
T h e O p e r a t io n o f t h e P h a s e V o c o d e r

A n o n - m a th e m a tic a l in tro d u c tio n to th e

F a s t F o u rie r T ra n s fo rm

b y R ic h a rd D o b s o n

T h is d o c u m e n t  h a s b e e n w r it t e n fo r C D P a t  m y r e q u e s t  in o r d e r t o fu r t h e r  a

d e e p e r  t e c h n ic a l u n d e r s t a n d in g o f h o w t h e P h a s e V o c o d e r  w o r k s . I n d o in g s o ,

R ic h a r d h a s in fa c t  a ls o g iv e n a g e n e r a l in t r o d u c t io n t o a n u m b e r  o f

im p o r t a n t  fe a t u r e s o f d ig it a l filt e r in g . W a t c h fo r  t h e s e k e y id e a s : t h a t  t h e

P h a s e V o c o d e r w o r k s b y c o m p a r in g t h e in c o m in g s ig n a l w it h it s o w n in - b u ilt

s ig n a l; t h a t  t h is c o m p a r is o n is e q u iv a le n t  t o a filt e r in g o p e r a t io n ( fo c u s in g in

o n a g iv e n h a r m o n ic / fr e q u e n c y ) ; t h a t t h e filt e r in g p r o c e s s is w h y d is c u s s io n

o f 's id e b a n d s ', 'a lia s in g ', 'b a n d - lim it e d s ig n a ls ', 'N y q u is t ' e t c . is r e le v a n t . A ll

t h is m a y h e lp u s t o a n t ic ip a t e a lit t le b e t t e r w h a t  m a y h a p p e n w h e n w e t im e

s t r e t c h e t c . a n d p e r fo r m s p e c t r a l m a n ip u la t io n s o n v a r io u s t y p e s o f s o u n d .

( L a s t ly , R ic h a r d s h o w s h o w t o u s e S P E C T * a n d D I S P * to a n a ly z e t h e

b e h a v io u r o f c e r t a in t y p e s o f p r o g r a m , s u c h a s F I L T E R V A R I A B L E ,  u s in g a 1

s a m p le s o u n d file m a d e a s a c o n t r o l r e fe r e n c e . ) - A . E .

[ * S P E C T a n d D I S P w e r e A t a r i p r o g r a m s ,  n o lo n g e r  p a r t o f t h e C D P s y s t e m . ]

I n t r o d u c t io n

F r equ ency dom a in a na ly s is a nd pr oces s ing to ols a r e a r gu a b ly th e m o s t

im po r t a nt r es o u r ces a v a ila b le to th e elect r onic m u s ic com po s er w h erev er

th e tim b r e o f a s o u nd is th e pr im e concer n. Th e m o s t com m on fr equ ency

dom a in to ol is th e filter, fa m ilia r to u s er s o f b o th a na log a nd digit a l s y nth es is

s y s tem s . H o w ev er, w h er ea s a n a na log s y s tem a llo w s filter ing to b e

per fo r m ed em pirica lly a nd inter a ctiv ely , b y m o v ing a s lider o r t u r ning a

k no b , w ith th e effect s im m edia tely a ppa r ent to th e ea r, a gener a l- pu r po s e

digit a l s y s tem s u ch a s th e C D P C om pu ter M u s ic Sy s tem is no t des igned w ith

r ea l tim e oper a tion a s a pr im a r y cons ider a tion. In th e fr equ ency dom a in

es pecia lly , w h ich is com pu t a tiona lly dem a nding in a digit a l s y s tem , it does

no t a llo w im m edia te feedb a ck ( a lth o u gh th e u s e o f th e D SP on th e At a r i

F a lcon w ill m a k e th is po s s ib le w ith cer t a in s elected oper a tions ) . F ilter ing

oper a tions ca n t a k e s om e tim e, a nd th e com po s er needs to h a v e a v er y

pr ecis e idea o f w h a t th e filter h a s to do , s o th a t v a lu a b le tim e is no t w a s ted

b y th e u s e o f eith er a n ina ppr opr ia te pr ogr a m o r o f u ns u it a b le pa r a m eter s

pa s s ed to it. Th is docu m ent is intended to h elp dev elop th e a b ilit y to a s s es s

w h a t needs to b e done.

Th e k ey to s u cces s in th is t a s k is a r elia b le to ol fo r a na ly s ing th e s pect r a l

ch a r a cter o f a s o u ndfile, w h ich com plem ents th e s oph is tica ted dis cr im ina tion

o f th e h u m a n ea r w ith precis e nu m er ica l a na ly s is . Th e F a s t F o u r ier

Tr a ns fo r m (F F T) is s u ch a to ol. H o w ev er, th e m a th em a tica l b a s is o f it s

oper a tion is a ll b u t incom pr eh ens ib le to non- s pecia lis t s , w h ile its o u tpu t ca n

b e m is lea ding a nd confu s ing u nles s it s pr inciples a r e w ell u nder s to od. Th e

follo w ing pa r a gr a ph s pr es ent th e F F T a s non- m a th em a tica lly a s po s s ib le, y et
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a t tem pt to ex pla in it in s u fficient det a il fo r it s r ole in th e G r o u ch o pr ogr a m

SP E C T* a nd in th e P H ASE VOC OD E R a nd it s a s s ocia ted pr ogr a m s , to b e

u nder s to od a nd u s ed effectiv ely .

[ * S P E C T is n o lo n g e r  p a r t  o f t h e C D P s y s t e m -  R . F . ]

1 . F r e q u e n c y d e t e c t io n

Th e F F T t a k es a s it s b a s is a pr inciple fo r m u la ted b y J ea n B a ptis te J o s eph

F o u r ier (1 7 6 8- 1 83 0 ) . Th is pr inciple is th a t a ll com plex p e r io d ic w a v efo r m s

(t h a t is to s a y , w a v efo r m s w ith a clea r pitch ) ca n b e m odelled b y a s et o f

h a r m onica lly r ela ted s inew a v es a dded togeth er. W a v es a r e s a id to b e

h a r m onica lly r ela ted w h en th ey a r e integer m u ltiples o f th e fu nda m ent a l.

