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1. ABSTRACT

A skilled performer Is able to play a series of spiccato strokes (i.e., producing short notes by
means of a bouncing bow) with each onset showing little or no aperiodic motion before a regular
slip/stick pattern (Helmholtz motion) is triggered. Kinematic analysis reveals that a well-behaving
bow gives nearly vertical impacts on the string. and that the first slip of each note takes place
when the normal bow force is near its maximum. The complex movement of the stick can be
decomposed into a translational and a rotational motion. The translational movement starts with
a straight-lined downward/backward shin (for down how) and retums in the same path with an
upward/forward shill for the next attack. Within this cycle. the bow describes two periods of
rotational motion with the finger grip (thumb and the opposite fingers) near the axis of rotation.
This paper discusses the relation between the quality of attacks and the phase relation between
these two motions.

2. INTRODUCTION

Splccato (from Italian: spiccare: 'cleariy separated. cut off”) is a boMng technique where the
player lets her bow bounce on the string. once per note. to create a series of notes with crisp
attacks followed by freer decaying 'tails". This effect was not easily achieved until Francois
Tourte (1747-1835) started making bows with concave mrvature of the stick. quite opposite to
the earliest musil bows. whichwere convexiy shaped (bending away from the hair). In order
to combine a quick attack with a longer (oft-string) decay. the necessary bow force must be very
quickly established and terminated. The Tourte bow could manage this well. because it did not
tend to fold or collapse like the older ones did. However, stiffness alone was not enough to
produce good-quality spiccato. A very precise timing in the complex bow manipulation is also
imperative. in fact. the quality of spiocato differs greatly even among professional string players
today.

3. THE PHASES OF A "PERFECT" SPICCATO

Fiure 1 shows a computer-simulated “perfect” spiccato as performed on an open violin G-string
(196 Hz). The main control parameters. bow velocity (v.) and bow force (fl). are included in the
diagram. which shows the string velocity at the point of excitation. While v, changes like a sine
tundion around zero, I1 is programmed as a clipped ( I, 2 O) offset cosine function with twice
the frequency of Va. The string velocity pattern clearly shows Helmholtz triggering (i. e.. only one
slip per period) alter the initial release at (a). During the interval (a-b).}he string amplitude builds
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up quickly until. at (b). the bow force is so small that the string motion starts decaying

exponentially due to natural damping of the string with terminations. This state lasts until (c).
where Iz starts rising again. but now - combined with the lowered v, - it forces a quick decay
of the string vsloa'ty. At (d), the limiting static frictional force is high enough to keep the string
from slipping while brought over to the opposite side of the equilibrium line. This prepares the
next release in the opposite direction. Thus each note can be subdivided into five phases
(intervals a-b.b—c. etc.). all of which seem necessary for producing a crisp clean spicceto.

Figure 1:
The "perfect" spiccato can be subdivided

THE "PERFECT" SPICCATO In four phases (see text). The string
velocity pattern is produced through
simulation at an open violin G-string.

Figure 2 (below):
During splccato. the movement of the
bow can be decomposed in translational
and rotational motions. The center of
rotation lies close to the players thumb
on the frog.  

Figure 2 shows the two components of the bow motion which are necessary to create the desired
combination of Va and II. The straight arrow at the frog indicates a translational movement with
the frequency at v, At the tip. a rotational movement is indicated. The center of this rotation lies
somewhere at the frog. close to the players right-hand thumb. while its frequency is that of f2.
i. e.. twice the translational one. For the player. the challenge lies in the phase coordination of
these two components.

