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Yacrs 1

IlocTtanoBka 3aga4n

1 MaremarTndeckuii acrekT

Hacrosmas kypcoBast paboTa MOCBSIIEHA TOCTPOSHUIO TPUOIUKEHHOTO periie-
HUsI KpaeBoil 3ajiadn jiyisi 1udhepeHnnaabHOr0 YpaBHEHUST BUIA
d*u

T2 +n(zx)u(z) =0 (1.1)

ITo ycaosuio, n(x) upexpcrasisger coboii KyCOUHO-HEIPEPHIBHYIO (DyHKIHIO,
pasHyIto KoHcTanTe k% ma unTepsamax (—oo;0) u (a;+00) U HepepbIBHO W3-
BectHON dyHkiumu Ha [0;a]. Ha rparunax [0;a] pemenune u ero mepsasti mpons-
BOJIHAS JIOJI?KHBI yJIOBJIETBOPATH YCJAOBUSIM CITUBAHUSA:

w(0 —0) = u(0 +0) u'(0—0) =4'(0+0) (1.2a)
u(a —0) =u(a+0) uw'(a—0)=u(a+0) (1.2b)

2 @Pusuuyeckuii acrekKT

3ajiaua COOTBETCTBYET BO30OYXKJIEHUS IJIOCKOTO CJIOST HEOTHOPOIHON HEMATHUT-
HOI CpeJIbl 2JIEKTPOMATHUTHBIM ITOJIEM, BEKTODP 3JIEKTPUUIECKOTO TIOJIST PACIIPO-
CTPAHSIETCS BJIOJIb OCH . k UMEET CMBICJ BOJIHOBOT'O YUCJIA B OJHOPOHON IacTh
IPOCTPAHCTBA, N(T) — NOKA3aTesb IPEJIOMIIeHNs] HEOJIHOPOHOM Cpe/IbI.

W3 dbusnyeckux coobparKkeHuit, pelrenue crnpasa oT cyiost [0; a] JOIKHO NMeTh
Bz u(z) = Be'* | a cresa — u(w) = e 4+ Ae~*. Bamaga cocront B MpubGTIH-
JKEHHOM [TOCTPOEHUH PEIIeHUs] BHYTPU HEOHOPOTHOIO CJIOSI U OTHICKAHUU KOM-
IUTEKCHBIX KOHCTAHT A u B (HasplBaeMbIX, COOTBETCTBEHHO, KO3 durmentamMn
OTpaXkKeHUsl ¥ TIPOXOKIEHHUS IEKTPOMAIHUTHOTO TIOJIs).

JeiicrBuresbaast 00/acTh 3HadeHuil PyHKIUU 1(T) COOTBETCTBYET OTCYT-
CTBUIO TIOTJIONIEHWST SHEPTUU B CPEJie, TAK YTO KPUTEPUEM PABUILHOCTH TIOJLY-
YEHHBIX MPUOJIMIKEHHBIX 3HAYEHUI CJIYKUT SHEPreTUIECKOe TOXKIECTBO:

AP+ B> =1 (2.1)



Yactp 11
Permenne

3 Oo61iue 3aMeyaHusa

IIpenmaraembie K peajn3aiun B KypcoBoit paboTae mpuOInKEHHBIE METO/IbI ObI-
JIM OIIMCAHBI HA aJIT'OPUTMUYECKOM si3bike Scheme (IpocToM u cTporo byHKIHU-
OHAJIBLHOM juajiekTe Jlucra).

4 Pemenue MmeTogoM nocrpoeHus pyHaIaMeHTAIb-
HO MaTPUIIbI

4.1 Omnwucanue

Huddepenimanbroe ypasuenue BToporo nopsiaka (1.1) MOXKHO IpejcTaBUTh B

MaTpuuHoii dopme, BBesd v(x) = %:

d (u(z)\ 0 1\ (u(z)
dx <v(:1c)) o <—n(a:) 0) (v(a:) (4.1)
Pemenue cucremst (4.1) ¢ marpuneit A(x) = (_T?(gﬁ) (1)) MOKHO HalTu B 00-
eM BHJIe, ecyiu ocTpoena dbyHnaMenTatbasd Marpuna (z):

_ fon(@) wn@)
o) = (2 o) (42

Q(z) sBAsieTCs pereHneM creLyomel MaTpudHoil 3amaan Komm:

%Q(x) = A(2)Q() (4.3)

¢ yeaosuem Q(0) = (§9).
Pemenne (4.1) qyist Vo € [0; a] 3anucsiBaercs B Bujie

u(@)\ _ (wn(z) wi(z) 1+ A (4.4)
v(x) wo1(x)  waa(x)) \ik(1 — A) ’
HUcnonb3oBanne KpaeBblx ycaoBHil (1.2) HO3BOJISET MOIYYUTH CJIELYIOILYIO
JIMHEHHYIO aJre6pan<IecKyio CUCTEMY OTHOCHTEJILHO Hen3BeCTHBIX A u B:

(wi1(a) — wia(a)ik)A — e** B = —ikwis(a) — wi1(a)

. 4.5
(wa1(a) — waa(a)ik)A — ike™™ B = —ikwas(a) — war(a) (45)

Haxoxenue 3nadenuii KoMnoHenTos marpuibl () Ha npasom xouie [0;al,
TaKuM 00Pa30M, ITO3BOJIUT MOJIYIUTh UCKOMBIe 3HavdeHuss A u B.



st moncka yHIaMeHTAIBHON MaTpuIpl B Toukax [0; a] mpemiaraercst nc-
[OJIb30BAHNUE CJICLYIOMEr0 YUCJIEHHOIO METO/IQ, OCHOBAHHOTO Ha IPUO/IMKEHUN
dyukuuu n(r) KycOUHO-IIOCTOSHHON, TO €CTh 3aMeHe HEOJIHOPOMHON Cpeibl Ha
IJIOCKO-CJIOUCTYIO € GOJIBIIUM YUCJIOM OJHOPOJHBIX CJIOEB.