Th is is th e b a s is o f cla s s ica l a dditiv e s y nth es is . E a ch s inew a v e co r r es ponds to

a h a r m onic o f th e fu nda m ent a l fr equ ency o f th e s o u nd. Th e h a r m onic

s t r u ct u r e o f a com m on a na log w a v efo r m s u ch a s th e s a w to o t h o r s qu a r e

w a v e ca n b e deter m ined m a th em a tica lly , a nd (u nder idea l conditions ) ca n b e

pr ecis ely m ea s u red b y a n a na ly s is to ol s u ch a s th e F F T :

F ig 1 A: d o w n w a r d s a w t o o t h -> F F T -> s p e c t r u m
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F ig 1 B : s q u a r e w a v e -> F F T -> s p e c t r u m

So , h o w does th e F F T detect a ll th es e h a r m onics ? It s eem s es pecia lly clev er

in th e ca s e o f a s qu a re w a v e, w h ich a ppea r s a s fa r r em o v ed fr om th e s m oo th

s h a pe o f a s inew a v e a s it is po s s ib le to b e. It is r ea lly a ca s e o f pa t ter n

m a tch ing. Th e F F T is it s elf a per iodic, h a r m onic- r ich entit y , a nd it detect s

w h ich o f it s o w n m a ny v ir t u a l s inew a v es a r e a ls o pres ent , s t r ongly o r

w ea k ly , in th e inpu t s igna l b y com pa r ing it s o w n v ir t u a l s igna l w ith th e inpu t

s igna l. It does th is fo r m o f 'pa t ter n m a tch ing' b y a pr oces s o f m u ltiplica tion.

W h en y o u m u lt ip ly a s igna l b y a no th er, y o u a r e per fo r m ing a 'r ing

m odu la tion'. In th e s im ples t ca s e, th e inpu t t o th e ring m odu la to r cons is t s o f

t w o s inew a v es , in w h ich ca s e y o u get t w o s inew a v es a t th e o u tpu t. One h a s

a fr equ ency equ a l to th e nu m er ica l s u m o f th e fr equ encies o f th e inpu t s , a nd

th e o th er is th e differ ence b et w een th em . F o r ex a m ple, if y o u m u ltiply a

s inew a v e a t 4 4 0 H z b y a s inew a v e a t 4 4 1 H z , y o u get a s igna l cons is ting o f a

s inew a v e a t 881 H z a nd a s inew a v e a t 1 H z . M a k e th e t w o inpu t s equ a l a nd

y o u get a n o u tpu t , s eem ingly , o f ju s t one s inew a v e, a t 880 H z :

F ig 2 : s in e * s in e -> s in e

H o w ev er, a s th e figu r e s h o w s , th is is no t 'ju s t ' a s inew a v e, a s it lies a ll a b o v e

th e z er o line - th er e is a po s itiv e D C o ffs et. T h is o ffs e t is d ir e c t ly p r o p o r t io n a l

t o t h e a m p lit u d e s o f t h e in p u t  s ig n a ls . Th er efo r e if one o f th es e is a t a fix ed

'r efer ence' lev el, th e o u tpu t ca n pr o v ide a direct m ea s u r e o f th e a m plit u de o f

th e o th er. W e ca n der iv e a v a lu e fo r th is s im ply b y a v er a ging th e w a v efo r m

( a ct u a lly a lo w - pa s s filter ing pr oces s ) - a dding u p th e ins t a nt a neo u s

a m plit u des o f ea ch point o f th e w a v efo r m a nd div iding th e r es u lt b y th e

nu m b er o f point s . P u t ting it a no th er w a y , th e a r ea s u nder th e po s itiv e h a lf o f

th e w a v efo r m a r e a dded to th e a r ea s u nder th e nega tiv e pa r t . An o r dina r y

s inew a v e w o u ld y ield a n a v er a ge o f z er o , a s th e t w o h a lv es ca ncel ex a ctly ,

b u t th e w a v efo r m in th e figu r e a b o v e w o u ld y ield a net po s itiv e v a lu e.

Th is pr oces s ca n clea r ly b e ex tended in pr inciple to a r b it r a r y inpu t s igna ls b y

s w eeping th e fr equ ency o f t h e r e fe r e n c e s in e w a v e continu o u s ly th o u gh th e

a u dib le r a nge a nd r eco r ding th e flu ct u a ting a m plit u de o f th e o u tpu t - a n y

n o n - z e r o v a lu e s ig n ifie s t h e p r e s e n c e in t h e in p u t  o f a h a r m o n ic a t t h a t

fr e q u e n c y a n d a m p lit u d e . U nfo r t u na tely , s u ch a n idea lly per fect v a r ia b le ring

m odu la to r is ex t r em ely difficu lt to des ign - a pa r t fr om a ny o t h er

cons ider a tions it w o u ld pr o b a b ly b e im po s s ib ly ex pens iv e.

Ins tea d, w e w ill h a v e to m a k e do w ith a digit a lly s a m pled v er s ion in th e F F T.

Ins tea d o f s w eeping c o n t in u o u s ly th r o u gh th e a u dib le r a nge, it s im ply

s a m p le s th e inpu t w a v efo r m a t m u ltiples o f it s o w n fu nda m ent a l fr equ ency .

If th is is lo w eno u gh , th e o u tpu t w ill s till giv e a good im a ge o f th e s pect r u m

o f th e inpu t.

(Act u a lly , in it s m a th em a tica l gu is e, th e F a s t F o u r ier Tr a ns fo r m is a

s t r ea m lined v er s ion o f th e fu ll F o u r ier Tr a ns fo r m , w h ich is continu o u s o v er
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t h e fr equ ency r a nge, a nd w h ich , a s a m a th em a tica l to ol, ena b les th e

s pect r u m o f a per iodic geom etr ic w a v efo r m to b e deter m ined b y h a nd

ca lcu la tion. Th e digit a l v er s ion o f th is continu o u s s w eep, s u ch a s m igh t b e

a pplied to s om e a r b it r a r y w a v efo r m , is th e D is cr ete F o u r ier Tr a ns fo r m .

U nfo r t u na tely , th is is a gonis ingly s lo w fo r th e lo w fu nda m ent a l fr equ encies

w e need, w h ich is w h y th e F a s t F o u r ier Tr a ns fo r m w a s dev eloped. W h a t th e

F F T ca n do in s econds , th e D F T m a y t a k e h o u r s o r ev en da y s to ca lcu la te!)

2 . T h e F F T a s a f ilt e r b a n k

Th e fr equ ency - s a m pling na t u r e o f th e F F T m ea ns th a t it b eh a v es ju s t a s

w o u ld a b a nk o f ca r efu lly t u ned a na log filter s - w h ich is w h a t th e a na log

s pect r u m a na ly s er com pris es . Th e m o r e pr ecis e th e m ea s u r em ents a r e to

b e, th e na r r o w er th e pa s s - b a nd o f ea ch filter m u s t b e, a nd th e grea ter th e

nu m b er o f filter s r equ ired. Su ppo s e th a t ea ch filter h a d a b a ndw idth o f

2 0 H z . It w o u ld requ ir e 1 0 0 0 filter s to co v er th e w h ole a u dio r a nge ( 2 0 to

2 0 ,0 0 0 H z ) . H o w ev er, th is is s u r ely o v er k ill. C er t a inly , a t 4 4 0 H z a b a ndw idth

o f 2 0 H z s eem s r ea s ona b le - a lit tle les s th a n a s em itone. B u t a t 4 K H z it

r epr es ent s a r o u nd one tenth o f a s em itone, u nneces s a r y precis ion fo r m o s t

pu r po s es .

