discussions in the last section. They boil down to one essential 
point: Accelerometers do not detect apogee per se; they estimate statistics at every point 
by dead reckoning, and apogee is just another point. We identify the point of apogee after 
the fact as the point that happens to have the highest associated altitude. If the underlying 
analytic assumptions are incorrect (for example, it the trajectory is not substantially 
ballistic), then the point’s statistics are incorrect, and the point itself may be incorrectly 
identified. 
 
ALTIMETER TEMPERATURE CORRECTION 
If you look back at the altimeter altitude equations, you will notice that both begin with a 
multiplier of Kelvin temperature. In the case of the tropospheric equation, this is the 
temperature at some reference altitude. Most rocket altimeters use launch level as the 
reference altitude. Airplane altimeters use sea level. Clearly, the value must be important. 
It is possible for an altimeter to sense temperature and correct accordingly. Most rocket 
altimeters do not. 
 
The following altitude/time graph is taken from an ARLISS flight at Black Rock by 
Geoff Huber. Archived temperature data for the region suggest the temperature was about 
940F. Here is the graph of inertial and raw altitude. 
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Here is a graph of the same flight with barometric data corrected for temperature. 
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For instruments using the launch site as the reference, this source of error is easily 
eliminated, in tropospheric flights, using the formula: 
 

15.288
)Re15.273(*Re urealTemperatCelsiusadingAltitudeltitudeCorrectedA +

=  

 
If the altimeter is calibrated at some other altitude, say sea level, then temperature 
correction consists in two steps (Reference 1) 
 

1) Find the expected absolute temperature at BaseLeve, level; and 
2) Adjust according to this temperature 

 
Step 1 

( ) eratureGroundTempLapseRatedeBaseAltitutudeGroundAltiureseTemperatExpectedBa +−= *
 
Where LapseRate= .0065 Kelvins per meter 
 
Noter that if GroundAltitude = BaseAltitude, then  
ExpectedBaseTemperature = GroundTemperature 
 
Step 2 

cAltitudedBarometriUncorrecteureseTemperatExpectedBaltitudearometricACorrectedB *
15.288

=

Where temperatures are in Kelvins.  
 
Thus, on days warmer than 15 degrees Celsius (59 degrees Fahrenheit), altimeters 
underestimate altitude; on days cooler than that, altimeters tend to overestimate altitude. 
When flight computer data are taken at face value, lack of temperature correction can 
cause IBC failure on hot or cold days. The experimental section of this paper examines 
the effect. 
 
SELF-CALIBRATING ACCELEROMETERS 
At one time, a rocket enthusiast would have to calibrate her accelerometer immediately 
before launch by holding it upright. The procedure was inconvenient, and the calibration 
was subject to drift between calibration and launch. More recently, accelerometers were 
made self-calibrating. When they are turned on, they assume they are vertical. They take 
base line readings in a circular buffer, and these readings serve as a working value for g. 
 
When flight data are taken at face value, a self-calibrating accelerometer magnifies errors 
from off-vertical trajectories, because what the instrument thinks is g is actually θsin*g , 
where θ is the launch angle. It is possible to recalibrate the data when the launch angle is 
known, but accurate launch angles are very difficult to set – particularly with launch 
equipments provided at public events. Self-calibrating accelerometers also magnify this 
error, and it is impossible to fully capture the effect after the launch. Therefore it is 
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reasonable to speculate that closure is a more serious problem since the advent of self-
calibrating accelerometers than it once was. The experimental portion of his paper 
examines the size of such effects. 
 
A NOTE OF CAUTION 
No matte what we do, closure will be imperfect. Two altimeters will fail to compare 
perfectly under the exact same conditions. 
 
STATISTICAL COMPARISON OF INERTIAL AND BAROMETRIC DATA 
We now consider statistical comparison of the two altitude/time curves. Mean square 
error (MSE) and a nonlinear extension to R2 are to be recommended for the purpose. The 
latter statistic is frequently used in nonlinear regression analysis. Its formula is 
 

( )
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−
−=
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ii
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ii
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titudeInertialAlAltitudeBarometric
R 2
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This is evaluated from launch to maximum inertial altitude. 
 
The numerator is the sum of the squared error terms from barometric altitude in the 
inertial data. The denominator is the sum of squared deviations from the mean barometric 
altitude in the barometric data. If the inertial altitude values were derived from a least 
squares fit in a regression on barometric altitudes, then this would be the standard (linear) 
R2 statistic, and the possible range would be [0-1]. Standard variance partitioning does 
not hold in the nonlinear, untransformed context, however, and the true range of this 
statistic is unbounded on the left. The maximum is still unity, and in practice, negative 
values indicate an objective mistake. In a reasonable OVAA correspondence, the 
numerator is dwarfed by the denominator. 
 
