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During the initial stages of a random vibration test at full level, 
some controllers present an inaccurate power spectral density 
(PSD) by combining both low- and high-level measurements in 
their PSD calculations. By nature, random averaging requires 
time to present in-tolerance and smooth spectral lines after  
level changes. This article discusses both the correct and incor-
rect methods of random averaging and explains why Vibration 
Research developed and patented a new random PSD averaging 
technique to protect customer products.

Trust but verify. An age-old Russian adage often employed by 
President Ronald Reagan in the 1980s. A proverb that, used prop-
erly, can serve us well in many areas of life. But what does it have 
to do with vibration testing?

A few years ago, we had an opportunity to provide a demonstra-
tion of our product to the manager of a vibration testing lab in the 
aerospace/defense industry. He was in need of another vibration 
controller and it was immediately obvious that he was a sophisti-
cated operator of vibration testing equipment; very knowledgeable 
and experienced. Ours would not be the only vibration controller 
in the lab, but he was impressed with our system’s capabilities 
and chose to requisition his newest controller from our company.

Shortly thereafter, the customer contacted us with a pointed 
question. He was running a short-duration, high-level random test 
with two different controllers in a comparison test. He wanted to 
verify the accuracy of our vibration controller compared to his 
previous controller. He was seeing different results.

The previous controller was displaying all random spectral lines 
in tolerance immediately after making the transition from low level 
to the full test level. But the VR controller display showed many 
random spectral lines out of tolerance, some high, some low, for 
some time after the transition to full level. Reasonably, the customer 
was confused: “Why can’t your controller control this test as well 
as my existing controller?” 

Investigation
It wasn’t a new question. Our controller resets the averaging 

(it does not use old low-level data) when transitioning from low 
level to full level, so a few other customers had noticed this same 
phenomenon when switching controllers.

The customer believed the existing controller’s PSD display 
when it immediately showed all lines in tolerance (although this is 
a statistical impossibility¹). So we asked him to “trust but verify.” 
We asked him to connect an independent signal analyzer to the 
response accelerometer during a repeat test with the existing con-
troller. He was startled by the results. The signal analyzer results, 
supporting our controller’s readings, indicated that indeed there 
were spectral lines outside of tolerances at a certain frequencies 
during the initial stages at full level. But the existing controller’s 
results did not match; it showed all spectral lines completely 
smooth and in tolerance during this time.

To explain what happened, we need to describe how random 
averaging works, as well as the different techniques utilized by 
controllers to present the PSD.

DOF – FFT to PSD
During a random test, time-domain data are transformed into 

frequency-domain data using the fast-Fourier transform (FFT). 
Control systems collect time-domain data and divide them into 
equally sized time periods (frames). The time-domain data from 
each frame are transformed using the FFT, and the power density 
is computed at each frequency to a get PSD estimate for that frame. 
Multiple frames of data are processed and averaged together to get 
a better PSD estimate for the signal. As more frames are included 
in the average, the randomness averages out, and the PSD estimate 

improves, as illustrated in Figure 1. For linear averaging of indepen-
dent frames of data, the amount of roughness on the PSD estimate 
is described by the chi-squared distribution. The statistical degrees 
of freedom (DOF) of the chi-squared distribution will be two times 
the number of frames included in the average.²

Modern controllers enable the test engineer to set the degrees of 
freedom (DOF); that is, the amount of averaging to be done when 
estimating the PSD of the random signal. The higher the DOF set-
ting, the more data included in the average, which translates to 
a smoother estimate. A typical random test might use 120 DOF, 
meaning that with linear averaging, there must be 60 independent 
frames of time-domain data available to average together to achieve 
a PSD estimate of the desired smoothness. The astute reader will 
note that windowing, overlap processing, and exponential averag-
ing will add nuances to this example. For the sake of illustrating 
the characteristics of the averaging, we will limit this discussion 
to linear averaging with no overlap. Suffice it to say here that the 
characteristics described for simple linear averaging also hold 
when including windowing, overlap processing, and exponential 
averaging.

DOF – Traditional Averaging Process
   time our customer performed his controller comparison.
During the random averaging process, the estimated PSD is up-

dated on the user display each time another frame of data has been 
averaged in to the set. Immediately after the transition to full level 
there will be only a limited amount of data available at that level 
(see Figure 2). The controller uses the available data to estimate 
the PSD, but with only a few frames to average, the estimate will 
be quite ragged. As more data are measured, more averaging will 
be done, and the estimate will get progressively less ragged until 
it reaches a point where a total of 60 frames (120 DOF) have been 
averaged together.

