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Recently, I was reading an adver-
tisement for a computer-based
lab tool that is used to measure the ac-
celeration of a “picket fence” as it drops
through an infrared (IR) photogate.1 The
apparatus takes position and time data
and sends them to the computer. From
this data, provided software computes
velocity and acceleration data, and gen-
erates plots of position, velocity, and
acceleration versus time. Table I sum-
marizes sample data presented in the ad
(hereafter referred to as “the SensorNet
data”).

What struck me as odd is that the
time data have five significant digits, yet
the individual accelerations fluctuate
between 9.4 m/s and 10.8 m/s’, with all
but one of them over 10.2 m/s®>. How
can time data that precise yield such bad
acceleration results? I decided to ana-
lyze the SensorNet data myself.

There are three ways to compute the
acceleration using a given data set: (1)
using a quadratic fit to the position-vs-
time data; (2) using a linear fit to veloc-
ity-vs-time data; and (3) averaging indi-
vidual acceleration data. I applied each
of these methods to the SensorNet data
in Table I, and got the results shown in
Table II. Also included in Table II are
estimates of the statistical uncertainties
in the calculations of the acceleration.

The quadratic fit to the data is both
accurate and precise (<1% deviation
from the expected value), which means
that SensorNet’s position and time data
are fine. However, the slope of velocity
versus time is about 36 away from the
expected value, and the average of the
individual acceleration data is both in-
accurate and imprecise. Position and
time data that are as precise as that

Table 1. Data table as shown in SensorNet advertisement.

Time Distance Velocity Acceleration

® (m) (/s) @/s’)

0.01125 0.0

0.03305 0.05 2.2936

0.05305 0.1 25 10.32

0.07161 0.15 2.694 10.453

0.0891 0.2 2.8588 9.423

0.10561 0.25 3.0285 10.279

0.12125 0.3 3.1969 10.767

0.13615 0.35 3.3557 10.658

Table IL Three calculations of acceleration of picket fence using SensorNet data in Table L.

Method Acceleration Statistical
uncertainty
(estimates only)
quadratic best-fit to the
position-vs-time data 9.87 m/s’ 0.07 m/s?
slope of velocity
vs time 10.22 m/s? 0.14 m/s?
average of individual

accelerations 10.3 m/s> 0.5 m/s’

shown in the ad should yield better re-
sults than this.

The reason for the poor results stems
from the way the velocity data are plot-
ted and the way the acceleration data are
computed. When a picket fence is
dropped through an IR photogate, the
displacement intervals are constant, so
the time intervals are not. The average
velocities are graphed as a function of
the endpoints of the time intervals for
which they are calculated. Although this
method gives correct results when the
time intervals are all the same, in this
case it skews the slope calculation and
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severely alters the individual accelera-
tion estimates.

When the acceleration is constant,
the average velocity over any time in-
terval is equal to the instantaneous ve-
locity at the midpoint of the time inter-
val, as shown graphically in Fig. 1. The
displacement of the object between ¢,
and t, is the area below velocity versus
time during the same time interval. The
area of the shaded trapezoid is equal to
the area of a rectangle of height v, |,
and width ¢, — ¢,. Because the accelera-
tion is constant, v,,, i, is equal to the
instantaneous velocity at ,,,;; |,.
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Fig. 1. Sketch of velocity vs time for an
object experiencing constant accelera-
tion. Shaded region between times t, and
t, is displacement of object. Average ve-
locity during the time interval is equal to
the instantaneous velocity at midpoint of
the time interval.
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Fig. 2. Sketch of velocity vs time for an
object experiencing constant acceleration.
Velocity at time t, is an interpolation of
velocities “measured” at 1,,,,;,,and ., »3.

If we re-plot the average velocity
versus the midpoint in time, we get a
best-fit slope of 9.88 + 0.13 m/s* (com-
pared with 10.22 + 0.14 m/s® with the
SensorNet analysis). Using the mid-
points in time to re-compute individual
accelerations, we find that the new aver-
age is 9.89 + 0.37 m/s’ (compared with
10.3 + 0.5 m/s>). Note that these new
results are consistent with the quadratic fit
to the original position-time data.

Although the midpoint method
works fine, it is very inconvenient, be-
cause now students have one set of time
data for the position measurements, a
new set of time data computed for the
velocity estimates, and a second set of
new time data for acceleration. Is there
a way to compute velocity and accelera-
tion data for the same instants of time
that the position data were taken? There
is, and it is best described using another
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sketch of velocity versus time, as shown
in Fig. 2.

We assume that the acceleration is
constant. We assume also that we have
a set of position-vs-time data, three of
which are taken at times ¢, t,, and ;.
The goal is to compute the velocity at ¢,
using only position and time data.