ANGULAR BACKTRACKING 
Statistical comparison is most useful in computer applications. For example, we can ask a 
computer program to vary the launch angle to minimize MSE or to maximize R2, thereby 
optimizing the correspondence between barometric and inertial altitude/time curves. The 
angle, so backtracked, is potentially useful in three contexts: 
 

1) It can be compared with the intended launch angle to test the model;  
 
2) It can be used to remediate early trajectory problems, like tip-off and launcher 

whip. That is, the procedure produces an effective launch angle to correct these 
problems; and 

 
3) The procedure can be used, to some extent, to refine intended launch angle. 

 
Item 3 should not be approached without reservation, since barometric altitude is far from 
an unwavering standard. The conservative interpretation is 
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A) The fit is likely no worse than the fit at the intended angle; and 
B) The fit is definitely no better than the fit at the backtracked launch angle. 

 
A credible window therefore emerges.  
 
Item 2 is also controversial, because (like item 3) the validity of the results is not 
provable. Item 1, which is provable and constitutes another form of closure, is performed 
in this paper. Items 2 and 3 are illustrated. 
 
Subtleties arise in the context of self-calibrating accelerometers. If we are trying to test 
our model, we must recalibrate the data at each new angle tried, because the calibration 
angle and the angle we are seeking are the same. This is also true when we are trying to 
refine the actual launch angle. When we are trying to repair tip-off, however, the 
equivalent angle we are seeking is very different from the calibration angle. We should 
use the intended launch angle for the calibration angle there. 
 
This paper will examine the accuracy of backtracked launch angles. The computer 
program used, OVAA2.xls, performs angular backtracking automatically by means of the 
Excel solver. 
 
BACKTRACKING SESNITIVITY 
One point worth mentioning is that angular backtracking is least accurate in launches 
intended to be vertical. Some of the difference between inertial and barometric altitude is 
caused by factors that have nothing to do with launch angle, but angular backtracking 
attributes all differences to launch angle. Suppose a minor altitude difference arises in a 
vertical launch. Small launch angle deltas from vertical make very little no difference in 
altitude, so a substantial angular deviation will be required to account for the observed 
difference that has nothing to do with launch angle. Thus, altitude differences that are 
really related to launch angle will be properly accounted, but the component of 
divergence that is not altitude related can make the backtracked angle inaccurate. By 
contrast, a small angular difference near 450 makes a large difference in altitude, so 
altitude divergences that are not truly related to launch angle do not affect backtracked 
angle much in that region.  
 
Thus backtracked launch angles are more apt to be importantly affected by random 
divergences if the intended launch angle is near vertical. This fact is evident in the 
experimental results section. 
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APPENDIX C 
ERRORS IN ALTIMETER DATA 

 
EDITORIAL NOTE: This material was originally in the main body of this paper. It was 
removed in order to spare the NARAM-49 R&D judges the task of reading through more 
paper than was necessary. Then, during the presentation one judge, Jerry King, asked 
about nonstandard temperature lapse, the coverage of which had been edited out. Most of 
the original chapter now appears here in this appendix. What is not here remains in the 
main body. 
 
Whereas accelerometer data tend to be regarded with healthy suspicion, altimeter data are 
typically accepted at face value. Divergences between barometric altitudes and inertial 
altitudes are too frequently dismissed, without second thought, as bad accelerometer data. 
Altimeter errors do exist, and they arise from many sources. A few are listed below: 
 

1) Data held to low precision; 
2) Poor onboard approximations; 
3) Small number of values in baseline; 
4) Launch detect errors; 
5) Ejection spikes and outliers 
6) Altimeter delay and other aerodynamic effects; 
7) Nonstandard temperature lapse 
8) Failure to correct for ambient temperature; 
9) Departures of the atmosphere from ideality; 
10) Fundamental limitations to the technology. 

 
The biggest culprit in all of these is item 8, failure to correct for ambient temperature. A 
somewhat less important, but equally conspicuous source of error is item 6, altimeter 
delay. We now examine each source in some detail. 
 
LOW PRECISION 
Item 1 should be obvious. If an altimeter is holding only 8 bits of pressure information, it 
can hold only 256 distinct values. Ambient pressure consumes a significant portion of 
that range. Data held to low precision accounts for the typical stair stepping pattern 
frequently observed in altimeter data. Effects from this source are examined in Kidwell 
(reference 4). This source of error can afflict accelerometer data as well, though it is more 
prevalent in altimeters when the instruments are packaged together.  
 
POOR ONBOARD APPROXIMATIONS 
Because onboard electronics must be compact, it may be impractical to use the full 
mathematical model, which is presented again below. 
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Here, BaseAltitude is the altitude at which BasePressure and BaseTemperature are 
measured. For most rocket applications, we are interested in altitude above launch site 
ground level, so BasAltitude would be taken as zero. (At least one instrument, the 
ALTACC, is calibrated from sea level.) 
 