PaccmarpuBaembrit maTepBas pazdouBaercs Ha N MHTEPBAJIOB TOUYKAMUI X; =
i, 4=1... N, B cepe/iuHe Kax/IOr0 U3 KOTOPbIX bepércs TouKa T; = 1 (i + %)
B nanHOi Touke (QyHKIWs n(r) ANIPOKCUMHUPYeTCsl CTYIeHJaTol dbyHKImel
n(x) = n(T;), tak uro (4.1) obpaiaercst B CUCTEMY € HNOCTOSIHHON MaTpuiied
A = (_ﬁo(l.) é) Toryia Ha KasKJ0M MHTepBase [X;; ;1] perterne (4.3) mMoxer
ObITh HAJIEHO SIBHO B BUJIE MATPUYHON SKIOHEHTHI:

Qi(z) = eAi(z—mi)
ITpu sroM, 3HaUeHUs DYHIAMEHTAILHOM MaTpuIbl {2y (2;41) HA TPABOM KOH-
e [x;;Ti4+1] cayRaT HadaJbHBIM ycsoBueM 3ajadn Komm Ha [T;41; %i42], Tak
YTO JUI KaxK70# TOYKU T € [x;; x;+1] dyHmamenTanabaas Marpuna (4.2) umeer
BT

QN(i') = Ai@—mi) gAimi(zi—mio1) | gAo(z1—0) (4.6)

Ha npasom konne unrepsajia [0; a] npubimkénnas dbyHIaMEHTAIbHAS MaT-
pulla 3alliChIBAeTCAd B BHU/IE:

QN(G) — eAN—l(-’L’N—xN—l)eAN—Q(xN—l—xN72) - er(xl—xo) (47)

J1J1st HAXOXK IeHWsT MATPUIHON SKCIIOHEHTHI UCIIOJIb3yeTcs popMmyita Teitopa:

1 1
eAi(@=ei) E+FA1‘(3C —x;) + 51422(.1‘ — ;)2
1
3!

1 (4.8)
to Al (@ —2i) + Al — @)
ITocne mocrpoenust GyHIaAMEHTAJIBHON MATPUIILI B @ KO3 dunuenter A u B
HaxozaTcs u3 (4.5) ¢ UCIOIB30BAHUEM [IOJIYYCHHBIX KOMIOHEHT wg (a).
Permenne va Kaxk10M oTpeske paszduenus [0; a] naxomnres u3 (4.4) ¢ ucmosb-
30BaHMe HalJIEHHOro A ¥ 10C/Ie[0BaTeIbHOCTU IPUO/IMKeHU (byHIaAMEHTAb-

HOW MATpHUIBI HA [T;; X;41] Juist Vi.



4.2 Peanusanusa

Ornucanue OCHOBHBIX IPOIEIYDP, HEOOXOUMBIX JIJIsI PEAJIM3AINN METO/IA, HAXO-
nurcs B daidisie fundmatrix-solution. scm (ero nosHoe cojep:KaHue IPUBEICHO
Ha crpaHure 24).

B ncxonnom TekcTe nporpaMMbl aKTUBHO HCIIOIB3YIOTCS IIOCIE0BATEIbHBIE
ompejiesienns (BYHKINN B TEPMUHAX JIPYT JIPyTa.

Tax, OCHOBHOI1 BBIYUCIUTE/ILHBIN ITPOIIECC METO/IA — ITOCTPOEHUE TPUOJIAZKE-
Huit pyHIAMEHTAIbHON MaTPUIIBI — BbIpaXkeH B pyHKInK build-fundamentals:

(define (build—fundamentals right —bound n matrix)
(let ((a right—bound)
(step (/ right—bound n)))
(evolve—sequence
(lambda (prev a)
(matrix —x—matrix
prev
((matrix—exp matrix 5)
a
(+a (/ step 2))
(— a (/ step 2)))))
(identity —matrix 2)
(split—interval 0 right—bound n))))

build-fundamentals mpeaCTaBISET TOC/IEI0BATEILHOCTD BEIYUCIICHU (DY H-
JIAMEHTAJIbHON MaTPUIBl HA MHTEPBAJAX [T;;Z;+1] B BHUJE YACTHOIO CJIydas
dyHKIIMKN evolve-sequence, BO3BPAIIAIOIIEN II0CIEI0BATEIBHOCTD s, , - - - , Us,
e as, = f(as,_,,Sk—1) (cMm. c. 19). U3 onpenenenus: build-fundamentals
BUJIHO, YTO POJIb Sj BBIIOJHAIOT TOYKHU T; = %z ci=1...N,aa,, , — upu-
Guimkenne GyHIAMEHTAIBHON MATPUIBI HA UPEIBIAYINEM OTPe3Ke (HA HepBOM
mare {2 npubsiuzkaercs eauHuaHOM Marpunei). KoMOuaupyores e 911 3Ha-
YEeHUsI P HOMOIIY MATPUIHOIO yMHOXKEHUsI, KakK cyeayer u3 (4.6).

Oyukius variable-matrix Bosspainaer Marpuiy A cucremst (4.1) s 3a-
JAHHOH 110 yesoBuio GyHKImu n(x):

(define (variable—matrix n)
(lambda (x)
(matrix (row 0 1)

(row (= (n x)) 0))))

Bossparmiéanas MaTpuria moToM ucrnob3yercd B build-fundamentals.

B build-fundamentals ucnosb3dyercs n GYHKIMS matrix-exp, BbIUUCISAIO-
as MaTPUIHYIO KCcoHenty f(x,y,z) = eA@)W=2) nyrém pasokenus B sy
Teitnopa (4.8) ¢ ucnosnb3oBanuem cxembl [opHepa:

(define (matrix—exp A n)
(lambda (x y z)
(let ((matrix (A x)))




(general—horner—eval

(matrix —«—number matrix (— y z))

(exp—series —coefficients n)

matrix —x—matrix

(lambda (high—terms coeff)

(add—matrices high—terms

(matrix —«—number
(identity —matrix (matrix—size matrix))
coeff)))

(zero—matrix (matrix—size matrix))))))
- J

B s7o0it byskImm nocsenoBaTebHOCTD KO3(MMUIIMEHTOB MATPUIHOIO MHOTO-
YJICHA &, %, %, ... renepupyercs (pyHKIHEH exp-series-coefficients, Bbipa-
JKeHHON B TepMHMHAX BBINIEYIIOMAHYTOU evolve-sequence.

Brruucienne MaTpudHO IKCIOHEHTHI B KaXKJI0fl TOYKE BBIPAXKEHO Ue€pe3
dyHKIUIO BBICIIErO IOpsAKa general-horner-eval, peJCTaBIISIONIYIO COOOIt
0600mmEnHyI0 cxemy [opHepa:

(define (general—horner—eval x coefficient —sequence
mult add zero)
(fold—right
(lambda (this—coeff higher—terms)
(add (mult higher—terms x) this—coeff))
zZero
coefficient —sequence))

general-horner-eval, B CBOIO OYePEb, ABJISAETCS YACTHBIM CIydaeM (DyHK-
nuu BbIciIero nopsiaka fold-right, peasnusyromeit CBEPTKY IOCIEJ0BATEIBHO-
CTH CIIPaBa HAJIEBO.

