






Tutorial for Manual Relative Fundamental Frequency (RFF) 
Estimation using Praat

Written by Jennifer M. Vojtech and Elizabeth Heller Murray 
Last updated on January 8th, 2019








[bookmark: _GoBack]For questions or comments, email Jennifer Vojtech at jmvo@bu.edu


Contents
A.	Introduction*	2
A.1 Overview	2
A.2. What is RFF and how does it relate to laryngeal muscle tension?	2
A.3. Manual RFF Estimation	3
B.	Using Praat for Acoustic Analysis	3
B.1. Downloading Praat	3
B.2. Loading a File	3
B.3. Viewing a File	3
B.4. Using Praat	4
C.	Instructions for Accurate fo Detection and RFF Estimation	4
C.1. Onset and Offset Cycles	4
C.2. Manual RFF Calculation	5
C.3. Advanced Pitch Settings	14
C.4. Troubleshooting and Rejecting RFF Values	15
D.	Distinguishing between Unvoiced and Voiced Consonants	16
D.1. Fricatives	16
D.2. Stops	17
E.	References	18









[bookmark: _Toc528061386]Introduction* 
[bookmark: _Toc528061387]A.1 Overview
Excessive laryngeal tension is a significant factor in a range of voice disorders and is a crucial target of therapeutic intervention. Vocal hyperfunction (VH), Parkinson’s disease (PD), and other functional and neurological voice disorders involve primary or secondary laryngeal tension, affecting over 65% of individuals with voice disorders (Ramig & Verdolini, 1998). Despite this prevalence, clinical assessment is primarily based on unreliable auditory impressions and manual palpation since standard acoustic measures are not specific to laryngeal tension.
To address this gap, we have proposed an acoustic estimate of laryngeal tension: relative fundamental frequency (RFF) reflects the degree of baseline laryngeal tension by examining short-term changes in fundamental frequency.
*Excerpt from www.stepplab.com/research/rff 
[bookmark: _Toc528061388]A.2. What is RFF and how does it relate to laryngeal muscle tension?
Pitch can be described as the human ear’s perception of the frequency of a sound vibration. On the other hand, fundamental frequency (fo) is a physical property of sound that is often correlated to the pitch of a person’s voice. It is important to keep in mind the distinction between pitch and fo.
Fig. 1 shows a screenshot from Praat of the vowel, /a/. During the production of this vowel, the vocal folds vibrate in a quasiperiodic manner. In fact, fo is related to the rate of vibration of the vocal folds during voicing. In order to calculate instantaneous fo, or the fo of one glottal cycle, we calculate the period of a cycle in the time domain (i.e., changes in amplitude over time). The period is the time it takes to complete one glottal cycle and the fo is equal to the inverse of the period. In Fig. 1, the period of the highlighted cycle is listed as 0.005114 seconds, or approximately 195.5 Hz. We can thus say that the instantaneous fo of the highlighted cycle is 195.5 Hz. For the glottal cycle to the right of the highlighted cycle, we find that the period is 0.005165 seconds, which means that the instantaneous fo is 193.6 Hz. Note that the fo between these cycles is not the same! In truth, fo varies between glottal cycles since, as mentioned above, the human voice is quasiperiodic (at best). [image: ]
Figure 1. Screencap of Praat interface showing an 80-ms segment of the vowel, /a/.