It is h a r dly s u r pr is ing, th en, th a t com m er cia l a u dio s pect r u m a na ly s er s

s pa ce th eir filter b a nds no t in linea r (ev enly s pa ced) fr equ ency incr em ents

b u t in loga r ith m ic (ex pa nding) inter v a l incr em ent s , one th ir d o f a n oct a v e

b eing s t a nda r d in pr o fes s iona l s t u dio equ ipm ent. (N o te th a t th e oct a v e

s er ies r ela tes to pitch in a loga r ith m ic m a nner : m o r e a nd m o r e fr equ encies

a r e cont a ined w ith in ea ch (h igh er ) oct a v e; e.g., 2 2 0 - > 4 4 0 - > 880 - > 1 7 6 0

- > 3 52 0 etc.; th u s 'one th ir d o f a n oct a v e' w ill s pa n m o r e fr equ encies a s one

goes h igh er.) .

U nfo r t u na tely , th e F F T is no t econom ica l in th is w a y . It dis t r ib u tes it s filter s

linea r ly a cr o s s th e a u dio r a nge, w h ich m ea ns th a t a t h igh fr equ encies it is if

a ny th ing to o pr ecis e, b u t a t lo w fr equ encies no t pr ecis e eno u gh to identify

th e pitch o f a no te w ith in a s em itone. Th is is r ea lly a n u nju s t cr iticis m o f th e

F F T, s ince th e per iodic s igna ls fo r w h ich it w a s o r igina lly des igned w o u ld no t

h a v e pa r tia ls th a t clo s e togeth er ; it is only m entioned h er e b eca u s e,

inev it a b ly , th e F F T w ill b e u s ed on com plex poly ph onic s o u nds in w h ich

pa r tia ls m a y w ell b e a s clo s e o r clo s er. H ence th e u ncer t a int y a b o u t w h a t it

m a y find b e t w e e n  th e ex pected h a r m onic pa r tia ls . U s ed in th is w a y , th e F F T

o u tpu t s w h a t is b es t th o u gh t o f a s a s t a tis tica l o r gener a l m ea s u r e o f th e

d o m in a n t p it c h r e g io n s o f a s o u nd - it s s p e c t r a l e n v e lo p e .

(A recently dev eloped a na ly s is a nd res y nth es is to ol, th e w a v elet t r a ns fo r m ,

h a s m u ch in com m on w ith th e F F T, ex cept th a t it s a na ly s is filter s a r e s pa ced

loga r ith m ica lly . G r a ph ica l pict u r es o f w a v elet a na ly s es co r r es pond m u ch

m o r e clo s ely to th e per ception o f th e ea r th a n does th e F F T. Inter es ted

r ea der s a r e dir ected to th e a r ticle in C om pu ter M u s ic J o u r na l Vol 1 2 .4 , a nd

to th e b oo k R e p r e s e n t a t io n s o f M u s ic a l S ig n a ls , ed. P oli, P iccia lli a nd R o a ds ,

r ecently pu b lis h ed b y th e M IT P r es s .)

3 . F r e q u e n c y r e s o lu t io n

Alth o u gh th e F F T a s a w h ole is a com plex m a th em a tica l pr oces s , in ter m s o f

th e filter b a nk m odel it is s till r a t h er cr u de. E a ch filter is r a th er s im ple, a nd

does no t , in fa ct , ex clu de a ll b u t a na r r o w b a nd o f fr equ encies . E a ch filter

gener a tes a s et o f s ideb a nd r es pons es a b o v e a nd b elo w th e nom ina l cent r e

fr equ ency . F u r t h er m o r e, th e filter s o v erla p ea ch o t h er. C ons equ ently , a

fr equ ency in th e inpu t th a t does no t s it ex a ctly on th e cent r e fr equ ency o f a

filter w ill regis ter on th e o u tpu t s o f s ev er a l o th er filter s on eith er s ide, a

ph enom enon k no w n a s 's pect r a l lea k a ge'. In th e figu r es b elo w , th e fir s t
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s h o w s th e F F T a na ly s is o f a s inew a v e co r r es ponding ex a ctly to th e cent r e

fr equ ency o f one o f th e F F T filter s ; fo r th e s econd figu r e th e fr equ ency o f

th e s igna l h a s b een m o v ed to a point h a lf- w a y b et w een tw o filter s . Th e

effect on th e F F T o u tpu t is s t r ik ing, to s a y th e lea s t.

F ig 3 F ig 4

It is ev en w o r s e if th e v er tica l s ca le is reca s t in dB to s h o w th e rela tiv e

po w er lev el o f ea ch filter r es pons e, r a th er th a n a m plit u de:

F ig 5

One co u ld b e fo r giv en fo r th ink ing th a t s om eth ing w a s v er y w r ong h er e. W e

m igh t h a v e ex pected t w o filter s t o r egis ter, no t th e m a s s r es pons e s h o w n

a b o v e. H o w ev er, once th e p e r io d ic n a t u r e o f th e F F T is u nder s to od, th e

r es u lt a b o v e w ill m a k e m u ch m o r e s ens e.

(Th er e is a no t h er cons equ ence o f s pect r a l lea k a ge - th e m a x im u m a m plit u de

giv en b y th e F F T h a s r edu ced, a s ener gy in th e inpu t s igna l h a s a ls o lea k ed

into a dja cent filter s . It is no t v er y m u ch - a r o u nd 3 dB on a v er a ge, b u t it

s h o w s th a t , s om etim es , th e a m plit u de v a lu es o f s pect r a l pea k s in th e F F T

m a y h a v e to b e t a k en w ith a s m a ll pinch o f s a lt - s om e s igna ls m a y b e

s ignifica ntly s t r onger th a n th e F F T s u gges t s . N o te a ls o , w h en u s ing SP E C T,

th a t if y o u w a nt th e F F T o u tpu t to r eflect th e a b s olu te ( a ct u a l) s igna l lev el

w ith r es pect to fr equ ency , y o u need to u s e th e -u  fla g, o t h er w is e fo r dis pla y

pu r po s es th e o u tpu t w ill b e no r m a lis ed (i.e., 's ca led' to th e m a x im u m

a m plit u de r a nge) b y s et ting th e h igh es t s pect r a l pea k to m a x im u m

a m plit u de a nd a dju s ting th e o th er v a lu es a cco r dingly .)

