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What is a proper start of a bowed string? 
Knut ~ue t t l e r*  and Anders Askenfelt 

Abstract 
The onset of a note on a bowed instrument shows a transition period during which the 
periodic "steady-state " motion develops. Depending on the particular combination of bowing 
parameters, this state is often characterised by periods which are prolonged ("delayed 
triggering1>, or by a division of the period into two or several parts ("multiple flyback "). An 
onset with perfectly periodic motion already fiom the start is also possible. A sample of violin 
tones representing these three classes of note onsets, and with dzferent duration of the 
transient state, has been collected by the use of a computer-controlled bowing machine. The 
tones were evaluated by 20 string students and professional musicians in a listening test, 
giving an estimation of the maximum duration of an acceptable note onset in string playing. 
The upper limit for acceptable attacks with prolonged periods was 50 ms (<lo nominal 
periods), and for multiple flyback 90 ms (Ll8periods). These values refer to a neutral start in 
a neutral context, such as when practicing a scale. 

Introduction 
The aim of this investigation was to explore the upper limit for the duration of the non- 
periodic motion of the bowed string in attacks judged as "acceptable" by a panel of 
string players. Such a reference would be useful when analysing bowed string onsets, 
either through computer modelling or from observations on real strings. The conditions 
for a "perfect attack," where the string slips under the bow hair only once per 
fundamental period from the very beginning, are too demanding to be met in practice 
by the string player at each stroke. Usually some time will elapse before the interaction 
between the bow and the string is capable of producing this kind of stable Helmholtz 
motion, composed of one slip and one stick per nominal hndamental period. 

Depending on the particular combination of bowing parameters, the initial part is 
normally characterised by periods which either are prolonged ("delayed triggering"), 
or divided into two or several parts ("multiple flyback"), see Fig. 1 .  The perceptual 
correlates to these states would be something like "choked/creaky," and 
"loose/slipping," respectively. Provided that this initial state is not too long, such 
onsets could very well pass as acceptable. Most likely, a majority of the note onsets in 
a normal string performance will be of either one of these two types. On the other 
hand, measurements show that a professional string player easily can reproduce a 
series of a dozen consecutive perfect attacks when concentrating on this task, for 
example during a practice session. 

The particular question addressed in this study was: "How long delays do 
professional string players accept before the establishment of the periodic Helmholtz 
motion in notes with a neutral attack in a neutral context?" 

Norwegian State Academy of Music, P.O. Box 5 190 Majorstua, N-0302 Oslo, Norway 
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I PROLONGED PERODS (A2) 

/ "PERFECT ATTACK" (As> 

1 MULTIPLEFLYBACK (AIO) 
- 

Fig. I .  String velocity at the bowing point for the three types of attach; prolonged (top), 
perfict (middle), and multiple flyback (bottom). The time window is 200 milliseconds and the 
nominal period 5.1 ms. Notice the "accented" onset of the multiple flyback attack (A1 0). 

Recordings 
A series of bow strokes on the open G-string of a violin was recorded on a DAT- 
recorder, using a computer-controlled bowing machine. One channel recorded the 
string velocity at the bowing point (later used for evaluating the sliplstick action), 
while the other channel was fed with the signal from a small electret microphone 
inside the violin. All strokes were run with a bridge-bow hair distance of 28 mm, and a 
constant bowing force of 800 mN. The amount of rosin on the bow (and thus the 
frictional properties) was varied from stroke to stroke. Different bow accelerations 
were programmed on the bowing machine, each starting from rest and terminating at a 
steady velocity of 20 crnls. A selection of attacks was made, consisting of bow strokes 
starting with prolonged periods and multiple-flyback periods, respectively, of different 
durations. The microphone recordings of these strokes were then transferred to a 
digital editing program, by which they were normalised to equal durations and decay 
times (1000 ms + 300 ms). A modest reverberation and equalisation were then added, 
in order to create the best possible impression of a normal violin sound as perceived by 
the performer. 

The series of attacks 
Eleven attacks were chosen to represent a reasonable spread in transient behaviour, 
ranging from 160 ms of prolonged periods to 200 ms of multiple-flyback periods, 
before the occurrence of Helmholtz triggering (see Table 1). Of the six attacks starting 
with double or multiple-flyback periods, two had pronounced onset accents (see Fig. 1, 
attack AlO). In order to study whether or not an accent would influence the perceived 
quality of an attack, copies of two other attacks were modified and added to the series. 
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For these attacks, the initial period was boosted +12 dB followed by a smoothly 
decreasing envelope down to 0 dB (no boosting) during 5 to 6 periods. These attacks 
were indicated by an X added to the name of the unaccented original (A5X and 
A1 1X). 

