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Abstract

Concurrent Timbres in Orchestration: A Perceptual Study
of Factors Determining “Blend”

Gregory John Sandell

Orchestration often involves selecting instruments for concurrent
presentation, as in melodic doubling or chords. One evaluation of the aural
outcome of such choices is along the continuum of “blend”: whether the
instruments fuse into a single composite timbre, segregate into distinct
timbral entities, or fall somewhere in between the two extremes. This study
investigates, through perceptual experimentation, the acoustical correlates of
blend for 15 natural-sounding orchestral instruments presented in

concurrently-sounding pairs (e.g. flute-cello, trumpet-oboe, etc.).

Ratings of blend showed primary effects for centroid (the location of
the midpoint of the spectral energy distribution) and duration of the onset for
the tones. Lower average values of both centroid and onset duration for a
pair of tones led to increased blends, as did closeness in value for the two
factors. Blend decreased (instruments segregated) with higher average values
or increased difference in value for the two factors. The musical interval of
presentation slightly affected the relative importance of these two
mechanisms, with unison intervals determined more by lower average

centroid, and minor thirds determined more by closeness in centroid. The
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contribution of onset in general was slightly more pronounced in the unison
conditions than in the minor third condition. Additional factors contributing
to blend were correlation of amplitude and centroid envelopes (blend
increased as temporal patterns rose and fell in synchrony) and similarity in
the overall amount of fundamental frequency perturbation (decreased blend

with increasing jitter from both tones).

To confirm the importance of centroid as an independent factor
determining blend, pairs of tones including instruments with artificially
changed centroids were rated for blend. Judgments for several versions of the
same instrument pair showed that blend decreased as the altered instrument
increased in centroid, corroborating the earlier experiments. Other factors

manipulated were amplitude level and the degree of inharmonicity.

A survey of orchestration manuals showed many illustrations of
“blending” combinations of instruments that were consistent with the results
of these experiments. This study’s acoustically-based guidelines for blend
augment instance-based methods of traditional orchestration teaching,

providing underlying abstractions helpful for evaluating the blend of

arbitrary combinations of instruments.

iv



Acknowledgements

I would like express my appreciation and thanks to a number of people

who have contributed in one way or another towards this project.

To my principle adviser, Gary Kendall, who suggested this line of
research, patiently read numerous versions of the manuscript, and offered
invaluable guidance, suggestions and ideas throughout its duration. To my
other advisors, Alan Stout and Tom Carrell, who followed the project with
interest, provided many helpful suggestions, and lent their valuable

perspectives to the work.

To other teachers I have learned from during my odyssey through
various schools and universities: at the Eastman School of Music, Robert
Morris, who introduced me to new ways at looking at music theory, and
Edwin Hantz, whose graduate seminar in music cognition in 1984 stimulated
my interest in the subject; to Carol Krumhansl at Cornell, for broadening my
understanding of research methodology and the work of other researchers in

music perception; to Lois Elliott at Northwestern, for her valuable classes in

psychoacoustics.

To various colleagues for the suggestions for research, ideas, and
assistance with technical problems: to Bill Martens for advice in
experimentation and graphic visualization of data; to Hans Pelleboer, for
many interesting conversations about timbre and comradeship during long

v



hours in the studio; and to David Wessel, for helping me acquire the stimuli

used in this study, and for many helpful comments and suggestions.

For financial assistance during my years at Northwestern: the
Graduate School, for a University Fellowship and a Dissertation Year Grant;
and to Susan Lee and the Committee on Interdisciplinary Research in the

Arts (CIRA) for a University Fellowship and a CIRA Research Fellowship.

To Northwestern’s Institute for the Learning Sciences, whose
understanding of my situation as self-supporting graduate student was more
generous than one usually expects from an employer. Besides having the
opportunity to do very interesting work for the last two years, I benefitted
significantly from their computing facilities, for which I am most grateful.

Thanks especially to Roger Schank, Chris Riesbeck, Alex Kass, and Eli Blevis.

To people who provided, supported, or maintained the various
facilities that were necessary for this research: to Gary Kendall, for making
Northwestern Computer Music a place where this kind of work can take
place; to Amnon Wolman who also made generous efforts to insure the
maintenance of the equipment I depended on, often solely for my benefit, and
for the valuable use of his office and computer in the late stages of writing; to
Frank Horowitz for repairing my Macintosh; to Dirk Ruiz and Peter Roll who
helped with getting graphics software updated; and to various other people
who helped keep large computing environments working: Rich Karstens,

Jim McCoy, Chfistopher Chen, and Marty Wilde.

vi



To my wife Elera, without whose support it is hard to imagine having
ever completed this project. With her nurturing love, constant affirmation
of what I was doing, and faith in my ability to finish, she contributed
immeasurably to this work. Thanks also to the love and support of my dear

friends Milton Stern and Jonathan Rothe.

To my family: my brother, and my Mother and Father. Sadly, while I
was at work on the very latest stages of writing, Dad passed away
unexpectedly. Among the flood of thoughts surrounding that event I recalled
the memory of a lecture he took me to in the mid-1970's that was
instrumental in developing the interests that led to this project: a
presentation at Cal Tech on the digital recording and analysis-by-synthesis of a
violin. In memory of this and the many other influences that helped shape

my interests and character, this thesis is dedicated to Martin L. Sandell.

vii



Table of Contents

......................................................................................................................... 111
ACKNOWIEAGRIMENES...cuuoueruetrennsisices e sense s ssss st st ssssasssessesssessensensssessssssessessssens v
Table Of CONLENLS.......cuivieerercircisititseescsetsniessessesssesssssssssssssesssnsssessesesssssesssseensseessens. viii
LiSt Of FIGUIES «.v.evenemeertssietnen et ssasec e seentes s sssssnssse e ses s enssesssssessnsssssss e smsssssnens xii
List Of Tables ....cveuiueeiiiiiiciicsisieseetsncene e sesesesenssesssesssssstessasnesessssenses tersenetaresnneniranne Xv
List Of FOIMUIAE ...cevevitieerenrecrcniinciscc s sessassetesessssssessnssssssessesseenssssssesssesessssesssessenaens xvi
Introduction 1
Chapter 1: Orchestration Manuals 7

Semantic Descriptors of Instrumental Timbre........uuurersseeeeseessssenscersessosssesssssonee 10
Semantics as Guide t0 SIMIlATItY......ccveoveeermrrrrrrereusersmnecssessesssssasssssssossmesserssons 12
Acoustic Correlates to Semantic DescriPtorS.........ecreuererseressscsceeesserssssssssessososesns 14
Advantages and Disadvantages of Semantic Description 19
EVAIUAHON. ettt sessnesssen s s e es s 21

Characterizing Strengths Of INSHUMENLS «..v.cucvurvrunercuncscseressenecnsrsaessossesssssmseeessssenss 22
EVAlUALION. .ottt sttt scssese s e tsssssnsnsssssssensanseses o sessssan 28

CONCUITENt TIMDIE ....vcvururresisicscseicsresenssaessssssessesssssssecssnssassssssssssenssssssessssessessasensd 29
Augmenting EXiSting TIMDIES.......cc.crerureerrernressesseeseresssmsesseesnsssssossssesssssesssssssenns 32
Softening Timbres.. 34
INVENHNG TIMDIES....ucvuritecsscnscieeseenssrenssnsseessassssecsssesssssssssssssnssssessesssessenennnes 35
Timbral IMItation........ccuccieisieeeseensiesinsesssessceeeseeseeesssssessssessssssssess e 38
Blending Concurrent Timbres...........ooeevrernnenee. ..39

Defining BIENd........cviiuiiiisicrsernssnsinssseessssssscessssessssessessssssssssessseessesons. 40

Blend as @ CONNUUIM .........ccuuirerieeneensinsnsreste e seeceosesenssssssssessssssessessessen.. 42
“Natural DIENders” .............uceeueivirierneneiensne cveerecnesseesnsssessssessssessesese e, 46
Blending by “Bridging TimbIes”............ceeceeerseresseessseesnssssssossomsesssnnseennn. 47
Factors Affecting Blend............uecuemevenrsensaesneeseseesencseesesssessessessssssess oo, 48
SYNChIONICItY Of AHACK vvvuvveveeiversrrerereaersersnresescesesesesesesssssssesesseesssssesees 49

SPECLIUML ...ttt ceersae st sesseecesessessets s e nes soes e s 50

DYNAmMIC LeVel....couiuiiriiscreniriesienssssncsesssenseoseessssssssssssssssssssesemees oo 51

Pitch Height and PrOXimity .......cceureeeseruersircrrseenessseessessosesseesessesseseons 51

ChOrd VOICINGS c..vvvvenserecrrusiecesenninssensesseniseessesssseesessessssessnessesss e oo 52

Number of HmbIes.........cu..uucuiucreeeerieeetee et cesseressssss st 35

SPatial POSItON.....cuueceuiissiceseesersnsssessnsssessssscssenssssssmssssessesssmessssesss 55
Performers” ContribUtONS ........ccceueuereerseneisenesessesnsnssssessesssssesses s oo, 57
Alternative Definitions of BIENd........ceevueruuiereecenersnseresssersosssseseos oo, 57
EVATURHON. ..ottt st s essesess e s st 59
MUSICal EXAMPIES ...vuvuurvecieciuninncessneansssssssesesoseesemssnssssssnsessssessssss e ses s 62
CONCIUSION sttt tasesent s asessessessseeeses s ses e s sssos s ee s oo 67
Chapter 2: Perceptual Research and “Blend” 68

AUGItOry SCENE ANAIYSIS ..vvuvvveeesieenesscrsnerassenssssessmasesersessssesssesesss e eossoe e 68
Factors Relating to Pitch PErCePHON .vvurvuruuiveceseereeereeseesee e oo 71



INRAFMONICHY ... ..o vevrrreste ettt see s sses s sssesssssene e eesssess s 73
Harmonic CoinCIdenCe. .......uuuuiieemrercreesiesensnnessees s sseessasessesssesssssssessesseessesn 74

OnSet SYNCATONY ....currerrsiiiceiinisecneasennsssesessessnsessessessesosssesssssssesns sssssssss e e 77
“Common Fate” MeChaNISINS....c.ewursiersersseessneresssssmsesmsssessssessssessssssssmessssessnnnenns. 78
MiCTOMOQUIALION...cuecuertensicerctscne st sses st essensesesenes s ssenes messsseseenne. 80
Common Temporal ENVEIOPE............cvnersersermsssnesesssesssssesmessesessssesssssssossssenn 82
Spectrum and Blend........ccorurn.... “ 83
Spectral Differences Between Solo and Choral Singing .83
Spectrum and Fusion of Single SOUNS..........cuerereuereemscseeesesmcessesssessesssosssssnoen.. 85
MaSKING.u.vucrnieesreetins st essessns s ssss s e sssssssesesssssosnssssssssessenmsesssseemn e 86
Spectral Masking........occveueserseruisisessessenessessnssessesssssssesssssssssessassesssessensennons 86
Informational MaskKing........cociueemsseerreassensnsasesesessssnesensessssenssssensasessssessomssensens 89
Chapter 3: Method for Investigating “Blend” 92
Goals, Preferences and REqUITEMENES ...oucrictiteareaerenereereseeseeseeeeesnssessessssesssnsnes 92
Psychophysical INVESHAtON ........ceeueemmrrrersenaresenascssenssecssensessssssssssssssessessonns 92
Realistic SHMUL ...c.coererieerctiecicerenenssetene st eseeseesssnssesesosesesss e 94
DiStiNCiVe  FatUIeS...uuvmsucusrsciurenrrsnnseriessscseessecssssesenensssssssssssssssssssssomssens e, 97
Selecting Natural, Complex Timbres for ReSEarch.........ooevuereseesveresossoomsossnn. 99
RAtiNg BIENG....cocmrrietstcttctcecrntsssseese s eesssessssssssessos s sss oo eees e 100
The Stanford TOMES.........ccveeeurveeceessernnirnnessnensesssesessesssssssssssssosssssssssssss s, 101
The Origins of the tones.........ouevevrererrerenenne . 101
Tests of Tone Naturalness and Identifiability ........ocevvvereerreererensneecaecnessasnnnes 137
Perceptual Equalization of the Tones done |4 € (- U 138
Further Perceptual Equalizations of the Tones in the Present Study....cccrusirreens 140
Acoustical Properties of Single TONES ........vuerue.vusreecemeeesersssessossesssossssnmessenss., 145

L CENIOI. cooeveneeririrsieeriectstscsctesnasness st eseseessessnsssss s sese e e s 146

2. ACOUSHC DISSONANCE .v.vuvvvviveneseceseesnsassessessssssseconessssssnsesssssesssesnsesennenn.. 154

3. Duration of Precedent NOISE........euewruerseruucessseseesensensrsesssssssssssssssess e 157

4. Duration of Perceptual AHACk TIME ...cvu.vv.rvevveeeecenreesreesnesssssssesoso o, 163

5. AMPHHUAE. .. ouirrnrtnrtttteeceessrerensesssesssssseeseesssessrssssssssssssssssen s e 163

6-8. Harmonic SYNCAIONY.......cveuveuemsersmncemmnescemsseeessssssssssssssssesesseeess oo 168

9. HaIMONICIY . cveuusruurriuusinecereessssesssseesnsseessecemaeressssssns s sssse s sees oo 173

10. Pitch DeVIationS.......cuuucceuersvsenmsuseessesresssmeenseosssssssssssssmss oo 175

11, RECOBMUZADIIY ..vvunrrrnrrrnirerieecensrrsnnsansansssssseemsessssesssss s 175
COITRIALEA FACLOTS c.v.vvvvuunnrrisissearecestsnasesannssssssssemeseesmssssssmess oo 178
GIEY'S RESUILS «...covvviecennsssirscscesscesssss s sesssssseeseeeseessees s oe oo 180
Chapter 4: Experiments in Blend Perception 188
Experiment 1 (UNiSONBLEN) v.v..uuuveveusencreremannnersmmsesseemmsesseessssessssososssssssn 188
SHMULL oottt teeesessss st s e es s ess e 188
SUDJECES .- vevvvvrvessensreemsnssssenessassese st s rses s eresssss s 189
EQUIDINENL oottt e eee s sense s oo esesoese 189
PLOCRAUIE c.covv sttt st eess s oo 193

A Note on the Rating Scale......... N 194
Analyzing Blend: Preliminary Remarks 0n MethodS..........v...................o....... 195
Overall correlations and Single Instrument Correlations 196
Average INStrument COITEIAtONS ......vveeeeveereesescemmn oo 199



Results of Experiment UniSONBIENd............evevueruerneseanesesssssasssesssensessssesssesssssessns 201

Variability 0f RESPONSES.........ccevereueericresesermssssnssesseserssssesssssensesesesssessessesssns 201
Preliminary RESUIES .........c.cuvciuresnenicnessssses s sessssscasssesseesensessssnnssssssssssse 202
Multidimensional SCaling ..........ccvererererurersssesearesesecsessssssssesesenssssesnssnees 202
Intrinsic "Blending Power” of INSITUMENS.....cuuverrrrsmssuncesmmsnsesessnemsessssessssonse 206
Spectrum and BIend........ccuiecesinneranssensessessassssesssessonsessessssssssesemssenns 212
Centroid DIStANCE ......ucvveuuriseissesicresranesessssssseres s sssssssssssssasesssssssssnesssssens 213
Spectral DiffeTenCe.....ccuuuuereisicsccssesscserseinsinssessensessssessessessessssssasssss o 215
Tristimulus Representation of Spectral Difference................owwesemmmorsessens 217

Acoustic Dissonance and Blend 223

AHACK and BIENd.....ucuveeeiicriisisecnsinesnnansnsse e sessesesesssesesesensnssasesssssesssesesses. 225
TemMPOTal FACKOTS c.vuuvveiunrnuesiiisicasiesesennensssnssssssessesssassssssssessessssesssesermsesssssasd 227
Harmonic Synchrony and BIend..........cceeeereuiuneersunrescseesecsesssensaesessssensessnns 227
Temporal ENVEIOPES........cvueuimiriscienssusesenenmnessssesssessesssnsssessssssssesssseses. 230
Amplitude ENVElOpes.......covueuiieruierisirsiensensssens st ssssessesssesssssssssssens 231

Centroid ENVEIOPES ...........cunitersercasersenssnesnsssseessnscssssencesesssssssssssssssns 234

Pitch ENVEIOPES ..cvvuvieeeriinisicrciessctnrsscsnennansenseseesssssesnsssessssssessssaens 235

Pitch DevIBtON....cuivueuuecenticeitcancssenesssesecsare s sessssssesssnssssessasssssomssessess s 235
InStrument RECOZNILON ......uuvvviuresiescesseesssnssnsannsessessssssssensssssessssnsssessesmmesssnnes 238
MOdEIlNg BIENM ......vvvueriremniniiisrisnesesnsassnssnsssnsessessaessssessssnsesonsssesssesssessen. 238
Regression with All FaCtOrS........couvmcrenrienssnessesssssnenssesssessesssssssssessossenmooss 239

A Low-dimensional SOMtION......c..eeeuoerunresnnssecisesessesmmsesesssssssssssssessseen, 243
Summary of Findings, Experiment UniSOnBIENG ............eveeveeeererseresseessesssossssonessnnsns 246
Sums and Difference COITElations .........urueeeerveermscureesesseesssssesesssssssssessssons, 247
Experiment 2 (M3BIENA) ........vuivuceusecrsennmrenrensisesssssesmseessssneasssosssossessesessemseoesesess o 251
PreliMiNaries.....vcinitnnrueiricstsisnscrssies st sassssssesessesessensesss s sosss e e 251
SHIMUI oottt ettt eaesssssenssssasese s e o 256
SUDJECES 1.vutveseerasetsnsts st sss s vt senassse e e s sees s ee s s e e 257
EQUIPIONL...cvnnioeeiiitsrrtee e ttscessscsessnsssssens asssssescnsssesesess s s ssesseseen o 258
POCEAUIR ..ottt ettt essseesses e e e 258
Resuits of EXperiment M3BIENd ..........uvueruemrermussensonseenesesessss s s 259
Variability of RESPONSES........cuuvivecrmrsresrenesnsianeessmeeemsesrssssesss s 259
Terminology: A Prelminary NOte.....ouuurruresssusseseeemsessssnssssnssosssssooeoooossoeo 260
Differences between Experiments UnisonBlend and m3Blend 263
Effect of Note Position on Blend JUAGMENtS .......uuuereereeevenensssnosooooosrns 265
Multidimensional SCANG .........eimmeererrensssssessseeeeseressessses e 266
Factors Correlating with Blend Judgments.......... 269
SUMS VS. ADSOIUE DIffErENCES...ceunvuseverrenesenisseeensssrssssensos oo esne s 270
CNUIOIA ....ovoe e sresieciseteecnsensesnes e st 270

OtREr FaClOTS....ciuensitueeessitieecreensrsssssessssessseessssesssesessssssmsssnmeeneosenn oo 278

TeMPOTAl FACIOTS ceevvvuurrusressisssccsserssnnsssessssnsssnsesneesssssmsonnosssssmesms oo 279

Pitch Position and Negative vs. Positive Differences in Factors......................... 279
Modelling Blend with Minor THirdS .....cuv.ueuesveeomsereeeseeseesenessosoone oo 282
Summary of Findings, EXperiment M3BIENd.........vveeesenemsvvusesossooos oo 285
Experiment 3 (AJUSIBIENG).........ccuceuueeeeremsmmessssnsneseemssesosessosssssooossn 287
PTElMINGTIES. oovoviireve ettt esee e essee s 287
Manipulating Centroid............ccueerreenerresssuereeeesssssssssesssosososossssson 287
Manipulating Other FACtOrS..........uvvveemrumnreeseeeseseserssessosssoooosssressss s 290
AMPHIUAE. oottt ceeesse s 294



HarmoniCity ... cvciecviee ittt seneanrerssen st asnad 295

Experimental CONditionS...........cccceieerurierereseensereienssnnarnssenssesssserssssssssenssnans 296

SHIMUI ettt e smsseasneseseseasasasssssssesenenesessesnnsnesered 298
SUDJEOLS. ... eceessn ettt st ese s sesstss s e s sese s be s bvsessbeneaseseee e e s s e anas 300
EQUIPINENL...iiimirrnntie et sases e s snssesenssssas s s ssseneseraesnes 300
PIOCRAUIE ..ottt sae s e st sresesenns e sesn s ne 300
Results of Experiment AdjustBIENd........covurmeemesmmenseresnesssrssssessessssssnsmssessassssssessosns 301
Variability 0f RESPONSES.....c.evveuieirserssiisersrensencnsensesssnssssesmasssssesesesssesessesas ssnns 301

Effects of Conditions on Blend Judgments ........ceeverereerecreerencseecasssasnesensssnssresns 302

Effects for CONditionS AlONE.......ccccnmesmerereenereesessesesssssessensonnensenseseasssssens 303

Effects for Conditions and Single Instruments 304

Effects for Conditions, Single Instruments and NOeS......ecveeeereeereeeesineseian. 305

Effects for Conditions, Instrument Pairs and NOtes..........oeeeeereecevnessrrrernnnns 305

Summary of Findings, Experiment AdjustBlend. w311
Chapter 5: Concluding Remarks 313
SUMIMATY ....urinirieerinsisssssi s csstsesnss s snasssssssesessssassssssssssnssesesssnnsssssss s sosmosesesen. 313
Contributions of the SHUAY ......ccuueiseeesseenreersenernieneeneeissssessssemsessesnsassssssessesssons 318
Relationships to Earlier Studies 321
Shortcomings of the StAY.........cveeeeseetruerererenneernescsssesesnseeseessseessensasssssssssessssasns 323
Suggestions for FUIhEr SHUAY ........ocvesersennevennrnrnnncsesnencnsssescssnsessensesssssssssssssess 325
References 327

xi



List of Figures

Figure 1. Characterizations of the dynamic range of the Bb Clarinet

24

Figure 2. Intégrales, Edgard Varése (1925), Measures 24-29...........cv.eeeeemeuersenseesssssersons.

