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AHHOMayuA: B cTaTbe onucbIBatOTCA pe3y/bTaTtbl UcCiefoBaHMA 3GGEKTUBHOCTU NPUMEHEHUA ONTUMAAbHOW B
CMbIC/IE MMHUMYMa AMUCNEPCUM OLWMBKM BOCNPOU3BEAEHMA WKAAbl KBAHTOBAHUA aHaNOroBbIX CUTHANOB (anro-
puTtm Jinoliaa-MaKca), a Tak:Ke WKaa Ha OCHoBe A M [1-3aKOHOB KOMMNaHAMPOBaHMA.B KauecTBe MCXOAHbIX CUT-
Ha/I0B MCNONb30BaHbl 6 GParMeHTOB PeYeBbIX M My3blKasibHbIX ayAMOCUIHAN0B CYMMapHOM A/ INTENbHOCTbIO
370 muHYT ¢ 450 MAIH. OTCYeTamMM, B3ATbIX C YAacTOToM 44 Kru,. B xoae akcnepMmeHTa gns Kaxaoro us ¢pparmen-
TOB HaxO04U/IMCb ONTUMaAJIbHAA HEPABHOMEPHAA LWKAA KBAHTOBAHMA LWKaJibl KBAHTOBAHMA NO A M I-3aKOHaM.
McxopHble cUrHasibl KBaHTOBA/IMCb MO YPOBHIO € MCMOJIb30BAaHMEM 3TUX HEPABHOMEPHDIX LKA/, a TaKKe pas-
HOMEPHOM LUKa/ibl U BO BCEX C/y4anX OLEHUBAINCL AMCNEPCUMN OWMBOK KBaHTOBaHMA. Tabanua pesynbTaToB
pacyeToB MOKa3blBatOT Ha NpnbaAN3UTENbHO 70% YyMEHbLUEHME ANCNEPCUMM OWMBKN NpU UCNONb30BAHUKN anro-
putma Jlnoiiaa-Makca no CpaBHEHMIO CO CAyYaem NPUMEHEHUS ANA KBaHTOBAHWA PaBHOMEPHOW LWKasbl. B To
Ke Bpemsa MCrnosib3oBaHMe A U |1-3aKOHOB KOMMaHAMPOBAHMA HAa0b60POT NPUBOAUT K YBENNYEHUIO AUCNepcUn
oWmnbKM NpnbansntenbHo B 2 - 4 pasa.

Knroyessie ¢n106a: KBaHTOBaHME aHAOrOBbIX CUTHAN0BMNO YPOBHIO, ONTMMAsIbHOE KBAaHTOBaHWE, 3aKOH KOMMNaH-

ANPOBaHMA, A 1 |U-3aKOH.

W3BecTHBI METOMIBI C)KaTHS aHAJIOTOBBIX CHTHAIOB
MyTeM HCIIONb30BaHNA HEPaBHOMEPHOM IIKaJIbI
KBaHTOBaHUS MO YpOBHIO. Eciu mpu 3TOM 3a1aTh-
Cs UENbl0 MUHUMH3MPOBATH JUCIEPCHIO IIIyMa
KBaHTOBaHUS, TO IMOJydaeTcsl ONTHMAaJbHAas IIKa-
Jla KBaHTOBaHHUA, ONKChIBaeMas, Harmpumep, B [1].
Jucnepcus mryma KBaHTOBaHUS MUHUMM3UPYETCS
MyTeM MoI00pa TONOKEHUS TPAHUI] IIaroB KBaH-
TOBaHUS NPU (PUKCAIMHM WX KOJWYECTBA W JMara-
30Ha IMOKPBIBAEMBIX LIKAJOW 3HAYCHUI KBAaHTYye-
Moro curHaja. OnTuManbHOe KBAaHTOBAaHHE MOXK-
HO peann30BaTh, HAIpUMeEp, MPH MOMOIIH aJro-
putMma Jlnmoitna-Makca [2, 3]. Teopus onmtumab-
HOTO ¥ HEJIWHEHHOr0 KBAaHTOBAHMS H3JIOKEHA
Take B [4— 9, 11]. Huxe ucnons3yrorcs BapuaH-
TBI COOTHOIIECHHH M 0003HAYEHUH, MCIIOIL30BaH-
HbIe B padore [9].