The average velocity during any time
interval is equal to the instantaneous
velocity at the midpoint of the interval,
which means that we know the velocity
just before and just after time #,. The
velocity at ¢, is now determined by in-
terpolating between these two instanta-
neous velocities. After simplification
the result is:

7 =2 Vave12 23t Vave 3 M1z (1)
=
Aty

where vy, 1o = Axyp /Aty and vgy, 53 =
Note that v, is computed completely
using position-time data, and it is valid

whether the time intervals are equal or
not.2 With n position-vs-time data, we
can use this relationship to make n — 2
estimates of the velocity. Using this
method and the SensorNet data, the
slope of velocity versus time yields a
best-fit acceleration of 9.86 +0.13 m/s’
(compared with 10.22 £0.14 m/s’ using
endpoints in time).

Note that when the time intervals are
equal, Eq. (1) reduces to:

e _Axy
2 = Tavel3 T
Aty5
X3t
=
(for equal time intervals) (2)

because ¢, is the midpoint in time be-
tween ¢, and f3.

A simpler relationship emerges for
the acceleration. Because the accelera-
tion is constant, an estimate of the accel-
eration at time ¢, is the slope of the line

Table ITI. Comparison of valid methods for analyzing position-time data in Table L

Method Acceleration of the Statistical
picket fence uncertainty
(estimates only)
quadratic best-fit to the
position-vs-time data 9.87 m/s* 0.07 m/s*
slope of velocity vs time
(midpoint method) 9.88 m/s> 0.13 m/s*
(interpolation method) 9.86 m/s? 0.13 m/s?
average of individual
accelerations 9.89 m/s” 0.37 m/s”
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connecting the ppints (Ve tm,-d’lz? and
(Vave, 23 Imiq23) in Fig. 2. The result is:

_ Vave 23 ~ Vave,12

(12 =
Umid 23 ™ 'mid, 12
=9 vave,23 = vave.lZ (3)
=1

Like Eq. (1), Eq. (3) is purely a function
of the original position-time data. Note
also that because the acceleration is
constant, the set of accelerations com-
puted using Eq. (3) is identical to the set
computed using the midpoint method.

Although the expressions for v, and a,
are too cumbersome for most high- school
students using only calculators, they
aren’t too much for students using spread-
sheets, and they are certainly not too dif-
ficult for software designers to use.

We now have three (or four, depénd-
ing on how you count) valid methods of
determining the acceleration of a picket
fence falling through an IR beam, as
summarized in Table III. How should
teachers decide which is the preferred
method? Consider first the quadratic fit
to the position-time data. Although this
method is the most precise, it is also the
most abstract, and many students likely
would not understand it. Further, it is
impossible to visually distinguish be-
tween a parabola and other curved func-
tions, so students would not be able to
perceive that the raw position-time data
correspond to constant acceleration.
The method of averaging individual ac-
celerations is fairly accurate, but it is
much less precise than using the slope
of velocity versus time. Another diffi-

culty with averaging accelerations is
that without an appreciation of uncer-
tainty and without visible error bars,
many students may find the claim un-
convincing that the acceleration is con-
stant. In my opinion, the preferred
method is using a plot of velocity versus
time. Its slope is relatively precise and
relatively accurate. The primary advan-
tage, however, is that the graph looks
like it’s a straight line, giving students a
visual (rather than purely abstract)
sense of what constant acceleration
means.

Although this exercise is only a sin-
gle example, there are many lessons we
can learn from it:

4+ Good raw data do not guarantee
good science. When precise data are
mishandled, the results are likely to
be skewed. If students do not under-
stand what the measurements or the
results represent, then they will not
be able to assess if the results are
appropriate. I doubt that most stu-
dents could have discovered the
source of the error in this software
package even if the presence of the
error were pointed out to them.

4+ Having lots of significant digits
doesn’t mean that the results will
be accurate. Students are prone to
confuse and interchange the mean-
ings of accuracy and precision. The
time data were precise, and the com-
putations of velocity and accelera-
tion were almost as precise. Yet the
results were inaccurate because the
data were improperly analyzed.

4 Results from “canned” software
packages are only as good as the

programmers. A conceptual under-
standing of basic physics is missing
from the SensorNet analysis. If pro-
grammers don’t understand the
mathematics or the physics involved
in an experiment, then the manipula-
tion of data may possibly be wrong.

4 Students need to understand how
raw data are handled, and they
should not put blind trust into the
results of someone else’s calcula-
tion. In particular, I would strongly
recommend that all students check
the calculations done by any soft-
ware package before using it to ana-
lyze their data. This is not beyond the
abilities of students.

Automated data analysis relieves
students of repetitive tasks, thereby sav-
ing students and teachers much time—
time that can be used to learn other
things. I do not believe, however, that
students benefit by using data-analysis
procedures without understanding how
they work.
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