..... 45

Figure 3. Example of an interlocking voicing of a chord
Figure 4. Parsifal, Richard Wagner (1892), measures 20-25......

Figure 5. Five Pieces for Orchestra, Op. 16, Arnold Schoenberg, no. 1, measures 15-19
Figure 6. Coursing, Op. 17, Oliver Knussen (1979), measures 1-3

Figure 7. Amplitude and frequency functions from a heterodyne filter analysis of a

trumpet tone, 2nd harmORIC. ...ccciicmeeerveriuermiesissssessessreessrsserssenssnsessesnse oeoessnn

Figure 8. Amplitude functions from a heterodyne filter analysis of a trumpet tone, all

RAIINONICS. coeueeeiinccciitcr e ssesssnesensesse e seseeses s e e s e

--------------------------------------

..... 104

Figure 14. Amplitude functions of the Stanford soprano saxophone tone
Figure 15. Amplitude functions of the Stanford alto saxophone (played mezzo forte)

BOMB ittt ses st s saee e ssaesaense s e se e

Figure 16. Amplitude functions of the Stanford alto saxophone (played forte) tone
Figure 17. Amplitude functions of the Stanford bassoon tone
Figure 18. Amplitude functions of the Stanford French horn tone

--------------------------

-------------------------------------------

..... 113

Figure 19. Amplitude functions of the Stanford trumpet tone

Figure 20. Amplitude functions of the Stanford trombone (muted) tone
Figure 21. Amplitude functions of the Stanford cello (bowed sul ponticello) tone
Figure 22. Amplitude functions of the Stanford cello (bowed normally) tone
Figure 23. Amplitude functions of the Stanford cello (muted, bowed normally) tone
Figure 24. Frequency functions of the Stanford flute tone
Figure 25. Frequency functions of the Stanford oboe tone

............................

.................................................

Figure 26. Frequency functions of the Stanford English horn tone
Figure 27. Frequency functions of the Stanford Eb clarinet tone
Figure 28. Frequency functions of the Stanford bass clarinet tone
Figure 29. Frequency functions of the Stanford soprano saxophone tone
Figure 30. Frequency functions of the Stanford alto saxophone (played mezzo forte)

Figure 31. Frequency functions of the Stanford alto saxophone (played forte) tone
Figure 32. Frequency functions of the Stanford bassoon tone
Figure 33. Frequency functions of the Stanford French horn tone
Figure 34. Frequency functions of the Stanford trumpet tone
Figure 35. Frequency functions of the Stanford trombone (muted) tone
Figure 36. Frequency functions of the Stanford cello (bowed sul ponticello) tone
Figure 37. Frequency functions of the Stanford cello (bowed normally) tone
Figure 38. Frequency functions of the Stanford cello (muted, bowed normally) tone
Figure 39. Waveforms for instruments tsax2 and bassoon
Figure 40. Two spectra with different centroids

.....................................
........................................
.....................................

----------------------------

..............................................................................................................
...........
.............................................
......................................
............................................
..............................
...............
.....................
..........

.................................................

.........

xii

..... 128



Figure 41.

Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.

Figure 58.

Figure 59.

Figure 60.
Figure 61.
Figure 62.
Figure 63.

Figure 64.

Figure 65.

Figure 66.
Figure 67.
Figure 68.

Figure 69.
Figure 70.

Figure 71.
Figure 72.
Figure 73.

Figure 74.
Figure 75.

Centroids for the Stanford tones.........

Centroid envelopes for each of the Stanford tones

Spectral envelopes for each of the Stanford tONEs.........c..evueueeersenreseeresenreneone

Function used for estimating the dissonance of two sine tones
Dissonance measurements for the Stanford tones

Peak ampiitudes for each of the Stanford tones
Measure of harmonic envelope synchrony for the Stanford tones
Measure of peak synchrony for the Stanford tones

----------------------------

-------------------------------------------

----------------------------------------------

-----------------------------------------------

.......................

Measure of onset/offset synchrony for the Stanford tones
Measure of harmonicity for the Stanford tones
Measure of pitch deviation or "jitter" for the Stanford tones
Pitch curves of the Stanford tones.
Percentage correct recognition for the Stanford tones
Multi-dimensional scaling solution from John Grey's similarity study for the
Stanford tones
Reproduction of Grey's MDS solution (Figure 57) showing significantly
correlating acoustical factors to each of the three dimensions,
The rating scale that appeared on the computer screen, and which listeners
used to make blend judgments...........uee......

Distribution of blend judgments in Experiment UnisonBlend.
Multidimensional scaling solution of the data from Experiment UnisonBlend
Blend judgments from Experiment UnisonBlend averaged by instrument
The average blend judgments from Figure 62 plotted against the centroids for
the named instruments.
The average blend judgments from Figure 62 plotted against the DPATSs for
the named instruments.

An illustration of spectral difference calculation

.................................
................................................
............................
..................................................................

----------------------------------------

------------------------------------------------------------------------------------------------

--------------------------

............................

e

..................................................................................

..................................................................................

The blend judgments for all trials including tsax1 plotted against the
spectral differences between tsax] and the named instrument
Levels of acoustic dissonance for the instruments flute, oboe2, frhorn and
bassoon, comparing solo and paired presentations

Hierarchical clustering analyses showing the amplitude envelope
similarities among all harmonics for two pairs of instruments.
Demonstration of correlation between centroid and amplitude envelopes
Relationship between blend and the amount of similarity between

amplitude envelopes, englhorn trials only, Experiment UnisonBlend...............

Relationship between blend and the amount of similarity between centroid
envelopes, oboe2 trials only, Experiment UnisonBlend...

233

Scatterplots showing improvement of regression analysis to predict blend
judgments as more acoustical factors are added, Experiment UnisonBlend
The scatterplot for the 14th regression shown in Figure 72, comparing the

values produced by the regression equation with the actual blend judgments. ....

“Blend space” for bassoon

Centroids for the Stanford tones used in Experiment m3Blend compared with

tones from the McGill University Master Samples (MUMS) compact disc
collection

---------

................................................................................

........................................................................................................

236

...242



Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.
Figure 83.
Figure 84.
Figure 85.
Figure 86.
Figure 87.

Figure 88.

Distribution of blend judgments in Experiment m3Blend. ................ceevereeersnnronn.. 261
Data averaged across instruments in Experiments UnisonBlend and m3Blend.......264
Single instrument correlations of data from Experiment m3Blend comparing

CH trials With € trHals.......ccuecuiivnieice s seeesesinassnsss s esseemecsensenenssessessseeeeneesons 267
Multidimensional scaling solution of the data from Experiment m3Blend............. 268
The standard deviations for instrument averages in Experiment m3Blend............. 271
Single instrument correlation for the centroids of frhorn’s e trials,

Experiment M3BIENd..........cucueiveeenicseemanennnnssresesessseseosmssesssssssessssssesoessensnnenn. 274
Single instrument correlation for the centroids of ebclar’s c# trials,

Experiment m3BIEnd............ocuicvieninrereernssinessensssesonssessnssesssssessesessesssesnss s 275
Scatterplots showing improvement of regression analysis to predict blend

judgments from Experiment m3Blend as more acoustical factors are added............ 283

The scatterplot for the 13th regression shown in Figure 83, comparing the
values produced by the regression equation with the actual blend judgments. ....... 284
The process of changing centroids of Stanford tones by changing the slope of

attenuation of the harmONICSs.........ueiiienicneninieesce e esesesesssessesessssssesene. 291
Centroids for the instruments flute, oboe2, bassoon and frhorn in normal,

artificially dark and artificially bright conditions...........ecoeuevevevuovervemsonnnoo 292
Time-amplitude-harmonic plots for the dark, normal and bright conditions

of the flute in Experiment AdJustBIEnd. ........o.eeveeverveeeereersmsenessessorsseosssooon. 293
Time-frequency-harmonic plots for the harmonic, normal and inharmonic
conditions of the flute in Experiment AdjustBIend. .............evevevevevesoeeomneoossennn. 297

xiv



List of Tables

Table 1. Acoustical properties and labelling system for the Stanford tones 139
Table 2. The process of generating all possible pairs of trials in Experiment

URISONDIENG..c.ueoreeeeeetcttctcesecnsssectnenis s s sesnsssssssssssssssessesessess e e 190
Table 3. Tlustration of centroid sums and absolute differences for trials in Experiment

URISONBIENG. c..ooruiiretenntinitinsse st esstsse s stssoreeesnesssss ot ssoes e 197
Table 4. Various single instrument correlations to data in Experiment UnisonBlend.............. 214
Table 5. Various single instrument correlations to data in Experiment UnisonBlend.............. 218
Table 6. Predictions of blend judgments for individual instruments from difference

spectra using regression analysis, Experiment UnisonBlend 222
Table 7. Various factors identified as correlating to blend judgments in Experiment

URISONBIENG. c...eotveenireetenticistssiisssestinsssnes e st seseesessasssssssssssssssoesses e, 245
Table 8. Various overall correlations from Experiment m3Blend, with counts of

significant single instrument COITElationS...........uvruesresenecesncesressn s 272
Table 9. Effects of change in centroid widths for a pair of tones on blend, comparing

across Experiments m3Blend and UnisonBlend 277
Table 10. Comparing the mean blend judgments for pairs in which a factor had a

positive difference with pairs with a negative difference, Experiment

M3BIENA. c.outitiettert et sentsses s s esesessense s et 281
Table 11. All the trials for the combination [flute-oboe2] in Experiment AdjustBlend. .......... 299
Table 12. All triads of trials for the centroid condition in Experiment AdjustBlend............... 307
Table 13. All triads of trials for the amplitude condition in Experiment AdjustBlend........... 310

Xv



List of Formulae

Formula 1. Centroid formula for a steady-state spectrum..

Formula 2. Centroid formula for a tone with temporally variable amplitude and
frequency functions for each harmonic
Formula 3. Calculation of a steady-state spectrum envelope for a tone with temporally
variable amplitude and frequency functions for each harmonic
Formula 4. Calculation of a centroid envelope for a tone with temporally variable
amplitude and frequency functions for each harmonic
Formula 5. Measure of dissonance for an aggregate of harmonics from one or more
complex tones, from Hutchinson & Knopoff (1978)
Formula 6. Critical band formula from Moore & Glasberg (1983)

...........................................................

......................

....................................

-----------------------------------------

Formula 7. Calculation of an amplitude envelope for a tone with temporally variable

amplitude functions for each harmOniC. ....c...eueverrrreneererererrseneneieoeesesseseenenns

xvi

...... 166



Introduction

By musical theory I mean nothing very profound and
nothing at all new: I refer to the familiar disciplines of
harmony, counterpoint, analysis, and orchestration.
(Cone, 1989, p. 29)

While orchestration books abound, even the best of them
serve up little more than a few tricks-of-the-trade
illustrated by examples. There are no general statements
that are nearly as persuasive as the simplest
generalizations about counterpoint or chord progression
found in the most elementary texts. (Slawson, 1978, p. 106)

The inclusion of orchestration within music theory, while an attractive
prospect for the future, is a dubious proposition at present. As Slawson notes,
few abstractions, paradigms, or generalizations govern orchestration’s
teaching or its practice; strategies for balancing chords and reinforcing
melodies, for example, are learned largely in terms of specific instances, and
seldom by rule. Furthermore, orchestration teaching involves nothing so
generative as triadic chord construction or harmonic inversion; there are no
standard resources such as major and minor scales; no pedagogically-graded
exercises such as species counterpoint; and no orchestration-specific
procedures equivalent to invention, fugue, or sonata form, to facilitate the

comparison of student exercises to masterpieces.

1



This poses two problems to musicians. First, orchestration is hard to
learn. Since its knowledge is acquired by imitation of examples, without
access to a sight-reading orchestra or an apprenticeship to a “master”
orchestrator, the prospect of developing one’s own instinct for orchestral
combinations is remote. Second, lacking robust generalizations and
principles in its pedagogy, orchestration provides few techniques through
which an analyst can assess the orchestration of a work and communicate it

to others--which in turn further hinders the advancement of orchestration

pedagogy.

What orchestration manuals tend to offer in place of generalizations
and paradigms is a prescriptive, instance-based approach to learning. The

passage below on melodic doubling illustrates advice typical of this approach:

In piano, octave doublings are of good effect between
trumpet and flute, horn and flute, oboe or clarinet.

... Horns make effective unisons with clarinets and
bassoons. Woodwind unisons with trombones are not
often useful. The tuba combines quite well with bass
clarinet and contrabassoon. (Piston, 1955, p. 427)

The first problem with such an approach is its short-sightedness: at
best, prescriptions can only teach a student to repeat a solution for a particular
texture. Schillinger (1941), remarking on such prescriptions, observed “If the
composer is fortunate enough to apply them to just such a texture, he may
meet with success. In all other cases he is bound to be a failure” (p. 1603). The
prescriptions would be far more valuable, however, if accompanied by

underlying abstractions from which to draw similar conclusions about other



instrument pairings, rather than standing alone as rules to be memorized by
rote. Second, the conditions under which the prescriptions hold true are
under-specified. The registers of the instruments, and the articulations and
durations of the notes being played can have a major impact on the sound of
any particular pairing. The reference to the piano dynamic is helpful, but
even this observation would be more valuable if described in more general
terms; for example, the effect yielded by the piano dynamic should be
clarified. Finally, and the most severe problem of all, the criteria “effective,”
“useful,” and “combines well” are undefined here, and are poorly defined at
best in any orchestration manual. Such vagueness no doubt contributes to
the common perception of the Art of Orchestration as an arcane craft--which

in turn explains why few musicians gain orchestration skill.

Recently, the psychologist Albert Bregman echoed some of these

complaints, and suggested a solution:

Although some parts of the crafts of counterpoint,
orchestration, and construction of melodies are often
codified into explicit rules, others are not, and the
composer must learn through listening to music and
through trial and error. A scientist would like to see all
the principles written down. Many musicians assert that
any principles that could be adduced, such as rules of
counterpoint, would apply oniy to a particular form or
style of music. As a scientist, I want to believe that this is
not so, and that while many such rules will be specific to a
style, if we dig deep enough, we will find universal
principles of perception that can be converted to
knowledge about orchestration. . .. Such a description
would not be prescriptive, telling the composer what to do
in the manner of traditional academic schools, but would



simply say, “If you want this effect, do that, and here is the
reason that it works.” (Bregman, 1990, p. 458)

This study proposes that the best way to address the dilemma of theory
and practice in orchestration is through rule-based approaches to evaluating
instrumental combinations along the lines that Bregman suggests. To make
this feasibie--indeed, many musicians doubt that any “rule of orchestration”
could predict how they would hear a given combination, or aid them in
actualizing a timbral conception--the scope must be carefully defined. The
plan here will be to (a) identify a criterion of timbral judgment common to a
variety of orchestral applications, (b) define a continuum on which that
judgment is made, (c) identify the general conditions that lead to various
judgments along this continuum, and (d) identify which instruments or
combinations of instruments meet those conditions. Such a “metric of
orchestration” would go beyond the traditional prescriptions and provide a

resource for solving problems in a variety of situations.

Orchestration manuals can be useful in providing hints for candidate
topics of study, and clues to criteria for evaluating orchestral choices;
however, one must look beyond their methods to satisfy the goals of this
study. Acoustical analysis of musical instruments and empirical study of
timbre perception will be necessary to identify the mechanisms underlying
the criteria for evaluation and the relevant parameters of timbral variation
necessary for generalization across different instruments. Although
information from acoustical and timbre perception studies (e.g., Grey, 1975;

Wessel, 1979; Ehresman & Wessel, 1978; Grey, 1978; McAdams, 1984) is
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relevant to orchestration and information from such studies has been used as
source material for analytical or compositional theories of timbre (Erickson,
1975; Cogan, 1976; Cogan, 1984; Slawson, 1985; Lerdahl, 1987), no large-scale
study has directly applied perceptual experiments to questions specific to
orchestration. Central to this study, therefore, will be a series of perceptual
experiments investigating some aspect of orchestration. Because of the
absence of precedents, and in the interest of thoroughness, the study will not
be able to address a wide range of aspects of orchestration. By necessity, it will
be restricted to investigating one particular orchestral phenomenon. A
survey of orchestration manuals and treatises (Chapter 1) will weigh various
candidates for their suitability as topics for perceptual investigation. It will
provide evidence that “blend,” a quality obtained between concurrently-
sounding musical instruments, emerges as a topic that is well-defined and

widely applicable to a variety of orchestral activities.

There are two possible benefits to the activities of music theory and
composition to be gained by this study. First, endowing orchestration
pedagogy with paradigms and methods brings it closer to the other subjects of
music theory: if there are metrics for producing orchestration, those same
metrics can be used to analyze compositions as well. Conceivably, then,
orchestration and orchestration analysis could be encompassed under one
subject, each to the other’s advantage. The second benefit relates more to the
current musical scene. Multi-timbral synthesizers and micro-processor based
controllers, widely available and at relatively low cost, have broadened the

opportunities for composers to write “orchestrally” without the expense or



limitations of conventional orchestras. The freedom to compose with
multiple layers of timbral sound, and the opportunity to evaluate an
unlimited number of combinations of synthesizer patches on one underlying
compositional grid could trigger a renewal of wide interest in the art of
orchestration. If so, the “orchestration manual” would need to be redefined
for this new context: as electronic musicians are increasingly informed about
synthesis algorithms and the psychoacoustics on which their instruments are
based, they will require a system of orchestration founded on principles of

auditory perception.