Figure 3, where three combinations are compared. illustrates this point. In the upper graph. the

cosine function. representing force. is applied without any lag (o. = 0). The bow force decreases

too early. and starts its second increase long before v, has descended to a low value. This
results in a double buildup for each note. and the string amplitude will never reach a high value:
the impression is a "choked" spiccato. In the middle graph. {z is given a -53° lag compared to the
velocity. This produces the "perfect" spiccato which was shown in Figure 1. In the lower graph.

the lag is -107°. or its four attacks. two are "scratchy" with multiple flybacks and irregular and
poorly defined onsets (#2 end #3). The two remaining attacks show clearly longer buildup times
than in the perfect case. The explanation should primarily be sought in the lack of forced damping
which did precede the initial slips in the middle graph. Fora = 407". remaining Helmholtz
components of high amplitudes and-"wrong" (opposite) phase orientation are still present when
v3 changes sign.
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Figure 3:
Computer simulations at splccato with three different
timings Damn the bow-velocity cycle (full sine EH9“ °f Phases 0' VB and ’2
wave) and the bow torcecycle (clipped cosine wave). V. = C‘BIMIIBOTJ
Only the middle case produces a "perfect" spiccato. fl = cam'mqumm-aha) (f: 2 0)

Figure 4 (below):
Power output obtained in nine spiccato simulations
with ditterent tinting between bow velocity and bow
force. Each simulation consisted at 30 attacks. The
attacks could be played back after convolution with
a suitable transfertunctton: bridge tome - radiated
sound. The last three simulations on the right-hand
(noisy) side included many "scratchy" attacks that
appeared randomly in spite of the consistent central
ot the bowing parameters (bow velocity and bow  tr arr 40' or air And

RotafionotFonceXCydeIDeo]

The graphs in Figure 3 were taken from a simulation series with nine sets - each consisting of
30 attacks - in which alpha was changed from 0° to407° in intervals of 13.33“. The force on the
bridge was taken as the output ot the simulation, and convolved with a transfer function obtained
by recording a force impact on a violin bridge and the resulting sound pressure picked up by a
microphone 30 cm away from the violin body. This convolution gave a einal with the
characteristics of the sound of a real violin. and the quality of the spiccato could then be judged
by listening. Out of the nine simulation sets. only one alpha produced perfect attacks for all 30
notes. With a = 40". there was one noisy attack. while all sets with a < —53° gave many noisy
attacks appeaan randomly, For the sets where u > -53“, all sounded choked, but less so as the
lag of -53° was approached. Figure 4 shows the arithmetic average of the decibel values of
harmonics 2 through 20 as compared to the levels of the 1st harmonic. Not surprisingly. the
"perfect" spiccato gives the highest 1st-harrnonic power. while a = 407“ gives the highest
average power for the partials.

' The results of the simulations do not imply that u = -53° is a magic figure. The "magic" lies
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elsewhere. A perfect attack requires a few initial periods with a gradually increasing v, combined
wIth a I, that does not change too rapidly (say. less than 5-796 per nominal period). IMth the
bow-force function in Figure 1. this leaves f, with a marginal area of about :20“ to 30" around
its peak value. during which the initial periods must be triggered. In this case, the first release
occurred -9° after the force maximum. Vlfith a slightly higher v, the first release would have
occurred earlier, but perfect attacks might still have been produced. Figure 5 (from Guettler 1992
[1]) shows conditions for perfect onsets when fl is kept constant

RESTRICTIONS OF BOW VELOCITY
Tana? mmnrmwrmmeommessme

Figure 5:
During anattadtwittrfotedfpthebowvetodty
should follow a path inside the frame of A through
D in orderto create Helmholtz motion as quickty as .
possible (Guettter [1]). At the onset. only a narrow }
range of bow velocities will produce Helmholtz
triggering (one ttybaott per period). After a few
periods. the tolerance for how velocity and bow
force is much greater.

   

4. MEASUREMENTS OF SPICCATO BOWING

Figure 6 shows recording of string velocity during spiccato performed on a violin D-string by a
professional string player. The measurements were done by applying a miniature magnet dose
to the bowing point. and recording the voltage across the string. The three last notes are perfect
in timing and triggering. while the first one displays a premature increase of the bow force.
causing a few periods to grow in amplitude again. In between the attacks, "quiet" areas exist.