In reality, the vibratory rate of the vocal folds is dependent on the length, mass, and tension of the vocal folds (Van Den Berg, 1958). As such, the variation in instantaneous fo has often been associated with changes in underlying muscle tension (Stepp et al., 2010). Because of this, recent investigations into quantifying laryngeal muscle tension have focused on examining fo. 
Many of these investigations have incorporated mean fo as a method for evaluating laryngeal muscle tension. We can extract and average the instantaneous fo of multiple glottal cycles to get an estimate of mean vowel fo; in Fig. 1, this is shown for the zoomed-in vowel segment as 194.4 Hz. Yet not only is fo considerably variable across speakers, but it is also immensely variable within speakers as a result of intentional prosodic changes (Atkinson, 1976). Instead, RFF has been proposed as a potentially more useful measure in correlating fo with laryngeal muscle tension since its calculation requires the evaluation of relative fo changes on a smaller time scale. Specifically, RFF captures the instantaneous changes in fo during the transition from a voiced sonorant to a voiceless consonant (“voice offset”), or from a voiceless consonant to a voiced sonorant (“voice onset”), when normalized to the steady-state fo of the voiced sonorant. In other words, the calculation of RFF is focused on the variability between glottal cycles—unlike mean fo—during the transition between voiced and unvoiced speech. 
The top panel of Fig. 2 shows the acoustic waveform of the nonsense word /afa/. Voice cycles are observable within the “voiced sonorant” segments of the waveform; these cycles correspond to the vibrations of the vocal folds needed to produce voiced speech (e.g., /a/). During the transition into or out of the voiced sonorant, /a/, the vocal folds are pulled apart (abduction) to aid in the cessation of voicing, or pulled together (adduction) to help reinitiate voicing. In Fig. 2, this is observable as the glottal cycles devolve into the turbulent noise of the voiceless consonant, /f/. RFF captures the relative changes in instantaneous fo during these abductory and adductory processes by comparing the fo of the 10 voice cycles prior to the voiceless consonant (“offset cycles”) or the 10 voice cycles following the voiceless consonant (“onset cycles”) with a steady-state reference cycle. 
The lower panel of Fig. 2 shows the characteristic pattern of RFF that results from the voice offset and onset transitions of the acoustic waveform. The overall characteristic pattern of RFF has been hypothesized to occur as a result of interactions between laryngeal muscle tension, aerodynamics, and vocal fold kinematics (Löfqvist, Baer, McGarr, & Story, 1989; Stepp et al., 2011; Van Den Berg, 1958; Watson, 1998). It is important to note that the vocal cycles closest to the voiceless consonant (and consequently, farthest from the steady-state reference cycles) are the most sensitive to changes in laryngeal tension (Stepp et al., 2010; Stepp et al., 2011), as the case of the speech sample displayed in Fig. 2.
Our efforts and the efforts of others have suggested that RFF differs between individuals with and without VH (Stepp et al., 2010; Roy et al., 2016), PD (Stepp, 2013), and spasmodic dysphonia (Eadie & Stepp, 2013), and even normalizes in individuals with VH after successful voice therapy (Stepp et al., 2011; Roy et al., 2016). In typical speakers, RFF reflects changes in vocal effort and correlates with subglottal pressure and listener perceptions of vocal effort (Lien et al., 2015) as well as indirect measurements of laryngeal tension (McKenna et al., 2016). Finally, changes in RFF are seen in high voice users after a period of prolonged vocal abuse, even though there is no perceptual change in their voice (Heller Murray et al., 2016).[image: ]
Figure 2. Top: Acoustic waveform of the nonsense word /afa/. Bottom: Resulting offset (left) and onset (right) RFF values computed for voice offset and onset, respectively.

[bookmark: _Toc528061389]A.3. Manual RFF Estimation
To reiterate, RFF captures the instantaneous changes in fo (i.e., the relative changes in fo between glottal cycles) during the onset or offset of voicing. These transitions from voiced speech to unvoiced speech (and vice versa) are associated with laryngeal muscle tension, aerodynamics, and vocal fold kinematics. In order to calculate RFF during voice offset, there needs to be a transition in speech from a voiced sonorant to a voiceless consonant; for voice onset, a transition from a voiceless consonant to a voiced sonorant is required.
Our work has shown that at least six samples (six offset, six onset) are required to reach a stable estimate of RFF for voice offset and onset (Eadie & Stepp, 2013). Calculating RFF has required manual interaction with waveform displays to determine individual periods of each of the 10 cycles before and after the consonant. Because of the difficulties in determining the exact onset and offset of voicing, a trained technician is required. As such, this tutorial was developed to teach individuals how to manually estimate RFF using the software Praat. 
[bookmark: _Toc528061390]. . .
Using Praat for Acoustic Analysis
Praat is a freeware program developed by Boersma (2001) for the purpose of phonetic research. Praat is useful for manual RFF estimation. Below are instructions for downloading and navigating Praat. 
[bookmark: x-Downloading_Praat][bookmark: _Toc528061391]B.1. Downloading Praat
1. Navigate to http://www.fon.hum.uva.nl/praat/
2. Under the heading “Download Praat,” select your operating system
Note: This tutorial demonstrates using Praat on a Windows system
3. On the following page, select the bit edition of your operating system
Note: This is achieved by pressing the Windows key → search “system information” → System type
4. Open the zip folder and drag the Praat icon onto the desktop.
5. You are now equipped with the Praat program
[bookmark: x-Loading_a_File][bookmark: _Toc528061392]B.2. Loading a File
· Upon opening Praat, two windows will appear: Praat Objects and Praat Picture 
· We will mainly be using Praat Objects, so Praat Picture can be closed
· To load a file:
1. Click Open from on top of the window menu
2. Select Read From File
3. Select desired file and click View and Edit
[bookmark: x-Viewing_File][bookmark: _Toc528061393]B.3. Viewing a File
· After selecting View & Edit, a new window will appear with multiple sections
· If there are two channels to the audio signal, the upper two boxes will correspond to those channels (i.e., top box is channel 1, middle box is channel 2)
· If there is one channel to the audio signal, the upper box will correspond to this channel
· The bottom box contains the spectrogram for the audio signal
[bookmark: _Toc528061394]B.4. Using Praat
To select the portion of the sample that you would like to work with:
1. In the top box, click the desired location and drag until the desired endpoint
2. A section of the sample should now be highlighted in pink between two red endpoints
A variety of commands can be used to manipulate your selection:Command