ITocne mocTpoeHus MOC/IEIOBATETFHOCTH (DYHIAMEHTAJBHBIX MATPHIL OCY-
ecTBIIsIeTCs OUCK Koaddunuentos A, B myTém pernenus cucreMmbr (4.5) ¢ mo-
MOIIBI0 MeTosa ['aycca (ero MCXOmHBIN KO/ NPUBEIEH Ha cTpaHule 22):

r(define (find —A-B fundamentals k right—bound) )
(let ((fundamental (list —ref fundamentals
(— (length fundamentals) 1)))
(a right—bound))
(define (w i j)
(get—item (get—row fundamental i) j))
(solve—linear
(matrix
(row (— (w1 1) (x (w1 2) +i k))
(= (exp (x +i k a))))
(row (— (w2 1) (x (w2 2) +i k))
oo™ O (e G ) )
vector
(= (= (¢ (w12) +ik) (wi 1))
| (- (= (+ (w2 2) =i k) (w2 1)) )

C ucnosib30BaHnEM HaiieHHOro KO3 duirenta A u npudmKkennii u3 build-fundamentals



B QyHKIUN approximate-solution coruacuo (4.4) paccuurbiBaeTcs U HpubsIw-
JKEHHOe pellleHne UCXOHOro ypasHenus (1.1) BHYTPH HEOJHOPOJHOTO CJIOS:

((define (approximate—solution fundamentals A k)
(map
(lambda (matrix)
(caar
(matrix —x—vector
matrix
(vector (+ 1 A)

(x +i k (= 1.A))))))
fundamentals))

- J

OyHKIWS BBICIIETO MOPsIKa iterative-improve BbIpakaeT OJIUH U3 IOJ-
XOJIOB K PEIIEeHUIO BBIYUCINUTEIbHBIX 3a/1a4: yIy4llaTh HadaJIbHOE pellleHne IIpu
IIOMOIIY 33IAHHON «(YHKIMK YIIyUIIEeHUs» JO TeX IOP, MOKa €ro He MOXKHO
OyIeT CUMTATh «XOPOIIUM» B CMBICJIE 3aJaHHON (DYHKIINNA OIEHKU PEIICHUSI:

(define (iterative —improve good? improve)
(define (solve x)
(if (good? x)

(solve (improve x))))
solve)

Tak, B JAaHHOM METOJIe IPOTIELYyPa TOCTPOEHUsT (PyHIAMEHTATBHBIX MATPUI]
MOBTOPSAETCA JI0 T€X IOP, MOKA BBIYUCHIEMble KOI(MDMUIMEHTH OTPAXKEHUS 1
LPOXOKJIeHUsI He OyyT yuoBseTBopaTh (2.1):

((define (get—solution refraction right—bound subintervals eps)
(let ((wave—number (get—wave—number refraction)))
(define (improve solution)
(let* ((fundamentals (build—fundamentals
right —bound
(* 2 (length (car solution)))
(variable—matrix refraction))
(coeffs (find—A-B
fundamentals
wave—number
right —bound))
(A (car coeffs))
(approx (approximate—solution
fundamentals
A wave—number) ) )
(cons approx (cons A (cadr coeffs)))))
(define (good? solution)
(letx ((coeffs (cdr solution))
(A (car coeffs))
(B (cdr coeffs)))
(energy—conserves? A B eps)))
(let+ ((initial —solution

)




(cons (tabulate—function (lambda (x) 0)
0 right—bound subintervals)
(cons 0 0))))
((iterative —improve good? improve) initial —solution))))

WHTepecHo, 4TO BTOPOI METO/| PEIlleHHs T0OCTABIEHHON 33/1a4U, O KOTOPOM
paccKazaHO Jajiee, TAaKKe OIpeNesiseT CXONHyIo (yHKImio make-solution B
BUJIe YaCTHOrO ciydasd iterative-improve.

OyHKIHeH yIydIIenns gBJseTcs ABYKPAaTHOe yBeJWdeHre YHCjIa OTPE3KOB
pasbuenust unrepsaia [0;al ¢ nociaemyomuM nocrpoeHreM GyHIAMEHTAIbHBIX
MATpHIl, pelreHns n Haxoxkaeans A, B, a IpoBepka «KadeCTBa» IOJIYIEHHOTO
pellleHus OCYIeCTBIAeTCA IPUA IIOMOIIU IIPeJINKATa energy-conserves?:

(define (energy—conserves? A B eps)
(< (abs (— 1
(+ (expt (magnitude A) 2)
(expt (magnitude B) 2))))
eps))




4.3 MNcxoanble maHHDbIE

Paccmarpusaercs orpesok [0; 2].

DyHKIMs M0KA3aTeIsl MPEJOMIIeHHs Cpelbl n(T) 3aana caeLyomuM obpa-
30M:

(4.9)

3B5+3x—-1)2 0<z<?2
n(x) =
36 <0, z>2

B repmunax Scheme ona 3amaérest caemyomuM 06pa3oM:

(define (f x)
(if (and (> x 0) (< x 2))
(+ 35 (x 3 (expt (— x 1) 2)))
36))

4.4 PesynabraThl

B pesysibraTe ncnosib30BaHus METO/Ia OBLIH IOy Y€HbI CIIEYIOIINEe PE3YIbTATHI:

A = —0.00478 — 0.00750¢

) (4.10)
B = 0.99996 — 0.00104i

IHodmeepoicdero, aro 3uadennss A u B ynoBaeTBopsioT yciaoBuio 2.1:

‘(|A|2 + |B|2) - 1‘ < 0.0001
Pacuér zaman 2.987552 c.

14 Re
0.5 —
0 Im
—0.5 —
14
| | | | |
0 0.5 1 1.5 2

Puc. 1: Tpabduk u(z) ms dysaxnpn npesomtenns (4.9)
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4.4.1 Pe3synabTaT BBIYHUCIEHUH C AJbTEPHATUBHBIM HabOPOM WCXOJI-
HBIX JIAHHBIX

Metos mocTpoennst GyHIAMEHTATBHBIX MATPUIL IPUMEHAM B 3aJadaXx ¢ OoJee
CJIOKHBIMU BbIpazkeHusmMu it n(x) (Ho Tpebyercs, 4robbl n(x) OblLia Helpe-
poiBrOil BHyTpH [0;a]). Hdanee upencraBieHbl pe3yiabraTsl paboThl ¢ MHBIMU,
HEXKeJIU B IPEJBIAYIINEM pa3fese, IAHHBIMA.

Paccmarpusaercs orpesok [0; 2).