In addition to the 13 attacks constituting series A, a second series B was derived 
from the first one. For series B, the pitch was lowered from 196 Hz corresponding to 
the open G-string of the violin, to 13 1 Hz, which would compare with the open C- 
string on the viola. (This series was only referred to as "another string instrument" 
when presenting the test series for the panel). The second series was norrnalised and 
equalised similarly to series A. As series B tested artificially produced sound 
transients, the results from the listening test with this series might be considered as less 
reliable than those of series A. 

The attacks in Table 1 were chosen mainly for their spread in "delay time," but as 
will be shown later, also accents and bow acceleration play important roles in the 
judgement of attack quality. 

Table I .  The two series of attacks. "Bow acc. " indicates the acceleration of the bow used for 
the stroke. Each stroke started with the bow at rest and ended with a steady bow velocity of 
20 c d s .  "Delay" indicates the elapse of time before Helmholtz triggering occurred, 
measured in milliseconds [ms], and nominal periods fl J. "Characteristic" indicates the type 
of slip-stick pattern. Asterisks indicate attacks with pronounced accents, while an X indicates 
manipulated attacks (see text). Dzfferent amounts of rosin were used on the bow hair, which 
explains the inconsistency between bow acceleration and delay. 

Name Bow acc. ,. Delay Characteristic Name Delay 
[cds'l [msl [To] [msl 

A1 40 160 3 1 prolonged B1 240 
prolonged 
prolonged 
prolonged 
"perfect" 
"perfect" * 
mult. flyb. 
mult.flyb. 
mult.flyb. * 
mult.flyb. 
mult.flyb. * 
mult. flyb. 
mult.flvb. * 

B2 85 
B3 45 
B4 30 
B5 0 
B5X 0 
B6 25 
B7 60 
B8 90 
B9 135 
BlO 210 
B11 300 
B l lX  300 

Listening test 
The two series of attacks were evaluated by a panel of 20 advanced string students and 
professional players at the Norwegian State Academy of Music. The recorded attacks 
were played back in a medium-sized auditorium at a moderate sound level, using a 
single loudspeaker. Three sequences were played, each consisting of 26 attacks. Each 
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attack was repeated three times in quick succession, followed by 10 seconds of silence 
which allowed for writing down the scores. In the first sequence, the 13 attacks of 1 
series A appeared twice in random order. The next sequence was composed in an equal 
manner from series B, while in sequence three, series A and B occurred scrambled. 
The panel thus judged each attack three times during the test session, which would 
allow a good estimation of reproducibility. For each attack, three scores were given 
(see Appendix): 

1. Acceptance 
The acceptance of the attack was indicated by answering the question: "Does it [the 
attack] sound acceptable? " with "Yes" or "No." 

2. The quality of the attack 
The judged quality of the attack was indicated on a line (100 mm long) ranging from: 
"The attack is catastrophic" to "The attack is perfect. " 

3. The character.of the attack 
The judged character of the attack was indicated on a line (100 mm long) ranging 
from: "The attack sounds extremely chokedcreaky " to "The attack sounds extremely 
loose/slipping" with the midpoint indicated by "without creaks or slips. 9 )  

The participants were instructed to judge the attacks with reference to a "neutral 
attack", as when practicing a scale. (For an English translation of the full introduction 
text, see Appendix.) For scores 2 and 3, the positions of the marks (measured in 
millimeters) were taken as the score values, thus ranging from 0 to 100. 

Results 
Acceptance and quality of the attack 
The scores for series A and B on the quality of the attacks averaged across subjects are 
shown in Fig. 2. As one would expect, the attacks with highest acceptance (highest 
scores) have a very short delay in onset before Helmholtz triggering occurs. However, 
the peak in the score distribution was located at about 15 - 25 ms of multiple flyback 
(about 3 nominal periods) rather than at zero delay, the latter corresponding to a 
perfectly periodic motion from the very start of the ,stroke. When excluding the 
modified versions with an artificial accent, the score values fit rather well to a bell- 
shaped curve centered around this value. 

A threshold of acceptance was estimated to be 48 units on the quality scale ranging 
from 0 ("catastrophic") to 100 ("perfect"). This threshold was found by arranging all 
score values in a descending array, and' pick the Nth element, where N is the total 
number of accepted attacks. It would then be expected that a majority of the listeners 
would judge an attack with an average score less than 48 units as "not acceptable," and 
vice versa. 