4 . T h e F F T W in d o w

At th is point w e need to loo k a lit tle m o r e clo s ely a t th e pr a ctica l

im plem ent a tion o f th e F F T. Int u itiv ely w e ca n s ee th a t w h ile w e ca n qu ite

r ea s ona b ly s pea k o f th e ins t a nt a neo u s a m plit u de o f a s igna l (s im ply a s ingle

s a m ple v a lu e) , w e ca nno t s o ea s ily s pea k o f ins t a nt a neo u s fr equ ency .

E x per im ents in ps y ch o - a co u s tics h a v e es t a b lis h ed th a t th e ea r ca nno t

r ecognis e th e pitch o f a s o u nd u ntil it is a t lea s t s om e 2 0 m s ecs long (0 .0 2 3

s ec) . Im a gine a n a m plifier w ith a fa u lt y connection - s om ew h er e th e s igna l

is continu o u s b u t w e only h ea r inter m it tent b lips . U nles s th es e b lips a r e

2 0 m s ecs o r m o r e, w e ca nno t h ea r a pitch , only a click . If w e w a nted to

identify w h a t ins t r u m ent w a s pla y ing, w e w o u ld need m u ch longer b lips -

ev en h a lf a s econd m igh t no t b e eno u gh .
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Th es e b lips a r e, in effect , s h o r t w indo w s onto th e s o u nd. Th e inpu t to th e

F F T is s u ch a w indo w - a s h o r t b lock o f s a m ples . At a s a m ple r a te o f 2 2 0 50

per s econd, a b lock o f 2 56 s a m ples r epres ent s ju s t o v er 2 3 m s ecs , a nd is

a r gu a b ly th e s h o r tes t u s efu l w indo w length fo r th e F F T (no te a ls o it s

fu nda m ent a l fr equ ency : 2 2 0 50 / 2 56 = 86 .1 H z , w h ich is r a th er h igh - - a b o u t

F im m edia tely b elo w th e b a s s clef) . In th e figu r es b elo w , a s h o r t s igna l is

s h o w n w ith a n F F T w indo w s u per im po s ed on it; th e s econd figu r e s h o w s th e

w indo w po r tion s epa r a tely , a s th e F F T s ees it.

N o te th a t th is 'w indo w ' is a r ect a ngu la r s h a pe, cu t ting th r o u gh th e w a v e

w h er ev er th e edge o f th e w indo w fa lls , ir r es pectiv e o f w h eth er th e v a lu e a t

th e edge is non- z er o. Th is m ea ns th a t a b r u pt ch a nges o f a m plit u de m a y a nd

pr o b a b ly w ill t a k e pla ce a t th es e edges , a s one w indo w follo w s a no t h er - -

a nd th es e a b r u pt ch a nges ca n ca u s e click s in th e s o u nd.

F ig 6 (u p p e r ) a n d F ig 7 (lo w e r )

W e ca n s ee th a t th e s igna l is a s inew a v e, a nd m igh t int u itiv ely ex pect th e

F F T a na ly s is to s h o w one s pect r a l line. H o w ev er, th e F F T a s s u m es th a t it s

w indo w is equ iv a lent to ex a ctly one cy cle o f a per iodic w a v efo r m , s o it th ink s

th e w a v efo r m r ea lly loo k s lik e F ig 8 (th e w a v efo r m 's per iods a r e fo r m ed b y a

s er ies o f it s a na ly s is w indo w s ) . N o te th e ir r egu la r ities in w h a t s h o u ld b e a

s m oo th s inew a v e a nd h o w th e pa t ter n repea t s - - th es e s h o w th e edges o f

th e a na ly s is w indo w s :

F ig 8

C lea r ly th is w o u ld no t s o u nd a ny th ing lik e a s inew a v e! Th e o u tpu t o f th e F F T

no w s eem s m u ch m o r e u nder s t a nda b le, if a nno y ing.

Loo k ing a t th e content s o f th e w indo w , w e ca n s ee clea r ly th a t th e pr o b lem

is ca u s ed b y th e dis continu it y b et w een th e ends o f th e w indo w ed s igna l. Th e

F F T is , s o to s pea k , o u t o f t u ne w ith th e inpu t s igna l. In fa ct , th e ch a nces o f

th e F F T w indo w ev er b eing ex a ctly in tu ne w ith th e inpu t s igna l a r e fa ir ly

r em o te - w e ca n s a fely a s s u m e th a t s u ch dis continu ities w ill b e th e r u le, no t

th e ex ception.

It s eem s r ea s ona b le to s u ppo s e th a t if w e co u ld s om eh o w s qu a s h th e ends o f
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t h e w indo w to r edu ce th e dis continu it y , th e F F T m igh t no t b e u ps et s o m u ch .

Th is is indeed w h a t is done. Th e w indo w fu nction m o s t com m only u s ed is th e

H a m m ing W indo w , w h ich is illu s t r a ted b elo w , togeth er w ith th e F F T a na ly s is

o f th e s igna l u s ed pr ev io u s ly , m u ltiplied b efo r eh a nd b y th e H a m m ing

W indo w . (Th e illu s t r a tion o f th e H a m m ing w indo w is a n a ppr o x im a tion.)

F ig 9: p la in w a v e F ig 1 0 : H a m m in g w in d o w e d w a v e F ig 1 1 : F F T

Alth o u gh it is no t per fect , it is clea r ly a gr ea t im pr o v em ent on b efo r e, w h ich

u s ed a r ect a ngu la r w indo w . N o te th a t th e pr ogr a m SP E C T* o ffer s th e option

to u s e a r ect a ngu la r w indo w ins tea d o f th e H a m m ing W indo w , a nd th e

com pa nion dis pla y pr ogr a m D ISP * ca n plo t th e F F T eith er a s a s pect r a l

env elope o r a s dis cr ete s pect r a l lines , s o th is com b ina tion is idea l fo r

ex per im ent a tion. Th e P h a s e Vocoder does no t inclu de a r ect a ngu la r w indo w

option. [ * S P E C T a n d D I S P a r e n o lo n g e r p a r t  o f t h e C D P s y s t e m - R . F . ]

One s ide effect o f th e u s e o f th e H a m m ing o r s im ila r w indo w is th a t pa r tia ls

w h ich a r e ex a ct h a r m onics o f th e F F T fu nda m ent a l fr equ ency w ill no w no

longer s h o w u p a s s ingle s pect r a l lines (t h e inpu t h a s , in effect , b een

a m plit u de m odu la ted: th e a m plit u de is m a de to r is e fr om a nd fa ll to z er o a t

th e edges o f th e w indo w ); it is , h o w ev er, a pr ice w ell w o r t h pa y ing,

es pecia lly giv en th e r a r it y o f ex a ct h a r m onics in 'r ea l' s igna ls .