HC is the hydrostatic constant. 03418155.≡HC  Kelvins per meter. 
LapseRate is the rate of temperature decline, which is normally assumed to be 6.5 
Kelvins per meter in the troposphere.  
 
Instead of this formula, instruments tend to use approximations – sometimes linear ones. 
Instruments that allow their data to be downloaded to computers can analyze data with 
full models (See Reference 8). These data may vary somewhat from the more 
approximate models used to beep out the maximum altitude. Strangely, some of the 
models used by computer software employ polynomial approximations, even though the 
full model is available. Although the values tend to be very good, they can impart 
characteristic patterns in error curves.  
 
SMALL NUMBERS OF VALUES IN AVERAGE BASE PRESSURE 
The above formula involves a value for base pressure. Therefore, the accuracy of every 
number in the dataset is dependent upon the accuracy of this value. Typically, altimeters 
use the average of a certain number of pressure values before launch detect to represent 
base pressure. The number tends to be between 3 and 400. The standard error of the 
average value goes down with the square root of the number of values, so 400 is a whole 
lot better than 3. Since noise in a denominator propagates badly, the stability of the base 
pressure value is vital to accuracy. 
 
LAUNCH DETECT ERRORS 
Given that baseline values are taken on the launch pad, it is important to know what 
numbers were actually taken on the launch pad. Errors in launch detect can wreck 
subsequent data, particularly when base pressure is computed from a small number of 
readings. Launch detection is important in inertial data streams as well.  
 
Some instruments (e.g.; the RDAS) have optional electronic switch mechanisms to detect 
launches. These employ cords attached to the launch pad or to parachutes. These can be 
made to work well, but excessive slack in the cord or a misadventure can defeat the 
intent. 
 
In general, it is important to inspect the raw baseline data to make certain that they 
represent a true baseline. 
 
EJECTION SPIKES AND OUTLIERS 
Ejection tends to shock the altimeter and it produces a spike. Some instruments are 
designed to ignore such values. Others report them as maximum altitude. The difference 
is typically on the order of 300 feet. In addition, altimeter data are typically quite noisy, 
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so even when the ejections spike is removed, maximum altitude may be assessed as a 
value that is obviously inaccurate.  
 
ALTIMETER DELAY AND OTHER AERODYNAMIC EFFECTS 
Altimeter data are analyzed on the assumption that air pressure in the altimeter bay 
accurately reflects ambient air pressure outside the rocket. This assumption may fail 
because of static port size, placement, or design. For example: 
 

1) The static port may be so small that the internal temperature takes too long to 
adjust at high speeds (Altimeter Delay); 

2) The static port may be too large, and turbulence at high speeds affects the 
readings; 

3) The static port is in a position where pressure, at high speeds, tends to be lower or 
higher than ambient pressure; 

4) The static port is in the downwash of an obstruction or is rough around the edges, 
and the resulting turbulence affects altimeter readings. 

 
Graphs are presented in the main body of this paper. 
 
Although altimeter delay is well known and understood in hobby rocketry, the opposite 
problem also occurs with great frequency. One of the results of the Bernoulli equations is 
that pressure declines as speed increases. Thus, air rushing by a static port may be 
sampled at lower than ambient pressure. The symptoms again present in the region of 
highest velocity, but barometric altitude appears to rise faster than inertial altitude. 
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Notice that the errors in the graph above go pretty far up the curve. This is not a 
characteristic of the Bernoulli effect; it is because the flight was at 700, which is 
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substantially off-vertical. There is considerable speed all the way to apogee, and along 
with the speed goes aerodynamic effects. 
 
Note that there are also areas of many rockets that sample air at higher than ambient 
pressure. 
 
NONSTANDARD TEMPERATURE LAPSE 
The standard tropospheric temperature lapse rate is 6.5 Kelvins/Celsius per kilometer of 
altitude. Actual lapse rates tend to be greater in arid areas, and smaller in humid areas.  
 
In July of 2005, I had occasion to take my own soundings while on a plane from Beijing 
to Newark. The flight was equipped with a GPS position, altitude and temperature 
display. The standard value corresponds well with my own measured lapse rate of 6.38 
degrees per km over Beijing, but the lapse rate over Newark was only 5.78 degrees/km 
when I recorded it.  
 
How important are such errors?  Here is an evaluation of errors that would have arisen 
over Newark from this source 
 
Reading Assumed Lapse Actual Lapse Real Alt Error %Error 
999.63ft 6.5 Deg/km  5.78 Deg/km 1000ft  .375ft .04% 
5000 ft  6.5 Deg/km  5.78 Deg/km 4990.56 9.44ft .19% 
   
Evidently, the atmospheric model is robust to small variations in lapse rate. At this 
writing, NOAA provides a web site with actual soundings over various geographic 
regions. (Reference 6) 
 
FAILURE TO CORRECT FOR AMBIENT TEMPERATURE 
This topic is covered in some detail in the main body of this paper. It is mentioned here 
for completeness. 
 