Using this definition, all attacks with prolonged periods with a duration of 50 ms or 
less were judged as acceptable. The corresponding limit for the multiple flyback 
attacks was 90 ms. In terms of nominal periods on the open violin G-string, these 
duration limits for acceptable attacks correspond to 10 and 18 periods, respectively. 
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PERFECT JUDGEMENT ON QUALITY 
, , , , 1 , 1 , / 1 , , /  , , , /  , ) , , 1 1 1 1 ,  / , , ,  , , /  , , , (  

SERIES A 
..-..-.... SERIES B 

THRESHOLD OF 
- - - - - - - - 
ACCEPTANCE 

\ 

, A1 1 

- 

- 0' 

L 1 l l ' l l l l l l l l l l l l l l l l v l ~ l l l ~ t -  

0 50 100 150 200 250 300 

PROLONGATION [ms] MULTIPLE FLYBACK [ms] 

Fig. 2. Judgement of the quality of the attack. Averaged scores across 20 subjects for two 
attack series (A, violin) and (B, '"viola '7. Series B was derivedfiom A, see text. Each subject 
judged each attack three times. Individual attacks 1 through 11 are marked and connected by 
lines, separate for each series. Scores for the artiJicially accented X-versions (see text) are not 
marked here. The figure shows that the preferred attacks have only little delay before 
Helmholtz triggering occurs. Interestingly, the data indicate a greater tolerance for multiple 
flyback than for prolonged periods. 

A second estimation of the acceptance limits can be obtained from the answers to 
the question: "Does the attack sound acceptable?" Table 2 gives the percentage of 
approvals given for each attack, with a total of 60 answers per attack. The maximum 
accepted delay in this judgement was 30 ms on the prolonged side (<6 nominal 
periods), and 90 ms on the multiple slip side ( 4 8  periods). 

This way of rating the attacks gave a very similar result as above where an 
acceptance level was introduced in the score distribution. The only exceptions (in 
which an attack was moved from the accepted to the unaccepted class or vice versa) 
were one attack in series A and two attacks in series B 'out of a total of 11 attacks in 
each series. All three exceptions fell just above or under the threshold of acceptance in 
Fig. 2. 

In summary, the listening test showed that attacks with prolonged periods are 
judged as acceptable if they are shorter than 50 ms (5  10 nominal periods), and attacks 
with multiple flyback are acceptable if they are shorter than 90 ms (I 18 periods). This 
forms the main result of the study. Following, an estimation of the reproducibility in 
the judgements will be given, after which some particular conditions will be discussed 
which may have had an influence on the general finding. 
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Table 2. Percentage of answers accepting the attacks. Each attack was repeatead three times 
giving a total of 20 subjects x 3 repetitions = 60 answers per attack. Bold printing indicates 
attacks achieving more than 50% "YES" as answer to the question: "Does the attack sound 
acceptable? " Asterisks indicate attacks with pronounced accents. 

Name "YES" Delay Characteristic Name "YES" 
[%I [To1 [%I 

A1 0.0 3 1 prolonged B1 0.0 
prolonged 
prolonged 
prolonged 
"perfect" 
"perfect" * 
mult.flyb. 
mult.flyb. 
mult.flyb. * 
mult.flyb. 
mult.flyb. * 
mult. flyb. 
mult.flyb. * 

Reproducibility 
The subjects showed a satisfactory reproducibility in repeated judgements of the same 
attack. The average standard deviation between the three scores given for each sample 
attack (each attack occurred three times) was 14 units on an individual basis, and 5 
units for the listening panel as a whole. As mentioned, the full range in quality score 
from "catastrophic" to "perfect" was 100 units. 

On the direct question whether the attack was acceptable or not, a subject would use 
the same qualification term for acceptance ("Yes" or "No") all three times the same 
attack was presented in 70 % of the cases. Here a "case" represents a triplet of answers 
to the three repetitions of the same attack, in total 2 x 13 attacks x 20 subjects = 520 
cases. When considering the individual attacks, only A2, B3, and B8 showed a lowered 
consistency in the answers. For these attacks, the same three answers were given in 
less than 50 % of the cases, indicating common decision difficulties. 

Further, the subjects showed a good agreement in their judgements. The spread in 
judgements remained rather constant over the entire series, except for two attacks, A1 
and Bl,  which all subjects gave scores near zero. The standard deviation of the mean 
scores for each attack in the series (averaged across all subjects) ranged between 6 and 
25 units, with an average of 16 units, partly reflecting scaling differences between the 
subjects. An estimation of the magnitude of the scaling differences was made by 
calculating the mean score for each subject across all attacks and repetitions, and 
taking the standard deviation of this distribution. This estimate amounted to 10 units. 