5 . W in d o w L e n g t h – o r , h o w t o h it a m o v in g

t a r g e t

F r om th e a b o v e it w o u ld s eem th a t a long w indo w o f, s a y , 1 0 2 4 s a m ples , h a s

to b e b et ter th a n one o f 2 56 s a m ples , a s th e fr equ ency r es olu tion is s o m u ch

b et ter. Th is is indeed tr u e, b u t it is a ls o im po r t a nt to r em em b er th a t a t th e

lo w s a m ple r a te (2 2 0 50 ) , 1 0 2 4 s a m ples r epr es ent s s om e 4 6 m s ecs (ie ju s t

u nder a 2 0 th o f a s econd: 1 0 2 4 s a m ples \ 2 2 0 50 s r = 0 .0 4 6 s ec) , du r ing

w h ich qu ite a lo t ca n h a ppen, es pecia lly if y o u a r e a na ly s ing s om eth ing s u ch

a s th e a t t a ck o f a t r u m pet , o r o f a per cu s s iv e s o u nd.

A lo n g w in d o w h a s b e t t e r fr e q u e n c y r e s o lu t io n b u t  w o r s e t im e r e s o lu t io n . In

Phase Vocoder

7 of 13 14/07/2015 17:51



t h e P h a s e Vocoder th is dilem m a is r es olv ed to a gr ea t ex tent b y o v e r la p p in g

t h e w in d o w s . F o r ex a m ple, u s ing a w indo w o f 1 0 2 4 s a m ples , s u cces s iv e F F Ts

w ill b e a pplied to w indo w ed po r tions s t a r ting a t s a m ple 1 , 6 4 , 1 2 8, 1 9 2 ,

2 56 , a nd s o on, m o v ing th r o u gh th e s o u nd in s teps o f 6 4 s a m ples , w h ils t

cr ea ting fr a m es o f 1 0 2 4 s a m ples . In th is ca s e th e a na ly s is s a m pling r a te h a s

oct u pled, fr om 2 1 .53 H z to 1 7 2 .2 6 H z , o r fr om 4 6 m s ec s teps do w n to a r o u nd

5m s ecs . Only fo r z er o o v erla p is th e a na ly s is s a m pling r a te equ a l to th e

fu nda m ent a l fr equ ency o f a na ly s is . H o w ev er, th is is no t s a tis fa cto r y in th e

ca s e o f th e P h a s e Vocoder, b eca u s e o f th e u s e o f th e H a m m ing w indo w ,

w h ich r equ ir es th a t th er e b e a n o v er la p o f a t lea s t t w o fo r th e o r igina l

w a v efo r m to b e r econs t r u cted ex a ctly .

6 . W in d o w le n g t h – o r , t u n in g in

F r om th e a b o v e it is clea r th a t  fr e q u e n c y r e s o lu t io n  is one o f th e m o s t

im po r t a nt pa r a m eter s o f th e F F T. W ith th e P h a s e Vocoder, th is ca n indeed b e

s pecified directly , u p to a point , b y s et ting th e F fla g to s om e v a lu e. Th e

P h a s e Vocoder w a r ns th a t y o u ca nno t s et b o th F a nd N (t h e length o f th e

a na ly s is w indo w in s a m ples ) , s h o w ing th a t th es e fla gs a r e intim a tely r ela ted

a lter na tiv e w a y s o f cont r olling one pa r a m eter.

S p e c ify in g w in d o w le n g t h (N ) In b o th SP E C T a nd th e P h a s e Vocoder it is

r ecom m ended th a t th e w indo w length fo r th e a na ly s is b e a po w er o f t w o -

fo r ex a m ple, 2 56 , 51 2 o r 1 0 2 4 s a m ples . Th is is b eca u s e th e F F T a lgo r ith m is

pa r ticu la r ly efficient w ith s u ch v a lu es - w h en y o u a r e doing pr o b a b ly

h u ndr eds o r th o u s a nds o f F F T's in th e P h a s e Vocoder y o u w o u ld need a v er y

good r ea s on indeed no t to u s e th e fa s tes t t y pe o f F F T a lgo r ith m po s s ib le.

H o w ev er, t h e F F T ca n w o r k w ith o th er w indo w length s , a nd w ill s till b e fa ir ly

efficient s o long a s th e length is v er y 'com po s ite' - h a s a la r ge nu m b er o f

fa cto r s . Th u s a length o f, s a y , 3 84 (= 2 *4 *6 *8) w o u ld a ls o w o r k v er y w ell.

In th e w o r s t ca s e, a nu m b er w ith few o r no fa cto r s w o u ld r edu ce th e F F T to

th e D F T, w h ich a s ex pla ined a b o v e is v er y , v er y , s lo w . It w o u ld b e s ens ib le to

go on a w o r ld cr u is e, o r a th r ee- y ea r B u ddh is t r et r ea t , if y o u a pply th e D F T

to a long s o u ndfile.

S p e c ify in g F r e q u e n c y (F )  Th e r ea s on th a t th e F option is a v a ila b le a t a ll is

th a t y o u m a y w ell w a nt to 't u ne' th e F F T a s clo s ely a s po s s ib le to a k no w n

fu nda m ent a l fr equ ency in y o u r s o u ndfile. Ins tea d o f defining th e w indo w

length , y o u ca n define th e des ir ed fu nda m ent a l fr equ ency , a nd th e nea res t

a v a ila b le w indo w length w ill b e s elected fo r y o u . Th e one cons t r a int is th a t

th e w indo w length b e ev en.

Th u s , if y o u a s k th e P h a s e Vocoder to t u ne it s elf to 50 H z , it co u ld do s o

ex a ctly if th e w indo w length w a s a b le to b e 4 4 1 s a m ples long (2 2 0 50 s r \

50 H z = 4 4 1 s a m ples ); th is is in fa ct r o u nded u p inter na lly to 4 4 2 s a m ples -

no t , a s it h a ppens , a n idea l length fo r a w indo w , a s ex pla ined a b o v e. Yo u w ill

a lm o s t cer t a inly find it m o r e s ens ib le to ca lcu la te w h a t t h e idea l w indo w

length s h o u ld b e, a nd th en giv e th e F F T th e nea r es t efficient length .