The remainder of the study will proceed as follows. Chapter 1 will
examine traditional orchestration manuals and point out how the various
questions they raise help to identify an appropriate candidate topic for
modelling with a “metric.” Chapter 2 will assess the contributions in the
literature of auditory perception and psychoacoustics for material pertinent to
the selected topic. Chapter 3 will propose an agenda for empirical study and
introduce the working methods and stimulus materials for experimental
investigation. Chapter 4 will report on the experiments themselves.

Chapter 5 will summarize the overall findings of the experiments, evaluate
their significance with respect to the art of orchestration, and consider future

possibilities suggested by the outcome of this work.



Chapter 1:

Orchestration Manuals

For most musicians, the primary source of information on
orchestration is its textbooks, manuals, handbooks and treatises. Literature
reviews of orchestration manuals, encompassing the variety of topics of
concerns and methods of instruction found in them, are rare or non-existent.!
As part of the search for a suitable aspect of orchestration for perceptual
investigation, a selective review of the contents of these sources is given
here.2 Although several potential topics for investigation are encountered
here, the topic which ultimately emerges as the strongest candidate is blend:

the tendency for concurrently-sounding timbres to fuse into a single timbre.

1 Carse (1964) and Becker (1969) offer surveys of the history of orchestration that provide brief
allusions to orchestration manuals from various periods. Carse (1941) briefly considers
treatises predating Berlioz (1856). Strawn (1985) offers a restricted survey of orchestration
manuals pertaining only to discussions addressing matters of articulation and note-transitions.

2 The survey is limited to sources that available in English. Not all sources surveyed were
“orchestration manuals;” a few sources of more limited scope, or which address orchestration
from non-pedagogical viewpoints, are included as well as well. Ott (1969), Schoenberg (1931),
Scherchen (1933), Carse (1964), Becker (1969), Fowler (1980), Betkin (1988) are examples of
these sources.



As an overview, consider the typical instructional layout of an
orchestration manual:
1. Deccription of instrumental families and individual instruments;

focus on practical limitations, qualities of sound, and strengths of
registers.

2. Melodic writing: choosing combinations of instruments for
doubling melodies at the unison, octave, or in thirds or sixths.

3. Harmonic writing: voicing and instrument selection to obtain
homogeneous and balanced chords

4. Techniques for orchestral accompaniment: textures, polyphonic
patterns

5. Orchestral transcription of piano pieces or chamber music

Topic (1) indeed plays a major role in orchestration teaching, usually
occupying an initial, major portion of manuals. Nearly all manuals stress the
necessity of a thorough understanding of the character, capabilities and
limitations of every instrument as a precursor to all other orchestration
activity. These sections develop a vocabulary for describing quality of timbre
and registral strength that tends to permeate the instructional nature of the
remainder of the book. That is, effective instrument choices, whether in solo
or simultaneous presentation, involve applying information of timbral
quality and strength wisely. Hence each of these two topics will be surveyed
separately. Topics (2) and (3), however, can be considered together because

both concern strategies for selecting simultaneous timbres, and authors tend
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to apply the same principles whether the issue is melodic doublings or chord
voicings. Topics (4) and (5) involve high-level application of all three of
these subjects; the latter, additionally, involves numerous stylistic questions.
Hence the subjects of accompaniment and transcription are omitted from
consideration a priori as topics too complex to consider for perceptual
investigation. Therefore, the material to be reviewed here will be organized
according to only three categories: (a) Semantic description of instrumental

timbre, (b) characterizing strengths of instruments, and (c) concurrent timbre.

The goal is to find among these three categories some topic suitable for
perceptual investigation. To guide the direction of this survey, topics will be
evaluated according to the degree to which they satisfy the various criteria
mentioned in the Introduction. These criteria are broken down, for clarity,

into the following five categories:
Definability. A clearly defined sonic objective.

Explainability. General acoustical criteria for meeting that objective

are suggested.

Demonstrability. Examples of successful and non-successful instances

(in terms of specific instrument choices) of the sonic effect.

Continuity: The effect can be experienced to various degrees (i.e.,

along a continuum), not merely as an “either-or” phenomenon.
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Relevancy. Relevance as an orchestral technique for application in

diverse contexts.

Semantic Descriptors of Instrumental Timbre

One possibility as a point of departure for investigating orchestration
may be to consider the types of descriptions musicians employ when writing
about timbre. The terms they employ constitute a significant component in
orchestration teaching, appearing throughout the definitions of various
orchestral techniques and the descriptions of strengths and weaknesses of
various instruments. Examining this aspect in detail, then, will provide
valuable information about orchestration instruction. Furthermore,
techniques which are shown to depend heavily on such descriptions may

suggest candidates for perceptual investigation.

Adler (1989) stressed the importance of learning the various characters

and capabilities of every instrument in the orchestra as follows:

Of course, awareness of the range and limitations of each
instrument is essential . ... The timbre, strength, and
texture of every segment of each instrument's range
becomes crucial when you are creating color combinations
that will characterize the music to be played. (p. 459)

Similarly, Richard Strauss's advice to the student of orchestration was that he

should “above all ask instrumentalists of all kinds to familiarize him with
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the exact technique of their instruments and with the timbre of their

registers” (Berlioz-Strauss, 1945, p. ).3

With this priority in mind, initial chapters of orchestration manuals
are devoted to description of each instrumental family (strings, woodwinds,
brass, percussion) broken down into discussions of individual family
members. These chapters broadly discuss, for example, “clarinet timbre,” or
in other cases, give detailed descriptions of the changing qualities of an
instrument’s various registers. For woodwind and brass, the patterns of
fingering and overblowing tend to determine the registral segments; for the
string family, the changes in color tend to be determined by the individual
strings (G, D, A, E, etc.). The effects of different playing methods (bowings,

toungings), use of mutes, and dynamic on each register are also considered.

To characterize these qualities, authors of orchestration manuals do
not use acoustical description; rather they use one-word semantic descriptors
or phrases intended to suggest the aural impression of the instrument with
evocative metaphors, simile, onomatopoeia, and comparisons to other
sensual modalities. Words that are typically found in orchestration manuals

are:

dark, light, brilliant, dull, clear, veiled, transparent, and pale (visual
modalities)

fuzzy, velvety, smooth, soft, silky, coarse, rough, hard, grainy (tactile
modalities)

3 All references to Berlioz-Strauss (1945) refer solely to Strauss’s editorial additions to
Berlioz's treatise.
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rich, mellow, bland, pungent, tangy (gustatory modalities)

thick, heavy, thin, rounded, full, hollow, metallic, reedy, brittle,
woody, delicate, liquid, glassy (geometry, volumes, physical matter)

warm, windy, dry, cold, cool (environmental conditions)

calm, introspective, expressive, somber, poignant, melancholy
(moods and emotions)

Orchestration manuals provide numerous examples of instruments
that yield such qualities, and use semantic description as the basic building
blocks in the definition of certain orchestral techniques, as shall be shown
here. A primary concern is whether such terms are explainable (i.e., whether
or not the terms correspond to acoustic regularities), and given such a basis,
whether such terms provide a reliable method for instruction in orchestral

technique. These issues are considered in the following sections.

Semantics as Guide to Similarity

Timbral similarity is an important relationship that plays a role in a
number of orchestral techniques. The method used by orchestration manuals
. to describe similarities among instruments is rooted in semantic descriptors:
a term such as “rich” acts as a category by which any two instruments so

described can be assumed to be similar, for example.

Examples of applications where knowledge of timbral similarity is
valuable are (a) “echo” passages, where melodic imitation is reinforced by a
timbral imitation as well (see Adler, 1989, p. 217; Rogers, 1951, p. 105-106;
Piston, 1955, p. 257; Rimsky-Korsakov, 1912, pp. 110-111); (b) “tone-color

melody” techniques (Klangfarbenmelodie), where the similarity relationships
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among a succession of timbres define functional relationships (see Slawson,
1985, and Lerdahl, 1987); or (c) concurrent instrumental arrangements (i.e.,

melodic doubling or chord-construction).

This approach of using semantic categories to motivate choices for
simultaneous presentations of instruments is recommended by many
different authors (see Russo, 1968, p. 562; Ott, 1969, p. 53; Stiller, 1985, p. §;
Belkin, 1988, p. 50; Adler, 1989, p. 472; Schoenberg, 1931, p- 335). A frequently
suggested strategy is to organize instruments according to semantic categories,
and combine instruments from like categories (see Schillinger, 1941, p. 1326;
Rogers, 1951, p. 5; Blatter, 1980, pp. 375-376, Rimsky-Korsakov, 1912, p. 14).

Blatter's scheme, for example, has eleven categories:

dark and smooth
dark and mellow
dark and reedy
dark and full
neutral and full
bright and smooth
bright and clear
bright and full
nasal and bright
nasal and dark
percussive

Instruments included in Blatter’s “nasal and bright” category, for example,
are: oboes, all saxophones, English horn, bassoons, chalumeau register of the
clarinets, harmon-muted brasses, and stopped horns. Blatter indicates that
the quality “nasal and bright” will be yielded by any single instrument, or any

combination of instruments from this list (Blatter, 1980, pp. 375-376).
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Both Schillinger (1941) and Ott (1969) propose categorizations of
instruments according to their similarity to vowel sounds, and consequently
suggest them a guide for combining like instruments. In Schillinger’s “Five
Degrees of Tone Quality,” each category is named by a semantic term (open,
single-reed, stopped, double-reed /nasal, and closed, p. 1326) as well as a
corresponding vowel ([ul, [0], [a], [€] and [i], respectively, p. 1573).4 Ott (1969)
proposes the intriguing suggestion that the student undertake a project of
imitating every instrument in the orchesira with his or her own voice,

creating a personal categorization according to the vowels chosen (p. 54).5

Acoustic Correlates to Semantic Descriptors

On the surface, semantic terms in orchestration manuals appear to be
loosely used, with their exact acoustical attributes left open to question.
However, by examining other sources it can be shown that this “orchestral
vernacular” has some basis in auditory reality. As this section will show, a
number of terms are accorded some validity by either acoustical analyses of

instruments, or empirical studies investigating semantic attributes of timbre.

Certain frequently-encountered terms appear to have meanings in

orchestration manuals that are shared by researchers in timbre perception.

4 The symbols used here and throughout the study for vowels are those of the IPA
(International Phonetic Assocication). A pronunciation guide to IPA symbols may be found in
Stiller (1985), pp. 99-102.

5 The fact that students will be consirained to imitating only those instruments which fall
within the limits of their own vocal ranges is something that Ott fails to note, however.
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Two terms that are nearly ubiquitous in orchestration manuals are “dark”
and “bright.” They enjoy a widely-accepted interpretation by timbre
researchers as well: they refer to “the location on the frequency continuum of
the midpoint of the energy distribution” (Lichte, p. 472) or “the frequency
position of the overall energy concentration of the spectrum” (von Bismarck,
1974, pp. 156-157). Dark refers to a low frequency position, and bright to a high
position; many researchers employ the term spectral centroid to refer to
values along a continuum from dark to bright (Gordon and Grey, 1978;
Wessel, 1978; Beauchamp, 1982).6 “Rough,” and a similar term, “coarse,” are
sometimes used to describe instruments of especially low pitch compass: for
example, low bassoon (Piston, 1955, p. 193, Rimsky-Korsakov, 1912, p. 16), low
contrabassoon (Rimsky-Korsakov, 1912, p. 16), and low tuba (Rimsky-
Korsakov, 1912, p. 24). Their meaning has a possible acoustic parallel in the
measure of “roughness” based on the beats of closely-tuned sine tones within
auditory critical bands (Plomp and Levelt, 1965; Terhardt, 1974) “Hard” is
often employed in orchestration manuals to describe instruments of
especially short attack time, such as high string pizzicato (Rimsky-Korsakov,
1912, p. 31), high oboe (Rimsky-Korsakov, 1912, p. 16, Berlioz, 1844, p. 81), or
high English horn (Rimsky-Korsakov, 1912, p. 16); timbre researchers have
found this descriptor useful as well (Grey & Gordon, 1978, p. 1499, attributed

to Wessel).

6 A quantitative measure of centroid will be introduced in Chapter 3.
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The comparison of instrumental timbre to the sounds of the human
voice is é universal phenomenon, and not surprisingly, some terms
primarily associated with the voice have come into usage for instrumental
timbre. The categorization systems of Schillinger (1941) and Ott (1969), based
on similarities between instruments and vowels, were mentioned earlier.
There is indeed some evidence for an acoustical basis of such comparisons.
Meyer (1978), for example, identifies formants in certain instruments that
correspond to first formants of rounded vowels;? indeed, some instruments
are described as sounding “rounded” in orchestration manuals (English horn:
Blatter, 1980, p. 94, Riddle, 1985, p. 132; cornet: Riddle, 1985, p. 62, Rogers,
1951, p. 61; tuba: Adler, 1989, p. 321, Piston, 1955, p. 287). Meyer lists examples
such as [u] in the tuba and French horn (formant at 225 Hz), [0] in the tenor
trombone (formant at 550 Hz), and a quality between those two vowels in the
bass trombone (formant at 400 Hz; Meyer, 1978, pp. 42, 37). The term thin,
often used to describe the oboe tone (Blatter, 1980, p. 93, Piston, 1955, p. 152,
Rogers, 1951, p. 35, Berlioz, 1844, p. 81, Berlioz-Strauss, 1945, p. 176), invites
comparison to those vowels that are produced with widely spread lips, such
as [i]. Indeed, the oboe is known to possess a high formant in the
neighborhood of the second formant of [i], near 3000 Hz (Strong & Clark, 1967,
p. 44; Olson, 1967, p. 224; Moorer, Grey, and Strawn, 1977, p. 22; Meyer, 1978,
p. 51).

7 “Rounded” is a phonological term for vowels produced with rounded lips.
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Consonants can also be used to characterize timbres. Stiller (1985) uses
various consonants to characterize the kinds of sounds that brass mutes offer.

With the plunger mute, for example,

the sounds of the vowels [a], [3], [0], and [u] can be very
closely approximated. . . . The consonants [m], [w], and []
can also be produced, and such word-like combinations as
[Badumowo] can be easily done. (p. 83)

More specifically, Meyer (1978) uses “nasal” to describe formant-like
concentrations of spectral energy in the area of 1.2 to 1.8 kHz (p. 26).
According to Meyer, an increase in the level of these components can detract
from the brightness, clarity, sonority and openness of an instrument’s tone
and lead to a dull sound (implied, pp. 42, 45, 57 and 58). He identifies
significant nasal components in straight-muted trumpet (p. 44), high-register
bassoon (p. 57), and the viola (p. 65), an instrument which orchestration
manuals are virtually unanimous in describing as nasal (specifically with
respect to the A-string). The oboe and other double reed instruments are also

called nasal by nearly all orchestration manuals.8

Terms in orchestration manuals sometimes have other plausible
associations with specific acoustical parameters. The description “hollow” for
low clarinet notes (Forsyth, 1914, p. 236; Rogers, 1951, p. 40) is an apt

description of its spectrum, with its characteristically weak energy at even-

8 The practice of comparing wind instruments to nasal speech has had a long history. Note the
clown’s question to a group of performers of woodwind instruments in Shakespeare's Othello
(Shakespeare, 1605): “Why, masters, have your instruments been in Naples, that they speak i’
the nose thus?” (IILi)
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numbered partials. The terms “full” and sometimes “heavy,” often are
applied to those instruments with relatively strong fundamentals in the
lower range, such as contrabassoon (Rimsky-Korsakov, 1912, p. 16), bass
clarinet (Rimsky-Korsakov, 1912, p. 16), bass trombone (Adler, 1989, p. 314),
tuba (Stiller, 1985, p. 91; Blatter, 1980, p. 376), and saxophone (Blatter, 1980,

p. 119; Berlioz, 1844, p. 233). The word “rich” is often used to refer to sounds
with a large number of audible harmonics, as in the ubiquitous phrase “richly
harmonic.” Examples of instruments described as “rich” are the lower strings
on all members of the string family (Blatter, 1980, pp. 45-56; Piston, 1955,

p. 67), low alto flute (Blatter, 1980, p. 86, Adler, 1989, p. 179, Piston, 1955, p. 145)
and chalumeau-register clarinet (Blatter, 1980, p. 101, Adler, 1989, p. 189,
Piston, 1955, p. 168). An observation by Meyer (1978) corroborates this usage
of the word with regard to the trumpet, “the instrument in the orchestra
richest in overtones. . . . [it has] components right up to the limit of hearing in
ff’ (p. 43). The opposite condition, few harmonics, is sometimes characterized
with the words “thin,” “dull,” “pale,” or “pinched.” One example of the
latter, by Forsyth (1914), is particularly clever for its coincidence of poetic
imagery and informed acoustical description: “the absence of the
characteristic harmonics of the lower octaves becomes increasingly noticeable.
The result is a somewhat pinched tone-quality as of someone complaining

about his poverty” (p. 236).
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Advantages and Disadvantages of Semantic Description

The value of semantic descriptors is a matter of some debate. The
exceptions notwithstanding, their usage in orchestration, and even in some
perceptually-oriented research in timbre, is frequently imprecise and the

meanings unspecified.

However, a semantic term often concerns important qualitative aspects
of timbre which may have a bearing on the factors motivating instrument
choices in orchestration. In that respect, the use of semantic terms may be
defended on cognitive grounds. It is well known from psychological studies
of memory that any item is more easily encoded and retrieved from memory
when one can represent it according to simple, but meaningful categories
(Rosch, 1975). Regardless of whether semantic terms have consistent acoustic
correlates, making associations between sounds and words aids in the
learning and memorizing of qualities of sounds. As Erickson (1975) points
out, the human tendency to attach labels to the sounds we hear is natural,
subconscious and pervasive. Humans constantly make such classifications of
everyday sounds based on the information--whether scanty or elaborate--we
receive from our sensory inputs. We instinctively and quickly decide that
this or that sound is a “squeak” or a “crunch” as best the prevailing
conditions for our ear to analyze allows (Erickson, 1975, p. 11). Much of the
activity of evaluating timbre (and hence, apprehending a musical structure
which is projected through timbre) is no doubt based on spontaneous

categorizations such as these. So understanding them could have significance
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for the creation of the rule-based approach to timbre and orchestration which

is desired here.

Despite the fact that studies have provided empirical evidence of
regularities between semantic descriptors and specific acoustical properties
(Lichte, 1941; Solomon, 1958; Abeles, 1969; von Bismarck, 1974; Gridley, 1987),
the usefulness of semantic descriptors for characterizing musical timbres has
been questioned. Grey (1975) offered the following criticisms: (a) they do not
“reveal factors which [are] uniquely related to independent properties of the
stimuli,” (b) “a single word may be associated with a number of independent
stimulus dimensions,” (c) they measure “complex aesthetic reactions to
stimuli” rather than “direct information about many of the perceptual
processes,” and (d) some words do not exist or aren't available to describe
certain perceived differences (pp. 7-8). Consequently, we may be unable to
generalize, for example, from Adler's description of both the violin E-string
and high-register trumpet as “brilliant” (Adler, 1989, pp. 59, 302): there may
be numerous acoustical parameters responsible for the sensation, of which
only a few are actually shared by both instruments. Consequently, without a
precise definition there is no way to judge whether an arbitrary attribution of

“brilliant” to an instrument is valid or invalid.