Feature
Tab

Start/stop playing the sample
Ctrl
+
n

Zoom to selection
Ctrl
+
i

Zoom in
Ctrl
+
o

Zoom out
Ctrl
+
x

Delete highlighted section
Ctrl
+
b

Zoom back
Ctrl
+
a

Show all
Esc

Interrupt playing


[bookmark: x-Online_tutorial:]. . .
[bookmark: _Toc528061395]Instructions for Accurate fo Detection and RFF Estimation
[bookmark: _Toc528061396]C.1. Overview of Manual RFF Calculation
As mentioned above, RFF can be calculated during the transition from voiced to unvoiced, and vice versa. In order to calculate RFF for either voice offset or onset, the following steps are taken:
1. Identify the glottal cycle closest to the voiceless consonant (highlighted in gray):[image: ]

2. Identify ten glottal cycles toward the voiced sonorant:[image: ]

· For voice offset (e.g., /a/ → /f/):
· The 1st cycle is the the steady-state reference cycle used in the RFF calculation to normalize all RFF values (see equation in step 7)
· The 10th cycle is the identified cycle closest to the voiceless consonant
· For voice onset (e.g., /a/ → /i/):
· The 1st cycle is the identified cycle closest to the voiceless consonant
· The 10th cycle is the the steady-state reference cycle used in the RFF calculation to normalize all RFF values (see equation below)
3. Extract the timings corresponding to the glottal pulses (shown in blue) of each cycle:[image: ]
[image: ]
Voice Offset ↓
Glottal Pulse #
Glottal Pulse Time (sec)
Voice Onset ↓
Glottal Pulse  #
Glottal Pulse Time (sec)


1
0.963135222

1
1.074833155648


2
0.967425445

2
1.078536485032


3
0.971724629

3
1.081900856962


4
0.97600252

4
1.085596670528


5
0.98030418

5
1.089417574616


6
0.984621987

6
1.093291684420


7
0.989040058

7
1.097151182643


8
0.993557684

8
1.101010582986


9
0.997939656

9
1.104881458061


10
1.002138647

10
1.108748008210


11
1.006547306894

11
1.112615723431



4. Take the difference in time between each glottal pulse to calculate the period of each cycle:Voice Offset

Voice Onset
Glottal Cycle #
Period (sec)
Instantaneous fo (Hz)

Glottal Pulse  #
Period (sec)
Instantaneous fo (Hz)
1
0.00429
233.0881

1
0.003363
297.388
2
0.004299
232.6023

2
0.003696
270.5894
3
0.004278
233.76

3
0.003821
261.7262
4
0.004302
232.4684

4
0.003873
258.167
5
0.004318
231.5991

5
0.00386
259.0906
6
0.004418
226.342

6
0.003859
259.1142
7
0.004518
221.3552

7
0.003871
258.3406
8
0.00438
228.2908

8
0.003867
258.6291
9
0.004199
238.1525

9
0.003868
258.5511
10
0.00441
226.7454

10
0.003887
257.2995

Voice Offset

Voice Onset
Glottal Pulse #
Glottal Pulse Time (sec)
Period (sec)

Glottal Pulse  #
Glottal Pulse Time (sec)
Period (sec)
1
0.963135221739


1
1.078505124425

2
0.967425445020
0.00429

2
1.081867734484
0.003363
3
0.971724628627
0.004299

3
1.085563371174
0.003696
4
0.976002520388
0.004278

4
1.089384158433
0.003821
5
0.980304180289
0.004302

5
1.093257620293
0.003873
6
0.984621986993
0.004318

6
1.097117274195
0.00386
7
0.989040079177
0.004418

7
1.100976576455
0.003859
8
0.993557704880
0.004518

8
1.104847435652
0.003871
9
0.997938083112
0.00438

9
1.108713975965
0.003867
10
1.002137073519
0.004199

10
1.112581683234
0.003868
11
1.006547306894
0.00441

11
1.116468205037
0.003887


5. Take the inverse of each period (i.e., 1÷period) to obtain the instantaneous fo of each cycle:
6. Calculate the RFF value for each cycle (in semitones) using the following equation:
	