F o r ex a m ple, if y o u w a nt to t u ne to 4 4 0 H z (a t th e lo w s a m ple r a te) th e

nea r es t integer w indo w length w ill b e 50 (r o u nded do w n fr om 50 .1 - - 2 2 0 50

s r \ 4 4 0 H z = 50 .1 s a m ples ) . A m u ch b et ter w indo w length w o u ld b e 54 , a nd,

o f co u r s e, a length o f 6 4 w o u ld b e th e m o s t efficient o f a ll. An a lter na tiv e

co u r s e o f a ction, if y o u r ea lly w a nt th e gr ea tes t a ccu r a cy po s s ib le, is to t u ne

th e s o u ndfile to th e F F T (ie to t r a ns po s e it u s ing F TR AN S) . Any one w h o

s er io u s ly w a nt s to do th is ca n pr o b a b ly w o r k o u t th e t r a ns po s ition r a tio s fo r

th em s elv es !
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7 . W a v e f o r m p h a s e a n d c h a n n e l c o u n t s

Th er e is one fea t u r e o f th e F F T th a t h a s pr o v ed a po tentia l s o u r ce o f

confu s ion. Th e nu m b er o f 'ch a nnels ' o u tpu t b y th e F F T is u s u a lly s t a ted a s

b eing h a lf th e nu m b er o f s a m ples in th e w indo w . F o r ex a m ple, a w indo w o f

1 0 2 4 s a m ples r es u lt s in a n F F T o u tpu t o f 51 2 ch a nnels . Th er e is in fa ct a

v er y s im ple ex pla na tion fo r t h is , w h ich rela tes dir ectly to th e qu es tion o f th e

h igh es t fr equ ency w h ich ca n b e a ccom m oda ted b y a giv en s a m ple r a te. It

r equ ires a m inim u m o f t w o s a m ples to r epr es ent a s ingle cy cle o f a s inew a v e

- one po s itiv e a nd one nega tiv e. Th u s , th e m a x im u m fr equ ency w h ich ca n b e

r epr es ented in a digit a l s o u ndfile is ex a ctly h a lf th e s a m ple r a te (t h e N y qu is t

lim it) . Th e F F T b eh a v es in th e s a m e w a y - it t a k es N s a m ples a nd o u tpu t s

N / 2 ch a nnels .

B eh ind th is ex pla na tion lies a v er y im po r t a nt m a th em a tica l a s s u m ption -

th a t th e inpu t s igna l is 'r ea l'. Th e ter m s 'r ea l' a nd 'im a gina r y ' cr op u p

fr equ ently in digit a l s igna l pr oces s ing, a nd b elong to th e m y s ter io u s w o r ld o f

'com plex ' nu m b er s (s ee, fo r ex a m ple, th e docu m ent a tion fo r SP E C T).

In a m u ch s im plified w a y o f u nder s t a nding th e r ela tions h ip b et w een 'r ea l'

a nd 'im a gina r y ', a s inew a v e is cons ider ed a s a n 'im a gina r y ' s igna l a nd a

co s ine w a v e a s 'r ea l'. A com plex nu m b er com pr is es b o t h a r ea l a nd a n

im a gina r y pa r t . If y o u im a gine a gr a ph w ith th e s ine fu nction on th e Y- a x is

(u p- do w n) a nd th e co s ine fu nction on th e X - a x is (r igh t - left ) , th en a com plex

nu m b er equ a tes to th e co - o r dina tes o f a point on th a t gr a ph . Alter na tiv ely ,

th is point ca n b e s pecified in ter m s o f a n a m plit u de (r a dia l dis t a nce fr om th e

o r igin) a nd a n a ngle, m ea s u r ed fr om th e X a x is . Th is 'pola r ' r epr es ent a tion is

w idely u s ed in s igna l pr oces s ing, a nd is cent r a l to th e oper a tion o f th e F F T.

All th a t is r ea lly going on h er e is a need to r ecognis e th e ph a s e o f th e inpu t

s igna l. A s inew a v e is s im ply a co s ine w a v e s h ifted to th e r igh t a qu a r ter o f a

cy cle. W ith o u t th e u s e o f b o th s ine a nd co s ine w a v es in th e F F T w e w o u ld

no t b e a b le to tell w h a t a r e th e rela tiv e ph a s es o f a ll th e com ponent s o f th e

inpu t. Som e m a y b e pu r e s inew a v e, o th er s pu r e co s ine w a v e, b u t th e

m a jo r it y (per h a ps a ll) w ill b e s om ew h ere in- b et w een; th a t is , th e fr equ ency

com ponent s s t a r t a t differ ent pla ces in th e cy cle.

F o r s im ple a na ly s is pu r po s es th is does no t m a t ter v er y m u ch , b u t it does

m a t ter a s s oon a s w e w a nt to r ecr ea te th e w a v efo r m fr om th e ch a nnel da t a ,

a s is done in th e P h a s e Vocoder. H ere w e a r e no t only r ecr ea ting th e da t a in

one w indo w , w e a r e r ecrea ting s ev er a l o v er la pping w indo w s . C lea r ly th e

ph a s e m u s t b e continu o u s fr om one w indo w to th e nex t , o th er w is e th er e w ill

b e gr o s s dis continu ities in th e o u tpu t.

P h a s e info r m a tion is gener a lly no t o f gr ea t r elev a nce to th e m u s icia n, a nd

y o u m a y nev er need to t r o u b le y o u r s elf w ith it , b u t it ex is t s a s a n inev it a b le

cons equ ence o f th e F F T pr oces s . To pu t th is a no th er w a y , th er e is no

info r m a tion lo s t b y th e F F T, s o th a t a pply ing th e 'inv er s e F F T' to th e

u nm odified s pect r a l da t a w ill r ecr ea te th e o r igina l w a v efo r m ex a ctly .

N eedles s to s a y , th is is a m u s ica lly pointles s ex er cis e - th e gr ea t s t r ength o f

th e P h a s e Vocoder a nd it s a s s ocia ted pr ogr a m s is th a t it a llo w s th e com po s er

to m a nipu la te th e s pect r a l content o f a com plex inpu t s igna l in a r b it r a r y

w a y s . Th e fa ct th a t it m a y b e difficu lt to inter pr et a s ingle F F T o u tpu t o f a

s pect r a lly com plex inpu t does no t m ea n th a t th e info r m a tion h a s s om eh o w

go t lo s t o r da m a ged in s om e w a y - it s im ply m ea ns th a t it is difficu lt to

inter pr et !

In th e P h a s e Vocoder a n a d d it io n a l c h a n n e l cent r ed on 0 H z is gener a ted.