In addition the above criticisms, the following problems in the use of

semantic terms are common in orchestration books:

1. The use of the term is with respect to an unnamed comparison: for

example, when a tenor frombone is described as “bright,” the
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implicit meaning is often “the brighter member of the trombone
family.” In a larger context, for example including oboe and

clarinet, the tenor trombone is relatively dark.

2. Terms are applied to instruments without specifying under what
conditions (which dynamics, which registers) the attribution
applies. A description of clarinet as “shrill” seems to be a reference
to a particular stereotype of clarinet playing (high register, loud

dynamic), but this is often not made explicit.

3. Terms often embody a variety of meanings beyond pure sonic
characterization, often describing aspects exterior to actual timbre.
Examples include words that convey the instrument's visual
appearance (“silvery” for a flute), the character of the music written
for such instruments (“regal” for trumpet), the cultural origins of

the instrument (“exotic” for the oboe), and so on.?

Evaluation

Semantic description appears to play an important role as a tool for
making basic qualitative decisions about timbre, especially in determining
similarity between instruments. The existence of orchestration methods
based on similarity helps satisfy the definability criterion. There is some

evidence of acoustical regularities in the usage of semantic terms in

9 This cross-modal confusion is especially characteristic of Rogers (1951).
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orchestration, and there is no shortage of examples of instruments for each
term: this helps satisfy the explainability and _demonstrability criteria. Also,
different degrees of similarity (e.g., somewhat similar, very similar, nearly
identical), can be experienced, satisfying the continuity requirement.
However, the basis for similarity is indirect and highly subjective:
instruments are considered similar if they can be described with the same
semantic labels. Orchestration manuals provide few solid acoustic cues to the
mechanism of similarity itself, such as what makes a viola sound like a
saxophone (Blatter, 1980, p. 320). Admittedly, it might be argued that since the
perceptual attributes of timbral similarity has been extensively studied by
other researchers (Plomp, 1970, 1976; Wedin & Goude, 1972; Miller &
Carterette, 1975; Grey, 1975; Ehresman & Wessel, 1978), it may be possible to
explicate this mechanism and extend its role in orchestration. Still, although
orchestration manuals encourage using similarity relations as a strategy, they
do not address the sonic implications of similarity in any detail; that is, rather
than suggesting the different ways sounds may be considered similar, they
simply offer similarity as a way to obtain “good combinations.” This leaves

the definability criterion poorly satisfied.

Characterizing Strengths of Instruments

Another category of description of timbre used frequently in
orchestration manuals pertains to the strength or power of the instrument in
its various ranges. This topic is also an important component of

orchestration manuals and offers a possible point of departure for
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investigating orchestration. However, since this information is largely useful
for attaining other goals rather than describing a specific sonic condition, it

will be shown that the definability condition is poorly met.

The strength of tones within a given register of an instrument are
typically a function of (a) its ability to play a wide range of dynamics (from soft
to loud), (b) its ability to project its characteristic timbre, and (c) the ease of
performance and freedom from idiosyncratic mechanical difficulties in the
instrument. Orchestration manuals identify the registers of instruments
which suffer due to one or more of these factors and recommend their
cautious use in both melodic and harmonic writing. Typical examples are
low register flute (cannot play loudly), low oboe (tone is raspy and loud), high
~ bassoon (tone is thin and soft), and low brass or woodwinds (notes “speak”
more slowly). Some manuals provide characterizations of the dynamic
potentials of all notes across the instrument’s pitch compass (Schillinger,

1941; Blatter, 1980; Stiller, 1985); see Figure 1 for examples.
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Figure 1. Characterizations of dynamic ranges of the Bb Clarinet from three
orchestration manuals. (Sources, from top to bottom: Schillinger, 1941;
Blatter, 1980; Stiller, 1985).
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It is often not easy to draw a strong distinction between words that
describe “strength” and words that describe other qualities of timbre. Many
words apparently are simultaneously a characterization of the loudness and
the timbral quality, such as “delicate,” “light,” “veiled,” and “distant,” or
“penetrating,” “incisive,” “strident,” and “piercing.” Indeed, Fowler (1980)
suggests that terms such as these have come to take on functional meaning

among orchestrators:

... they do more than define color characteristics; they
also connote relative carrying power and relative masking
capacity. ... qualities like “dark,” “gross,” “thick,” or
“opaque” suggest strong masking capacity, while qualities
like “dry,” “thin,” “lifeless,” or “cold” do not. (pp. 68-69)

With melodic instrumental writing, the orchestration student is
advised to guard against the accompaniment overshadowing a weak register,
or choosing unfeasible instruments for the intended expression (e.g. calling
upon the oboe to play a tender and lyrical melody in the lowest part of its
pitch compass). For doubling melodies, Rimsky-Korsakov (1912) offers the
rule of thumb that “The best and most natural combinations are between
instruments whose registers correspond the nearest” (p. 58), echoing the
paradigm that instruments with like qualities tend to combine well. As far as
choosing successions of solo melodic timbres, orchestration manuals are

mostly silent; one rare exception is Forsyth’s piece of advice, warning against

the danger of allotting any subject of a serious or poetical
nature to the Bassoon if it involves repeated, detached, or
staccato notes. Such a subject, especially if first heard on
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the Strings, will appear ludicrously commonplace when
heard on the Bassoon. (Forsyth, 1914, p. 236)

For harmony, Piston’s recommendation for matching strengths of

instruments is typical of most orchestration manuals.

Judged by the relative tone-weight, or carrying power, of
each note, assuming that the intent is to create a vertical
plane of sound in which no tone emerges or protrudes
perceptibly[,] . . . contributing factors in balance are the
number of instruments playing each note, and the
relative dynamic power of the individual instruments in
their particular registers. (Piston, 1955, pp. 397-398)

One compositional technique requiring an understanding of the range
of strengths and weakness among instruments is the orchestral crescendo,
involving the steady addition of instruments to a small ensemble until it
reaches tutti. Rossini frequently used this technique in conjunction with
repeated motivic material to achieve orchestral climaxes in his operatic
overtures. Rogers (1951) offers the advice that “instruments must be added
skillfully to the ensemble---often a beat or so before they are needed in the
harmony; while the strongest instruments are the last to enter” (p. 105).

Alternatively, the orchestral descrescendo (as in Haydn’s Farewell Symphony)

is possible.

The echo effect, cited earlier as a orchestral technique dependent upon
similarity relationships, also involves exploiting relative differences in
strength among instruments. In orchestral music, the repetition of material
in call-response or subject-answer fashion is often intended to suggest a

spatial idea, of the same instrument being heard first in close proximity, then
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from a distance. Creating this illusion depends a great deal on effecting a
“decrease in volume of tone ... the second instrument should be weaker
than the first” (Rimsky-Korsakov, 1912, p. 110). Instrument successions that
will be successful at achieving this are muted trumpets answering open
trumpets (Piston, 1955, p. 257; Rimsky-Korsakov, 1912, p. 110; Rogers, 1951), or
“muted brass answering woods or strings” (Rogers, 1951, p. 106), or strings
answering brass. In the case of phrases echoed an octave above or below the
original, Rimsky-Korsakov (1912) warns that such passages “are subject to the
law of register. When a phrase is imitated in the upper register it should be
given to an instrument of higher range and vice versa. If this rule is ignored
an unnatural effect will be produced, as when the clarinet in its upper range
replies to the oboe in the lower compass etc.” (110-111). In other words, the
composer must take care that the ranges the two instruments are playing in
are not drastically different, or else the sense of imitation will not be

apprehended.

Since the strength of an instrument is a matter of multiple factors (i.e.
dynamic range, timbre and mechanical characteristics), a simple recipe for
properly matching instruments to one another is seldom suggested in
orchestration manuals. However, they do offer recommendations about how
to handle specific instances. Some examples of these recommendations,

paraphrased from orchestration manuals, are given below:

1. When the dynamic is forte or louder, two of any woodwind are
needed to match the whole of one department of strings. In piano,
just one woodwind is needed (Rimsky-Korsakov, 1912, pp. 33, 40).
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2. It takes two woodwinds to match each single French Horn in power
(Rimsky-Korsakov, 1912, p. 33). For a trumpet, four woodwind are
needed (Rimsky-Korsakov, 1912, p. 57).

3. A weak woodwind line can be reinforced by adding strings (Rimsky-
Korsakov, 1912, p. 50).

3. When the dynamic is forte or louder, the horns are 1/2 as strong as
any other member of the brass. Thus two horns are needed to
balance one other brass (Rimsky-Korsakov, 1912, p. 33, Adler, 1989,
p- 328).

4. Clarinet is particularly good at matching the loudness of whatever
it is paired with (Scherchen, 1933, p. 69-70).

Evaluation

Like semantic description, strength description defines no particular
sonic condition in any detail, raising questions about definability. It appears
that matching instruments in terms of strengths (for simultaneous
presentation) is a basic preliminary condition to making various orchestral
effects carry off well, but this activity itself does not seem to be the subject of
orchestral inventiveness. There are few orchestral considerations described
in orchestration manuals that depend on matching instrument strengths.
The technique of echo effects, while it exploits strength differences, is a
novelty which has little applicability to other practices: thus the relevancy
criterion is poorly met. The primary value of strength matching, obtaining
balanced chords, does not itself suggest interesting or fertile territory for

experimental investigation.
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Concurrent Timbre

Concurrent timbre, to paraphrase a term from speech research,!0 is here
used to refer to combinations of timbres in simultaneous presentation, or, the
perception of them (depending on the context in which it is used). This is a
subject that attracts a great deal of attention from orchestration manuals,
which describe the sound of certain combinations, suggest certain procedures
that generate interesting combinations, and offer many rules of thumb for
making such combinations blend. As this section will ultimately show, this
latter subject (blend) satisfies the five criteria for topic selection quite well, and

suggests the most promising avenue for perceptual investigation.

The qualitative outcome of combined timbres is a subject of central
concern to orchestration and the object of much discussion in orchestration
manuals. Musicians in general find the phenomenon of how various
instruments sounding together yield a sound that is seemingly more than the
sum of its parts to be somewhat mysterious and fascinating. Indeed, in one of
Sir Francis Bacon’s essays on natural history, over 300 years ago, one finds a
proposal for a systematic inquiry into concurrent timbre that predates even

the earliest manuals of orchestration by over a century:11

10 Suymmerfield and Assmann (1989), “Auditory enhancement and the perception of concurrent
vowels.”

11 Becker (1969) credits Valentin Roeser as having published the first orchestration manual in
1764 (Paris).
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All concords and discords of music are (no doubt)
sympathies and antipathies of sounds. And so likewise in
that music which we call broken music, or consort music,
some consorts of instruments are sweeter than others (a
thing not sufficiently yet observed): as the Irish harp and
base viol agree well; the recorder and stringed music agree
well; organs and the voice agree well, &c; but the virginals
and the lute, or the Welsh harp and Irish harp, or the
voice and pipes alone, agree not so well. But for the
melioration of music there is yet much left (in this point
of exquisite consorts) to try and inquire (Bacon, 1627,
Century III, sect. 278).12

Description of concurrent timbres, for some orchestration manuals, can
be as simple as combining the semantic terms of their constituent
instruments. For example, “dark and rich” might be used as a description of
combined low flute and chalumeau-register clarinet. Stiller (1985) offers a

rule of thumb along these lines for anticipating the sound of concurrent

timbres:

The sound produced by a unison of nonidentical
instruments is exactly intermediate between the
instruments involved, in a very obvious way. One soon
becomes able to imagine the sound of such combinations
even when one has not heard them before (p. 9).

There is indeed some incidental evidence from a study by Grey (1975, Study D,
experiment 2, pp. 82-85) which suggests that two instruments sounding

together can sound like an “interpolation” between them; listeners who

heard computer-synthesized interpolations between, for example, French

12 Bacon continues from here to introduce the phenomenon of sympathetic resonance.
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horn and oboe reported the sensation of having heard both French horn and

oboe playing together (p. 101).

However, Stiller’s generalization is too simple; the “interpolation”
theory amounts to saying that concurrent timbre is merely the sum of its
parts. It does not account for the myriad of textures, modulating qualities,
and subtle colorations that are implied in such descriptions as “vibrant and
exotic” (English horn and viola: Rogers, 1951, p. 37), “extreme pungency”
(three oboes and English horn: Piston, 1955, p. 155), and “incisive” (electric
guitar and straight-muted trumpet: Riddle, 1985, p. 136). Clearly there are
qualities of concurrent timbre which strike the ear as more interesting than

merely the sum or interpolation of different qualities.

The main way in which orchestration manuals characterize the timbral
quality of concurrent timbres is by combining their corresponding semantic
descriptors, as mentioned above. Because of the subjectivity of semantic
descriptors, as discussed earlier, this does not suggest a promising avenue of
investigation. It may be more instructive to examine the sonic objectives that
orchestration manuals describe as the motivation for selecting concurrent
timbres. Several techniques are identified throughout a sample of these
sources; some of these are: (a) augmenting existing timbres, (b) softening
timbres, (c) inventing timbres, (d) imitating timbres (e) blending timbres.
Various techniques, procedures and evaluative criteria for each of these

effects are considered below.
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Augmenting Existing Timbres

In some concurrent timbres, the overall sound may be dominated by
the timbre of one instrument, while added instruments augment it with the
timbral qualities of other instruments. This is the most common and simple
concurrent timbre arrangement; Brant (1971) refers to it as “functional
doubling” (p. 541). References to one process “shading,” “thickening,” or
“adding highlights” to another instrument are typical. Russo (1969), for

example, cites trumpet and oboe as an example of a case where

One of the two instruments . . . dominates the other

... we hear principally the sound of the trumpet,

somewhat modified by the oboe. The sound is not

precisely a trumpet sound, but neither is it a new sound.

(p. 562)
In another example, Russo describes a clarinet which is subordinate to, and
only “slightly colors” the sound of a Harmon-muted trumpet (p. 562). An
example by Rimsky-Korsakov (1912) is “The Eng. [sic] horn is absorbed in the
musical texture, the principle colour being that of the ‘cellos” (p. 40). Often
the goal is to intensify some native quality of the original instrument by an
instrument that possesses that same quality in greater measure. Adler (1989),
for example, describes the doubling of cello and bassoon by remarking that

“the cello tone predominates, but the doubling bassoon or bassoons give

added body to the sound even as they are absorbed in the whole” (p. 210).

Descriptions of the qualities of such combinations is often through the

additive use of semantic descriptors: the semantic attribute of the
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augmenting instrument is “added” to quality of the dominant instrument.
For example, clarinet in low range adds “warmth or body” to whatever it
combines; in high range, “added brilliance or focus” (Blatter, 1980, p. 102).
The oboe adds “bite” or “cutting edge” to a clarinet (Adler, 1989, pp. 220, 185)
or fullness to a flute (Rimsky-Korsakov, 1912, pp. 47-48). One author says the
flute thickens the clarinet (Adler, 1989, p. 221), while another says it dulls the
clarinet (Rimsky-Korsakov, 1912, pp. 47-48). Cello pizzicato is “excellent...for
brightening outlines” (Rogers, 1951, p. 27). Note also that merely duplicating
an instrument (adding an extra player on the same instrument) in an upper
or lower octave can also achieve the effect of “brightening” or “darkening”
the first instrument; several suggestions of this sort are found in Rimsky-
Korsakov’s discussions of octave doublings in his chapter on “Melody”

(Rimsky-Korsakov, 1912, pp. 36-61).

Another way in which timbres are augmented is where the added
instrument “does not add a new melodic voice so much as a harmonic
thickening or underlying of the single voice” (Piston, 1955, p. 362, emphasis
added). It appears that the phenomenon of “thickening” is due to
disagreements in fundamental frequency and harmonicity between the
constituent tones of a combination (Stiller, 1985, p. 8; Adler, 1989, p. 233, 250;
Russo, 1969, p. 558), creating a “unique turbulent quality” (Stiller, 1985, p. 8);
jazz orchestrators like to call this a “fat sound.” For example, Adler (1989)
comments on the addition of flute to clarinet: “In this pairing, the clarinet
would be the most poignant factor, while the flute would contribute little

more than a thickening of the resulting tone” (p. 221).
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Russo (1969) asserts that when doubling a melody with duplicate
instruments, three instruments are better than fwo. With only two

instruments,

discrepancies in intonation are made apparent, as are
discrepancies in interpretation; and the actual quality of
sound is dull and unrewarding. ... The use of more than
two identical instruments in unison is a different cup of
tea. The discrepancies of intonation which disturb us in
unisons of two trumpets constitute a decided advantage in
unisons of three or more trumpets, for it is these
discrepancies that give larger groups of instruments their

body. (p.558)
Adler (1989) also notes the fine line between effective and ineffective
doublings, warning against unisons that “detract from the clarity of a line and

thicken the sound by muddying the overtones of both instruments” (p. 250).

Softening Timbres

Orchestration manuals speak of some alterations of timbre where an
added instrument does somewhat more than add a “shading,” but modifies
the quality of the first instrument as well. References to “taking the edge off”
(Blatter, 1980, p. 321, Rogers, 1951, p. 105), “tempering the hardness” (Piston,
1955, p. 365, Berlioz-Strauss, 1945, p. 97) or reducing the brilliance,
incisiveness or penetrating quality of a sound (Rogers, 1951, p. 105, Blatter,
1980, p. 321, Piston, 1955, p. 427) are frequent. The word most commonly used
to describe this modification is “softening.” For example, “the quality of the

strings softens that of the wood-wind” (Rimsky-Korsakov, 1912, p. 58).
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Furthermore, the most frequent agent for softening other instruments
is the flute. Piston (1955) describes it as softening the oboe and clarinet
(p. 365); similarly, Rimsky-Korsakov (1912) describes flute and clarinet joining
together to soften the oboe (p. 78). Blatter (1980) comments on a case of “low-
register flutes where the extra mass seems to . . . ‘take the edge’ off of the
sound [and] the result is actually less penetrating than a single flute in the
same range” (p. 321). Blatter’s reference to “extra mass” is reminiscent of the
process of “thickening,” and a comment by Rogers reinforces the suggestion
of a relationship between the two processes: “The high brass loses brilliance
when doubled in unison by woodwinds. Its tone becomes thicker but less

incisive. Some of the flashing edge is lost” (Rogers, 1951, p. 105).

Inventing Timbres

When instruments are combined not with the purpose of merely
shading an existing timbre, but creating a new one, the goal is to obtain a
quality quite unlike any of its constituent instruments, a practice Brant (1971)
calls “expressive doublings” (p. 541). Four examples of references to this

phenomenon in orchestration are given below:

The best and most colorisitically valuable pairing is
obtained between two dissimilar instruments. . . . the two
instruments will blend into a quite new color unlike the
timbre of either instrument by itself...[they] absorb each
other, becoming a new color. (Russo, 1969, p. 562)

The most striking mixed unisons are those that involve
unlike timbres, for when the two parent timbres are very
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distinct from each other their combined sound will also be
distinctive. (Stiller, 1985, p. 9)

Doubling different instruments in unison blends their
separate colors into a new hue of somewhat strengthened
carrying power, but somewhat reduced clarity. (Fowler,
1980, p. 69)

Riddle (1985) suggests, as a way to obtain “fresh and unusual colors,”
combinations that include the less familiar auxiliary members of
instrumental families or special playing methods; examples he includes are
English horn with alto flute, alto flute with cup-muted trombone, oboe with
straight-muted trumpet, and four trombones with baritone saxophone
(pp. 132, 137). Some invented timbres have come to be widely used. For
example, Carse (1964) cites the combination of two clarinets, two bassoons and
celli as attributable to Mendelssohn, used as a “rich tenor unison melody” in
the Ruy Blas overture (p. 261). One such combination--bassoon with flute
and oboe--has the singular honor of having its own name, “Viennese

unison” (Becker, 1969, p. 24).