B npomecce cxxaTus curHaiga yjqoOHO MpHMe-
HSTh KOMOWHAIIMIO HEMMHEHHOTro mpeodpa3oBare-
51 (KOMITpEccopa) UCXOMHOTO CUTHAJIa X BO BCIIO-
MOTaTEeNbHBIA CUTHAM )(X) U KBAaHTOBATENS CUTHA-
Ja y ¢ HMCIONb30BaHWEM OOBIYHOW paBHOMEPHOI
(c TOCTOAHHBIM IIIarOoM KBAaHTOBAHMS) IIKAJION
KBaHTOBaHUS. B KkadecTBe Takoro KBaHTOBaTeNs
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MOIXOJMUT CTAaHIAAPTHBIA aHAIOro-uudpoBoil mpe-
obpazosarens (ALIT). [dyus BocCTaHOBICHHUS HC-
XOIHOTO CHTHAJNA B 3TOM CJydae HCIOIb3yeTCs
CTaHIAPTHBIM (C IOCTOSHHBIM IIaroM) Udpo-
u

aHAJIOTOBBI  IpeoOpa3oBaTelb IKCTIaHEp,

OCYLICCTBISIONMIA  00paTHOE Mpeodpa3oBaHHE
x(v). U3BectHo (cm. [9], [1] u ap.), uto QyHKIHS
y(x), Ha3pIBaeMas «3aKOHOM KOMIIAHAWPOBAHUSY,
3aBUCHT OT (DYHKIIMH TUIOTHOCTH BEPOSATHOCTH f{x)

KBaHTyeMoro curaana x (1):

) VF@dx + xpin, (1)

y(x) _ Xmax ; xminf
Xmin

e S = f;:zzx 3 f(x)dx - GyHKIMOHAT MIOTHO-

CTH PACIIpeeIICHUs] BEPOITHOCTH f{x) KBaHTYEMO-
TO CHUTHAMA X; Xpiny Xmax - HIDKHSAS U BEPXHSIS Tpa-
HUIIBI AWara3oHa 3HAYCHHH, KOTOphIe TPHHUMACT
KBAaHTYEMBIN aHAJIOTOBBIA CUTHAI X.

I'panuipl marop B oO0IIEM Cily4ae HEpPaBHO-
MEpHOM ONTUMAaJbHOM IIKajJbl HAXOJIWJIHCh B
mporecce BeIMUCIeHUs uHTerpaia (1) myrem mo-
CTEIIEHHOT0 YBEIMYCHUS BEPXHEro Mpeaena X U
CpaBHEHUS MOMYYEHHOTO pe3yibTaTa cO 3HAUCHH-
SIMH TPaHHI] IIaroB paBHOMEPHOW ImKanel y. [lo-
CJIe BBIYHCIICHUS TPAHUIl IIarOB YPOBHH OITH-
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MaJbHOM IIKalbl pa3MEMIaloTCs B IIEHTPE IIaroB
[1-9].

Jocturaemass mpu HCHOIB30BAaHUM 3aKOHA
KomnaHavpoBanus (1) MUHMMaIbHAsT AMUCIEPCUS
D,y oHOKY € OnTUCHIBaeTCs Gopmysnoit (2):
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T2’ (2)
/i€ 1 — KOJIMYECTBO LIaroB KBaHTOBAHHS.

D¢ min =

Hucnepeust D, 46, OLIMOKN € TIPU UCTIONB30BaHUM
paBHOMEPHOHM MIKAIBI OT QYHKIMH f{X) TUIOTHOCTH
pacnpefeNieHus] BEpOATHOCTA KBAHTYEMOI0 CUTHAJIa
X HE 3aBUCHUT U ONHUCHIBaeTCs hopmysioit (3):
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De paBH — E' (3)
rje 0 — pa3Mep Iara KBaHTOBaHUS 110 YPOBHIO.

Hucnepcus D, ommOKA & KBaHTOBaHHS s

HpOI/I3BOJIBHOI71 IIKaJIbl KBAHTOBAHUA HaAXOIUTCA
o opmyiie (4):

n
1
1=

rzie J; — pa3Mep i-ro Imara KBaHTOBaHHS MO YPOB-
HIO; P; — BEpOSTHOCTh TOTAIaHuUs 3HAUCHHS KBaH-
TyeMOI'0 CHTHAJIA B ITPEEIbI i-I'0 Iara.