After the test has reached the required number of frames in the set 
based on the DOF setting (in our example, 60 frames, which yields 
120 DOF), the controller will continue to average data maintaining 
a fixed amount of averaging. As new data are added into the aver-
age, old data will be removed, the average recalculated, and the 
estimated PSD updated on the display, as shown in Figure 3. From 
that point onward in the test, there is not a lot of volatility, as most 
of the data are the same from one average calculation to the next, 
with only one frame of new information included on each update.

Variance 
As we have shown, a significant amount of time is required to 

gather the measurements that are averaged together to estimate the 
PSD.³ As the DOF is increased, the amount of averaging required 
also increases, and it will take more time for the estimated PSD to 
reach the desired DOF. Without overlap, for example, a test with 
a maximum frequency of 2,000 Hz and 1,600 lines of resolution 
would measure one frame of data every 0.8 seconds. So it will 
require 48 seconds to measure the 60 frames of data required to 
achieve 120 DOF. (With overlap processing, this time can be re-
duced by about half, but the point remains – it still takes significant 
time to average.)

In the time after the transition to full level before enough data are 
available to average the full 120 DOF, the displayed PSD estimate 
will begin with a very ragged appearance, since there are just not 
enough frames of data averaged in yet to display the desired DOF. 
A test certainly will appear to be out of a 1.5-dB tolerance for some 
time after the transition due to the limited number of frames avail-
able to average. The variance of the estimated PSD will decrease 
(curve becomes smoother) gradually as more data are available to 
average and the DOF increases (see Figure 2b).

Test engineers know that DOF is inversely proportional to the 
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variance of the test. A very low DOF means high variance and a 
high DOF means low variance.

Since the test is random, this behavior can be quantified statisti-
cally.¹ This quantification is tabulated in Table 1 as the percentage 
of lines expected to be high and percentage expected low for a given 
dB tolerance level and given amount of averaging (expressed as 
DOF). In our example, with 120 DOF of averaging and a ±1.5 dB 
tolerance, this table shows that one would expect 0.199% of the 
1600 lines, or three lines to be above the +1.5 dB tolerance line 

and 0.647% of the 1600 lines, or 10 lines to be below the –1.5 dB 
tolerance line.

It is important to understand that this does not mean the same 
lines will be outside the tolerance band continuously, but it does 
mean that at any given time, there will be some set of lines that lie 
outside of the ±1.5 dB tolerance line. To resolve this, we need to 
either use a wider tolerance or apply more averaging.1

Common Industry Methods
It is typical within the vibration control industry for controllers 

to retain their averaging while going through a step change in level. 
In doing so, they continue to present a PSD estimate that has the 
smoothness of 120 DOF of averaging immediately after a change in 
level. This allows them to show a PSD trace that is within tolerance 
immediately after the change in level.

Some of our customers even indicated that this was the desired 
behavior. They would run a test at 10% of the full level, wait for 
the averaging to produce a trace within the tolerance lines and 
then step to full level to execute the test. By doing so they are able 
to produce plots that appear to be within the tolerance lines from 
the very beginning through to the end of the test.

As we have already demonstrated in our example, there is not 
enough full-level data available to produce 120 DOF of averag-
ing until 48 seconds after the change in level. So if the full-level 
data are not sufficient, where does the additional averaging come 
from? It may come as a surprise to some engineers, as it did to our 
customer, that during the initial stages of a test at full level, some 
controllers display a PSD estimate composed of scaled low-level 
data combined with the new frames of full-level data. The old, low-
level frames of data are multiplied by some factor (determined by 

Figure 3. After reaching desired DOF, set no longer expands in size; as new 
frames are added, old are removed.

Figure 1. Frames of data are collected (1), transformed, calculated and averaged (2), and then displayed in actual PSD (3).

Figure 2. (a) Test builds to total desired DOF; (b) As more frames are averaged, PSD estimate improves.
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the ratio between the full-level and low-level values) and included 
as if it were full-level data in the full-level average.

This may look like a good thing, since the trace displayed on the 
screen is smooth and within tolerance, but what it really means 
is that the displayed PSD is not accurate. The full-level data are 
diluted by the data manufactured from the low-level data. Immedi-
ately after the change in level, most of the information presented in 
the PSD trace is scaled low-level data, with only a small number of 
frames of full-level data. As we will see, this can hide potentially 
damaging responses, and you would not know it.