A more complex kind of invented timbre can be called “artificial
timbre.” This is defined by Stiller (1985) as the creation of a single timbre by
having a number instruments act as individual partials of a single complex
tone (p. 9). That is, the specified pitches are chosen to reflect natural
harmonic multiples of a fundamental (although inharmonic complexes are
possible as well), resulting in a kind of “additive synthesis” with instruments.
The celebrated passage in Ravel’s Bolero (1927), in which several instruments

duplicate a melody in parallel at the octave, fifth, second octave and third (i.e.
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second through fifth harmonics) to imitate a rich organ registration, is an
example of this. Stiller (1985) offers advice on how the student might go

about writing such passages:

The following conditions should generally be observed:
first, that lower partials should be louder than higher
ones, with the fundamental and/or second partial being
loudest of all; second, that the fundamental should have a
strong, bright timbre of its own, while the upper partials
should be comparatively smooth and pure. (p. 9)

Stiller includes ordinary octave duplication of melodies as a primitive form

of “artificial timbre” as well (p. 9); as Blatter (1980) explains,

when the lower line is scored to be more prominent
(louder) than the upper line(s). . . . This causes the upper
line(s) to be perceived as partials of a new timbre which
has the lower line as its fundamental. (p.294)

A related practice recommended in some orchestration manuals is to
enrich brass chords with woodwinds in such a way that they “enhance-~-and
sound like---vivid upper partials of the brass” (Rogers, 1951, p. 105).
Similarly, Piston (1955) describes the woodwinds acting “as reinforcement of

upper partials of the brass” where they “add brilliance” (pp. 427, 449).

Finally, temporally-variable timbral effects can be obtained by strategic
choices of dynamic markings and taking advantage of instruments’ natural
temporal qualities. For example, “a fortepiano attack played by a muted
trumpet can be significantly altered by adding unison string pizzicati to each
attack” (Blatter, 1980, p. 300). Rimsky-Korsakov (1912) calls such effects

“Sforzando-piano and piano-sforzando chords” (p. 111). Another effect is the
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crossfade, where a “sound mutates or changes its identity” as a result of
different instruments playing crescendo and decrescendo simultaneously
(Belkin, 1988, p. 49). A related technique is suggested by Blatter (1980):
“During a held oboe tone, the clarinet could enter much, much softer,
crescendo up to match or exceed the oboe’s loudness, and then decrescendo to

nothing while the oboe remains unchanged” (p. 300).

Timbral Imitation

Occasionally composers write for combinations of instruments using a
carefully selected choice of musical material, dynamics, register, and
articulation to mimic the sound of another instrument or instruments. This
can be accomplished by selecting instruments that in different ways bear
resemblances to this or that quality of the target instrument; when played
together, the different features sum together and evoke the image of the
target. The effect of deception or masquerade is pursued as an expressive end
in itself. For example, Rogers characterizes the opening motive played by low
flute and oboe in Strauss’s Don Quixote as an imitation of a trumpet fanfare;
this imitation are obtains its charm because it “deliberately plays upon the
listener’s sensibility, [and] stirs the imagination by the subtle choice of an off-
shade instead of an everyday coloring” (Rogers, 1951, pp. 105-106). In other
cases this practice is applied towards perfectly practical ends: for example,
where the effect of four French horns is desired, but only two are available,
two bassoons can masquerade as the missing horns (Riddle, 1985, p. 53;

Rogers, 1951, p. 106).
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Blatter (1980) provides a remarkable list of no fewer than sixty possible
“instrument substitutions,” some of which include ways of simulating a solo
instrument (e.g., low flute, high soprano saxophone), with the combination
of two or more instruments of a different type. Among the possibilities he
lists are: clarinet, bassoon and muted horn as an imitation of low register
English horn; trombone and contrabass as an imitation of a contrabassoon;
and French horn and viola as an imitation of low register alto saxophone

(Blatter, 1980, p. 320).

Blending Concurrent Timbres

In all discussions of concurrent timbre, including the techniques
described above, often the sole and ultimate criterion for their use is whether
or not the combination “combines well.” As mentioned earlier, one of the
shortcomings of orchestration pedagogy is that this ultimate criterion is
seldom defined. There is an exception, however, with the attribute of
“blend.” 1t is apparent in the writings of many authors that blend is an
important metric for evaluating whether concurrent timbres combine well:
furthermore, it is applied in many contexts of orchestration, the same basic
definition appears to be used by a wide variety of authors, and similar
methods are offered for achieving it. Thus, this section will give extensive
consideration to how blend is defined, how it is obtained, and how it is used

compositionally.
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Defining Blend

Blend is defined in Webster’s dictionary as “to combine or associate so
that the separate constituents or the line of demarcation cannot be
distinguished.” Interpreted in musical terms, blended combinations would
be those in which the distinctiveness or individuality of the constituent
instruments is subordinated to obtaining an overall, uniform timbral quality.
It is easy to see that this is an important requirement for the success of many
of the effects cited earlier. If, for example, a bassoon is combined with cello for
the purpose of adding a slightly grainy quality to the cello (augmented
timbres), or if a horn and viola are to masquerade as an alto saxophone
(timbre imitations), it is important that they form a composite sound, to
suggest that the hybrid originated from a single source. Choosing
instruments, ranges, dynamics and articulations to obtain blended

combinations is one of the significant challenges of orchestration.

Orchestration manuals are mostly in agreement with one another on
the use of this definition of blend. In Piston’s description of the combination
of English horn and cello, the meaning is fairly clear: “The two instruments
blend as one, and neither predominates at any time” (Piston, 1955, p. 160).

Rimsky-Korsakov (1912) provides several descriptions of blend:
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The strings do not blend so well with the brass, and when
the two groups are placed side by side, each is heard too
distinctly. . . . Muted strings do not combine so well with
wood-wind, as the two tone qualities remain distinct and
separate. . . . Uniting plucked strings and percussion with
bowed instruments does not produce such a satisfactory
blend, both qualities being heard independently. (p. 34)

Erickson’s fused ensemble timbre includes the concept of blend as one
of its meanings. Among the definitions of fused ensemble timbre is “a blend
of the contributing elements in which timbral particularity is submerged in
the more general sound of the whole” (Erickson, 1975, p. 165). When a chord
obtains this quality, “the pitches comprising the chord are difficult to hear
out. Individual instrument timbres seem to lose their identifiability” (p. 21).
Similarly, Belkin (1988) speaks of combinations where the listener is “unable

to distinguish which instrument is playing which note, and consequently

hears blend” (p. 50).

The term “homogeneous” is often used to describe the quality of
blended combinations: Webster’s definition of the word includes the
meaning “of uniform structure or composition throughout.” Brant (1971),
moreover, uses the term “homogeneous orchestration” to describe
orchestration that emphasizes the goal of obtaining blends (p. 541).

Stiller (1985), describing the problems writing for woodwind ensemble
compares the heterogeneity of the woodwinds to the homogeneity of the
strings:

. .. the composer must constantly fight the tendency of
this diverse ensemble to fly apart into its component parts
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in an unmediated five-voice wrangle. Contrast this with
the string quartet (two violins, viola, cello) in which,
because of the homogeneity of the ensemble, the blend is
virtually perfect at all pitches. (p. 8)

Blend as a Continuum

One question about the use of blend in orchestration is whether it is
utilized in an either-or, bi-polar fashion, or if there is a range of states
between blended and segregated. The answer to this question depends in part
on the musical style and compositional framework of the composer.

Additionally, the question may be addressed from a historical perspective.

Orchestration styles have changed throughout history. Styles
emphasizing homogeneous, blended combinations seem to alternate
cyclically throughout history with styles emphasizing clarity of parts.
Renaissance ensembles were heterogeneous collections of double reeds,
plucked and bowed strings, and percussion instruments, but the Baroque
period brought on a preference for string tone; this and the demise of loud
outdoor instruments such as the shawm the led to ensemble music that
emphasized “a highly finished blending technique” (Becker, 1969, p. 15). As
new instruments were introduced into the orchestral world (oboe, clarinet,
flute) in the eighteenth century and with increasing specializations of
instrument families (e.g., English horn, bass clarinet), the trend turned
towards heterogeny in the early nineteenth century (Koury, 1985, pp. 85-86).
In the later nineteenth century, improved instrument construction resulted

in instruments having more evenness of tone, and instrument families
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having greater tonal consistency across their aggregate range (Koury, 1985,
p- 93). This once again promoted homogeneous orchestration, leading to a
trend that culminated in the works of Wagner with their gigantic, rich
sonorities. Early in our own century, both the “serialists” and the “neo-
classicists” turned against this lush, romantic, Wagnerian style of
orchestration and emphasized, in its place, transparency and clarity of line.
Schoenberg in particular believed that the role of different timbres in the
orchestra was “to underline the clarity of the parts, by making it easier for
them to stand out from one another” (Schoenberg, 1931, pp. 333-334). His
orchestration and that of other serialists who followed him avoided the
doubling of instruments, and mixing of colors, “thus achieving maximum

individuality of timbre” (Brindle, 1966, p. 127).

This historical synopsis suggests a polar approach to blend: composers
either emphasized total homogeneity or heterogeneity. There have also been
preferences for blend and segregation on a national basis: German-built
woodwinds instruments in the 19th Century are said to have stressed
homogeneity of tone and capacity to blend more than did their French- and
English-built counterparts (Koury, 1985, pp. 87-88, 91). However, in our
present, more pluralistic compositicnal scene, the desire is not to adhere to
one extreme or the other, but to exploit the full range of possibilities.
Composers today do not attach a value judgement to either end of the scale,

as Ott (1969) observes:

perhaps we do not even desire a blend between the two
instruments. . . . Whether or not homogeneity of tonal
qualities is to be sought after in actual orchestration is of



little significance. In establishing homogeneous blends as
a norm, we give ourselves a point of departure from
which all other variations of blends are but lessening
degrees of homogeneous blend. (p. 53)

In this context, Erickson (1975) observed an exploitation of this
continuum in the music of Varése. A passage characteristic of Varese is the
“explosive chord,” such as the one shown in Figure 2. As is typical for such
chords, it begins with staggered entrances of notes by several different
instruments, which serves to create a highly segregated effect. The
instruments each sustain their notes, and gradually a fused sound emerges,
creating a single giant sonority. “Vareése is working not only with fused
ensemble timbres, but with the whole range between separation and fusion,
and movement between these states is fundamental to his art,” Erickson
states (p. 52). It is interesting to point out here that Varese also spoke of

seeking a “sensation of non-blending” in some of his music (Varése, 1936).

In summary, the quality of blend appears to be exploitable along a
continuum rather than merely in a bi-polar manner. Although certain style
periods preferred particular degrees of blend to be operative in orchestrational
style in general, music in the late 20th Century frequently exploits the entire

continuum.
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“Natural blenders”

The terms “homogeneous” and “heterogeneous” are not only used to
describe resultant concurrent timbres (as in Brant’s “homogeneous

orchestration”), but the general blending capacity of instruments as well.

Orchestration manuals endorse particular groups of instruments--the
strings and brasses most frequently--as “naturally homogeneous” (Blatter,
1980, p. 323), and encourage the student to count on them as “good blenders.”
Factors contributing to this innate capacity appear to be (a) evenness of tone
across the pitch compass of the instruments, and (b) the fact that the various
members of instruments in each family are sized in such a way to offer a

timbral continuum across a wide pitch span.

For example, the reader will recall Stiller’s earlier characterization of
woodwinds in general as poor blenders (Stiller, 1985, p. 8), which is largely
duplicated in observations by Blatter (1980, p. 320) and the following, by
Adler (1989):

The woodwind is perhaps the most quarrelsome of all the
families within the orchestra since it is composed of
largely heterogeneous instruments. It is even difficult for
wind instruments to tune with one another and it takes
the finest players to accomplish any kind of balance or
blend between these most colorful and diverse orchestra
members. (p. 152)
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Two instruments which are universally regarded as “good blenders”
are French horn and bassoon. Piston (1955) observes that “Horn tone
combines well with that of all instruments” (p. 244), as does Riddle (1985,

p. 51). Adler (1989) observes that the bassoon, “when accompanied . .. has a
tendency to get swallowed up for it blends incredibly well with other
instruments, especially in its higher registers” (p. 210). Blatter (1980) observes
that bassoon pitches in the range g#2 to c#4 “blend well with almost any
instrument or combination of instruments” (p. 112). As for the viola,
Rogers (1951) warns that “Its propensity for blending with almost all colors

often leads to monotony” (p. 26).

Blending by “Bridging Timbres”

The capacity for certain instruments to act as a sort of “glue” between
different groups of instruments is frequently mentioned in orchestration
manuals. For example, a group of strings and a group of woodwinds joining
together on a single chord, yet occupying different pitch regions (e.g., the
strings below and the woodwinds above), will resist blending. However, if
certain instruments are carefully placed in the pitch region just between the
two groups, they form a “connection,” “link,” “bridge,” or “point of contact”
between them, and draw the formerly heterogeneous elements together into
a blend. What makes an instrument a particularly good “bridge timbre”
appears to be a matter of its similarity to both groups of instruments, and its

capacity as a “good blender” in general.
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The French horn by far is the most frequently cited bridge instrument
(Piston, 1955, pp. 244, 365; Rogers, 1951, p. 104; Rimsky-Korsakov, 1912, pp. 24,
35). Rimsky-Korsakov (1912) praises its ability to link brass and woodwind
because of its strong similarity to the bassoon (p. 24). Rogers (1951) points out
that the horns “provide a fine inner binding” (p. 104), and Piston (1955) offers:

For many years, from the mid-nineteenth century on, it
was a common habit of composers to use the four-part
harmony of horns as a foundation for orchestral writing.
This “blanket of horns,” . . . could be so unobtrusive as to
be unnoticed by the lay listener, and it offered a sure
means of obtaining continuity and fullness of sound.

(p. 244)

Other instruments described as providing bridge timbres are

mentioned throughout orchestration manuals. Some of these are:

1. Bassoon bridging woodwind and brass (Rimsky-Korsakov, 1912,
p- 35)

2. String harmonics bridging strings and woodwinds, because of their
similarity with the flute (Rimsky-Korsakov, 1912, p. 10)

3. Viola and bassoon bridging strings and woodwind, since both are
similar to clarinet ( (Rimsky-Korsakov, 1912, p. 34)

4. Saxophone bridging winds and strings (Rogers, 1951, p. 125) or
bridging French horns and woodwinds (Forsyth, 1914, p. 169)

Factors Affecting Blend

Orchestration manuals are unusually rich in information regarding
particular features that play roles in determining blend. Some of these factors

are: attack synchrony, spectrum, dynamic level, pitch height, pitch proximity,
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chord voicing, number of timbres, spatial position, and performers’ effects.
Such information provides clues as to the acoustical principles underlaying
blend, the discovery of which is important for satisfying the explainability.

Each of these factors are considered individually below.

Synchronicity of Attack

The fact that instruments must begin and end together in order to
obtain a blend practically goes without saying. Erickson (1975) observes that
“when individual instruments begin and end together fusion is more likely”
(p. 46), as does Belkin (1988, p. 50). Schillinger (1941) stresses the importance
of combining instruments of similar articulatory possibilities for obtaining
blends (pp. 1598-1599). Fusion of chords containing instruments with a
diverse set of attack and articulatory types can be overcome, however, by
making attacks softer, as Erickson (1975) points out in a remark on Webern’s
Five Pieces for Chamber Orchestra, op.10: “The dynamic marking of PPP [sic]
certainly enhances the mixing of the sounds by minimizing the effects of the

attack transients-—-they tend to mask one another.” (p. 166)

There are two reasons why attack properties affect blend so
significantly. First of all, human temporal acuity for detecting differences in
onsets between events is as small as 2 ms (see Green, 1976),13 an ability that
has important implications for musical audition (Rasch, 1978, 1979). Unless

instruments attack with great onset synchrony, cues that there are multiple

13 The abbreviation ms stands for milliseconds.
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sources present will become salient, and limit the likelihood that the
ensemble will be perceived as fused. Second, since attack onsets play an
important role in conveying the identity of an instrument (Stumpf, 1890;
Clark, Luce, Abrams, Schlossberg and Rowe, 1963; Saldanha & Corso, 1964;
Berger, 1964; Wedin & Goude, 1972; Elliott, 1975), asynchronous attacks will
provide listeners significant cues as to the makeup of the ensemble, further

increasing their awareness of the multiplicity of sources.

Spectrum

It will be noted that many of the instruments that are most frequently
cited as “good blenders”-- French horn, bassoon, cello, bass clarinet--are all
relatively “dark” in spectrum. That is, they have low centroids. There is also
the implication that instruments that don’t blend well tend to be the
“brighter” varieties: woodwinds, many of which are very bright (clarinets
and oboes especially), have been characterized by several authors as being
poor blenders in general. It might be concluded, on this basis, that thereis a
tendency for darker timbres to blend well. Evidence which supports this
conclusion is found in Riddle’s remarks on the use of mutes in string
sections: “one of the wonderful aspects of mutes---the blend, whether it be a
small section or a large one, improves magically with their use” (Riddle, 1985,
p. 124). Mutes on string instruments to a certain degree do cause an emphasis

on the lower resonances of the instrument (Meyer, 1978, p. 64).
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Dynamic Level

Soft dynamics in general can lead to greater blends: recommendations
that certain instruments be counted upon to obtain blends are often qualified
with the requirement that they be marked mezzo-forte or softer (Blatter, 1980,
p- 321; Piston, 1955, p. 427; Adler, 1989, p. 328; Rimsky-Korsakov, 1912, p. 24;
Rogers, 1951, p. 4). Obviously, a softer instrument tends to be absorbed by the
sounds of others, and thus be less noticeable, while a loud instrument tends
to protrude from the texture. Piston (1955) criticizes the ability of the
saxophone to blend on this basis, claiming it to be intrinsically louder than
other instruments (p. 206). It is sometimes suggested that the level of all
instruments in a combination be marked low to encourage blend (see
Erickson’s remark on onsets above). Possibly this is because the spectral
makeup of instruments tends to become darker as they are played more softly
(Clark & Milner, 1964; Meyer, 1978, pp. 30, 34), and darker timbres may blend

better than brighter ones (see above).

Pitch Height and Proximity

Instruments playing notes that are far apart in pitch will not blend as
well as those that are close (Berlioz, 1844, p. 34; Ott, 1969, p. 53). As
Blatter (1980) points out, “The more octaves between the instruments, the
more the result will sound like separate instruments and not like one

integrated tone.” (p.295) Another recommendation relating to pitch choice
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in combined timbres is to avoid extreme registers. Rogers (1951) observes that
the choice of any extreme register leads to poorer blends (p. 50), while

Stiller (1980) emphasizes that instruments tend to sound most distinctive in
their low register, so combinations including these notes may not blend well

(p. 8).