· The reference cycle, , is the steady state fundamental frequency of the voiced sonorant.
· For onset cycles, the reference cycle is the 10th onset cycle since it is further away from the fricative and closest to the center of the vowel. 
· For offset cycles, the reference cycle would be the 1st offset cycle since it is furthest away from the fricative and closest to the center of the vowel. 
· Remember, the RFF of the reference will always be 0, since it is taking the log of the reference frequency to the reference frequency (log(1) = 0).
7. Resulting RFF values should be analyzed to determine whether the instance in question is valid. The criteria for determining whether a sample is valid or not are discussed in detail in C.4. Troubleshooting and Rejecting RFF Values. Voice Offset

Voice Onset
Glottal Cycle #
Period (sec)
Instantaneous fo (Hz)
RFF (ST)

Glottal Pulse  #
Period (sec)
Instantaneous fo (Hz)
RFF (ST)
1
0.00429
233.0881
0

1
0.003363
297.388
2.506777
2
0.004299
232.6023
-0.03612

2
0.003696
270.5894
0.87188
3
0.004278
233.76
0.049833

3
0.003821
261.7262
0.295316
4
0.004302
232.4684
-0.04609

4
0.003873
258.167
0.058273
5
0.004318
231.5991
-0.11095

5
0.00386
259.0906
0.120097
6
0.004418
226.342
-0.50845

6
0.003859
259.1142
0.121675
7
0.004518
221.3552
-0.89414

7
0.003871
258.3406
0.069909
8
0.00438
228.2908
-0.36003

8
0.003867
258.6291
0.089236
9
0.004199
238.1525
0.372123

9
0.003868
258.5511
0.084012
10
0.00441
226.7454
-0.47763

10
0.003887
257.2995
0


With these seven steps for calculating RFF in mind, the next section provides a detailed tutorial regarding how to calculate RFF using Praat. This includes how to distinguish the glottal cycle closest to the voiceless consonant, how to obtain glottal pulses, and how to calculate RFF from the glottal pulses.
[bookmark: _Toc528061397]C.2. Manual RFF Calculation in Praat
The method for calculating RFF, described below, can be applied to RFF computations over the voiced sonorant—voiceless consonant transition and/or the voiceless consonant—voiced sonorant transition. This means that RFF can be calculated for vocal offset, vocal onset, or both. As an example, the nonsense word /afa/ allows RFF to be calculated for both offset (i.e., /a/ → /f/) and onset (i.e., /f/ → /a/). Other times, only an offset or onset can be captured from a word, such as in “Peter;” here, RFF can be estimated only during the voice onset (namely, the transition from the /p/ to the /i/). The method for manually estimating RFF is as follows:
1. Load the speech sample in Praat and click “View & Edit.” The acoustic waveform and respective spectrogram for the speech sample should be shown. If multiple channels are shown, exit the current view and extract the channel of interest (Convert >> Extract one channel…). Note that this is an important step because the glottal cycles identified by Praat will be affected by whatever channels are present! 
2. After extracting the channel of interest (if necessary), click “View & Edit” to view the acoustic waveform and spectrogram of the speech sample. Hone into the speech segment of interest by selecting the segment with your cursor and pressing CTRL+N. In this example, we will be examining the sentence “My mama makes lemon muffins.” Within this segment, we will be specifically examining the voice offset of “uff” in “muffins.”
3. Listen to the sound sample and determine if the voice is male or female; change the pitch range accordingly by selecting Pitch → Pitch settings… and entering the range 90–500Hz for an adult female voice and 60–300Hz for an adult male voice. 
Note. RFF calculations may be more accurate when this range is further optimized to the individual’s voice.
4. Navigate to Pitch → Advanced Pitch settings… and set to Standards
5. Highlight the last five or so visible offset (or onset) cycles of the speech, as displayed in Fig. 3.[image: ]
Figure 3. Highlighting the last few glottal cycles during voice offset.

6. Zoom into this segment by pressing CTRL+N; Fig. 4 shows the last cycles during the transition into the voiceless consonant (voice offset).[image: ]
Figure 4. Zoomed-in view of the last glottal cycles during the voice offset transition.


7. Highlight the obvious voice cycles closest to the voiceless consonant and drag the cursor into the voiceless consonant to select the remainder of the speech segment (see Fig. 5); we are now going to find the first voice cycle. Zoom in by pressing CTRL+N.[image: ]
Figure 5. Highlighting the cycles closest to the voiceless consonant prior to identifying the first glottal cycle.

[image: ]
Figure 6. Highlighting voice cycles following the one that we are completely confident is a voice cycle.