Figure 6:

String velocity at the bow, recorded during spiccato
on a violin D—string. The pattems compare well to the
figures obtained through simulations. Notice the quiet
intervals between notes. All four are nearty perfect.
In the first attack the bow has returned a little early
after the “exponential decay“. musing the amplitude
to rise again. A good professional player is capable
of producing a series at spiocato notes with little or
no onset noise.
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Without dired measurements. some information on the magnitude of the bow force can be
gained from the ripple of the velocity signal. Due to the relatively low Q-values of the torsional 3
string modes, the ripple (which mainly consists of transformed torsional waves) will fade quictdy l
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when the bow ls off the string. Figure 7 shows the second attack in Figure 6 analyzed in the
same manner as in Figure 1. In the interval (a-b) the ripple is growing due quick buildup of
flybacks [2]. In the Interval (b-c) the ripple is decaying. which means that I, Is zero. or close to
zero. Between (c) and (d) the ripple grows again although the transversal amplitude is still
decreasing. This is an indication of bow-string contact. which seems to be a necessary condition
for torsional-tranevarsal transformation to happen [3]. After (d). static friction reigns-and the bow
damps all remaining string vibrations very efficiently.  
Figure 7:
Some inlonnation on the bow force
can be extracted from the ripple In
the velocity signal. Using the same
mandng as in Figure 1. the letters
(a) through (d) are placed where the
Interpretation of the ripple signal
makes changes in how tome
plausible (see text).

5. VISUAL FEEDBACK FOR THE PLAYER

The easiest way to determine the phase conditions while performing the spiccato. is to out small
marks on the stick and watch the figures they make. Figure 8 shows two of several possible
patten'ts. During a high-quality rapid epiocato, the stick midpoint will always describe a sideways
eight (an the infinity symbol). like the example in Fig. 6(a) Then the stick will be approaching the
string at the end at each stroke and a forced decay take place. If the pattern is shaped like a V
or a U. the attacks are always noisy because the bow is off the string whenever it changes
direction. In Figure 8(b). the rotational motion is delayed -1 03", compared to (a). (The figures are
drawn out ofproportions for clarity.)

Figure 8:
An easy visual way to confirm the phase relation
between the translational and the rotational
movement during rapid splccato. Is to put a small
white mark on the middle oi the bow stick to see
the pattern it describes Of the two patterns shown
here. only (a) will produce a crisp sound. In (D).
the attacks will be noisy because the change of
bowing direction takes place when the bow is off

the string. When the bow returns to the string.
remaining Helmhqu components at high
amplitudes and "wrong' (opposite) phase
orientation will still be present. In (a) the hair has

contact with the string during the bow change, thus
muting these waves.
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6. CONCLUSIONS

A well-performed spiccato requires a high degree of precision between the rotational and

translational components of the bow motion. The rotational component has the same frequency

as repetition rate of the attacks. while the translational component has only halfthat frequency.

When measuring the displacement of the bow stick in the bowing direction (y-plane). and in the

direction of the normal bow force (z-plane) by means of two accelerometers. their trajectories

are predominantly sine waves with frequencies conesponding to the translational and rotational

components. respectively.

A crisp epiocato with little or no attack .noise can be separated in four parts: (1) "the buildup".

starting with an initially high bow force combined with an increasing bow velocity. followed by a

rapid decrease in how force alter a few initial periods. (2) “the exponential decay". with

decreasing bow velocity and little or no bow force. (3) “the forced decay". with the bow still i

moving (slowly) in the "old" direction while the bow force builds up again, with the effect that the

string amplitudes are quickly reduced. (4) “the muting of the string". during which the bow force

is great enough to prevent the string from slipping while the how changes direction in preparation

of a new string release.
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LISTENERS' JUDGEMENTS AND ACOUSTIC PROPERTIES OF VIOLINS

G Heike

Institute of Phonetics, University ofCologne, Gemmny

INTRODUCTION

The existmce and fuucfim of the so-called singei’s formant has bear described in numerals publications
andseanstobeimqueflionedbynow. Singingandstringinstmmmmareshnflarnmmlyintennsof
physics, but also in the historically developed sound ideal and the necessity of sound projeaian in large
cmcenhalls [1]i Onthis backyommlhis invem'gau'm airnsutteflngihchypdhesisdmanovenme

region equivalun to the singer‘s formant should be responsible for the dominance and 'carrying powerJ of
good violins.