Chord Voicings

Possibly the most celebrated piece of “orchestration lore” is rule of
thumb to follow the natural order of register (i.e. the order of instrument
placement in the score) when constructing chords. According to this rule,
woodwind chords should be scored, from low to high pitches, bassoon,
clarinet, oboe, and flute, while strings are scored in the order contrabass, cello,
viola, and violin. And furthermore, strings should more or less lay below
the brass, which in turn should lay below the woodwinds. This method is
endorsed as a way of promoting the blend of harmonies (Rimsky-Korsakov,
1912, pp. 45, 47, 52, 56; Piston, 1955, p. 423). Piston (1955), however, urges that
the student not follow this advice dogmatically (p. 423); Strauss, specifically,
recommends reversing the position of oboe and clarinet (Berlioz-Strauss,
1945, p. 213). In any case, the heuristic is somewhat suspect since the ordering
of instruments in a score largely reflects their historical arrival as members of
the orchestra (Forsyth, 1914, p. 263), rather than a convention for selecting

instruments.
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An equally well-known rule, borrowed from harmonic theory, is that
chord voicings should observe harmonic series spacing, that is, wider
intervals at the bottom than the top. This too will promote their blend:
orchestration manuals observe that chords with large gaps between notes in
the upper register tend to blend poorly (Stiller, 1985, p. 8; Rimsky-Korsakov,
1912, p. 68), and the effect is even worse at louder dynamics (Rimsky-
Korsakov, 1912, p. 78). Similarly, notes in close voicing in the lower register
will sound muddy, possibly due to the increased tonal “roughness” in that

register (Plomp & Levelt, 1965).

A more specific voicing which is known to promote blend between
different instruments is the “interlocking” arrangement. This usually refers
to the use of two sets of same-instrument pairs, such as oboe-oboe and
clarinet-clarinet, arranged in a four-part chord such that no instrument is
adjacent in pitch to its duplicate, as Figure 3 illustrates. The blend of
instruments that are otherwise very heterogeneous can be improved a great
deal by this voicing (Riddle, 1985, pp. 81, 137; Rogers, 1951, pp. 52, 101, 104;
Forsyth, 1914, p. 262). Belkin (1988) offers an interesting explanation of the
perceptual process underlying the improvement. He suggests that in such
cases, the ear confuses pitch with timbre: “the ear, while perceiving a certain

fullness of color, is unable to distinguish which instrument is playing which
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Figure 3. Example of an interlocking voicing of a chord.
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note, and consequently hears blend” (p. 50). One might call this mechanism

“blend by misattribution of pitch to timbre.”14

Number of timbres

Yet another obvious deterrent to blend is the number of different
instruments (and therefore timbres) involved in the combination. Although
“bridge timbre” techniques are good at uniting otherwise heterogeneous
groups, they will not apply when the timbres in a chord are many and
different. As Adler (1989) remarks, chords “where each note has a different
timbre . . . are difficult to balance” (p. 241). Robert Schumann’s orchestration
is said to be flawed in part due to this problem (Walsh, 1972). Similarly,
Blatter (1980) states,

If one is, for example, attempting to create a chord with an
overtone series voicing, but assigned assertive or
especially colorful voices to a unique assortment of
pitches, then those pitches will be more audible and could
thereby unexpectedly alter the final result. (p. 300)

Spatial Position

The closeness in space from which two or more sounds arise can play
an important role in the degree to which they blend. In this regard, blend can
be promoted or limited depending upon orchestral seating arrangements

and/or the size of the ensemble. The capacity for a flute to blend with a

14 Studies addressing the perceptual interactions between pitch and timbre are Plomp and
Steeneken (1971), Singh (1987), Melara and Marks (1990), and Krumhansl & Iverson (in press).
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contrabass, for example, will differ widely between the orchestral case, where
the two instruments are separated by several meters, and the chamber music
case, where the two performers may be seated very closely. Composers in the
Twentieth Century have increasingly included seating specifications in their
published scores in order to eliminate the randomness of such matters. The
seating indications for Bartok’s Music for Strings, Percussion and Celeste,
seems to be chosen to emphasize the polychoral (and hence, non-fused)
relationship between the two bodies of strings. Meyer (1978, pp. 137-141),
additionally, points out the differences in sound between orchestral
performances using 19th Century European seating (Violins I in front and on
the conductor’s left, and Violins II in front and on the conductor’s right) and
modern American seating (Violins II moved to the conductor’s left and

behind the Violins I).

Brant (1967) gives an example of how the perception of a timbral
combination can be altered by its spatial presentation. In the passage below he
suggests how a unison between different timbres that results in a “poor and
confusing tone quality . .. [which is] disturbing to the overall harmonic effect”
can be improved by a change in spatial location; reasoning by analogue, this

example be applied to the subject of blend as well.

This impression will be strongly felt if the sound comes
from the same source and direction, as when all the
performers are placed close together on one stage. If these
same textures are now disentangled by distributing their
respective performing groups into widely separated
positions in the hall, the unisons occurring between the
contrasted textures are no longer perceived, because the
groups at this distance can no longer make harmonic
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contact between the tones that they simultaneously
sound, and their respective tone qualities are now so
diffused that no connection between them can impress
itself on the listener. (p. 224)

Performers’ Contributions

Finally, the importance of the role of the performers and the conductor
in obtaining blends (or any other effect) can never be discounted. Effective
orchestration of any type is of course not simply a matter of effective

instrument selection or wise dynamics; there must be an

awareness on the part of the players, a sensitivity as to
phrasing and intonation, and a real desire to help the
mixture “come off.” They must listen keenly to what is
going on around them and be able to fit the sound of their
instruments into the general blend. (Riddle, 1985, p. 71)

The conductor Hermann Scherchen (1933) illustrated a situation in
which performers might promote blend by adjusting to one another and
moderating their tone: “All four woodwinds can colour a harmonic passage
to blend with the tone-colour of the flute, the oboe, the clarinet, or the

bassoon” (p. 117). Scherchen cited Schoenberg’s Farben as a composition

where this may be useful (p. 93).

Alternative Definitions of Blend

The definition of blend that has been employed throughout this

discussion can be summarized as “fused, not separated.” However, it should
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be noted that this definition is not entirely universal, as other authors offer

alternative definitions of blend. Some of these will be considered briefly here.

One alternative definition is suggested by Belkin (1988):

An important reason for blend is richness: it is often
aurally more interesting to perceive two separate sounds
intertwined than one alone. ... Blend implies the mixing
of distinct entities; if the sound lose all distinctness, they
will no longer be heard as blended, but rather will be
perceived as a unit. (p. 50)

Apparently, Belkin’s “blend” is one which the individual identities of tones
are not suppressed, but one in which they are still joined together in some
interesting interaction. The important requirement seems that they be
“interesting” in some undefined way is reminiscent of one of Erickson’s
descriptions of fused ensemble timbre: “an unexpected, or striking or

otherwise memorable fused sound ... in the perceptual foreground”

(Erickson, 1975, p. 47).

There are also some indications for yet another interpretation of
“blend,” in the writings of jazz orchestrators. A few writings suggest an
interpretation of blend as “separated, not fused”--the exact opposite of the
usual definition. One might think that the jazz saxophone’s sonic signature,
with its strongly “chiffed” attack (see Grey & Gordon, 1978, p. 1499) and its
characteristic pitch and intonation inflections would fairly insure its tendency
to not blend with instruments of other families. This view is held only by
“classical” orchestration manuals, however (e.g. Piston, 1955, pp. 186, 206);

jazz orchestrators hold the opposite view, considering them to be “excellent
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mixer[s]” which blend “well with all instruments” (Russo, 1969, pp. 574 and
579, respectively). Similarly, “classical” orchestration teaching, which values
timbral similarity as a guide to good (i.e., blended) combinations, is clearly on
a collision course with Russo’s recommendation that “The best and most
colorisitically valuable pairing is obtained between two dissimilar
instruments, at least one of which is highly colored by itself (the oboe) or used

in a highly colored form (trumpet in Harmon mute)” (Russo, 1969, p. 562).

Evaluation

Concurrent timbre is clearly a topic of great interest to musicians, and a
topic that occupies a central position in the teaching of orchestration. Much
effort is devoted to trying to characterize and describe the sounds of
concurrent timbres, and various prescriptions are suggested to obtain
particular effects. This makes the motivation for studying concurrent timbre
much stronger than the previously discussed topics (semantic attributes and

strength), since the relevancy criterion is so well satisfied.

Several specific techniques or sonic objectives pertaining to concurrent
timbre were surveyed: augmenting, softening, inventing, imitating and
blending timbres. The first four are all techniques relevant to orchestration
and applicable to a variety of different situations (revelancy criterion). Each
defines a sonic effect fairly clearly (definability criterion); however,
“augmenting timbres” depends mostly on semantic descriptors (e.g., the cello

adds “richness” to the clarinet), which are only vaguely accountable for by
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acoustical properties (demonstrability criterion), a problem encountered

earlier.

The phenomenon of “softening,” however, deserves a closer look.
This effect, described as a change in the perception of timbral quality due to
the addition of a new element, strongly suggests principles of auditory
masking (see Jeffress, 1970), and thereby invites the use of psychophysical
methods for investigating tone-on-tone masking. Other masking literature,
concerning the detection of tones in noise, might be applicable to the cases
where flute acts as a “softener,” since relatively high breath-noise levels
accompany flute tones (Meyer, 1978, p. 49). Similar kinds of timbral
modification relating to more advanced aspects of masking, such as auditory
suppression (Shannon, 1976) and comodulated masking release (Hall, 1987),

might be found to underlay the perception of concurrent timbres as well.

A significant drawback, however, is that there are few precedents for
studying the masking of one temporally evolving complex sound by another:
existing methodologies in masking pertain to masking of sine tones by noise,
tone-on-tone masking, or at best, masking of speech by noise. But even in
these contexts masking research involves detailed, low-level investigations.
A research project addressing tone-on-tone masking of time-variant timbres
would have to invest a great deal of time-consuming methodological
groundwork, which would necessarily limit the investigation at first to only

the lowest level phenomena. The results of such a study, even if desirable,
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would only remotely be applicable to any practical aspect of orchestration.

Such a research project is outside the scope of this study.

A glance at the survey shows a large amount of evidence in support of
the perceptual investigation of blend. The sonic objective is clearly defined
(that combined instruments fuse into a composite sound), and it comes to
bear on a variety of concurrent timbre situations: that is, in the techniques of
augmenting timbres, inventing timbres, bridging timbres, and so on, the
success of the effect depends a great deal on blend. Orchestration manuals
offer generous information on the way in which the specific attributes of
pitch, brightness, dynamics, and attack affect blend. In the following chapter,
a great deal of information from the literature of auditory perception offers
clues as to what makes instruments blend. The various instrumental
combinations that orchestration manuals describe as blending “well,” “not so
well,” and so on, suggest that blend can be evaluated along a continuum
rather than on a mere accept-reject basis. All of these observations show that

the criteria of definability, explainability, demonstrability and continuity are

well-satisfied. These criteria provide some insurance that blend is an
attribute that can be generalized, rather than described solely in terms of
specific instances. This in turn suggests that investigating blend with

perceptual experimentation should be fruitful.
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Musical Examples

To show that the relevancy criterion is satisfactorily met, a few musical
examples in which blend is central attribute will be examined briefly to

underscore both the interestingness and relevance of the subject of blend.

The first shows an orchestral unison melody found in Wagner’s
Parsifal Prelude (Figure 4). The composer has ingeniously brought
instruments in and out at various times to take advantage of their properties
in various registers, with the objective of obtaining a smooth timbral quality
throughout the arching line. The passage is dominated largely by cello tone,
due to the position of the melody up on the A-string throughout; the violins,
on their lower, less penetrating strings merely add support to this tone. The
bassoon is removed as the pitch range approaches its “pinched” upper
register, and then resumes once again. A similar strategy explains the
entrance of the English horn, whose “honking” lower register is avoided. At
the topmost arch of the melody, on the neighboring figure B-C-B, two
interesting things occur: the Bb clarinet crosses over into its clarion register,
lending a brighter quality on those notes, and the bright color of the oboe
enters to add further emphasis. Another way of looking at the role of the
oboe is as a continuation of the color of the English horn: Wagner has
maintained the oboe-type color throughout, but has carefully allowed it to be

represented by instruments playing in their best registers for the pitches in
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question.!5 When performed competently, the effect yielded by the passage is
not one of multiple colors--in fact, the listener will barely be aware of the
presence of any of the wind instruments—-but rather, a quality that is held

constant despite the melody’s changes in register and dynamics.

A passage from Schoenberg’s Five Pieces for Orchestra, Op. 16 (Figure 5)
also projects a unison melodic line (shown in notation below the score), but
here with a highly expressive, changing coloration. Embedded in the texture
is a sequence of pitches orchestrated with various concurrent timbre pairs
(cello-trombone, cello-flute, cello-oboe-flute, and trombone-English horn-
flute). The use of the oboe to shade the expressive semitone neighbor A-Bb-A

is strikingly reminiscent of the Parsifal example.

The example by Knussen (Figure 6) shows a portion of a work in which
blend is applied on a far larger scale: the first forty measures consist entirely
of a unison whose orchestration is in constant flux. In these three measures
alone, the string parts carry the line continuously, but various brass and
woodwind instruments are added sporadically to add timbral accentuation.
The composer’s own annotation at the bottom of the scorelé suggests that
these accentuations should fuse with, rather than protrude from the overall

tone of the strings.

15 Maintaining timbral quality in a melodic line with instrumental successions such as these
may be likened to a “relay race.” Piston (1955) suggests using this approach as well for melodic
lines that fall out the comfortable playing range of a single instrument (p. 422).

16 “N.B. As far as possible, string timbre should dominate the unison passage m. 1-40.”
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no. 1, measures 15-19.
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Conclusion

Blatter (1980) endorses blend as a primary topic of orchestration when
he writes, “One of the chief goals of the orchestrator is to mix, blend, match,
and contrast the instrumental and vocal colors at his disposal” (p. 292).
Similarly, Albert Bregman speculated recently on what a “theory of
orchestration” might provide. Interestingly, he identified blend-related issues

as the initial concern for such an enterprise:

I can imagine a description of orchestration that addresses
issues such as the following: How can you make sounds
fuse to create a single timbre? Which qualities of the
individual sounds will contribute which aspects of this
global timbre? How can multiple, simultaneous timbres
be kept perceptually distinct from one another? What are
the acoustic factors that are responsible for all these
effects? (Bregman, 1990, p. 458)

Indeed, “Blend” has been demonstrated to be the best candidate for the
focus of this study. The study will proceed by examining the literature of

psychoacoustics and auditory perception for cues as to how blend may

profitably be studied through experimentation.



Chapter 2:

Perceptual Research and “Blend”

The previous chapter reviewed the observations on blend offered in
orchestration manuals. This chapter will now examine the literature of
auditory perceptual research pertaining to blend. No previously existing
literature directly addresses concerns of musical orchestration, so by necessity
a diverse set of sources must be sampled. Information acquired here will
offer some perspectives for explaining how blend is attained and help
determine appropriate ways of investigating the phenomenon

experimentally.

Auditory Scene Analysis

A large body of literature known variously as “auditory stream
segregation” or “auditory fusion,” and largely associated with the work of
Albert Bregman and his colleagues, is relevant to orchestral blend. Following
the title of Bregman'’s recent book (Bregman, 1990) we may refer to this work

in general as “Auditory Scene Analysis.” The general features of Auditory

68
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Scene Analysis that are of interest to the present study are defined in the

following passage from McAdams (1984):

The auditory system participates in the forming of images
evoked by acoustic phenomena around us. An important
aspect of the imaging process is the distinguishing of
different sound sources. In order to be able to form
images of sounds in the environment the auditory system
must be able to decide which sound elements belong
together, or come from the same source, and which
elements come from different sources. (p. 4)

Many different levels of auditory perception are encompassed by this
paradigm. One level of application concerns the conditions which lead to the
perception of a single source: for example, how the mass of harmonic partials
comprising an oboe--partials that may be dynamically changing in frequency
and amplitude--becomes fused in the listener’s ear as the object “oboe” rather
than as a group of individually-heard sine tones. For the most part, however,
this aspect of Auditory Scene Analysis falls outside the concern of the present
study, since orchestral instruments in isolation involve little uncertainty as

to whether they fuse as sonic objects.

On a higher level, however, Auditory Scene Analysis is concerned
with how the auditory system shapes and organizes the perception of
multiple sounding objects to which the listeners can then attend. A well-
known example is the “cocktail party” effect: despite the fact that the acoustic
signal reaching the ears includes spectral and temporal information
pertaining to perhaps a dozen different voices, the auditory system can

successfully attribute each voice to a different source and make out the
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message contained in any one of them. This aspect is far more relevant to the

present study.

The auditory system, by default, looks for ways to segregate events that
can plausibly be attributed to different sources so that the listener can attend
to each individually. In some special situations, however, sounds which
come from multiple sources fuse and are apprehended as arising from one
source. For example, in music, chords will often blend into what
Bregman (1990) calls “vertical grouping . .. in which the chord, rather than
the individual tones, becomes the acoustic object that we hear” (p. 496).
Ordinarily, the auditory system regards multiple pitches as strong evidence
for the existence of multiple sources, so the phenomenon of pitches fusing
into chords (i.e., sounding as a single object) can be thought of as an auditory
illusion. Bregman (1990) provides an insightful characterization of this

illusion as a “chimeric grouping” of sound:

The Chimaera was a beast in Greek mythology with the
head of a lion, the body of a goat, and the tail of a serpent.
We use the word chimera metaphorically to refer to an
image derived as a composition of other images.

- . . Natural hearing tries to avoid chimeric percepts, but
music often tries to create them. It may want the listener
to accept the simultaneous roll of the drum, clash of the
cymbal, and brief pulse of noise from the woodwinds as a
single coherent event with its own striking emergent
properties. The sound is chimeric in the sense that it does
not belong to any single environmental object.

To avoid chimeras the auditory system utilizes the
correlations that normally hold between acoustic
components that derive from a single source and the
independence that usually exists between the sensory
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effects of different sources. Frequently orchestration is
called upon to oppose these tendencies and force the
auditory system to create chimeras. A composer may
want the listener to group the sounds from different
instruments and hear this grouping as a sound with its
own emergent properties. (pp. 459-460)

It is this auditory illusion that underlies “blend.” Although the
majority of Auditory Scene Analysis research is applied to problems on a
level just below the question of “chimeras”--namely, how single objects are
fused from collections of harmonics—a few studies may be identified that
address blend phenomena directly or indirectly. Studies pertaining to these

paradigms will be discussed below, organized according to three topics: factors

relating to pitch perception; onset synchrony; and temporal similarity.17

Factors Relating to Pitch Perception

One of the most robust mechanisms that shapes the segregation of
sources is pitch perception. There are several theoretical models of the
mechanism of pitch perception (see Bregman, 1990, pp- 235-237, for a review);
the “pattern recognition” framework in particular is useful for addressing
problems of Auditory Scene Analysis. In this approach the auditory system
compares what it is hearing to various internal “templates” that correspond
to all possible complex tones having harmonic relationships to one another.

The auditory system accepts or rejects various collections of harmonics

depending on the strength of the match to a template, and those that are

17 For the remainder of this study, the reader should assume that the term “blended” is
synonymous with “fused,” and that the term “separated” is synonymous with “segregated.”
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accepted cohere into a global pitch. As a result of experience with sounds in
the environment, the listener is likely to attribute the sounds to a single
object, or source. The auditory system is strongly biased to make such

attributions when collections of harmonically-related partials are present.

Pitch Separation

When the auditory system encounters simultaneous complex tones, it
is very good at recognizing it as separate sources, and deterring the perception
of a fused single source, or “chord.” It is assumed that the system performs a
pitch analysis on each (Houtsma & Beerends, 1986), and when the evidence is
clear, is generally be successful at attributing it to separate sources. However,

various factors can weaken this mechanism.

The system seems to require some separation in fundamental
frequency for the mechanism to work effectively. One way this has been
investigated is by asking listeners to identify individual objects in a mixture
of several sounds at various pitch levels. The assumption of this paradigm is
that the harder it is to identify individual objects in a mixture of sounds, the
better the blend; conversely, the recognition of any one sound in a
combination is taken to mean that it has segregated from the rest of the items

in the mixture. This paradigm might be called “segregation by identification.”