The result given in Table 2 is another strong indicator on the agreement within the 
panel. The table shows mainly high or low acceptance figures with only a few 

1 
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intermediate values, meaning that the subjects agreed on the whole as to which attacks 
should be accepted and rejected, respectively. . 

Influence of bow acceleration 
For some attacks, the averaged score distribution in Fig. 2 showed pronounced dips. 
This is in particular the case for attack A4 for the violin with 20 ms prolonged periods, 
and the corresponding 30 ms prolonged "viola" attack B4. The explanation may be 
found by bringing in one more parameter, namely the time elapsing before the bow 
reaches the steady velocity of 20 cm/s, at which the final amplitude of the note is 
reached. For attacks A 1 through A5, this time was 460, 170, 130, 170 and 1 10 ms, 
respectively. While A3 and A5 were bowed with accelerations of 125 and 150 cm/s2, 
respectively, A4 was bowed with only 100 cm/s2, thus needing more time for obtaining 
the final amplitude. It seems reasonable to assume that if a bow acceleration between 
125 and 150 cm/s2 had been used for A4 (provided it gave the same 20 ms duration of 
prolonged periods), the obtained score would have been more in line with the general 
tendency. 

It should be noticed that the time for reaching the final amplitude in all cases was 
shorter on the multiple flyback side, where the bow accelerations ranged from 150 to 
500 cm/s2. For A6 through A l l  this time was 120, 65, 90, 110, 150 and 200 ms, 
respectively. All attacks above the acceptance threshold in Fig. 2 have build-up times 
less than 205 ms on the prolonged side, and 100 ms on the multiple flyback side. In the 
practical musical situation, however, a variety of bow accelerations will be utilised and 
accepted, but when practicing scales and bow attacks the musician is generally looking 
for a quickest possible response fiom the instrument. 

Effect of accents 
The effect of (artificially introduced) accents seemed to be dependent on the quality of 
the attack. Two of the modified attacks, A5X and B5X, which both were perfect 
attacks (zero delay), were rated very similar to their unboosted originals with respect to 
"Acceptance" and "Quality of attack," the difference being only one score unit 
approximately. On the other hand, for the two other modified attacks which had a long 
multiple flyback, A1 1X and B1 lX, with a delay of 200 and 300 ms, respectively, the 
introduced accents were perceived as a major improvement by a majority of the 
listeners. For these attacks, the averaged quality scores increased with 10 and 20 units, 
respectively, compared to the originals. A possible explanation to this effect might be 
that an accent gives an impression that the bow has a better grip of the string than what 
is actually the case. 

A comment on sound quality 
Before presenting the sound examples, some subjects were concerned whether the 
sound quality would be high enough to allow a fair judgement of the attacks, keeping 
in mind the many different ways of starting notes which are used in contrasting 
musical contexts. These concerns, however, disappeared as soon as the sound 
examples were presented during the listening session. Also, the conformity in the 
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scores given by the different listeners (which show a close agreement in the 
judgements), is an indication of that the sound quality was high enough for the 
purposes of the experiment. 

Discrimination between prolonged periods and multiple 
flyback 
For each attack, the panel was also requested to judge "the character of the attack" on a 
scale from "chokedcreaky" to "loose/slipping," as mentioned. A neutral perfect attack 
would correspond to the midpoint on this scale. As seen in Fig. 3, there is a clear 
relation between the character of the string motion and the judged character, with 
prolonged periods corresponding to the perceptual correlate "choked/creaky," and 
multiple flyback to "loose/slipping," however, with a few exceptions on the multiple 
flyback side. 

JUDGEMENTONCHARACTER 

60 -- 

WITHOUT CREAK _ 
OR SLIP 

W 40 - 

P 
CT 

20 - 

EXTREMELY 

250 200 150 100 50 0 50 100 150 200 250 300 

PROLONGATION [ms] MULTIPLE FLYBACK [ms] 

Fig. 3. Judgement of the character of the attack. Averaged scores across 20 subjects for the 
same two attack series as in Fig. 1, (A, violin) and (B, "viola"). Series B was derivedfiom A, 
see text. Each subject judged each attack three times. Individual attacks 1 through 11 are 
marked and connected by lines, separate for each series. Scores for the artijicially accented 
X-versions (see text) are marked separately. The figure shows that attacks with prolonged 
periods are characterised as "loose/slipping, " while attacks with multiple flyback are judged 
as "choked/creaky. " Attacks with accented onsets tend to be perceived as chokedkreaky (see 
text). 