A small number cfviolins was selected. The selections was made on the basis ofclle instrumarts' originand
measured fiequmcy curves. The frequmcy curves (see Figure l) were measured in an machoic room

(Technisdle Hochschule Aachm) by Dimnwald using his electromedianical excitatim device [2].

                                                

0512 a

figure I. Smoolhcd frcqucncy curves of 5 violins sclcclcd for Ike lcsls. Violin L: old French violin labelled
"Nicolas Lupol lslS". concerl inslnuncnl of player H.: Violin UH: 18‘“ anlury bohemian. unknown violin

lnakcr. sometimts used by player Hr, violin DP: new violin by H Diinmvald; violin H: ncw violin by hobby
violin maker. violin F: faclory made violin named “Consort-alon- Violin Slraduarius'r
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Only Violins L and H are used in professional or amateur music performancfi. The selected violins drew
elm difiemoes and partial similarities in the following futures:

Thereisaclearooneartmtionofspewalmergyinthefiequmcyregionbuwearlanddkflzineaehcurve
bmtheamplimdeisdifiemtinrelatimtethemofthecmve:ViolinsUHnndDPshawamplinide
predominance ofthe frequmey regieninquestion,vielinsLandHhave nearlyequalamplitndas ofthe ether
or the lowest frequency regims, while violin F is characterised by predominance of a middle fiequurcy
region (mnmd L300 Hz). 0n the assumptim that frequency curves measured in the anedroic room

correlate with the spectra of the same violins played in sateen halls it should be possible to test the

hypodiesisofdresingefsfonnmbyapprwriatelisteningtests.Uptillnow,twotestsweremademflre
basisofliveviolinplaying.andsevernlothersundiebasisoftherecordingsofdteseliveperfomiances.[n

allusesdrviolinwasplayedinapairwitheadt oftheothertrinlinshytwoprol'essimslviolhrists.1he
listmerswereplacedintwogrvupsinthefrmt(5-6mfrontthestage)mdintherear(25mfiomstago)of
theomcerthall.

In both livetests the listerers were asked the following questions:
1. Whidi violin (ofthe pair) sounds better?

2. Which has more “carrying power“ Cl'mgfihigkeit)?
Despitethe fan that no definitions of“de quality“ and "carrying power" were giver and the number of
listarersintestno.1wasverysmall(l4inbothgroups)flteresultsoouldbeimerpr¢edandusedtbrthe
dsiyi ofsubsequmt tests.

RESULTS OF TEST l
(12 December 1996, University of Cologne assuriny hall)

Two professional violin players (H: omoert master; S: female member ofordtestra) played
(a) atmesequarwing-rnajor:g-b-d'-g'-h'-d"-g"
(b) the beginning of M. Brush, Violin Concerto.

The following diagrams show the correlation of two experimental conditions: front vs. mr position in the
audiatoe (Figure 2) and player 5. vs. player H. (Figure 3).

The answers were evaluated as follows: 11te preferulus ofeaeh instruments over all «her instnunaIts in all
possible pairs (exoqrt idmtiml instruments) were summed up and giver in per cent of possible answers. hr
Figures 2 and 3 the answers retiring to quality and carrying power were summed. Wiflr two exoqnims (’)
the correlation betwear the factors of position and of player is relatively high. The exceptims cannot be

exploited satisleuorily but in both cases the judgement of quality is strikingly poor for the two phrases

played by S. The diagrams show two dist.qu groups:Violins L, H, and DP were giver more than 50 %
preferurce and obviously constitute one group as opposed to violins UH and F. The correlation: of quality

ratings with carrying power ratings presatts a clear picture ifthe values for from vs. rear positim and for

player H. vs. player S were averaged. Excqn for violin UH, Figure 4 shows a String eorrelatim dfthe

subjeaive paramaers in question. leaving the explanation of the role of violin UH aside it is evidmr that
quality and carrying power constitute one parameter of subjective judgment. In the light of recall
inveaigntions [2] the interpretation ofthe clear subjeuive ranking ill terms of their frequency nines seems