8. In this zoomed-in segment (see Fig. 6), we are confident that the cycle farthest from the voiceless consonant is, in fact, a voice cycle. Now, highlight the cycles following the one that we are completely confident in; we are going to zoom in again by pressing CTRL+N in order to continue to track down the first voice cycle.
9. Again, we are confident that this first cycle is a voice cycle (see Fig. 7). We will continue to zoom in cycle by cycle to judge whether the next cycle is a voice cycle or not. confident        confident         unsure           unsure                     
A
B























[image: ]
Figure 8. Identifying which cycles we are confident versus unsure about.

[image: ]
Figure 7. Highlighting glottal cycles closest to the voiceless consonant that we are less confident about as vocal cycles.

10. At this point, we want to determine which of the cycles in the speech segment are voice cycles. In Fig. 8, A and B are less clear, so we will zoom in one more cycle. 
11. Now that we have zoomed in one more cycle, as shown in Fig. 9, we can be completely confident in judging A as a voice cycle, with less certainty that B is a cycle. We will include B as a voice cycle since it follows the same waveform shape as the previous cycles. We will examine the resulting RFF values (calculating in upcoming steps) to determine if the cycle was valid or not. 
A                      B
[image: ]
Figure 10. Place the cursor on the peak of what we believe is the vocal cycle closest to the voiceless consonant.

  confident            confident         less confident    
A                       B
[image: ]
Figure 9. After zooming in, we can reevaluate our confidence about whether A and B are indeed voice cycles.


12. After identifying the (potential) first voice cycle, we will place the cursor on what we consider to be the PEAK or TROUGH of the first cycle (see Fig. 10). It is better to take a chance on the cycle that is closer to the voiceless consonant since it has potential to be the first voice cycle.
13. In the Praat file menu, select Pulses → Show Pulses; examine in Fig. 11 how closely the blue pulse line matches up with our decided first cycle (this view is slightly zoomed out [CTRL+O] from the previous image to determine how well the glottal pulse lines up with the other cycle peaks).[image: ]
Figure 11. Result of enabling glottal pulse visibility in Praat.

[image: ]
Figure 12. Zoom out until at least 10 full glottal cycles (11 glottal pulse lines) are visible.

14. As shown in Fig. 12, zoom out with CTRL+O until at least 10 full glottal cycles are visible. Since the blue glottal pulse lines do not match up with the identified peak (or trough), we will have to use trial and error to get the pulse to line up with the exact location we think is the peak (or trough). This may include zooming in or out, scrolling left or right, or manipulating the pitch range or advanced pitch settings .
Note. The cursor has not moved since deciding upon the time point of the first cycle.
Note. Remember, you are smarter than Praat! If you feel the cycle starts in a certain place, don’t waver on that—make Praat register to fit what you believe.
If, through trial and error, you alter the advanced pitch settings, it is suggested that you change just one advanced setting at a time to see what it does the pitch detection. The advanced settings that are most helpful to change are the “silence threshold” and the “voicing threshold”.Function
Description
Standard Value
Pitch ceiling
Candidates above this frequency will be ignored
600 Hz
Silence threshold
Frames with amplitudes below this threshold are probably silent. To decrease the intensity difference between silence and speech, increase this value.
0.03
Voicing threshold
The strength of the voiced candidate. To increase the number of unvoiced decisions, increase this value.
0.45
Octave cost
Degree of favoring of high-frequency candidates. To favor recruitment of high-frequency candidates, increase this value.
0.01/octave
Octave-jump cost
Degree of disfavoring of pitch changes. To decrease the number of large frequency jumps, increase this value.
0.35
Voiced/unvoiced cost
Degree of disfavoring of voiced/unvoiced transitions. To decrease the number of voiced/unvoiced transitions, increase this value.
0.14


15.  (Optional) Praat may choose to line up with the troughs of the vocal cycles rather than the peaks (or vice versa). In this scenario, zoom back into the last few cycles and reselect the trough of the designated first vocal cycle. Ensure that you choose the trough (or peak) closest to the voiceless consonant. Then, zoom back out and line up the glottal pulses with your cursor through trial and error.