DyHKIUA MoKazaTess MpeIoMIeHHst cpesibl n () 3aJaHa CaeAyomuM obpa-
30M:

x+0.1

(4.11)
100 <0, z>2

{ L_4em2b O0<az<?2
n(z) =

B pe3ysibTaTe UCIIOJIb30BaHnA METOJa ObLII IIOJIYY€HbI CJIeAYIOoIUe Pe3yJib-
TaThI:

A =0.70293 + 0.35912;

, (4.12)
B = 0.45555 + 0.41157;

Ilodmseporcdeno, aro 3nadenns: A u B ynoBieTBopsitoT ycjiaoBuio 2.1:
’(|A|2 +1B) - 1‘ < 0.000001

Pacuér zansa 0.608957 c.

2 - Re

0—Im

Puc. 2: T'paduk u(x) nst dysxmn npesomenus (4.11)
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5 Pemenne MeTo0M IIOCJI€10BATEIBHBIX ITPUOJIN-
JKeHuil

5.1 Omnucanue

Vpasuenue (1.1) MOXKHO IIE€penucaTh B CJEILYIONIEM BUJIE:

PU | ku(e) = (K = n@))u(e) (5.1
—_ u\r) = —n\x))ulxr .
dx?
[ne k? — snauenne dbynximun sue untepsaia [0; al.
Jljist Takoro ypapHeHHs u3BecTHa dpyHKIMs ['puna:
6ik|17t\

2k

Tax uro perrerne (5.1) BBIINCBHIBAETCS B TAKOM BH/IE:

G(z,t) =

—+oo

6ik|7;—t|
u(z) = / S (K —n(t)u(t)dr

— 00

B cuy cpoitcts dynkmmm n(x), npu x < 0 u > a nmeem (k? —n(z)) =0,
TaK 9TO HeCOOCTBEHHBIN MHTerpaJ MOYKHO 3aMEHHTh Ha MHTErpaj B KOHEYHDBIX
npegenax ot 0 10 a:

eik|;v—t|
u(x) = / 57k (K% — n(t))u(t)dt
0

Kpome Toro, eciiu packpbITh MOIY/Ib B IIOKazaTese e qiug ¢ < 0 u © > a, To
CTaHET $ICHO, YTO BBIITUCAHHOE PEIeHNe COJIEPKUT BOJIHBI, YXOISIIINE B +00 U
—00. Tax Kak II0OCTAHOBKA 3a,1a49H COJIEPKUT BOJIHY €'F? | IPUXOISIILYIO U3 MIHYC
OECKOHEYHOCTH, TIOJTHOE TI0JIE BO BCEll 00/IACTH OT —00 JI0 00 UMEET CJIE Ly oI

BUT:

eik\m—ﬂ )
u(w) = / S (8 n(0)u(t)di + (5.2)

0

COKpaHJ,éHHO 9TO UHTErpaJibHOE ypaBHEHUE (Dpe,HI‘OJIBMa BTOPOIr'o poJia 3a-
IIMCBIBACTCAd B TaKOM BHJIE:

u=Au+f (5.3)

a giklo—t|

Ine A — unrerpanbusiii oneparop [ 57— (k% — n(t))u(t)dt, KoTopsii neii-
crByer Ha QYHKIUIO u(X).

IIpu & < 0 pemenue nMeer BUT:

12



efikx

2ik

u(x) =

/ e (k2 — (1) u(t)dt + ek
0

OTKy/1a MOYKHO TIOJIy9UTh BbhIpaykenue jiist Kodddunmenrta A:

a

L[ ert 2 —niy)utyar (5.4)

2ik
0
AHaJIOrIYHO TIOJIyUYaeTCsi CJIe/IyIolee BbIpaXkKeHne u i Kosdduimenra B:

a

1

T 2k
0

e (k2 — n(t))u(t)dt + 1 (5.5)

ITocTpoenne pernienus u(w) IIPOU3BOJAUTCS IIPU IOMOIIK MEeTOa II0CJIeI0Ba-
TeJbHBIX MpubJmKenuii. Perernue (5.3) IpeJcTaBUM B TaKOM BHUJE:
U=1uy+u +up+---

Ero noxcranoska B (5.3) gaér cienyroriee:

UO+U1+’IL2+~'~:AUQ+AU1+Au2+-~-+f

Ecm nonoxuts ug = f,u1 = Aug,...,Upnt1 = AUy, TO TAKUM BBIOOPOM
[I0CJIEJOBATEIBHBIX MPUOJIMKEHNUIT 9TO ypaBHEHHE OyeT TOXKIECCTBEHHO Y/IOBJIe-
TBOPEHO.

IMocae naxoxnenns u(z) xoaddurmentst A u B Beraucisiorest u3 (5.4) u
(5.5), cooTBETCTBEHHO.
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5.2 Peaausanus

s obecnieuennst paboOTHl TPOrPAMMBI C IMUPOKHAM JIUAIA30HOM HCXOIHBIX JIAH-
HBIX — pa3audHblx QyHKnuii n(z) — unrerpuposanue (5.2) OCyIIECTBIISIIOCH
wucaerho 1o dopmyste CumicoHa.

IMoguaTerpanbast GyHKIUSA 3aBUCAT OT JBYX MEPEMEHHDBIX T, T, 8 HHTEIPU-
poBanue npousBoauTcd 1o t. Mcnonb3yemas byHKImMs integrate BO3BpaIniaeT

g(x) = f; f(x, t)dt, npumensia dbopmyny CumiicoHa Tak:

b
[ @0t = 5.0 + 4@ 0) + fate) + 4 Flmnta)

F2(f (2, t2) + f(2,ta) + - + [, tn-2)) + f(2,D))
Baecs n =2k, k € Z, h=(b—a)/n, txy = a+ kh.

integrate oCymIecTB/sIeT HHTErPUPOBaHUE (DYHKITIH, IEPETAHHON el B Ka-
JecTBe IIapaMeTpa, II0 BTOPOMY €€ apryMeHTY:

r(define (integrate f a b subintervals)
(let ((h (/ (— b a) subintervals)))
(lambda (x)
(* (/ h 3)
(+ (f x a)
(x 4 (sum
(map (lambda (t) (f x t))
(split—interval a b
(/ subintervals 2)))))
(* 2 (sum
(map (lambda (t) (f x t))
(split—interval (+ a h) (= b h)
(= (/ subintervals 2) 1)))))
(f x b))

Oyuknus integrate BBIParXKaeT HJICI0 WHTETPUPOBAHUS (DYHKITHMH JIBYX II€-
peMeHHBIX B 06mieM Bujie. i Boraucienus (5.2) TpeGyeTcst UCIOJIb30BaTh IIPU-
Guimkenne GyHKIMY u(X) U JAHHYIO 110 YCJIOBUIO (DYHKIWIO 1 () B BBIPAYKEHUN
f(x,t) = e*e=t (k2 — n(t))u(t), koTopoe u GymeT MATErPUPOBATHCS (IIOCTOSIH-
HbI MHOXKUTEIB 1/2ik BRIHOCHTCS U3 110, nHTErpaJa). Tpebyemoe comocrasiie-
HUE BBINONHsIET (DYHKINA green-transform:

(define (green—transform u n)

(green—subtransform u n
(lambda (x t) (abs (— x t)))))

IIpuaém sTa QyHKIMA TpeIcTaBIeHa B BUIE JACTHOTO CIydast O6ojee obteit
Iporenyphl green-subtransform, BRIIOIHAIONIEH IPe0OPA30BAHIE CBOUX TPEX
aprymenToB-byskimit u(t), n(t), g(x,t) B byHkuuio nyx aprymentos f(z,t) =
e (@) (12— n(t))u(t):
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(define (green—subtransform u n g)
(let ((k (get—wave—number n)))
(lambda (x t)
(x (exp (x +i k (g x t)))
(= (sar k) (n t))
(u t)))))

Torna upu g(x,t) = |z — ¢| nosyunm noguaTerpaabayio Gyuknuo us (5.2),
a upu g(x,t) = —t — u3 BeIpakeHus i Koddpduiuenrta B (5.5).

OyukIys green-integrate, UCIOIL3ys ONUCaAHHbIE green-transformu integrate,
BBINIOJIHSIET mHTerpupoBanue (5.2), npuauMas dyskmmn u(z), n(r) 1 npasblit
Kpaii OTpe3Ka a B Ka4ecTBe apryMeHTOB. B cymmocTn, green-integrate mupej-
crasisieT B TepMuHax Scheme oneparop A u3 (5.3):

(define (green—integrate u refraction right—bound subintervals)
(let ((k (get—wave—number refraction)))
(lambda (x)
(/ ((integrate (green—transform u refraction)
0 right—bound subintervals) x)

(x 2 +1 k)))))

B sroit dyHKIMM TakKe OCYIIECTBIISETCS JEJ€HUE PE3YIbTATa WHTErPUPO-
BaHUSI HA KOHCTAHTY 2ik.

Crour 3aMeTUTD, 9TO IIPOIEYPa integrate (I/I, cJie1I0BaTeJIbHO, green—integrate)
BO3BpAIAET HE TUCJIO0, & dynkyuto. Beraucienne 3Hadenust 310t GyHKIUH B JIIO-
6oit TouKe o NOpoXKIaeT cBEPTKY nHTepBaa [0; a] B 3Ty Touky. Takum o6pazom,
[I0CJIe/IOBATEILHOE IIPUMEHEeHe green-integrate HopoxkigaeT (OYHKINIO, BbI-
qrcjIeHne 3HaYeHUs] KOTOPOH MOPOAUT IMOCIEIOBATETHHOCTD BJIOYKEHHBIX CBED-
Tok Ha unrepsaJe [0;al.

5.2.1 IIpumeHUMOCTH MeTO/ia

CXOtUMOCTh PeAJia MOC/eI0BATEILHBIX TpubmmkKenuit u = ug + Aug + A2ug - - -
obecreunBaeTcss HaJInIreM KOHCTaHThI 1/2ik nepes uaTerpanom (5.2), eciu gaH-
moie a,n(xr), k Takossl, a0 aaa M = max(k? — n(zg)) BomomHaeTC:

Ma
1 5.7
oh < (5.7)

B caygasix, Korja HCXOJAHBIE JaHHBIE HE YJOBJIETBODSIIOT STOMY yCJIOBUIO,
PsiJl IPUOJIMKEHNH Pa3OHIETCA W HOJyYUTh DEIleHre He YJIACTCs, B TO BPEMs
KaK IIPH OMOIIH (DYHIaMEHTAJIBHBIX MATPHIL 38 IIPUEMIIEMOE BPEMS PEIIAoTCs
ypaBHeHUs B cucreMax, rje (5.7) He BBIIOJIHSIETCS.

Ucxonubie naunbe (byaknus n(z)), npejiaraeMble K UCIOJb30BAHUIO B Ha-
cTosAIell KypcoBoit pabore, CrenuajbHO MOAOOpaHBI TAKUM 00pPa3oM, YTOOBI
(5.7) 3aBEJOMO BBIIOJIHSAINC.
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5.2.2 SDddeKTuBHOCTH pean3aluu

Bricokmii ypoBeHb MpUMeHsIeMOil abCTpaKIMA U IPOCTOTA PeATu3alui MeTOIa
HETATUBHBIM 00PA30M CKa3bIBAlOTCS Ha 3(PPEKTUBHOCTU: CO3aBaeMast MOCTe-
JIOBATEJIBHBIM JIEHCTBAEM green-integrate KOMIO3UIMs CBEPTOK — (DYHKIHS,
BBIYKCJIEHUE KOTOPO# B KaXKJI0# TOYKe TpebyeT GOJBIIOro KOJMYECTBa Olepa-
.

CioxHOCTD iterative-solve 0 3JIeMEHTAPHBIM ONEPAIUAM integrate IKc-
MOHEHIIUAJILHO PACTET C YyBEIUTEHHEM YHUCJIa MPUMEHEeHmil onepaTopa A K Ha-
YAJIBHOMY TPHUOJIUKEHUIO.

Ipu ug(z) =Ao---0A owug(x) misa Beraucienus 3uadeHus uy(To) 6 410607

k
mouke Ty NOTpedyeTcs BBIOJHEHUE m” OIepaluii, Iae m — IIOCTOSHHOE THhC-
JIO 3JIEMEHTAPHBIX OII€paIdii CJIOXKEHHsI, YMHOXKEHHS B IIPONeAype integrate,
3aBHUCHIIEe OT KOJIMYECTBa pa3buenuil st uarerpupoBanus dbysknun Ha [0; al).

YauThiBas IOCTPOEHUE NOCACIOBAMEALHHIL TPUOIUKEHUH, TO €CTh MOCTIe-
noBaTenbHoe Borancyenue Ao e Ao Aoe*® Ao AoAoce™*® ... xonmuecTBo
BBITIOJIHAEMBIX OIEepaldii TAKOBO, YTO OIMUCHIBAEMBIN ITOIXO0/] K PeaIu3alui Me-
TO/I& OYEBUHO HE MOMKET DEAThbHO NPUMEHATHCS HaA NPAKTUKE B PACIETHDBIX
3a/a9ax B CIIYy HU3KOHM 3 HEKTUBHOCTH.

k

5.2.3 dpyrue noaxoapl K peajia3aiuy MeTOa

CumBosbHOe nHTerpupoBanmne Uarerpas (5.2) MoxKeT ObITH BBIYUCIIEH 110
dopmysie Hprorona-Jleitbauiia, eciim m3BecTHa MEPBOOOPA3HAs MOIUHTETPATIb-
Hoit pyHKIMH. EE TONCK B IBHOM BHUIE COCTABJISET 38a9y CUMBOJILHOTO HEOIIPe-
JIEJIEHHOTO WHTETPUPOBAHMUSI.