plausible only in the case of violin F (factory made): The dmninmee ofthe frequutcy region from about
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Meltingefomma-3kHz)offlIefrequmcycurves.rheredoesnotieemtohemyplansible
Whviewofdufieqwcymwofviolhmwehmtomdmdmemyhe
ammmmefieqummmusmedbydmmmofme
neblesideofdiebridge)andmeq:e¢nofdieviolinasplayedhmemAmmmm
mmddifl‘umumybeduwmefidflmdifi'empmofdwbfidgemumdinphm '
mfiemhgbehgudeom,fiequmcyumden¢mfleafieabsehmesumdbwldfiemes
buwemviolinsinrespmxemmMannedmumxy‘finodoublypoerhmhsiclamofviofin
UHmyemlainizsdev'unee. I

H
8

a

  I!an.mI) new"
munzhfl‘ummnnach nynJ.Prefaenee(%)efeeehinsrrummi
inmummtinthelurwfiomalldim playedbySandHtprofcssioulplayen).

figure 4. Rainy M)oflhemfitul§‘qualily'
and'carryingpoweronhesmvielins-
(fiequencywrvesseel’imre l).
VflmWMaflimm
Thevnluestorvielinlfl'lwuenotused
fistuluflmiannflegression

neninuu
vain-F
tenant
our-mot:
0mm.

 

carrying power

Leaving this problem aside. we decided to desig: another test with mly 3 violins which difi'ered
systenum'wlyintermsoffltesupposedomlributimofdiesiugei’sformantendwhidihadyieldedalligh
oorrelefimhetweenquelitymdcanyingpowerjudsunmtsindiefimtest:ViolinL(higheamflngs,
amplitude of emf: femur more or [as equal to other: fem-like regions). violin DP (hid! ratings.
amplitude of sinpfs forum considerably higher dun the lower regions) and violin F (lower ratings,
amplitude of singer”: fonmnt emsiderably lower than the amplitude affine region betwem l and [.5 kHz).
In an additional second s¢ the players were asked to play as loud as they could in the presume of noise
presmted ever loudspeaker in order to test that quality attributed to professional singers, mmer the ability
to make themselves heard in the presence ofa loud orchestra.
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RESULTS OFTESTI
(6 January l997, Cologne Fhilhannmic Hall)

m3violins abandforthemwmplayed inpairs inall possible mmbinatims. Betwemlheammltes!
Mmdherviolhipairswempmmtedwlnehdidnottakepmsysternafiuflymthetes.The same
playusSdeIsinTestlagsinplayeddiebeginningoflheBmchCmoenolismmwenagamasked
whidrofdievinlinsineadipairmeypmfmedhrtzmisofqimlityandcanynrgpm. lntheseocndpmof
metasttliesamoviolinslhoufiinrdifi‘erunsequmoewemphyedaynisttheplaybadxofamrdingof
adieu-am.Inapie-usLIheloudnessoftlreplaybackliadbemsaloavaluewhidiallmedaviolmto
be just audible (subjeaivuly). The violinist; were asked to play thebandage pan of the Prelude of the E-
mjorpanim (Bach).

In aooordmoowitlrdreresultsofTest l liflmers'judgemmts onqualityandcarryingpowerwm highly
correlated, Takingthememvaluesafboth attributes.fl193violiris shawaclearrankingordcrwithsome
disuubmcesdepmdhgmthewayofplaymgfiimireS):ViolinsLandDPconsfinmmegmupascpposed
toviolinl-‘butwilhaclaarpredominanceofviolinL.lnoonuasnoflresefindiiustlrel'esuhsoftlresecond '
panofTestZ showa verydistindpredaminance ofviolin DPcverviolinL(see Figure 6)whidrwe
amibutetothehighenergyafthe singer‘s fonnantinmecaseofviolin DP (see Figure l)

 

  
mu3

figuu 5. Combinedjudgements on quality and figun 6. Judgemenls an andibility aging
angling power, correlation between boll: players. noise.

Figure 7 suggm an additional explanation; it shows that violin DP was in fact lander, expecially in the
fiequarcy region above 2 kHz.