Scheffers (1983) explored recognition of concurrently-sounding vowel
identities (two different Dutch vowels sounding simultaneously) and found

that listeners could identify them easily with one to three semitones of pitch
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separation (described in McAdams, 1989, p. 2157). Similarly, Halikia (1985)
found that improvement for concurrent vowel recognition with interval size
reached asymptote with as little separation as 0.5 semitones (described in
Bregman, 1990, p. 562). Stern (1972) ran a similar study using synthesized
musical instruments. He presented them in concurrently-sounding pairs to
listeners who were asked to identify them by name. His results showed that
identifying the constituent instruments making up a unison interval was
difficult, but instruments at other intervals (perfect fourth, major third,
minor third, and minor second) could be recognized easily. The combination
of a trumpet and clarinet at the unison, for example, “sounded like neither
trumpet nor clarinet, nor like a predictable mixture of their qualities” (p. 209);
however, at non-unison intervals the individual qualities of both trumpet

and clarinet were apparent.

Apparently, then, the auditory system has difficulty separating sources
having the same fundamental, but not those at the musical interval of a half-

step or larger. This suggests that, in terms of pitch separation alone, only the

unison has an innate tendency to fuse or blend.

Inharmonicity

Departures from purely harmonic relationships between partials can
weaken the pitch detecting mechanism and create uncertainty in the source-
segregation process (Bregman, 1990, pp. 243-244). If a pattern of partials is
slightly inharmonic, the auditory system finds no single template to be the

best match, but several templates making inexact matches. With more than
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one candidate pitch, the effect yielded presents a less clear picture of how
many sources are present (McAdams, 1984, pp. 41-42), and the ear may regard
combinations including such sounds as blended. The assumption behind this
hypothesis is that if the system does not find sharply-defined separate
elements in a sound, then the sound is blended. This paradigm might be

termed “blend by indistinct numerosity.”

Harmonic Coincidence

Harmonic coincidence refers to the number of instances of common
partials between two complex sounds. The number of common partials may
be calculated by the ratio of the fundamental frequencies of the complexes.
For example, in a pair of tones in the ratio of 2:1 (an octave), every second
partial of the lower tone will be contained in the upper tone; in 3:2 (a perfect
fifth), every third partial in the lower tone will be found as every second
partial in the upper tone. The larger the amount of coincidence, the less the
system’s pitch processing mechanisms finds evidence for multiple,
independent tones, thus the pitches fuse into a single object (McAdams, 1984,
p. 44; Bregman, 1990, pp. 246-247). This explains why octaves and fifths, in
certain contexts (and depending on the tuning system) can easily be mistaken
for single notes, because of their large coincidence of partials. Of course, this
challenges the view that the unison is the only interval that tends to fuse

intrinsically.

Stumpf (1890) investigated the fusion of various intervals by playing

listeners concurrent tones at the octave, fifth, fourth, major third, tritone or
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major second, asking them to rate whether they heard one or two tones. The
percentage of listeners who (wrongly) judged the intervals as being only one
tone was directly related to the tones’ harmonic coincidence: greater
harmonic coincidence led to more instances of false perception of single

tones. The percentages (given in Apel, 1972, p. 202) were:

8ve (2:1) 5th (3:2) 4th (4:3) 3rd (5:4) tritone (7:5) 2nd (8:7)
75% 50% 33% 25% 20% 10%
Dewitt and Crowder (1987) re-ran Stumpf’s experiment to investigate
the fusion of various intervals. In addition to obtaining percentage correct
judgments of one vs. two tones, they measured the reaction times of the
responses as well. They also made the task slightly more complex: listeners
had to judge if one or two tones were added to an already sounding tone.
Their results showed that the judgments for intervals with simpler ratios
(octave and perfect fifth) confirmed Stumpf’s findings: they were judged as
being one tone, and produced increased response latencies. However, the
results for the remaining intervals they investigated (major seventh, tritone,
perfect fourth and minor second) did not closely correlate to the complexity of
the ratios as they did in Stumpf’s data. For example, in their data the major
seventh (11:6) was incorrectly judged a single tone more often than was the
perfect fourth (4:3). It would appear then, that harmonic coincidence as a
predictor of fusion is reliable only for intervals with large amounts of

coincidence.

Stumpf (1890) regarded consonance as the equivalent to fusion: the

degree to which two tones fused into a single image was a direct measure of
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their consonance. Conversely, two tones which did not fuse was regarded as a
measure of their dissonance. One possible explanation for this is that the
auditory system is accustomed to hearing interference patterns (beats) when
two tones are sounding together; consequently, interference patterns are a
familiar cue for “twoness,” which in turn creates the sense of segregation.

The greater the dissonance, then, the greater the sense of twoness, or

segregation.

Recently Bregman (1990) questioned this assumption that dissonance
and segregation were co-occurring phenomena. Roughness, the acoustical
beats that arise from interference patterns between closely-tuned sine tones is
sometimes used as a cue for dissonance, and sometimes not, Bregman
hypothesizes (pp. 508-509). In other words, in certain situations listeners will
hear beats arising from partials but discard that information in forming their
impression of the quality of a combination; namely, when the two elements
in question are in separate streams (for example, if they arise from different
spatial locations; see Brant, 1967). In such cases the listener will not register
the roughness cues and regard the combination, for example, as an accident of
counterpoint rather than an intended simultaneity.18 Only if the two events
are in the same stream will the combination be perceived as dissonant.
Bregman'’s opinion, then, in marked contrast to Stumpf’s, is that dissonance
is a percept arising out of the fusion of tones, not a cue that the tones are

segregated.

18 Bregman (1990) later presents evidence that this dichotomy underlies the rules behind
Renaissance counterpoint as well (pp. 511-514; see also Wright and Bregman, 1987).
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Onset Synchrony

One of the most powerful cues for either promoting or preventing
blend of concurrent sounds is synchronicity of onset. Synchronizing the
onsets for a group of sounds can often override other cues promoting
segregation (e.g. pitch separation) and bring about fusion (Bregman, 1990,

p. 263). It will be recalled that authors of orchestration manuals demonstrated
a great awareness of the necessity for synchronized onsets for obtaining blend

as well.

One important study in this area is by Rasch (1978), who investigated
how sounds segregate from one another as a result of their onset synchrony.
His experimental stimuli consisted of a two-voiced musical example, lasting
two beats, with a low voice playing the same pitch on both beats and an upper
voice leaping either up or down a fifth; the listener reported whether he
heard the interval jump up or down. The amplitude level of the upper voice
was low relative to the lower voice, so that the task of recognizing the
direction of the jump was impeded by the masking of the upper tones by the
lower ones. When both voices were synchronous, the listeners could
maintain at least 75% accuracy at detecting interval direction with the upper
voice being about 12.5 dB down in level from the lower voice.® When onsets

were made asynchronous, the listeners were able to maintain 75% accuracy

19 The use of 75% accuracy as a baseline is a convention of auditory masking studies. Ifa
listener shows less than 75% accuracy in correctly detecting the presence of a tone in noise, then
that tone is considered “masked” by the noise.
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with larger level differences: -32 dB, -50 dB, and -64 dB for disparities of

10 ms, 20 ms and 30 ms, respectively. In other words, greater onset differences
made it easier to distinguish the voices, and therefore decreased their degree
of blend. Interestingly, the listeners did not seem aware that onset disparities
were what were responsible for making the direction of the leap more
recognizable, which suggests that the cues for blend may not actually enter
into the conscious mind of the listener; rather, the auditory system only

registers whether or not the tones blend.

Stern (1972) also showed that recognition of concurrently-presented
pairs of tones could be improved with onset asynchronies. He used
synthesized versions of musical instruments. As was discussed above, Stern’s
listeners easily recognized the constituent instruments at non-unison
interval presentations, but had difficulty with unison intervals. Recognition
for one of the two instruments in unison presentations could be improved if

it was begun slightly earlier than the other, however.20

“Common Fate” Mechanisms

A number of the basic paradigms in Auditory Scene Analysis research
have their roots in the grouping principles of the Gestalt psychologists. The

principle which comes to bear on fusion and blend is “common fate,” which

20 Stern does not say what the duration of the disparity was, although he implies that it was
something less than 100 ms.
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says simply that sounds that change in similar ways are likely to have

originated from the same source (Bregman, 1990, pp. 248-292).

Bregman (1990) offers a compelling example of common fate in a

vision perception context:

Let us imagine that we had a photograph taken of the sky.
It shows a large number of birds in flight. Because they
are all facing the same direction and seem to be at the
same distance from the camera, we think that they are a
single flock. Later we are shown a motion picture taken of
that same scene. On looking at this view, we see that
there were two distinct flocks rather than only one. This
conclusion becomes evident when we look at the paths of
motion. One group of birds seems to be moving in a set of
parallel paths describing a curve in the sky. Another
group is also moving in a set of parallel paths but this
path is different from that of the first group. The

common motion within each subgroup binds that group
together perceptually and, at the same time, segregates it
from the other group. The common motion within each
group is an example of the Gestalt principle of common
fate.

A great deal of work has been devoted to observing how the auditory
system uses common fate to group frequency components from a complex
auditory scene and form auditory images of single objects. By analogy it can
be seen that the mechanism can pertain to the question of instrumental blend
as well, regarding the individual instruments analogously to partials. To

obtain a blend among several instruments, then, the logical strategy would be

to have them all change according to one global temporal pattern.



80

There are two levels on which such global patterns can occur: through
common micromodulation, or common temporal envelope. Having all the
players in an ensemble adopt the same vibrato (frequency modulation) rate
would promote their blend; this would be an example of micromodulation.
Having the instruments share the same or similar pitch trajectories, the same
attack-sustain-decay patterns in their amplitudes, or the same changes in
brightness over time, would similarly promote their blend; these are
examples of common temporal envelopes. In all of these cases, the
synchronous temporal changes among multiple sources mimics the behavior
of low-level elements (i.e., partials) that the auditory system customarily
attributes to single sources, and the listener registers the combination as fused

and arising from a single source.

Micromodulation

An example of micromodulation with speech stimuli may be found in
McAdams (1989). Chords of three simultaneously sung vowels ([a], [il, and [o])
on the notes C3, F3 and Bb3 were modulated according to various patterns. In
one pattern, one vowel was modulated according to a different pattern than
the others, or that vowel was modulated while the others were held steady.

A second pattern was the inverse of the first pattern, and a third pattern
consisted of either no modulation at all, or all three vowels modulating
together. In each condition, listeners were asked to listen to the sound of all
three vowels contained in the chord and independently judge the

prominence of each. The three vowels did not always appear at the same
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pitch: on any given trial, [a], [i], or [0] could appear on any of the notes C3, F3,
and Bb3, so listeners could not simply rely on judging the prominence of the

pitches.

In the condition where all vowels were modulated according to the
same pattern, listeners tended to rate none of the vowels as more prominent
than the others. Thus, having common modulation patterns or no
modulation at all made the collection of vowels more uniform in quality and
less distinct in the identifiability of its individual elements: they blended.
This appears to be an inverse example of the paradigm “segregation by
identification” mentioned earlier. In the similar case where none of the
vowels were modulated at all, the vowels were similarly less distinguishable.
Interestingly, in this condition, listeners also became more uncertain about
the number of pitches present, reporting four to six when in fact they were
told to expect only three; this may be a corroboration of the paradigm “blend
by indistinct numerosity” mentioned earlier. The other conditions, on the
other hand--either one vowel modulating according to a different pattern
than the others, one vowel modulating with the others not modulating, or
one vowel not modulating while the others modulated--resulted in strong
differences in prominence between vowels. When one vowel was
modulated according to a pattern different than the other two, that vowel
separated out from the others; again, this is a case of “segregation by

identification.”
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A similar finding appeared in the experiment by Rasch (1978) which
was described earlier (detecting if notes in an upper voice lept upward or
downward). On some of the trials, vibrato was added to the upper voice (a
frequency modulation of 5 Hz with a depth of 4%). In this condition,
listeners’ accuracy was maintained even when the upper voice was reduced
17 dB, whereas, with no vibrato on the upper note, accuracy was maintained
only if the voices were of equal amplitude. In other words, with vibrato on
the upper note, listeners could tolerate a disparity of 17.5 dB (i.e., the top voice
softer than the bottom) and still successfully judge whether notes ascended or
descended. This indicates that the micromodulation was successful at causing
the upper note to segregate from the vertical combination with the lower

tone.

Common Temporal Envelope

Regrettably, there is still little research investigating the common fate
mechanism when large-scale temporal changes are applied to a mixture of
two or more complex sounds.2l One explanation for this is that while
temporal changes such as pitch trajectory and amplitude envelope are
important for music, and most Auditory Scene Anaiysis research focuses on
acoustic factors contained in artificial stimuli. In any case, there appears to be

little work in this area that is applicable to the musical question of blend.

21 One possible exception to this is Bregman and Chalikia (1989), who studied the fusion of
tones “gliding” in parallel (i.e., changing in fundamental frequency according to straight-line
functions).
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Spectrum and Blend

It will be recalled that there was some evidence in the review of
orchestration manuals that instruments having “dark” spectra were useful
for promoting blend. Dark instruments such as the bassoon and French horn,
for example, were frequently cited as blending well with a number of
instruments, or effective at “bridging” timbres together. Some studies that

offer some empirical support for this belief are discussed below.

Spectral Differences Between Solo and Choral Singing

It was mentioned earlier that the performer exerts an influence on
whether or not a particular combination will blend. Goodwin (1989) studied
the acoustical properties of sung female voices when performers consciously

attempted to obtain a blend with a choral ensemble.

Goodwin defined “choral blend” as an ensemble sound in which
individual voices are not separately discernible to a listener, and observed
that choral singers intentionally alter their vocal production in the interest of
achieving this quality. To investigate this, each singer in Goodwin'’s
experiment (all sopranos) first produced sustained vowel sounds at a
moderate dynamic level and in a manner typical of her solo singing, which
were recorded and analyzed. Next, each singer attempted to blend with the
sustained vowel of a well-blended unison ensemble of other soprano voices

that was prerecorded on tape loops. The singer heard this tape loop through
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headphones, and while listening, sang the same vowel, which was recorded
and analyzed. Through the headphones, however, she heard her voice
mixed in with the voices on the tape loop. Thus, the situation closely
matched what would occur in a real choral situation where a performer is
trying to obtain a blend: the singer would sing in such a way that she could
not discern her voice from the rest of the ensemble. The vowels [a], [o], [u], [e],
and [i] were used, with fundamentals on c4, a4, and f5. Goodwin then

compared the acoustical differences between solo and blended choral singing.

The results showed that choral singing, where a blend was desired,
“tended to have slightly stronger fundamental frequencies in combination
with fewer and weaker upper partials, and also slightly stronger first formants
in combination with weaker second and third formants” (p. 25).

Furthermore, in blended tones, (1) there tended to be fewer and weaker
partials on frequencies above the first formant; (2) the partials in the area
around the first formant were stronger in the blended tones than in the solo
tones; and (3) the strengths of partials between the formant peaks tended to be
reduced. Note that all of these transformations are such that they result in a
lowering of the spectral centroid, or increased darkness of timbre. Goodwin
cbserved that such transformations could relate to a number of intentional
acts by the singer: (a) the singer could consciously be attempting to sing softer
(since many musicians use a strategy of matching loudness with others in the
ensemble to obtain a blend), a transformation that is usually accompanied by
darker spectra (Clark & Milner, 1964; Meyer, 1978, pp. 30, 34); (b) the singer

may be employing a strategy of consciously darkening the tone to obtain a
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blend; (c) the singer might have been avoiding distinct vowel pronunciation,
contrary to what they are taught to do in solo singing (and which tends to de-
emphasize the valleys between formants); or (d) the singer may have omitted
vibrato (which is hypothesized to clarify vowels by tracing out the spectral
envelope; see McAdams, 1984, and Marin and McAdams, 1991).

The same sort of inquiry was conducted by Rossing, Sundberg, and
Ternstrom (1985), studying the difference between male solo and choral
singing. Their study showed an increased use of the “singer’s formant” in
solo singing, a type of singing in which increased power in the 2-3.5 kHz
spectral region is obtained by skilled adjustment of the vocalist's apparatus
and taking advantage of particular resonant cavities. Choral singing showed
an increased emphasis on the lower partials relative to solo singing, and
glottal and vocal tract adjustment was used by singers to obtain these
qualities. Similar findings were reported for soprano voices in Rossing,

Sundberg, and Ternstrom (1987).

Spectrum and Fusion of Single Sounds

Dannenbring and Bregman (1978) provided some evidence that darker
spectra aided in the fusion of collections of harmonically-related partials into
single complex tones. It may be speculated that the findings may be applicable
to the fusion of multiple complex tones as well, since the fusion of a single

tone may contribute the global fusion of several tones.
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One of the conditions in their study was designed to explore the role of
the shape of the spectral envelope in contributing to the fusion of a complex
tone as a single auditory image. The shapes were either flat (all harmonics
having the same amplitude), sloped downward (each harmonic half the
amplitude of the one below it in frequency), or sloped upward. The
downward-sloping pattern is one that is typical of “darker” sounding spectra,
while the upward-sloping pattern is an extreme form of a “bright” sounding
spectrum. Results in their study showed that fusion was best for downward-

sloping patterns, and poorest for upward-sloping patterns (p. 372).

Additionally, Dannenbring and Bregman (1978) found that strong
amplitude differences among individual harmonics could affect the global
fusion of the complex. Increasing the amplitude of a single high harmonic
would cause it to segregate out as a separate object from the remainder of the
complex. Related work investigating the tendency for a single harmonic to
segregate as a function of its departure from exact tuning is reported in
Moore, Glasberg, and Shailer (1984), Moore, Glasberg, and Peters (1986), and
Hartmann, McAdams, and Smith (1990).

Masking

Spectral Masking

Many musicians have speculated that a factor in determining the

quality of concurrent instrumental combinations is masking among
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harmonics (see Jeffress, 1970). Such masking might enable two very
heterogeneous instruments to obtain a blend, for example. Recall, for
instance, that especially “bright” spectral envelopes appear to be harmful for
blend (see previous section); an instruments whose spectrum favors lower
harmonics might provide the necessary masking capability to cancel out the
offending high-frequency components of a bright sounds, and help promote
fusion among them. It was shown earlier (Chapter 2) that orchestration
manuals described a timbral transformation called softening which closely
resembled a masking situation. So far, no one has researched this question in
the laboratory. However, some speculation based on spectral data of musical

instruments and masking data was offered in a short study by Pepinsky (1941).

Using spectra obtained by analyses of various brass instruments playing
notes of a Bb major triad, Pepinsky sought to analyze the acoustics of
combined instruments by summing them together into chords. The
ensemble consisted of Eb tuba on Bbl, baritone on Bb2, trombone on D3,
French horn on F4, and cornet on Bb4. He recognized that simply adding
together the spectra of individual instruments was not an accurate
representation of how the ensemble was heard. Rather, one had to consider
the “accumulation of masking effects produced by the components of the
complex tones.” Pepinsky believed that an aesthetic end could be served by
this knowledge, in that “both good and bad effects in orchestration” could be

accounted for by these masking patterns (p. 405).
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Applying masking data by Wegel and Lane (1924) to the spectra
produced by the brass chord, Pepinsky speculated which components would
mask others, and what the effects (positive and negative) such masking
patterns would have on the quality of the chords. He also considered how a
change in dynamic for individual instruments would improve or worsen a
given pattern, observing that “a routined conductor would be expected to
make just such an adjustment” in obtaining the optimum quality (p. 407).
Although Pepinsky did not explicitly use the word “blend,” its role is
apparent in his suggestions to make this or that change to obtain more

“balanced” sounds.