WNurerpupoBanme 3jieMEHTAPHBIX (DYHKIINA U WX MPOCTHIX COUETHUN SIBJISI-
eTcs pelraeMoil aJropuTMUYeCKU 3a4a49€eit, KoTopasi, OJTHaKO, He SIBJISETCS TPU-
BUAJIBHON (110 IpuYuHAM, B GOJIbIIEH CTENeHNn OTHOCAIIEHCS K OOIMIUM CJI0KHO-
CTSIM TIPEJICTABJICHUs] aarebpandecKux BolpakeHuil Ha KoMmibiorepe). CiioxKHbie
BBIPAXKEHUSI 107 3HAKOM WHTErpaJjia MPUBOAAT K HEIMPOCTHIM 3aMEHAM, ITPeoo-
pazoBanuaM u npuémam. VIHTErpas MOXKeT u He OpaThCs B SBHOM BHJIE.

CuMBOJIbHOE UHTEIPUPOBAHUE IIOTEHIUAIBHO JAET 3HAYUTE]bHO OOJIbINNe
[IPEUMYIIECTBA, YeM YUCJIEHHOEe, HO CPABHUTEJILHO CJIOXKHEe B peasu3aruu. Onu-
CaHHAsl YK€ paHee YNMCJIEHHAS Peaju3alldsi MeTOIa [OCJIEI0BATeIbHBIX TPUOJIU-
KEHUH TIpeICTaBIsSgeT COOOM MTOUTH JTOCTOBHBIN TEPEBO/I CJIOBECHOTO ONMMCAHUS B
TepmuHbl Jlucoa.

Vcniosib30BaHME TOTOBOTO BhIparkeHus mepBooopas3uoit  [lepsoobpasnast
eFle =t (k2 — n(t))u(t) mo t MOIKeT GBITH TIOTyUeHA CTOPOHHUME CPEJICTBAME —
B JPYTOii IPOrpaMMe Wi BPYYHYIO (YTO SBJISIETCH €JIUHCTBEHHBIM YHUBEPCAJIb-
HBbIM U Haubosiee TUOKUM METOIOM MHTerpupoBanus). [To 3arparam Ha KoJmde-
CTBO OIepaIuii, BBIIOJHSIEMBIX HA CTOPOHE OIHUCHIBAEMOIl B HACTOsAINEH pabore
MIPOrpaMMBbI, 9TOT TOAX0 Hanbosee 3(pPHEKTUBEH, MOCKOIbKY CBOAUT 3aaTy
HAXOK/IEHUS UHTErpajia K COBCEM JIEMEHTAPHBIM OIEPAIIUAIM.
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5.3 Pesyabrarbl

Wcxonuble naHHbIE K 3aja4e IIPUBEJeHbI B pa3jeiie 4.9 Ha crpanure 10.
B pesynbrare ucmonb3oBaHus METOAA OBLIN MOy YEHBI CJIELYIONNe Pe3y/Ib-
TaTHI:

A = —0.00579 — 0.00907%

. (5.8)
B =0.99994 — 0.00325:

IHodmeepoicdeno, aro 3uadennst A u B yaoBIeTBOPSIOT yeaoBuio 2.1:

‘(|A|2 + |B|2) - 1‘ < 0.0001

Pacuér zanan 2.221605 c.

1 Re
0.5
I
0—
—0.5 -
—14
| | | | |
0 0.5 1 1.5 2

Puc. 3: T'pacdux u(x) mia byuxnuu npeaomierns (4.9)
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6 ConocraBjieHnEe Pe3yJILTATOB

CpaBHeHUEe pe3yJIbTaTOB BBIYMCJIEHUN JIJIsI OJHUX M TeX YK€ MCXOIHBIX JaHHBIX
(M. ¢. 10) Ipu TOMOIIH PA3IUIHBIX METOI0B — HOCTPOeHHeM (byHIaMEeHTaIbHOM
MAaTPHUIIBI ¥ PEIIEHNEM HHTETPAJIHLHOTO YPABHEHUS [TOCJIEI0BATEIbHBIMU TPUOJIH-
KEHUSMU — TIO3BOJISIET MTPOBEPUTH KOPPEKTHOCTD PEATU3AINN 000UX METOIOB:

1

0.5 —

—0.5

Puc. 4: T'pacduxu pernenns qjist (4.9), noaydeHube ABYMs PA3HBIMU METOIAMU
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Yactp 111
Ncxonaple TeKCThI

A O6mmue daiiabl

Conepxumoe aitna shared.scm

(use—modules (srfi srfi—1))

i 2 sn
n
(define (sum sequence)
(fold + 0 sequence))
P
(define (sqr x)

(* x x))

;i (-((an-z+an—1)-z+an—2) x---+a1) z+ao)
(define (general—horner—eval x coefficient —sequence
mult add zero)
(fold—right
(lambda (this—coeff higher—terms)
(add (mult higher—terms x) this—coeff))
zero
coefficient —sequence))

;0 LI+1,...,h—1, h
(define (enumerate—interval low high)
(define (iter low high acc)
(if (> low high)
acc
(iter low (— high 1) (cons high acc))))
(iter low high ’()))

s L,2,...0n
(define (enumerate—n n)
(enumerate—interval 1 n))

;5 QsyyQsgy ey Asy,y sy, :f(ask.,lask)
(define (evolve—sequence evolve initial index)
(define (evolve—next index prev acc)
(if (null? index)
acc
(let ((current (evolve prev (car index))))
(evolve—next (cdr index)
current
(append acc (list current))))))
(evolve—next index initial (list initial)))

;;oa1,a2,...,0n, ap = flag—1)

(define (evolve—series evolve initial n)
(evolve—sequence evolve initial (enumerate—n n)))
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;5 X1, T2y, Tn, xk:a+h(k—%)7h:(b—a)/n
(define (split—interval a b n)
(let ((step (/ (- b a) n)))
(evolve—series (lambda (x n) (+ x step))
(+ a (/ step 2))
(-0 1))

c;o1/0L1/101)/20 . 1/ (n — 1)
(define (exp—series—coefficients n)
(evolve—series (lambda (prev i) (/ prev i))
1

(=m0 1)))

;i 1AP+[B]? =1
(define (energy—conserves? A B eps)
(< (abs (= 1
(+ (expt (magnitude A) 2)
(expt (magnitude B) 2))))
eps))