Th is s er v es to r egis ter s igna ls b elo w th e fu nda m ent a l fr equ ency o f th e F F T

m o r e precis ely th a n th e 'r a w ' F F T ca n m a na ge. In th e la t ter, a ny w a v ecy cle

to o long fo r th e F F T w indo w w ill regis ter a s a s igna l a t th e fu nda m ent a l
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fr equ ency (ie no t a t D C ) , togeth er w ith a cons ider a b le nu m b er o f s ideb a nd

res pons es . Th e ex t r a ch a nnel s eem s to h elp in th e a lignm ent o f nea r - D C

ph a s e b et w een F F Ts a nd th u s im pr o v e lo w fr equ ency r es olu tion a nd

continu it y . If y o u s t u dy 'pv oc.s ', th e file cr ea ted b y th e P h a s e Vocoder u s ing

th e - V fla g, y o u w ill s ee th a t th is fir s t ch a nnel h a s a lo w b o u nda r y o f

nega tiv e fr equ ency , fo r ex a m ple - 4 3 H z to + 4 3 H z . A nega tiv e fr equ ency

co r r es ponds to a n inv er s ion o f ph a s e. Th u s th e fir s t ch a nnel t r a ck s th e ph a s e

o f a ny s u b - fu nda m ent a l s igna l a cr o s s th e o v er la pping F F Ts .

As m entioned a b o v e, th e F F T is dir ectly inv er tib le - th e o r igina l w a v efo r m

ca n b e r econs t r u cted ex a ctly . Th is is s till t r u e to a gr ea t ex tent ev en w h er e

th er e is s u ch a s u b - fu nda m ent a l com ponent in th e inpu t. Th e pr o b lem s

r ea lly s h o w u p w h en th e r e- s y nth es is is com b ined w ith s om eth ing lik e

tim e- s t r etch ing (one o f th e prim a r y a pplica tions o f th e P h a s e Vocoder ) - th e

r es u lt w ill b e lu m py , pr o b a b ly fu ll o f glitch es , a nd th e pitch content o f th e

o u tpu t w ill no t b ea r m u ch r ela tion to th e inpu t.

8 . S p e c t r u m a lia s in g – t h e im p o r t a n c e o f 'b a n d -

lim it e d ' s ig n a ls

Any m ention o f th e N y qu is t lim it r em inds u s o f th e im po r t a nce o f ens u r ing

th a t a ll s igna ls w h ich a r e to b e s a m pled o r pr oces s ed digit a lly need to b e

'b a nd- lim ited': th a t is , th er e m u s t b e no s igna l com ponent s h igh er th a n h a lf

th e s a m ple r a te. B eing m a r k edly per m is s iv e, th e C D P Sy s tem t a k es few , if

a ny , s teps to pr ev ent th is h a ppening. F o r ex a m ple, it is v er y ea s y to dr iv e

AD SYN into a lia s ing b y editing th e tex t file th a t it cr ea tes ; th is is done

s im ply b y ch a nging s om e o f th e fr equ ency v a lu es to lie a b o v e th e N y qu is t

lim it o f s r / 2 . If y o u w a nt t o dem ons t r a te a lia s ing to s om eb ody , th is is

pr o b a b ly th e ea s ies t w a y to do it. Sim ila r ly , a ny u pw a r ds t r a ns po s ition ca n

r es u lt in a lia s ed com ponent s . F o r th is r ea s on, a pr eca u tiona r y lo w - pa s s

filter ing oper a tion is a lw a y s a dv is a b le b efo r e doing s u ch a t r a ns po s ition: to

r em o v e th e h igh er com ponent s w h ich co u ld a lia s . If th ere is a s igna l w ith

h igh ener gy com ponent s a nd a lia s ing is ex per ienced w h en it is t r a ns po s ed,

th e r u le o f th u m b is to lo w - pa s s filter th e o r igina l b y N y qu is t / t r a ns po s ition

inter v a l a nd t r a ns po s e a ga in. Als o , only gener a te s o u nds w ith fr equ encies u p

to s r / 2 .

Alia s ing ca n h o w ev er b e indu ced s im ply b y cr ea ting a ny non b a ndlim ited

w a v efo r m , o f w h ich th e s qu a r e w a v e is th e m o s t com m on ex a m ple. A 't r u e'

s qu a r e w a v e h a s a n infinite nu m b er o f pa r tia ls , th o u gh th e h igh ones a r e

th en infinitely s m a ll. U nfo r t u na tely , eno u gh o f th em a r e la r ge eno u gh to

ca u s e a pr o b lem ev en a t lo w fr equ encies . Th e fir s t figu r e b elo w s h o w s one

cy cle o f a s qu a re w a v e, togeth er w ith it s F F T (u s ing a 1 0 2 4 - s a m ple

r ect a ngu la r w indo w ) . Th e a m plit u de o f th e h igh pa r tia ls ju s t a b o u t fa lls to

ina u dib ilit y a t th e N y qu is t lim it. At th e lo w s a m ple r a te, th is s igna l w o u ld

h a v e a pitch o f 2 1 .5H z .

[ F ig 1 2 : s q u a r e w a v e -> F F T ]

C om pa r e th is w ith th e nex t figu r e - th e pitch h a s r is en th r ee oct a v es to

6 4 .5H z - s till qu ite lo w , b u t th e a lia s ing a lr ea dy s h o w s u p v er y clea r ly :
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F ig 1 3 : 3 -c y c le s q u a r e w a v e -> F F T

Th is s h o w s th e periodic na t u r e o f th e s a m pled s pect r u m v er y clea r ly - a ny

a lia s com ponent s 'w r a p a r o u nd' b o th th e N y qu is t lim it a nd D C a nd a ppea r a s

lo w er s pect r a l com ponent s .

In fa ct , th e a lia s ing is pres ent ev en in th e prev io u s figu r e, b u t th e a lia s

com ponent s fa ll in a lr ea dy occu pied ch a nnels - th er e is cons t r u ctiv e

inter fer ence. Th e r es u lt is th a t th e h a r m onics a ppea r s t r onger th a n th ey

r ea lly a r e.