[IpakTHdeckoe HCHONB30BAHUE 3aKOHA KOM-
nanaupoanust (1) TpebyerT mpoBemeHHs aocTa-
TOYHO CJIOKHBIX BBIYMCICHHH W MOTOMY 3aTpyj-
HUTEIBHO. TelleKOMMYHUKAIIMOHHBIMU CTaHAap-
TaMHu JJIsl Tiepefadn TeneOHHBIX pasrOBOPOB B
KayeCcTBE 3aKOHOB KOMIAHIIUPOBAHUS IPEIy-
CMOTpEHBI JIorapu(MUIecKue 3aKOHbI - A-3aKOH,
npemiokeHubii Smith B.D. B pabore [6], u p-
3akoH, npemioxkeHHbii Kaneko H. 1 Sekimoto T.
B pabore [10]. DTn 3aKoHBI ONHUCHIBaIOTCS (hopMy-
namu (4) u (5):

Tab6muna 1.ITapamMerpsl HCXOMHBIX ayauohaiaoB

A 1
_ x1+lnA lx SZ 4
a M(1+lnA+ln|x|) l<|x|<1()
1+ A A~ -
rone A =876
sign(x
=, ©)

rae u=100 uam 255.
3necp—1 <x <1-
MEHT X.

HOPMMPOBAHHBIN apry-

A-3akoH ucnonsdyerca B EBpore, a [1-3akoH —
B CeBepHoit AMepuke U SmoHHM.

[IpencraBnsger MHTEpec OIEHKA BIMSHHAA Ha
JIMCTIEPCHIO OIMMOKH Kilacca KBAaHTYEMOTO ayJHo-
CHUTHaJa U HEKOTOPBbIX MapaMmeTpoB IIKaJbl - 3a-
KOHa KOMITaHIMPOBaHUS, pa3Mepa M KOJIMYeCTBa
[IaroB KBAaHTOBAaHWS M [Uala3oHa KBAaHTYEMBIX
3HA4YECHUH.

C oToi 1enpio ObUT IPOBEICH YHCICHHBIN DKC-
MEPUMEHT, B XOZle KOTOPOTr'o B Ka4eCTBE KBAaHTYe-
MBIX CHTHAJIOB OBLIH B3SITHI 6 ayIuo3anucet AByX
KJIacCOB (pedb M My3bIKa) - 4 peueBbIe 3aIlUCH C
OJTHOW W3 WHTEPHET-PATUOCTAHIIUN OOIIeH IIH-
TENbHOCTHIO 126 MUH. U 2 My3bIKaJbHBIE KOMIIO-
u  Whitney
Houston) obmieli murensHocThIO 22 MuH. [lapa-

sunmd  (meciu  Mylene  Farmer

METPBI 3TUX 3aIlUCcel TPeCTaBleHbI B Tabmuie 1.

Bce wucxomnble ayauodailiiel MpH  TOMOIIH
nporpamMMbel Wavosaur (Www.wavosaur.com) Obl-
iy mpeoOpa3oBanbl B (aiiisl Gopmarta rawbinary
u obpaboransl VB-mporpammoii (VB — Visual-
Basic 6) c menpio WM3BIEUEHHs] OTCUECTOB W IOJI-
CUeTa YacTOT MOSBIICHHUS KaXJIOTO U3 BO3MOXKHBIX
3HAYEHUH OTCUETOB 2-0aWTOBBIMM YHCIAMH, T.€.
upcnamu B uHTepBane or 0 jgo 2'°-1=65535. Ha
BBIXOJZ€ OJTa IIporpamMma BbigaBajla TEKCTOBBII
¢aiin ¢ 65536 yucnaMu - 4acTOTaMU IOSBJICHHUS

Tum Vivst paiina }lJ'II/ITeJ'I-LHOCTI) TounocTb Yacrota nuckpe- Komnuectso.
(MHH:CeK) (6ur) TH3aluU OTCYETOB

0 2:23 6310 807

Peus 1 33:12 16 mono 85 670 935

2 47:30 44.1 Kt 125 508 887

3 43:42 ’ 115 508 887

Mysbika Mylene Farmer 12:45 16 stereo 68 218 905

Whitney Houston 8:44 46 345 505
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Kaxxoro u3 65536 BO3MOXKHBIX 3HaUEHHI OTcue-
TOB B MCXOJIHOM aynuodaiiie.