For example, when all instruments in his simulated ensemble played
at the same forte dynamic, he predicted that the baritone’s especially strong
19th and 20th harmonics would create an undesirable roughness. However,
with all instruments marked piano, he speculated that this problem would
not occur, yielding a “smooth” quality.22 The baritone’s roughness quality
could be made even more acute when playing forte and the others piano; he
advised that “a better balance is secured by raising the level of the trombone

and french horn to a mezzo forte level" (p. 407) since they would mask out

22 The spectral descriptions of instruments Pepinsky possessed comprised only one dynamic
level. The different dynamic levels were obtained by estimate, by a applying linear change in
amplitude up or down for louder and softer dynamics, respectively. Since such transformations
are highly artificial and do not reflect the actual changes in spectra that accompanied in
natural dynamic changes, Pepinsky’s speculations must be regarded with some caution.
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the undesirable partials.23 Similarly, the combination of cornet forte and the
rest piano would mask the trombone and French horn, with the result that
the cornet would protrude from the ensemble. However, raising the
trombone and French horn to mezzo forte “would produce a better balanced

accompaniment” (p. 407).

Informational Masking

Conventional research in masking tends to be simple (using static
noisebands and steady state tones as stimuli) because most paradigms for
explaining masking are in terms of low level aspects of the peripheral
auditory system (the physical behavior of neurons in the basilar membrane).
There is a small body of research, however, concerned with a somewhat
higher-level, or cognitive aspect of masking called informational masking or
recognition masking. This subject concerns the fact that listening involving
recognition and categorization of very brief sounds requires a certain amount
of undivided attention by the peripheral auditory system, and that
competition from other incoming sounds of other information-rich short
sounds can result in sounds being heard but not processed (i.e., not
recognized, categorized). In order to be given the necessary attention by the

system, the sound must be allowed to spend a sufficient amount of time ina

23 Note that practice of using instruments to mask out undesirable partials is also suggested by
Piston (1955). In observing that minor chords contain an inherent conflict between the “major
third” partial (5th harmonic) and the “minor third” fundamental, Piston remarked “Overtones
from the lower notes are sometimes disturbing in a chord, and may need to be canceled by upper
tones” (p. 447).
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very short-term memory location that Hawkins and Presson (1977) calls the

¥

precategorical acoustic store (PAS):

The PAS presumably holds a relatively unanalyzed echoic
representation of acoustic input for some period of time
following stimulus offset and continues to transmit
information regarding this representation to the
subsequent categorization process - perhaps at the level
of the PAS. The earlier the disruption occurs within the
several hundred milliseconds interval of test tone
processing, the less information will be available for test
tone analysis, and therefore the less accurate
categorization performance will be. (p. 198)

To perform optimally under any given set of listening
conditions, the categorization mechanism requires some
minimum interval for sampling from the acoustic
stimulus or its residual. If the wanted stimulus is
followed by an unwanted input with a delay less than this
minimum sampling interval, the unwanted input
interrupts and replaces the first as the dominant source of
information feeding categorization. As a consequence, the
categorization decision will reflect the character not only
of the wanted stimulus, but also that of the masker.

(pp. 207-208)

This mechanism could play an important role how the auditory system
employs the information of instrumental onsets when determining whether
combinations of instruments are perceived as blended or segregated. It is
widely known that instrumental onset portions as brief as 10 ms in duration
convey a great deal of information about the identity of an instrument; the
auditory system must have an undisturbed opportunity to process such
fleeting sounds in order to correctly categorize according to its identity. If the
attack form (or some other component) of a competing instrument interferes,

then the original instrument’s identity may not be apprehended; it is
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informationally masked. Since the attainment of the blend condition
depends in part on instruments not distinguishing themselves from one
another--recall the paradigm “segregation by identification”--simultaneous
attack forms could play a role in causing sounds to blend. One might
speculate that the optimal condition for attaining blend is when the two
sounds mask one another; in this case, the best blend would be attained
between instruments whose onsets were of equal duration, since neither
would be given uninterrupted access to the precategorical acoustic store. The
evidence of Stern (1972) regarding the effect of offsets in onset times in

instruments, discussed earlier in this chapter, can be interpreted in this light.



Chapter 3:

Method for Investigating “Blend”

Goals, Preferences and Requirements

Psychophysical Investigation

The goal of this study, as indicated in the introduction, is to gain a
better understanding of how concurrently-sounding musical instruments are
perceived by musicians as blending. The approach taken by orchestration
manuals, it was shown, is “instance based”--that is, their suggestions for
obtaining blend are limited to specific illustrations of various instrument
pairs. This binds the information to specific style period, instrument types,
and instrument technologies, making it difficult to genefalize their methods
to different musical media (such as synthesizers, early music instruments, or
non-western instruments). To achieve generalizing power, it is necessary to
address the problem at a more abstract level, exploring the range of acoustical
factors that are active when instruments are judged as blending or not

blending.

92
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The science of correlating the physical properties of a sound to the
perceptual attributes they give rise to is known as auditory psychophysics.
Psychophysics involves measuring the physical and perceptual properties of a
stimulus and discovering a mathematical function for relating the two, with
the goal that the physical properties be used as predictors for the perceptual
properties. Physical properties of sound are obtained by acoustic
measurement, usually along several dimensions; perceptual properties are
derived by measuring a behavioral response to the sound. The researcher
determines a mapping of a physical scale to a perceptual scale, using a
statistical “best fit” criterion. Regression, for example, can be used when the
mapping is many-to-one: this procedure finds a polynomial that enables one
to predict the perceptual response from a weighted combination of the

acoustical attributes.

Most auditory psychophysical studies investigate the scaling of sounds
which are presented one at a time. For the purpose of this study it will be
necessary to devise a method for investigating two or more simultaneously
sounding events. When a stimulus consists of two timbres sounded at once,
for example, the physical scale values should include both the properties of
the independent constituent timbres and the properties that emerge as a
result of their being combined. The perceptual scale values should represent

the subjects’ responses to the emergent, sum property alone.

It might be asked whether psychophysics can address matters of a

musical nature as complex as those employed in judgments of orchestration.
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Judgments about orchestration involve not only complex perceptual
phenomena but also high-level musical schemata. This raises the following

questions:

1. Given the restrictions of a controlled experiment, what level of
realism in the representation of “musical instruments” is possible

(or alternatively, what level of artificiality is tolerable)?
2. What level of acoustic description is desirable and informative?
3. What is an appropriate task to elicit a judgment of musical blend?

These questions are addressed below.

Realistic Stimuli

It is typical in the design of many auditory psychophysics studies to ask
a question concerning specific auditory parameters. of sound, and investigate
this question using stimuli that vary only in those parameters. The
advantage of constraining the stimuli to include only known variations is
that the attribution of perceptual responses to specific changes in the
individual acoustical parameters is very reliable. For example, consider the
stimuli used in a study of timbre by Howard and Silverman (1976). The
authors wanted to observe the degree to which each of four timbral
dimensions (sound source, fundamental frequency, formant region and
number of formants) determined the judged similarities between sounds. To

this end, they employed sounds that varied in only these four dimensions,
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with two possible values in each dimension: sound source (square or triangle
wave), fundamental frequency (90 or 140 Hz), region of formants (center
frequencies of 600 or 1550 Hz), and number of formants (1 or 2). In every
other way the sounds were equalized. All factorial combinations of these
features led to exactly 16 different sounds. A analysis of the results showed
that similarity judgments were made among three primary dimensions,
which were, in descending order of importance: fundamental frequency,
sound source, and formants (both region and number of formants playing

equally strong roles).

A study in the perception of blend might similarly constrain the
stimuli in a simple factorial fashion. For example, motivated by the
information from Chapter 2, one might devise stimuli of concurrently-
sounding complex tones in which the constituent complexes within each trial
differ from one another in fundamental frequency, onset disparity, or
brightness, but which in every other way are identical. Listeners would be

asked to judge whether each pair was fused or separated.

There are two problems with this research agenda. First, stimuli that
explore only a small set of very simple parameters typically sound unmusical,
and the timbre space they explore is predictable and unexpressive. Since the
mid-1960’s a number of studies have shown that in order to engage the
auditory system in a musical way timbres must be informationally rich: they
must exhibit complexity in their attack forms and resonant structures, as well

as temporal complexity in their amplitude and spectral envelopes (for a
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review of this literature, see Grey, 1975, pp. 1-15; Risset & Wessel, 1982; Freed,
1988, pp. 11-17; and Handel, 1989, pp. 226-263). Such features are present in
most acoustic musical instruments; consequently, electronic or computer
music sounds that exhibit such features are felt to be “natural sounding” by
listeners. Since the objective of the present study is to explore how
instruments blend in an orchestral context, it is important that the stimuli

maintain a strong relationship to typical orchestral sounds.

Second, biasing this study in advance to produce an outcome that
relates to only a restricted set of acoustical parameters will be informative
only to the extent that the set accurately captures parameters of variation
relevant to orchestration. In the blend experiment informazily proposed
above, even if the judgments showed effects pertaining to the devised
features, the results would not assure their status as primary perceptual
attributes of orchestration. On the other hand, they might be valuable if
previous research had shown, for example, effects for fundamental frequency
and onset in separate experiments, but whose interaction was not yet
understood. The status of the current research project, in contrast, is more
pristine: with the possible exception of Stern (1972), there exists no research
previous to the experiments reported here concerning the judgment of blend
for concurrently-sounding orchestral instruments.24 By necessity then, the

present study must include experiments of an exploratory nature. This in

24 Stern (1972) can be considered to have explored blend indirectly, since one measure of blend is

the degree to which the constituent sounds in a combination can be identified (“segregation by
identification”).
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turn increases the importance of having informationally rich stimuli: the
stimulus set should contain the natural acoustic variation found in actual
musical instruments in order to elicit blend judgments based on as yet
unidentified factors. It is anticipated that such exploratory experiments will
identify salient parameters affecting blend. With such information, it will
also be possible to pursue experiments of a non-exploratory nature that test
hypotheses about these parameters, for example, exploring their range of

applicability. This study will include some non-exploratory research as well.

Distinctive Features

Although a “closed set, factorial design” based stimulus space is
inappropriate here, it is necessary nonetheless that the acoustic attributes of
the chosen stimuli be characterizable in some dimensional way. Freed (1988)
reviewed a number of methods for characterizing the acoustic properties of
complex, time-varying sounds. One method he identified consisted of a
strictly objective, physical measurement of acoustical properties, such as “a
list of locations, levels, and bandwidths of resonant regions or formants”

(p. 9). Another method he identified is based around properties of the
peripheral auditory system, characterizing sounds by such factors as “critical
bands, loudness functions, masking, lateral suppression, frequency-dependent
thresholds, and resolution in time and amplitude” (p. 9). Another method is
based on the assumption that the auditory system is “directly sensitive to
parameters which carry environmental information--i.e., information about

the object in the environment that produced the sensation” (p. 10); this is
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referred to as the “ecological approach,” after Gibson (1966). In this approach,
the focus is on those acoustical parameters which carry information about the
object’s physical features such as size, composition, density, mass, method of
sound production, materials of construction, and so on. Freed’s own study,
for example, investigated the attributes of a set of percussive stimuli in terms

of the perceived mallet hardness of the striking instrument.25

The use of any efficient, compact way to represent those aspects of the
sound that carry perceptually relevant information may be called the
distinctive features approach. Distinctive features originates in a speech

research paradigm proposed by Jakobson, Fant, and Halle (1951), which

codified certain long-standing observations of phoneticians
by hypothesizing that the many sounds of speech can be
placed in categories based on the presence or absence of
certain distinctive features. Whether the mouth is open,
whether there is a narrowing of the vocal tract at a
particular place, whether a consonant is aspirated--
properties such as these make up the features that
characterize and distinguish the phonetic content of a
language. (Slawson, 1985, p. 51)

Grey (1975), for example, used a similarity rating task and Multi-
dimensional Scaling to uncover the distinctive features affecting the
similarity of a group of realistic sounding syntheses of orchestral instrument

tones.26 The dimensions he found were: (a) the location of the spectral

energy distribution (a “bright-dark” dimension), (b) the presence or absence of

25 Freed'’s experiment is also described in Freed (1990).

26 Grey’s similarity study is also described in Grey (1977).
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noise in the attack portion of the instrument, and (c) the presence or absence
of synchrony among the amplitude envelopes of upper harmonics at attack
time. An alternative account of the third dimension was (d) instrumental
family membership (.e.g., strings, brass or woodwind). In other words,
comparing two instruments with these features is an efficient way to

represent the listener’s perceptual process of comparison.

Selecting Natural, Complex Timbres for Research

The possession of synthesis specifications of orchestral tones allowing
low-dimensional control of their parameters is the cornerstone to this project.
The stimuli used in Grey (1975), described above, satisfy the requirements of
this project. Their main advantages are that (a) they are realistic, natural
sounding syntheses of orchestral instruments originally obtained from
recordings of real performers, (b) they are specified with parameters that allow
low-dimensional control and that enable the production of variants or
modifications for experimental or compositional purposes, (c) they have been
shown to be rich in distinctive features, some of which can be manipulated by

the synthesis parameters.

Because the synthesis specifications for Grey’s tones were available to
the present author, it was decided to design experiments around these tones.
The stimuli for the experiments in this study will therefore consist of
concurrently-sounding presentations of these tones. For that reason, the
origins or the tones, their parameters, and the discovered distinctive features

will be covered in an extended section contained later in this chapter.
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Rating Blend

A few remarks about the task that listeners will perform is necessary.
The description of the task will be limited, for the present, to only general
issues. More complete expositions of the exact task for each experiment will

be included in the following chapter.

How will the blend judgment be obtained? It was shown earlier that
experiments by other researchers employed an identification task (e.g., Stern,
1972, and McAdams, 1989), where ease of identification was presumed to
indicate segregation, and difficulty indicated blend. Unfortunately this
assumes the auditory objects of the orchestral medium all strongly
internalized in listeners. On the contrary, not all instruments are equally
identifiable even in ideal contexts (Saldanha & Corso, 1964; Strong & Clark,
1967; Grey, 1975). A violin tends to be more easily identified than an English
horn, but it should not be concluded from this that the former blends poorly
and the latter well. Although McAdams’ vowel-segregation study
(McAdams, 1989) could safely count on listeners to recognize the vowels [a],
[i], and [0], expecting similar levels of performance for even musicians on

orchestral instruments is somewhat premature.

It seems a better idea to employ a direct evaluation of blend as the task
in these experiments. This now raises the question of whether the rating
should be a simple bi-polar scale (“blends” vs. “segregates”) or a continuum

between these two poles. It would seem that, to be responsive to the needs of
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the current musical scene, a continuous rating scale is a more attractive
proposition. Accordingly, the experiments should provide a heuristic not
merely for attaining either blended or segregated timbres, but for obtaining

any degree of blend along a continuous scale of possibilities.

The Stanford Tones

The synthetic musical instrument tones used by Grey (1975) will be
described here. Since all the conclusions drawn in this study will be based
entirely on correlations between blend ratings and the features of these tones,
the origins and acoustic properties of the tones are of great importance. To
avoid encumbering the experiment reports in the following chapter with
long digressions, the physical properties of the individual tones will be

analyzed in advance.

The Origins of the tones

The tones used by Grey were created at Stanford University, at the
Center for Computer Research in Music and Acoustics (CCRMA), as part of a
long-term analysis-by-synthesis project. They have been used in various
studies by a number of researchers mostly associated with CCRMA (Grey,
1975; Grey, 1977; Grey & Moorer, 1977, Grey, 1978; Gordon & Grey, 1978;
Gordon, 1984; and Gordon, 1987). They are hereafter referred to as the

“Stanford tones.”
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The instruments were: flute, oboe, English horn, e-flat clarinet, bass
clarinet, soprano saxophone, two alto saxophones (one played forte, the same
instrument and same player playing mezzo forte), bassoon, French horn,
trumpet, muted trombone, cello bowed sul ponticello, (at the bridge of the
instrument), cello bowed normally, and cello bowed sul tasto (over the
fingerboard).??  The tones were syntheses of data originating from analyses of
live recordings of performers. The process of recording and analysis, and the
data reduction process will be summarized below; for further information on

this subject, however, see Moorer (1973), and Grey (1975).

The performers recorded by the CCRMA researchers were requested to
play a short note of pitch Eb4 (ca. 311 Hz). Recordings were made originally
on analogue tape recorded at 7.5 ips, and then digitally sampled at 25,600
samples per second with a 12-bit digital-to-analogue converter. The digital
soundfiles were then submitted to a heterodyne filter (Moorer, 1973) which
analyzed the energy in the region of each harmonic multiple of the expected
311 Hz tone. The result was a representation of the original tone as the sum
of several sine waves (one for each harmonic) that varied in amplitude and
frequency over time. The temporal resolution was about 1 ms. The
representation is sufficiently detailed that tones resynthesized from these
parameters by additive synthesis sounded remarkably natural and faithful to

the original recordings.

27 John Gordon's dissertation (Gordon, 1984) employs the Stanford tones but refers to two of the
saxophones as being tenor saxophones (p. 31). This is an error, according to Grey (personal
communication, October, 1988): the saxophones were indeed altos.
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Figure 7 illustrates this representation of the output for the second
harmonic of one of the instruments (trumpet), showing the amplitude and
frequency data in separate plots.2 The erratic portions in the frequency plot
between 0-60 ms and 400-510 ms are random patterns that the heterodyne
filter produces when there is insufficient gain, so they did not include this in
their representations of the tone. Figure 8 shows all the amplitude functions

for the harmonic in a single plot.

Much of the fine temporal detail in both the amplitude and frequency
functions shown in Figures 7 and 8 is perceptually superfluous. That is, the
functions can be simplified to a certain degree without the human ear
detecting the difference or noticing a degradation in quality. For example, the
discontinuities contained in the initial rise in the amplitude of the trumpet's
first harmonic (the amplitude change of 0 to 450 occurring between 60 to
90 ms) can be replaced by a single continuous linear change. The CCRMA
researchers simplified all of the amplitude and frequency envelopes by a
series of carefully selected contiguous straight line functions. They called a
tone represented in this way a line segment approximation, while the

original non-simplified representation was called a complex synthesis.

28 The term harmonic will be used, by convention, to refer to a component of a tone even though
none of the Stanford tones have strictly harmonic relationships among their partials.



104

o2 3)
Y
N P e
Fi -,
f | ™.,
n .
hY
P
L ’l ‘\
l ‘I
1 | \
y ™ [
0 5
"
2¢ [ N\
n ™ N,
d "\,\.
1 e
P 'llllllll‘llIlmTIllilll'n"TrrT-'":Ylfi—'l‘lllIIIIIIT
a .8 . 2 .3 .4 seconds
r
t 3 Time
i 77
d 3
e 3
4 3
£ 679
0 3 ,'|| A
S T |-
W J ]
c ]
; s I
sn ). e b ) |
111t xmrr‘rl'rr'n'rllnnxruvrn'rrn-x T RAED
N:) i .1 .2 .3 v_* .lj]
L. I

Time

Figure 7. Amplitude and frequency functions from a heterodyne filter
analysis of a trumpet tone, 2nd harmonic. Reproduced from Moorer, Grey
and Strawn (1978).
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Figure 8. Amplitude functions from a heterodyne filter analysis of a trumpet
tone, all harmonics. Reproduced from Moorer, Grey and Strawn (1978).
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For all the tones they analyzed, the CCRMA researchers obtained the
simplest possible line segment approximations that could be obtained for each
harmonic without losing any audible detail. They also chose to limit the
number of harmonics necessary for a given tone based on how many
appeared to be necessary for accurately reproducing the tone. Apparently the
researc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>