What’s the Difference?
To achieve the goal of accurately displaying what is occurring 

with the product under test, it is necessary to discard measure-
ments taken at low level and begin averaging anew once the system 
has reached full level. This is known as “resetting” the averaging.

What is the difference between resetting the averaging, and the 
method which maintains the averaging by scaling low level data? 
Resetting the average and starting fresh with new frames of data, 
as new full-level data are measured, provides the user with a cur-
rent view of what’s happening to the product immediately after the 
level change. If the world were linear, the product response would 
be the same at high level as at low level. But as the test engineer is 
aware, the world is not linear. When the level is changed, product 
resonances can shift in both frequency and amplitude. If the av-
eraging is not reset at the change in level, then the smooth curve 
provided by the low-level data will mask these resonance shifts.

Can the test engineer trust multiplied low level data? We have a 
saying, “You don’t know what you don’t know.” The test engineer 
is nearly as blind to what is happening to the product during this 
time as if he had no display. While the multiplied low-level display 
looks very nice on a report, the test engineer in reality is not seeing 
true product response during this time. In our example of 120 DOF, 
for up to almost 48 seconds the test engineer wouldn’t really know 
what is happening to the product on the shaker.
•	 What if there was a shift in a resonance? The test engineer 

doesn’t know.
•	 Are any lines out of tolerance? The test engineer doesn’t know.
•	 Are any lines outside of abort limits? Should the abort button be 

pressed right now to protect that high value product? The test 
engineer doesn’t know.

•	 Worse! The test engineer is led to believe that he does know 
what’s happening to the product during this time when, in real-

ity, perhaps the product is being beaten to death.
We find that this is an especially critical issue when running 

short-duration, high-level screening tests on high-value items 
– such as those the aerospace industry might use in satellite or 
rocket testing. If the averaging is not reset at the level transition, 
then it is completely possible to over- or under-test products dur-
ing this time, leading to either potential damage during the test or 
predisposing the item to a field failure without even being aware 
that this had happened.

It is interesting to note that a recent rocket launch failure post 
analysis resulted in the report that a structural support member 
had failed during the launch, causing catastrophic failure. The en-
gineers were “surprised” because the part was designed to support 
five times the load it should have needed. Could the pre-launch 
test have broken the part during testing? You would never know.

How long is actual product response at full-level concealed? It 
depends on the test parameters, including DOF settings, which 
define the number of frames required to calculate the PSD trace 
displayed to the operator. And consider that while it may initially 
be way out of tolerance, the controller will begin to work on the 
condition, bringing the average back down. So by the time the 
controller does compute a PSD trace from full-level data, it is 
likely that the error has been corrected, and the operator is not 
even aware that it was initially out of tolerance.

Product Response at Different Levels
It is wrong to assume that a product will respond exactly at 

higher amplitude levels as it would at lower amplitude levels. 
Since the signal is increasing in power, the product is undergo-
ing a major change, including shifts in resonant frequencies. Test 
engineers have run sine sweeps with different products and they 
realize that resonances are not linear with amplitude. Why accept 
this erroneous assumption in random testing?

Our customer’s test proved this out. Immediately after the 
step change, our controller’s PSD estimate showed that at some 
frequencies the trace was outside tolerance limits, and a separate 
signal analyzer bore this out. The resonances were controlled 
appropriately during the initial low-level portion of the test, but 
after the level change, the product response changed. The shift in 
resonance frequencies resulted in some control error for a while 
after the level change until the controller adjusted and brought the 
response back to the demand level. This control error was readily 
evident in the display, because the averaging had been reset. When 

Table 1. This shows that at 120 DOF, statistically we expect 0.199% of lines to be above +1.5 dB, and 0.647% of lines to be below –1.5 dB.
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Figure 4. Comparison of PSD estimates after switching from low level to full level: (a) using low level data; (b) averager reset at level change; and (c) iDOF.

run on their other controller, the mix of low and high level data 
hid the actual change in product response, and they were not even 
aware of what was happening.