Jlanee 3TH TEKCTOBbIC (aillibl UMIIOPTHPOBA-
muck B cpeay Excel 2010.YacToTsl oTcueToB wc-
MOJIB30BAIMCH LIS BBIYMCICHUS OIICHKH IJIOTHO-
CTH paclpeleneHns BepOsSTHOCTEH COOTBETCTBY-
OIIe ayAr03amiCH U BBHIYMCICHUS HA €€ OCHOBE
mo Qopmynam (2-7) OLIEHOK AWUCIEPCHH OIIMOOK
BOCTIPOMU3BEACHUS MCXOTHOTO ayAHOIpoIecca,
KOTOpbIE 00Pa30BBIBAINCH B PE3yJbTaTE UX KBaH-
TOBaHUS MO YPOBHIO C IPUMEHEHHEM Pa3InYHbBIX
3akoHOB KoMmnauauposanus (1), (4), (5).

B dopmynax (4) u(5) ucrons3yercss HOpMUPO-
BaHHBIN aprymeHT x (—1 < x < 1) u nomyyarorcs
COOTBETCTBYIOIINE HOPMHUPOBAHHBIC 3HAYCHHS A
U [1-3aKOHOB KOMIIaHJIUPOBaHMs V4 U V,. B peanp-
HOCTH € 3HaYEHHsI ICXOHOTO ayAHOIpPOoIIecca X,
B JIaHHOH pa0oTe MeHsuMCh B mpenenax ot 0 1o
65535. Ilomumo 3TOrO, IS HACTPOHKH 3aKOHOB
KOMITaHJMPOBAHMsI OBUTM BBEICHBI yPOBHHU OTCE-
KaHUsSD) PEAKMX MaJIbIX W OOJNBIIMX 3HAYECHHH OT-
cueroB. [1lo HUM HaXOmUIICA MHTEPBAT (Xpin, Xmax),
B Tpezenax KOTOPOro M CTPOMJIACh IKaja KBaH-
TOBaHUSI.

[MosTomMy mnst mcnonb3oBanus Gopmyn (4) u
(5) mpunuIoCH MEPEUTH OT PEATBHOIO apryMeHTa
X;, IPUHUMAIOIIETO 3HAYEHUSA OT Xy JO Xpay, K
HOPMHUPOBAaHHOMY X (6), a 3aTeM NepecunuTaTh y, U
Vu B peanbHbli 3, (7):

Xr — Xmin

(6)

X=2*x—0——

Xmax — Xmin

_ (YpmmY,) +1
B 2

Kpome Toro, mapamerp 4 B (-3aKOHE B JaHHOU

Yr (Xmax — Xmin) + Xmin. (7)

pabote Obu1 mpuHAT paBHbIM 100, Tak Kak Iuc-
nepcust OMMUOKA B 3TOM cllydae MOJTy4aeTcs
MEHBIIIE, YEM B clTydae, €ClId MIPUHATH (4=255.

B xoze akcriepuMenTa Kaxablid U3 pparMeHToB
KBaHTOBaJCS B 2 BapHaHTaX HMHTEPBAJIOB 3HAYe-
Huit (99% npu orceuenun 0,5% HanOONMBIINX U
0,5% nHamMeHbIIUX 3HA4YEHUH, a Takxke 90% mpu
orceueHnn 5% HauOONBIIMX U 5% HAUMEHBIINUX
3HAaueHMI) U B 2 BapHaHTaxX IIaroB KBaHTOBAHUA
(10 u 100 maros) — Bcero 4 BapuanTa wiu 24 Ba-
pHaHTa, y4uThIBas oOlee 4uciio GparMeHToB 6.
Jid Ka)XAoro BapHaHTa HAXOIWJIMCh TPU HEpaB-
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HOMEpHBIC IIKAJIbI KBAaHTOBAHUS — ONTHMAJbHAs
IIKajla KBAHTOBAHUSI B COOTBETCTBHH C aJTOPHT-
MoM Jlnoiiga-Makca (dpopmyna (1)), mkansl KBaH-
TOBaHUsA 10 A U p-3akoHaMm (dopmyist (4) u (5)) —
W OJIHA paBHOMEpHas IKaja. McXomHble CHTHAIBI
KBaHTOBAJIMCh MO YPOBHIO C WCIOIb30BaHUEM
BCEX YeThIpeX IIKajl W BO BCEX CIydasiX OIleHHBa-
JUCh JUCIIEPCHH OIIMOKH KBaHTOBaHWS. Pe3yib-
TaThl BceX 24 BapuWaHTOB MPUMEHEHHUS UYETBIPEX
Pa3IMYHBIX [IKAJl KBAHTOBAHUS CBEIICHBI B HTOTO-
BY10 Ta0uIy (cM. Tabmiy 2)