DEPARTURES FROM IDEALITY 
Altimeter data analysis is based on hydrostatic equilibrium, the first law of 
thermodynamics, and the ideal gas law. Departures from any of these laws undermines 
altimeter analysis to some extent; departures from the ideal gas law, PV = NRT, are 
included. 
 
The primary way that the atmosphere may violate this law is in phase transitions, which 
take place, notably, in clouds. It is not uncommon to observe anomalies in altitude/time 
curves as a rocket of balloon passes through a cloud bank. The effect is discussed further 
in the next section. 
 
LIMITATIONS TO THE TECHNOLOGY 
As John Demar once pointed out to me, barometric altimeters are designed to keep planes 
apart when they are in the same geographic region at the same time. It is something of a 
stretch to compare readings at different locations and different times. Indeed, a close 
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examination of the principles underlying the barometric altimeter is cause for at least as 
much suspicion as is given to accelerometers. 
 
The barometric model is grounded in three principles: hydrostatic equilibrium, the 
equation of state for ideal gasses, and the first law of thermodynamics. Of these, the first 
two are suspect.  
 
Hydrostatic equilibrium is based on the assumption of still air. Under that assumption, the 
weight of a column of air above a given altitude is balanced by the pressure of the air 
below the given altitude. The still air assumption doesn’t really hold in the Troposphere. 
Indeed, the very name derives from the Greeks word, Tropos, meaning To Turn. Thus, 
reliance on this principle is something of a leap. 
 
Reliance on the ideal gas law is a leap too. Whereas dry air conforms to it very well, 
humid air departs somewhat from the model, because ideal gasses do not change state. 
Cloud banks are clear evidence that components of real air do change state. As a result, it 
is difficult to derive the observed average temperature lapse rate of 6.5 Kelvins per 
kilometer, much less demonstrate that it should be constant. The ideal gas law yields a 
predicted lapse rate for dry air that is indeed constant, but it comes to about 9.74 Kelvins 
per kilometer. Observed values above very arid regions (like the Black Rock Desert) 
don’t get much higher than 8 Kelvins per kilometer.  
 
The tropospheric altimeter formula is the result of substituting an observed average lapse 
rate into a framework based on assumptions that incorrectly predicted the theoretical 
lapse rate in the first place. 
 
Given all of the above, it is surprising that altimeters work as well as they do.  
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APPENDIX E 
UNBIASED NOISE 

 
 

EDITORIAL NOTE: This is yet another insertion of text that was originally in the main 
body of the paper.   
 
Accelerometers are not perfect. Along with meaningful data, they register a (hopefully 
small) component from a host of irrelevant influences, which manifests as noise. If we 
were to average these influences over the data stream, the figure would tend to zero with 
increasing numbers of samples. We call such a component, Unbiased Noise.  
 
How can we assume that the noise term is unbiased? In fact, there are biased noise 
components, which are discussed in the body of this paper. When we remove them from 
the noise term, we will be left with unbiased noise.  
 
It is widely believed that unbiased noise cancels out with integration, because it averages 
to zero. That is not actually the case. The pertinent average, in this case, is the sum of the 
noise values divided by the number of values. For this ratio to tend to zero in large 
samples, it is sufficient for the denominator to increase much faster than the numerator. It 
is not necessary for the numerator itself, the summed noise, to go to zero.  
 
Consider a coin flipping contest between two persons. In a large number of flips, the ratio 
of each person’s winnings to total flips tends to 0.5; however the absolute value of the 
difference between the two contestants’ wins tends to grow large. We could reframe the 
example as a drunkard’s walk from bar to men’s room. With each step, the drunkard 
stumbles a random step above or below the bee line. To expect that these vertical errors 
cancel out is to expect that the drunk stands a better chance of finding the men’s room if 
he starts very much farther away: an absurd conclusion. 
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Simulated Random Walk
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Analogously, the cumulative error from integrating a sequence of noisy accelerometer 
readings tends to become large, even as the percentage error in velocity tends to zero. 
That is because numerical integrals are weighted sums. In the context of noise, 
cumulative error is called drift. The expected value of drift is computable; the direction of 
drift is not. Over HPR flights, the total amount of drift from unbiased noise is usually 
small compared with everything else. Over the flight of a cruise missile or an ICBM, on 
the other hand, such drift can be considerable. The technology for minimizing drift is 
involved, and much is classified. Commercial inertial navigation systems resynchronize 
with satellites from time to time. 
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