Awareness
While our customer had not been aware of the method being 

employed on his existing controller, he quickly realized that our 
traditional averaging method was providing more relevant infor-
mation, and he understood the math underpinning the PSD. No 
controller can operate outside the parameters of math, time, or 
statistics. The desire or expectation that all lines in a PSD plot meet 
tolerance limits at all times, or that the plot immediately (without 
any averaging time) be a neat, clean, non-ragged and in-tolerance 
curve, is unrealistic with the traditional averaging method.1

Our customer understood that if the PSD seems to be exhibiting 
such behavior, the underlying methodology of that PSD display 
should be re-evaluated; or that if a test specification requires such 
behavior, that specification ought to be re-evaluated (or interpreta-
tion reviewed for clarity).

For example, a test specification may define a 1.5 dB tolerance 
and a test duration of one minute. From Table 1, we can determine 
a requirement that a PSD averaged over the full duration of a one-
minute-long test be within ±1.5 dB is a reasonable expectation. 
However, expecting the PSD shown on the controller display to 
be within that same ±1.5 dB tolerance from the first second of the 
test to the last second of the test is not reasonable, since it takes 
a large portion of that minute simply to accumulate the data to 
average and apply that tolerance.

However, explanations aside, our customer had his own cus-
tomer to satisfy. His customer would not accept a test report show-
ing any lines out of tolerance, even during the initial averaging 
period. The specification was interpreted as requiring every line 
within tolerance for every second of the entire test duration. His 
customer did not want to hear, “The math doesn’t allow it.” His 
customer simply wanted a report showing the test passed with all 
lines continuously in tolerance. Perhaps this expectation was the 
impetus for the inaccurate PSD estimation currently employed 
by other manufacturers. The need to pass a test can sometimes 
overshadow the original intent of the test.

Solution – iDOF
Presented with this dilemma, our engineers asked the question, 

“Is there any way to satisfy such a requirement without using the 
low-level pretest data in the full-level averaging calculation?” And 
as engineers tend to do, they came up with a solution – iDOF®, or 
Instant Degrees of Freedom®.

With this innovative, patent-pending algorithm, the controller 
can provide a precise estimated PSD with as few as five frames 
of data. The controller is able to display smooth curves early in a 
test and do so using only measurements made at full level. It does 
this by recognizing the difference between estimation error and 
Control error. The estimation error in the PSD trace is an undesired 
characteristic of the estimation algorithm, typically understood 
as the variance, or roughness, of the estimated PSD; the quantity 
that is reduced through averaging to achieve a smoother curve. It 
is an error in the perception of the PSD. The PSD is “out of focus.” 
By predicting and correcting for the estimation error, the iDOF 
algorithm is, in effect, a pair of glasses that corrects our vision 
and allows the test engineer to clearly and accurately see the PSD 
of the signal.

On the other hand, we have Control error, which is the true 
difference between the PSD of the signal and the Demand PSD 
required by the test specification. It is the Control error that the test 
engineer is most concerned with, because it shows actual over- or 
under-testing of the product.

By removing estimation error and providing a clear view of the 
Control error, iDOF enables the test engineer to make appropriate 
and informed decisions on how the test is affecting the product. Is 
it indeed within tolerance? Is it significantly over-testing or under-
testing the product? The details that previously were obscured 
either through averaging with low-level data or by the estimation 
error due to low averaging, now become abundantly clear.³

Figure 4 compares results using the three averaging methods, 
demonstrating how iDOF reveals details in the response that are 
obscured in the other methods. In addition, since the iDOF algo-
rithm allows one to achieve smoother PSD estimates in a shorter 
time, it can be used to provide a clear view of the Control error 
using many fewer frames of data than traditional averaging tech-

Table 2. iDOF provides smoothest spectral lines while maintaining accuracy at level.
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niques. For example, 10 frames of data can be processed with the 
iDOF algorithm to produce a PSD estimate for which traditional 
averaging would require 500 frames. This can be valuable in de-
tecting changing responses such as shifting resonances (due to a 
product beginning to fatigue) quickly without the long averaging 
times associated with high DOF (see Table 2).

Conclusion
Is your controller giving you a clear picture of what’s happening 

to your product(s) on a shaker during the initial stages of a test 
at full level? You could take someone’s word for it. Or you could 
trust but verify.

Supplements
See how common industry methods of random averaging com-

pletely overlook resonances at: http://www.vibrationresearch.com/
university/lesson/signal-averaging-dangers

What is the probability of your random test satisfying tolerances The author can be contacted at: jvb@vibrationresearch.com.

based on DOF, lines of resolution, and max frequency? Check out 
our DOF calculator at http://go.vibrationresearch.com/download-
dof-calculator
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