5 f(xl)vf(IQ)v'”af(‘r")? xk:a'i_h(k_%)vh:(b_a)/n
(define (tabulate—function f a b subintervals)
(map f (split—interval a b subintervals)))
5 ethe
(define (wave k)
(lambda (x)
(exp (+ +i k x))))

(define (get—wave—number function)
(sqrt (function —1)))

(define (iterative—improve good? improve)
(define (solve x)
(if (good? x)

(solve (improve x))))
solve)

Conepxkumoe paiiyia matrices.scm

(use—modules (srfi srfi—1))

(load "shared.scm")

(define (vector . items)
items)

(define (matrix . rows)
rows)

(define row
vector)

(define (get—item vector n)
(list —ref vector (— n 1)))
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(define get—row get—item)

(define (first —column matrix)
(map car matrix))

(define (matrix—size m)
(length m))

I A= (aij)an - AT = (aji)nX'm
(define (transpose m)
(array—>list
(transpose—array
(list —>array (list (length m)
(length (car m)))
m)

1.0)))

5 M XN
(define (matrix—+—matrix m n)
(let ((cols (transpose n)))
(map (lambda (row)
(map (lambda (col)

(sum (map * row col)))
cols))

5 AXT
(define (matrix—s«—vector matrix vector)
(matrix —x—matrix matrix (map list vector)))

;i A=(aij) = A-c=(aiy o)
(define (matrix—«—number matrix n)
(map
(lambda (row)
(map (lambda (x) (¥ x n)) row))
matrix))

;5 M+ N = (mi; +ngj)
(define (add—matrices m n)
(map
(lambda (rowl row2)
(map + rowl row2))
mn))

;5 A= (aij = O)nxn
(define (zero—matrix n)
(map (lambda (row)
(map (lambda (i) 0)
(enumerate—n n)))
(enumerate—n n)))

P 1

72 J

(define (kronecker i j)
(if (=1 j) 10))

;s E:(é;;-)nxn
(define (identity —matrix n)
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(map
(lambda (i)
(map
(lambda (j)
(kronecker i j))
(enumerate—n n)))
(enumerate—n n)))

i f(xyy,2) = AR
(define (matrix—exp A n)
(lambda (x y z)
(let ((matrix (A x)))
(general—horner—eval
(matrix —«—number matrix (— y z))
(exp—series —coefficients n)
matrix —x—matrix
(lambda (high—terms coeff)
(add—matrices high—terms
(matrix —«—number
(identity —matrix (matrix—size matrix))
coeff)))

(zero—matrix (matrix—size matrix))))))

Conepxumoe daitia gauss.scm

(use—modules (srfi srfi—1))

(load "shared.scm")
(load "matrices.scm")

(define (max—nonzero—index lst)
(fold
(lambda (i prev)
(if (> (real—part (list—ref 1lst (— i 1)))
(real—part (list—ref 1lst (— prev 1))))

i
prev))

1

(enumerate—n (length lst))))

sl bl — G,
(define (swap—items i j lst)
(map

(lambda (index)
(if (= index 1)
(list —ref Ist (— j 1))
(if (= index j)
(list —ref lIst (— i 1))
(list —ref 1st (— index 1)))))
(enumerate—n (length 1st))))

(define (solve—linear A v)
(define (top—left equations)
(caar equations))
(define (top—right equations)
(let ((first (car equations)))
(get—item first (length first))))
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(define (row—reduce equations)
(map
(lambda (equation)
(map
(lambda (first —eq coeff)
(— coeff
(x first —eq
(/ (car equation)
(top—left equations)))))
(cdr (car equations))
(cdr equation)))
(cdr equations)))
(define (solve—equations equations)
(if (= (matrix—size equations) 1)
(vector (/ (top—right equations)
(top—left equations)))
(let* ((next—row (max—nonzero—index
(first —column equations)))
(equations (swap—items 1 next—row equations))
(subsolution (solve—equations
(row—reduce equations))))
(append
(solve—equations (matrix
(row (top—left equations)
(— (top—right equations)
(sum (map =*
(drop—right
(cdr (car equations
) 1)
subsolution))))))
subsolution))))
(let ((augmented (map (lambda (matrix—row vector—item)
(append matrix—row (list vector—item)))
Av)))
(solve—equations augmented)))
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B Peanmnzanum meToaoB perneHus

B.1 Meron nocrpoenusi pyHIaMEHTAIIbHON MaTPUIIbI

Conepxumoe ¢aiiyia fundmatrix-solution.scm

(load "shared.scm")
(load "matrices.scm")
(load "gauss.scm")

(define (build—fundamentals right—bound n matrix)
(let ((a right—bound)
(step (/ right—bound n)))
(evolve—sequence
(lambda (prev a)
(matrix —x—matrix
prev
((matrix—exp matrix 5)
a
(+ a (/ step 2))
(- a (/ step 2)))))
(identity —matrix 2)
(split—interval 0 right—bound n))))

(define (variable—matrix n)
(lambda (x)
(matrix (row 0 1)

(row (= (n x)) 0))))

(define (find—A-B fundamentals k right—bound)
(let ((fundamental (list—ref fundamentals
(— (length fundamentals) 1)))
(a right—bound))
(define (w i j)
(get—item (get—row fundamental i) j))
(solve—linear

(matrix

(row (— (w1 1) (x (w1 2) +i k))
(= (exp (x +i k a))))

(row (— (w2 1) (x (w2 2) +i k))

( (= (x (exp (x +1 k a)) +i k))))

vector

(= (= (* (w1 2)+4ik)) (w11))
(= (= (x (w2 2) +ik)) (w2 1))))))

(define (approximate—solution fundamentals A k)
(map
(lambda (matrix)
(caar
(matrix —x—vector
matrix
(vector (+ 1 A)
(x +i k (= 1 A))))))

fundamentals))

(define (get—solution refraction right—bound subintervals eps)
(let ((wave—number (get—wave—number refraction)))
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(define (improve solution)
(let* ((fundamentals (build—fundamentals
right —bound
(x 2 (length (car solution)))
(variable—matrix refraction))
(coeffs (find—A-B
fundamentals
wave—number
right —bound))
(A (car coeffs))
(approx (approximate—solution
fundamentals
A wave—number) ) )
(cons approx (cons A (cadr coeffs)))))
(define (good? solution)
(letx ((coeffs (cdr solution))
(A (car coeffs))
(B (cdr coeffs)))
(energy—conserves? A B eps)))
(let+ ((initial —solution
(cons (tabulate—function (lambda (x) 0)
0 right—bound subintervals)

)

(cons 0 0))))
((iterative —improve good? improve) initial —solution))))