16. Once the pulses are lined up with the cursor (see Fig. 13 and Fig. 14) and there are 10 vocal cycles (11 pulses) on the screen (starting with the pulse marked by the cursor), highlight the 11 pulses.
· For onset cycles, the cursor is the beginning of onset cycle 1, so onset cycles 1–10 are selected, moving closer to the middle of the vowel.
· For offset cycles (pictured above), the cursor will be marking the end of offset cycle 10. Start with the pulse marked by the cursor and move backward 10 cycles, selecting offset cycles 10–1, moving closer to the middle of the vowel.
17. [image: ]Select Pulses → Pulse listing; a window will pop up with 11 numbers that correspond to the times of each of the 11 pulses (see Fig. 14). Copy those 11 pulses.[image: ]
Figure 13. Praat lining up with the cursor; note that we had to zoom out quite a bit for Praat to match up where it believes the glottal cycle is with the exact location of our cursor.
[image: ]
Figure 14. Select the 11 glottal cycles, starting at the designated first cycle and moving toward the voiced sonorant. Praat will display the times corresponding to these glottal cycles.


18. Now you have the start and end times for each cycles, find the difference between the start and end times to determine each period (10 cycles).
19. Convert each period into an instantaneous frequency (1/period = frequency).
20. Finally, convert the individual cycle frequencies into RFF values (in semitones) using the following formula:
	


The reference cycle, , is the steady state fundamental frequency of the voiced sonorant.
· For onset cycles, the reference cycle is the 10th onset cycle since it is further away from the fricative and closest to the center of the vowel. 
· For offset cycles, the reference cycle would be the 1st offset cycle since it is furthest away from the fricative and closest to the center of the vowel. 
· Remember, the RFF of the reference will always be 0, since it is taking the log of the reference frequency to the reference frequency (log(1) = 0).
Note. It is recommended that you visually inspect the shape and periodicity of the waveform, in addition to how the speaker sounds, prior to calculating RFF. This is crucial step in determining whether an RFF instance is valid. Proceed to the next section (C.4. Troubleshooting and Rejecting RFF Values) for more information about when to reject RFF instances.
21. The results of the above analysis produced the following values:
	Glottal Pulse Time (s)
	Period (s)
	Instantaneous fo (Hz)
	RFF (ST)

	28.43912
	
	
	

	28.44378
	0.004657
	214.7085
	0

	28.44838
	0.004603
	217.2679
	0.20515

	28.45301
	0.004625
	216.1942
	0.119384

	28.45761
	0.004597
	217.5316
	0.22615

	28.46227
	0.004666
	214.3006
	-0.03292

	28.46712
	0.004844
	206.4224
	-0.68136

	28.47198
	0.004864
	205.5896
	-0.75134

	28.47643
	0.004448
	224.8207
	0.796741

	28.48066
	0.00423
	236.3904
	1.665503

	28.48480
	0.004145
	241.263
	2.018727


[bookmark: _Toc528061398]IMPORTANT NOTE! Notice that the RFF pattern above does not quite follow the “characteristic pattern” described in A.2 (Fig. 2). You can see here that while the characteristic pattern for offset is relatively stable, if not slightly decreasing, the offset we see here increases closer to the voiceless consonant. This is because although RFF is hypothesized to be comprised of three physiological mechanisms (i.e., laryngeal muscle tension, vocal fold abductory kinematics, and aerodynamics), different individuals rely on these mechanisms differently. There may even be differences within an individual (e.g., saying a VCV instance when you just woke up and are groggy, versus after you’ve had your morning coffee)! It is important to keep in mind that just because the RFF values you calculated don’t necessarily match this specific pattern, it doesn’t mean that your values are wrong. We will discuss determining if the VCV instance and the RFF values you’re getting are actually invalid in the next section, C.4. Troubleshooting and Rejecting RFF Values!
[bookmark: _Toc528061399]C.4. Troubleshooting and Rejecting RFF Values
1. Praat may track the pulses of a sample in a way you do not agree with. Luckily, there are a few different options to change Praat’s pitch detection method. For instance, in Fig. 15, Praat seems to only detect every other cycle. The first thing you want to do is change your pitch settings. Listen to the voice and determine approximately what the pitch is, then tune your pitch range. In this example, the fo of the individual is approximately 240 Hz; however, the pitch range in Praat is set to only shown 75–200 Hz. Altering this pitch range to appropriately capture the individual’s fo may help Praat more accurately track the glottal cycles. Yet if that doesn’t help, it may be useful some of the advanced pitch settings mentioned in step 14 of C.2. Manual RFF Calculation in Praat.[image: ]
Figure 15. Praat tracks every other cycle because the fo of the individual is ~240 Hz, but only 75–200 Hz is shown.