daitnel ayauosamnuceir u Excel-rabnui, wuc-
MOJb30BAHHBIX TIPH pacuere pe3yJbTaTOB YHC-
JICHHOT'0 3KCIIEPHMEHTa MOKHO 3aIllPOCHThH TI0 €-
mailalexmatsk@gmail.com.

BriBoabI
[lo nanHBIM, mpencTaBICHHBIM B TaOmuIe 2,
MO>KHO CAEJIATh CIEAYIOLINE BBIBOJIBIL:

e JIpuMeHeHHE ONTHMABHOM IIKaJbI C 3aKO-
HOM KoMmaHaupoBaHus (1) maer B cpenHeM IpHu-
70%
OIIMOKM TI0 CPaBHEHHIO C MPOCTECHUIICH paBHO-

ONM3UTENBHO YMEHBIICHHE JHUCTIEPCUH
MEPHOMU IIKAJION.

e lcmonp3oBaHue A ¥ [1-3aKOHOB KOMITaH M-
poBaHusA HaO60p0T MNpUBOAUT K YBCIMYCHHUIO
JMCTIEPCHH OMHMOKH MPUOTU3UTENBHO B 2 - 4 pasa.

e lI3MeHEHHE YpPOBHEW OTCEKaHUS PEIKUX
OONBIINX W MallbIX OTCUETOB, pa3Mepa M KOoIHye-
CTBa 1IaroB KBaHTOBaHMHs, a TakKXE Tuiia
ayauodaiiia HE3HAYMTEIbHO CKa3bIBAIOTCS Ha
AUCTICPCUU OH_[I/I6KI/I KBaHTOBaHUA.

e MOXXHO MPEANOIOKUTD, YTO IIEbIO BBEIC-
HUS A " HL-3aKOHOB KOMITAaHAWPOBAHUA B IIPAKTH-
Ky mnepenaun TeneoHHOro Tpaduka Obula HE
MaKkcuMalJibHass TOYHOCTb (B CMBICIIE MUHUMYMa
AUCTICPCUU OH_[I/IGKI/I BOCITPOU3BEACHUSA UCXOJHOT'O
CHT'HAJIa) BOCIPOHM3BEACHHS HMCXOJHOTO CHUTHAJA,
a MaKCHMallbHOE C)KAaTHE ayJHOJAHHBIX C HIUPO-
KAM JMara3oHOM MapaMeTPOB MpPU COXPaHCHHH
VIIOBIICTBOPUTENFHON Pa300pUHBOCTH IepeaaBa-

€MOH peuH.
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Abstract: Results of comparative experimental research of application efficiency of optimum (in sense of mini-
mum) dispersion error in reproduction quantization scales according to analog signal level of (Lloyd-Max algo-
rithm), as well as scales based on A and p companding laws are described. Speech and musical fragments of au-
dio signals with total duration 370 minutes from 450 million sample units with 44 kHz frequency were used as
reference signals. During the experiment each of fragments was quantized in 2 options of value intervals (99%
and 90%) and in 2 options of quantizing intervals (10 and 100 steps) - all in all 4 options or 24 options, consid-
ering total fragments number. Each option had three uneven quantization scales - an optimum quantization
scale according to Lloyd-Max algorithm, quantization scales based on A and p laws, and one uniform scale. Ref-
erence signals were quantized according to level using all these scales and quantizing error dispersions were
estimated in all the cases. Results of all 24 options of applying four different quantization scales are summarized
in the final table. It follows from it that using optimum (in the sense of minimum error dispersion) quantization
scale of analog signal according to level based on Lloyd-Max algorithm gives about 70% error dispersion reduc-
tion compared to applying uniform quantization scale. At the same time using A and p companding laws leads
on the contrary to increase in error dispersion approximately by 2 - 4 times. As for the result quality estimation
it is possible to note that these results for the selected reference analog signals are little sensitive to the interval
range of quantized values, quantizing level number and audio signal type.

Key words: analog signal quantization according to level, optimum quantization, companding law, A and p law.
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