25



B.2 Metoxa nociiemoBaTeIbHbIX NPUOJIN>KEHUI

Conepxumoe daitna iterative-solution.scm

(load "shared.scm")

s @), n(@), g(z,8)) = (@) = e*9@D (K2 — n()u(t)
(define (green—subtransform u n g)
(let ((k (get—wave—number n)))
(lambda (x t)
(x (exp (x +i k (g x t)))
(= (sar k) (n t))
(u t)))))

i @lu(@),n(z) = f(z,t) = e (k2 —n(t))u(t)
(define (green—transform u n)
(green—subtransform u n

(lambda (x t) (abs (— x t)))))

b
;s ff(l‘,tdt

)
(deafine (integrate f a b subintervals)
(let ((h (/ (— b a) subintervals)))
(lambda (x)
(+ (/ b 3)
(+ (f x a)
(* 4 (sum
(map (lambda (t) (f x t))
(split—interval a b
(/ subintervals 2)))))
(* 2 (sum
(map (lambda (t) (f x t))
(split—interval (+ a h) (— b h)
(= (/ subintervals 2) 1)))))
(f xb))))))

;i Aou(z): 5 [ etkle=tl (k2 — n(t))u(t)dt
(define (green—integrate u refraction right—bound subintervals)
(let ((k (get—wave—number refraction)))
(lambda (x)
(/ ((integrate (green—transform u refraction)
0 right—bound subintervals) x)

(x 2 41 k)))))

(define (find—A-B solution refraction right—bound subintervals)
(let ((k (get—wave—number refraction)))
(let (

i A= g [ e (E2 — n(t)u(t)dt

(A ((green—integrate solution refraction
right —bound subintervals) 0))

;7 B= g [ ekt (k2 — n(t))u(t)dt + 1

(B (+ (/ ((integrate (green—subtransform
solution refraction
(lambda (x t) (— t)))

0 right—bound subintervals) 0)
(* 2 +i k))
1))
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(cons A B))))

(define (make—solution refraction right—bound subintervals eps)
(letx ((k (get—wave—number refraction))
(initial —solution (cons (wave k)
(cons 0 0))))
(define (improve solution)
(let* ((u (lambda (x)
(+ ((car solution) x)
((green—integrate
(car solution)
refraction
right —bound subintervals) x))))
(coeffs (find—A-B
u refraction
right —bound subintervals)))
(cons u coeffs)))
(define (good? solution)
(let* ((coeffs (cdr solution))
(A (car coeffs))
(B (cdr coeffs)))
(energy—conserves? A B eps)))
((iterative —improve good? improve) initial —solution)))

(define (get—solution refraction right—bound subintervals test—
epsilon)
(let* ((wave—number (get—wave—number refraction))
(initial (wave wave))
(solution (make—solution
refraction
right —bound subintervals test—epsilon)))
(cons (tabulate—function (car solution)
0 right—bound subintervals)
(cdr solution))))
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C JImcneruep

Conepxumoe daitra dispatcher.scm

(use—modules ((srfi srfi —19) :renamer (symbol—prefix—proc ’srfi

—19:)))
(use—modules (ice—9 getopt—long))
(use—modules (ice—9 format))

(load "shared.scm")

(define—macro (let—options opts . body)
(let ,(map (lambda (opt—name)
‘(,opt—name (string—>number
(option—ref options
’ opt—name
(number—>string ,opt—name)
))))
opts)
,@body) )

(define (dispatch args)
(define (get—seconds time)
(+ (x 1.0 (/ (srfi—19:time—nanosecond time) (expt 10 9)))
(srfi —19:time—second time)))
(define option—spec
((method (single—char #\m) (value #t))
(right —bound (single—char #\a) (value #t))
(subintervals (single—char #\n) (value #t))
(statement—file (single—char #\f) (value #t
(test —epsilon (single—char #\t) (value #t))
(letx ((options (getopt—long args option—spec))
(statement—file (option—ref options ’statement—file "
statement .scm")))
(load—from—path statement—file)
(let ((method (option—ref options ’'method "fundmatrix")))
(let—options (right—bound subintervals test—epsilon)
(load —from—path (string—concatenate
(list method "—solution.scm")))
(let* ((start—time (srfi —19:current—time))
(solution (get—solution
f right—bound
subintervals
test —epsilon))
(end—time (srfi —19:current—time))
(time—taken (srfi —19:time—difference end—
time start—time)))
(print—all—solution solution
right —bound
test —epsilon method
(get—seconds time—taken)))

))))

(define (print—all—solution solution right—bound test—epsilon used—
method time—taken)
(let ((approx (car solution))
(coeffs (cdr solution)))

))
))
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(print—approximate approx 0 right—bound)
(display "%%\n")

(print—A-B coeffs test—epsilon)

(newline)

(display (format "method:_"a\n" used—method))
(display (format "time:_"a\n" time—taken))))

(define (print—approximate solution from to)
(let ((step (/ (— to from)
(length solution))))
(for—each
(lambda (n)
(let ((z (list—ref solution (— n 1))))
(display (format "~f_"f_"f"
(+ from (* (— n 0.5) step))
(real—part z)
(imag—part z)))
(newline)))
(enumerate—n (length solution)))))

(define (print—A-B coeffs test—eps)
(let ((A (car coeffs))
(B (cdr coeffs)))

(display (format "A:_7,5i\n" A))

(display (format "B:_7,5i\n" B))

(display (format "conserves:_"a\n"
(if (energy—conserves? A B test—eps)
"yes!

lln0||)))
(display (format "eps:_"f" test—eps))))
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YHacts IV
Nudopmamuga o JoKyMeHTe

JlaHHBI JJOKYMEHT OBLI IIOATNOTOBJIEH ¢ ucoJb3oBanneM KTREX.

s aBromaTuszanun cOOpKH OTYIETA O KypCOBOil paboTe mpuMeHsiach cOo-
pounas cucrema GNU Make. /Ij1s1 u3BjedeHus ONpeie/IeHuil IPOIeIyp U3 UCXOJ-
HOrO KOJa HCIOJIHb30BAJINCH CIIEHAPUH KOMAaHIHONW 000s09kn u GNU Emacs. C
X K€ MOMOIIBIO0 OBLI ABTOMATH3NPOBAH IIPOIECC BKJIIOYEHUsT PE3YJIbTATA PAC-
49€TOB B KypcoByio pabory. ['pacdmku pemrennit ObLIN MOCTPOEHBI O JAHHBIM,
IIPEJIOCTABJIEHHBIM PACYETHON ITPOTPAMMOIL, ITPU TTIOMOIIU cpeAcTB METAPOST.

IJ1st aBTOMATUYIECKOTO OIIpeieienust 3apucumocreii M TEX-daiiia ucmob3o-
Bajach yrujmra texdepend.
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