         

“In!!! 7- Suwmfilion of smoothed spectm ol‘ lulli noise (lower curve) \vilh spucim or violins L (loll) and DP
(right) as waved against noise. I
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TEST3
(12Mud11997,serninarroomatthelnsfltuteoflefiee,Cologue).

Reoordingsofflteitansof'l'ea2(reoordodatlheposifimoffllefiunaudimoem)manmgedm
audioCDandplayed beekmpausovuhighquafltyloudspeakemneaudimoeamsinedefsmdunsmd
sufi‘nunhmofdzelnsfinneofl’hcnaics.

Test3wasdedywdmmmfiefoflwmgque§imszmbmemlafimshipmfie3sew
violinsF,DPandLandthedheI-ones?Whatisflieielafimshiphetwemqualityjudmmtsbasedm
recordmymdthosohasodmflxelivesinmithestZ?

No quesfims cumming the carrying power ofthe violins could be naked because oflhe play-back
W.mewmwhmmemmmpmmmu
1husflielistmerswereaakedtomrkthatviolmofapairwhidxwuslmderlhmdteomerone.0fmurse,
mmrdmgaandphybadrwmmdewidiomstambudnesslewkmmdermalbwocmpansm.

Hg]:re8.SnwotltedFFl'—q)emaofthe
lastZOnotesoflheanhOonnemimro—
Momviolinflh ),DP(—),F(...)and

UH(---).Reeoldin§welew
byahighfiequemyemphasisofahom
lOdB/omve

 

luaddilimtotheviolinsofTeflZtheviolinsHandUHGeeTest l)wereused.1\vomore instrumaus
(violin T, G‘ Tagore, I721, violin DD. new instrummt by H. Di'mnwald) were introduced to the test
Resuflsshowqufleclearrelafimsbflwemmemstnunmandcan besummeduphriefly. Incommsttothe
live as situation in the Philhannonic Hall most instrummts cmslituled one group with only small
difi'ermeesinqualityjudgenmts(50~55%)z L-H-UH-DP-DD.Violinsdel-'wexemedlower
mww Onrfindinssindicatequualitydiffemaes baween highstmdnrdinmummtswhieh lismers
perceive in a live situatim tald in be levelled out in play-back. As to the judsmims of loudness a
suiptieingly clear ranking ofihe inmmuns appeared: violins H and DP were the has Cloudesl') and violins
F and UH the poems. Figure 8 shows the result ofan analytical experiment: The moldings ofrhe violins
made during Test 2 whid) also served as test stimuli in the play-back m were analysed by a F”-
algoriflun; the number ofpoinls (sampling rate 44,] kHz) owld be adapted lathe total dumtim ofthe music
sample. In order to gel a hater rqzroduction of high fiequuicy cmnponems die spewal analysis was
preceded by a high fiequaicy emphasis ofabout lO dB/omwe above 1 kHz. The smoothed spectra ofthe 4
violins show obvious difiemoes ofaiergy especially in the big: frequency regicn bawem 2 and 4 kHz, but
also in the region from about 0.5 to I kHz.
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CONCLUSION

We tried to show that at least three comparable and principally indqmn‘lim feamres ofvioljns exist: quality
of sound, overall perceived loudness, and andibility against noise (ordiesua uni). 0n the basis of spectral
analysis ofthe played test items in addln'm to measured frequency curves the following correlations with the
futures seem to be evidm: Audibility against noise oomlates with die absolute amplimdo in the fiequmcy
region of the so-called singer‘s formant (~2-4 kHz) while subjective loudness seans to correlate with an
additimal relatively high amplitude in the lower formam region (< 1 kHz). Judgments on them quality
oflhetest violins presumably correlate with a balanced relationship between both frequmcy regions and the

absmee of ranarluible partials of energy in the middle frequaicy region (~l-2 kHz); this relau'onsliip,
however,hasnotbem sufficimdyinvestiytedyet. In ourl‘utnreworkwewill makeuseofmanipulatimsof
the wearal properties of violins and/or recordings in order to establish an adequate 53 of mbjeuive
auribmes ofviolin sound in appropriate listening tests.
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