In b o th figu r es , th e s qu a r e w a v e fit s th e F F T w indo w ex a ctly - th er e is no

s pect r a l lea k a ge. If, h o w ev er, t h e s igna l did no t fit ex a ctly , a s is m o s t lik ely ,

m o s t if no t a ll o f th e a lia s com ponent s w o u ld b e s w a m ped b y th e s pect r a l

lea k a ge:

F ig 1 4 : 1 7 .5 c y c le s q u a r e w a v e -> F F T

9 . A d d e n d u m - T e s t in g filte r s w it h th e F F T

[ T h is s e c t io n is o u t  o f d a t e a s S P E C T a n d D I S P a r e n o lo n g e r  a v a ila b le a s p a r t o f t h e C D P

s y s t e m - R . F . ]

At th e b eginning o t th is tex t , m ention w a s m a de o f th e need to b e v er y clea r

a b o u t th e effect o f a filter on a s o u ndfile. It w o u ld s eem th a t th e only w a y to

do th is is to r u n a filter w ith a s et o f pa r a m eter s , lis ten to th e r es u lt (a nd

per h a ps ch eck it w ith th e F F T) , a nd if it is no t r igh t , a lter th e pa r a m eter s

a nd r epea t th e pr oces s . Th is is tim e- cons u m ing, es pecia lly if th e filter

oper a tion t a k es a long tim e. Als o , a s w e h a v e s een, th e F F T its elf ca n b e

difficu lt to inter pr et - t y pica lly , th e F F T o u tpu t s a gr ea t dea l o f 'nois e',

im ply ing th e u s e o f a s t r onger filter th a n is rea lly neces s a r y . Ano th er

pr o b lem is th a t m a ny o f th e C D P filter pr ogr a m s do no t r elia b ly a pply ex a ctly

th e lev els o f cu t o r b oo s t th a t y o u h a v e s pecified. Tes ting th em dir ectly on a

com plex s o u ndfile w o u ld b e im pr a ctica l a nd a ls o confu s ing, a s y o u w o u ld

need to co r r ela te th e o u tpu t w ith th e inpu t to a s cer t a in ex a ctly w h a t effect

th e filter is h a v ing. Tes ting a filter w ith a nois e s o u r ce is b et ter, b u t s till no t

idea l.

Th is s ection s u gges t s a n a lter na tiv e to th e a b o v e. F o r t u na tely th e F F T ca n

it s elf b e u s ed to tes t a filter directly , a nd v er y qu ick ly . All th a t is needed is a

r efer ence s o u ndfile fo r tes ting. Th is w o u ld b e a s h o r t s o u ndfile cont a ining a n

im pu ls e - a s ingle s a m ple o f m a x im u m a m plit u de, follo w ed b y a s u it a b le

nu m b er o f z er o s a m ples . One po s s ib le w a y to m a k e th is r efer ence s o u ndfile

is to ex t r a ct a s ingle s a m ple b y s et ting m a r k s in VIE W SF 's a m ode (s et th e

m a r k s w ith th e F u nction k ey s ) , cu t o u t th is s a m ple w ith C U T a nd m a r k s . d a t
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(w h ich w ill b e a u tom a tica lly cr ea ted w h en y o u ex it VIE W SF ) . Th en m ix y o u r

one- s a m ple s o u ndfile w ith a s h o r t s o u ndfile o f SILE N C E (m a de w ith SIG N AL

o r W AVE ) . Th is s o u ndfile ca n no w b e u s ed fo r a ll y o u r tes t s .

STE P 1 - R u n th e filter pr ogr a m to b e tes ted w ith th e im pu ls e s o u ndfile,

u s ing th e pa r a m eter s y o u th o u gh t w o u ld w o r k w ith th e b ig s o u ndfile y o u

intend to filter; th e res u lting s o u ndfile rev ea ls th a t filter 's im pu ls e r es pons e:

Th e ex a m ple b elo w u s ed F STATVAR [no w F ILTE R VAR IAB LE ] a nd th e

follo w ing pa r a m eter s : lo w - pa s s , a cent r e fr equ ency o f 4 4 0 , Q o f 1 (1 in th is

ca s e b eca u s e a v e r y com pa ct dis pla y w a s needed; no r m a lly Q w ill b e

s om ew h er e b et w een 1 a nd 1 0 0 ) , a nd a ga in o f 1 .

STE P 2 - Th e res u lting s o u ndfile is th en dis pla y ed b y VIE W SF .

F ig 1 5 : im p u ls e s o u n d file -> filt e r (F S T AT V AR ) -> im p u ls e r e s p o n s e

(s e e n w it h V I E W S F )

STE P 3 - W e ca n no w a pply th e F F T to th is , u s ing SP E C T w ith th e im pu ls e

res pons e option (t h e -f fla g) , a nd th e o u tpu t giv es th e fr equ ency r es pons e o f

th e filter :
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F ig 1 6: im p u ls e r e s p o n s e (s e e n w it h V I E W S F ) -> F F T (S P E CT ) ->

fr e q . r e s p o n s e (s e e n w it h D I S P )

STE P 4 - D is pla y w ith D ISP . N o te th a t , a t pr es ent , D ISP ca nno t r ecognis e th e

o u tpu t o f SP E C T u s ing th e -f fla g. Yo u ca n u s e th e 'cr u de' s cr een plo t o f

SP E C T its elf, o r r u n SP E C T u s ing th e -d  a nd -r fla gs (t h e la t ter s et ting a

r ect a ngu la r w indo w ); th e o u tpu t fr om th is ca n th en b e dis pla y ed b y D ISP .

C h eck th e length o f th e im pu ls e res pons e u s ing VIE W SF , a nd m a k e s u r e th a t

y o u s et a n F F T w indo w la r ge eno u gh to a ccom m oda te it. A 1 0 2 4 - s a m ple

w indo w s h o u ld co v er a ll b u t ex ceptiona l ca s es .

Th e D ISP dis pla y gr a ph ica lly illu s t r a tes th e a m plit u de r oll- o ff a cr o s s th e

r a nge o f fr equ encies . Th is s h o u ld pr o v ide a r ea s ona b le idea o f w h a t w ill

h a ppen if y o u u s e th e s a m e filter w ith th e s a m e pa r a m eter s to y o u r o r igina l

s o u ndfile. Ov er a per iod o f tim e, th is pr ocedu r e s h o u ld b u ild u p a m o r e

a ccu r a te u nder s t a nding o f th e b eh a v io u r o f v a r io u s pr ogr a m s .

One fina l point. R em em b er th a t SP E C T no r m a lis es th e o u tpu t u nles s th e -u

fla g is u s ed (s ee p.5 a b o v e) . To s ee th e a ct u a l pea k r es pons e o f th e filter,

th er efo r e, u s e th e -u  fla g s o th a t th e pea k is n't no r m a lis ed to m a x im u m on

th e dis pla y - - if th e pea k is a t - 1 0 dB , w e need to k no w th a t !

In principle, th is m eth od o f tes ting th e r es u lt s ca n b e a pplied to a ny pr ogr a m

th a t gener a tes m u ltiple o u tpu t s a m ples fo r a s ingle inpu t (ie, b a s ed on s om e

fo r m o f dela y pr oces s ) . Th is inclu des pr ogr a m s s u ch a s ALLP ASS, D E LAY

(s h o r t dela y s cr ea te com b filter s ) , a nd ev en rev er b pr ogr a m s s u ch a s th e

one in C SOU N D .
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