Again, accents play an important role, when judging whether an attack should be 
categorised as one or the other. The data in Fig. 3 shows clearly that any accent is 
interpreted in the direction of "chokedcreaky," a fact well proved by the lowered score 
values of A5X, A1 IX, B5X and B1 IX, to which artificial accents were added. In 
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particular, a remarkable shift from roughly "very loose/slipping" to "without creak or 
slip" takes place as a result of the accent added to B 1 1 X. This shift in perceptual rating 
is even more surprising when considering that the added accent covers only a few 
nominal periods. 

When studying Fig. 3 it must be remembered that attacks 8 and 10 in both series A 
and B have (natural) pronounced accents. Also attacks 6 and 7 sound slightly accented, 
although not as much as 8 and 10. 

The difficulty to classifjr bowing errors like the ones discussed above certainly 
makes it more difficult for a string player (or teacher) to make corrections when 
practicing. On the other hand, when holding the bow in real playing, a good deal of 
information can be perceived through the fingertips as a result of the rapidly changing 
frictional forces during the attack. 

Conclusions 
The study shows that the panel was very sensitive to the quality of the bowed attacks, 
and agreed in their judgements. The main result can be summarised as follows. Attacks 
with prolonged periods are judged as acceptable if they are shorter than 50 ms 
(S10 nominal periods), and attacks with multiple flyback are acceptable if they are 
shorter than 90 ms ( S  18 periods). These values are the approximate limits for a neutral 
start in a neutral context, such as when practicing a scale. Transient states longer than 
these values certainly do occur in professional performances, but then with a intended 
purpose, or, as a result of an occasional mishap. 

Besides the limits for the delay before the periodic Helmholtz motion is established, 
several other parameters seem to have played an important role for the judgements. 

Accents at the stroke onset. Any initial accent would lower the quality score and 
be interpreted as "choking the string." However, this tendency is probably strongly 
related to the musical context, which in the present case should be "neutral - 
emotionless - like attacks used for practicing a scale." 
The time during which the bow is accelerating. A low bow acceleration (far 
below the maximum limit for a perfect Helmholtz start), which results in a slow 
build-up of the full string amplitude adds to the impression of the string being 
choked. 
The nominal fundamental frequency. This study did not comprehend enough 
variation of the fundamental frequency - nor of the time during which the prolonged 
period or multiple flyback state reigned - as to draw any clear conclusions on how 
the hndamental frequency influences the acceptance of an attack. However, as can 
be seen in Fig. 2, the tolerance for the length of the non-periodic part of the attack 
seemed about equal for series A and B. This means that an instrument operating in 
the fundamental frequency range of series B, such as the viola, can only afford 66% 
as many periods before Helmholtz triggering must occur, in order to obtain a score 
comparable to that of series A (violin) for which the fundamental frequency is 50% 
higher. 
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On the other hand, when considering the "less perfect" attacks (below the 
acceptance threshold), bowing errors did not seem as dramatic for series B as for A. 
This result was verified in a smaller preliminary test, in which the fundamental 
frequency of series B was lowered to 65 Hz, comparable to the open C-string of a 
cello. The reason may be that an attack sounds less erroneous when the spectrum 
changes more slowly. The frequency range of the spectrum in which this change takes 
place, may also affect the acceptance. Consequently, a simple relation between the 
fundamental frequency and the acceptance of an attack with a certain delay should not 
be expected. 
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Appendix 
(Translation of the introduction to the test.) 

Attacks - a listening test for string players 
A series of recorded bowed attacks will be heard. The attacks are played with the 
intention to sound neutral, e.g., like one would practice a scale. The attacks are 
intended to be started without any accent, but a crescendo can occur. 

In some examples, the attack sounds acceptable; the bow catches the string 
immediately, giving a clear start without extra noise. In others, the string sounds 
"creaky" because it was choked by excess bow pressure andlor the bow stroke is too 
slow. In others again, the bow is slipping during the attack, due to a loose bow - string 
contact. 

After the presentation of each example (in which the same attack is repeated three 
times in quick succession) you should express your opinion on the quality of the 
attack by placing a mark somewhere between "catastrophic" and 'perfect" on the 
first line. Similarly, you should characterise the attack by marking one (single!) point 
on the second line, between "extremely chokedcreaky " and "extremely 
loose/sl@ping". Finally, you should indicate by "Yes" or "No" whether or not you do 
find the attack acceptable, i.e., if it could have been used in traditional classical music 
(even though here played without any vibrato). 

Please observe that the decay of the tone, as well as any noise from sources other 
than the instrument, are not to be considered, neither the tone quality of the instrument. 

catastrophic perfect 
The 

#: attack Does it sound acceptable? Yes No 
extremely without creak extremely sounds 

chokedlcreaky or slip loose/slipping 
I 