2. Occasionally, an acoustic signal may be extremely irregular or glottalized. It is highly unlikely that an accurate RFF value can be estimated from such a signal. Fig. 16 shows an example of a speech waveform containing a significant amount of irregularity in the signal. The second half of the glottal cycles during the transition into voicing are more aperiodic and irregular than the rest of the sample; Praat has trouble trying picking up the cycles during this time. 
You can visually distinguish the glottal cycles better in the spectrogram than in the acoustic waveform; from this, you can see drastic cycle-to-cycle changes. Even though it looks like the instance should be rejected, it is good practice to always try to get RFF values from an acoustic signal. Then, you can use visual inspection along with the RFF values to determine if a sample should be rejected. Of course, some samples are too tough to even obtain cycle times for—such as in Fig. 16—and in these cases, the sample may be rejected without computing RFF.[image: ]
Figure 16. Example of irregular and aperiodic voice onset.

Below is a list of reasons why RFF values should be rejected. Again, it is best to try to get RFF values and not specifically rely on visual inspection to determine whether or not a sample should be rejected. For this reason, we include a description of the visual and computation interpretations. We also include a physiological explanation for what causes these invalid instances. Finally, we include a column describing whether the offset or onset instance in question should be rejected versus the whole production (i.e., offset and onset).
	Reason
	Physiological Explanation
	Representation in the Acoustic Waveform and/or Spectrogram
	What to Reject?

	Glottalization
	Glottalization occurs during partial or incomplete closure of the vocal folds during phonation. It may cause the voice to sound either creaky or breathy.
	To determine whether the utterance is glottalized, visually inspect the shape and periodicity of the waveform, how the speaker sounds, and the resulting RFF values. If the sample is glottalized, the resulting RFF values will make large, unexpected jumps from one cycle to the next. For instance, if the RFF values of three consecutive cycles were 0.08, 3.0, 0.5, then the corresponding acoustic signal is likely irregular or aperiodic in nature.
	Instance

	Voicing of the voiceless consonant
	See section D. Distinguishing between Unvoiced and Voiced Consonants for an overview. There are three checks (four for stop consonants) that must be conducted to ensure that the consonant is not voiced.
	During the consonant, examine the pattern in the waveform, look for glottal pulses, and look to see whether a voicing bar exists.
For stop consonants, the VOT should also be measured for productions containing stop consonants to ensure a reasonable time. VOT should be between >40 ms for voiceless stops, and <40 ms for voiced stops (i.e., /b/, /d/, /g/).
Note. Productions that are voiced should be wholly rejected (i.e., reject both offset and onset)!
	Production (offset and onset)

	Failure to reach steady state
	Calculation of RFF across each cycle depends on a reference frequency (fref) to compare the instantaneous frequency of the current cycle to. Failure to reach steady steady means that the individual failed to achieve stable phonation within the voiced sonorant.
	Failure of 10th offset or onset vocal cycle to reach steady state can be observed as: (i) the 2nd value for offset RFF has a magnitude greater than 0.8 ST or (ii) the 9th value for onset RFF has a magnitude greater than 0.8 ST.
	Instance

	RFF value(s) are greater than 10 ST in magnitude
	This represents a large, irregular jump in frequency between the voiced sonorant and voiceless consonant.
	RFF value(s) greater than 10 ST in magnitude are not physiologically possible. It is likely that Praat incorrectly tracked the fo of this instance and should be rejected.
	Instance

	Glottal Fry
	Glottal fry is often described as “uptalk” or “valleyspeak,” and occurs when the vocal folds flutter during speech. See this video for an example. It sounds like a creaking or frying sound.
	Quasiperiodic/dichotic RFF values (e.g., -2, 1, -2, 1) are indicative of glottal fry. It often appears as cycles that alternate in amplitude as well (e.g., high, low, high, low)
	Instance

	Less than 10 cycles
	RFF must be calculated using the 10 transitionary cycles between the voiced sonorant and voiceless consonant (or vice versa) to ensure that a full transition between voiced sonorant and voiceless consonant is captured.
	Less than 10 cycles appear in the offset or onset instance.
	Instance


[bookmark: _Toc528061400]. . .
Distinguishing between Unvoiced and Voiced Consonants
RFF utterances must follow a specific pattern: voiced sonorant, voiceless consonant, voiced sonorant. This is because RFF captures the transition from a voiced part of speech into an unvoiced part of speech, and vice versa. While speaking, however, an individual may voice the consonant (e.g., because of coarticulation), which is reason to reject an RFF instance. Below is a guide for distinguishing between unvoiced consonants and their voiced counterparts.
D.1 Consonants
There are multiple types of consonants in American English; however, VCV instances are concerned with two types: plosives (“stop consonants”) and fricatives. Stop consonants consist of the following sounds: /p/, /t/, /k/, /b/, /d/, /g/. Conversely, fricatives consist of: /f/, /th/, /s/, /sh/, /v/, /dh/, z/, /zh/, /h/. 
Stop consonants are created by briefly blocking the air from leaving the vocal tract; the air that is finally released is called “aspiration.” The six stop consonants occur as cognates, in which two productions are produced in the same manner, except for one of the sounds is voiced (i.e., the vocal folds vibrate) while the other is voiceless (i.e., the vocal folds are abducted, or open).
Fricatives occur by constricting the vocal tract, which causes frication as air is passed through it from the lungs and released. The fricatives we are concerned with occur in voiced/unvoiced pairs, like stop consonants (i.e., we will be ignoring /h/ because it is glottalized). Unlike stop consonants, fricatives can be produced continuously since stop consonants completely block the vocal tract; fricatives, on the other hand, merely cause a constriction.
We will go into each set of consonants individually.
[bookmark: _Toc528061402][image: stops.png]D.2. Stop Consonants
· There are three voiceless stop consonants, each with a voiced cognate:
· [p] (bilabial, stop, voiceless) vs. [b] (bilabial, stop, voiced)
· [t] (alveolar, stop, voiceless) vs. [d] (alveolar, stop, voiced)
· [k] (velar, stop, voiceless) vs. [g] (velar, stop, voiced)

· Stop consonants are produced in three steps:
· Stop: A closure is formed to stop the acoustic energy from being released
· Burst: The closure is released
· Aspiration: Noise that occurs after the acoustic energy moves past the constriction

· One of the main ways to distinguish a voiceless stop consonant from a voiced stop consonantis to measure the voice onset time (VOT). VOT is the time between the burst and the start of the voiced sonorant in a VCV production. Physiologically, this equates to the time it takes for the vocal folds to start moving again after coming to a complete stop. The VOT differs between a voiced stop consonant and a voiceless stop consonant. If the aspiration period (from burst to beginning of cycle) <40 ms, the sound is probably voiced and should be rejected!

· An example of a [p] versus a [b] is shown below. Both sounds have a burst, but the [p] has a long period of aspiration (> 40 ms)[image: ][image: ]

· An example of a two stop consonants in the nonsense words /pa/ and /ba/. The voiceless [p] has an aspiration interval, or voice onset time (VOT) of 82 ms, while the voiced [b] has a VOT of 13 ms[image: ][image: ]

[bookmark: _Toc528061401]D.3. Fricatives
Fricatives are produced with a large amount of “frication noise,” which is noise produced as a result of constrictions in the mouth. Here we will differentiate between two main fricatives seen in VCV productions.
[image: ]S (Labiodental, fricative, voiceless; shown right)
1. Note differences between voiced and voiceless manners (cognates): [s] is voiceless, [z] is voiced
2. To identify [s] versus [z], try listening to the sample. It is highly unlikely these cognates will get confused for each other. Note that [s] is aspiration noise, which may look extremely messy
3. Refer here for possible sound samplesTop-right figure: Top panel shows acoustic waveform of [s] sound, with bottom panel showing its respective spectrogram. Note that the dark part of the waveform is aspiration noise.


[image: ]
F (Alveolar, fricative, voiceless; shown right)
1. Note there are differences between voice and voiceless manners: [f] is voiceless, [v] is voiced
2. To identify [f] versus [v], try to find the aspiration noise, which may look extremely messy because of flow of air
3. Refer here for possible sound samplesBottom-right figure: Top panel shows acoustic waveform of [f] sound, with bottom panel showing its respective spectrogram. Note that the dark part of the waveform is aspiration noise.


D.4 Differentiating between Voiced and Voiceless Consonants
For stop consonants, we already know one way: VOT. A good rule of thumb is to consider the production voiced if the VOT of the consonant is <40 ms. However, there are more ways to differentiate between voiced and voiceless consonants that can be applied to stop consonants and fricatives:
1. Acoustic waveform pattern comparison: The pattern in the waveform should be aperiodic and noisy. Compare the consonant to the voiced sonorant; do these segments look similar? Are there clear cycles in the consonant? If so, the consonant may be voiced.
2. Glottal pulses in the spectrogram: Glottal pulses should exist in the spectrogram during the voiced sonorant. This can be examined by setting the window length of the spectrogram (Spectrum >> Spectrogram Settings…) to 0.005 seconds. If the white dots in the spectrogram are ordered and appear periodic, then the consonant may be voiced.
3. Voicing bar in the spectrogram: The “voicing bar” corresponds to a dark band of energy in the spectrogram located at approximately the fo of the individual. This voicing bar should only appear during voiced segments of speech! If a voicing bar exists during the consonant, it may be voiced.

After checking these criteria, determine if the consonant is voiced or not. If it is voiced, make sure to reject both offset and onset instances! This is because the production is not truly representative of the transitions between voiced and unvoiced speech.
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