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Ïîäïðîãðàììà SMØØTH ïðåäíàçíà÷åíà äëÿ âû÷èñëåíèÿ çíà-
÷åíèé ôóíêöèè äåéñòâèòåëüíîãî ïåðåìåííîãî âìåñòå ñ åå ïåðâîé è
âòîðîé ïðîèçâîäíîé ïî ïðèáëèæåííûì çíà÷åíèÿì ôóíêöèè â óçëàõ
ïðîèçâîëüíîé ñåòêè. Â ïîäïðîãðàììå èñïîëüçóåòñÿ ìåòîä ñãëàæè-
âàþùèõ ñïëàéíîâ [1], [2].
Ïîäïðîãðàììà íàïèñàíà íà ÿçûêå ÔÎÐÒÐÀÍ [3].

�1. Îáðàùåíèå ê ïîäïðîãðàììå

Îáðàùåíèå ê ïîäïðîãðàììå èìååò âèä:

CALL SMØØTH(X, Y, P,D,E,K,N,D1, RØ, Y 0, Y 1, Y 2, R,A)

Çäåñü ôîðìàëüíûå ïàðàìåòðû èìåþò ñëåäóþùèé ñìûñë:

X � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-
íèé àðãóìåíòà ôóíêöèè.

Y � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-
íèé ôóíêöèè â óçëàõ ñåòêè.

P � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-
íèé âåñîâûõ êîýôôèöèåíòîâ.

D � ÷èñëîâîé ïàðàìåòð, îïðåäåëÿþùèé íà÷àëî èòåðàöèîííîãî
ïðîöåññà (ñì. îïèñàíèå ìåòîäà â � 2).

E � ÷èñëîâîé ïàðàìåòð, õàðàêòåðèçóþùèé ñðåäíåêâàäðàòè÷å-
ñêóþ òî÷íîñòü çàäàâàåìûõ çíà÷åíèé ôóíêöèè â óçëàõ ñåòêè.

K � óñëîâíîå ÷èñëî, ïðèíèìàþùåå öåëûå çíà÷åíèÿ 0 èëè 1 è çà-
äàâàåìîå ïîëüçîâàòåëåì.

Åñëè K = 1, òî â ïðîöåññå ðàáîòû ïîäïðîãðàììû E ïðèñâàèâà-
åòñÿ çíà÷åíèå E ∗ RØ, ãäå RØ � ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå
îò ïðÿìîé, ïîëó÷àåìîé ïî ìåòîäó íàèìåíüøèõ êâàäðàòîâ.

N � ÷èñëî òî÷åê ñåòêè.
D1 � çíà÷åíèå ïàðàìåòðà D ïðè âûõîäå èç èòåðàöèîííîãî ïðîöåñ-

ñà (ñì. îïèñàíèå ìåòîäà â � 2).
RØ � çíà÷åíèå äîñòèãíóòîé òî÷íîñòè ïðèáëèæåíèÿ.
Y 0 � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-

íèé ñãëàæèâàþùåãî ñïëàéíà â óçëàõ ñåòêè.
Y 1 � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-

íèé ïåðâîé ïðîèçâîäíîé ñãëàæèâàþùåãî ñïëàéíà â óçëàõ
ñåòêè.

Y 2 � âåùåñòâåííûé îäíîìåðíûé ìàññèâ (ðàçìåðíîñòè N) çíà÷å-
íèé âòîðîé ïðîèçâîäíîé ñãëàæèâàþùåãî ñïëàéíà â óçëàõ
ñåòêè.
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R � çíà÷åíèå ñãëàæèâàþùåãî ôóíêöèîíàëà

R =

∫ xN

x1

[y′′(x)]
2
dx.

A � âåùåñòâåííûé äâóìåðíûé ìàññèâ (ðàçìåðíîñòè N×7) ðàáî-
÷èõ ÿ÷ååê.

�2. Îïèñàíèå ìåòîäà ïîñòðîåíèÿ ñãëàæèâàþùåãî

ñïëàéíà

Ñòàâèòñÿ çàäà÷à íàõîæäåíèÿ ôóíêöèè (ñãëàæèâàþùåãî ñïëàé-
íà), êîòîðàÿ ìèíèìèçèðóåò ôóíêöèîíàë

R =

∫ xN

x1

[y′′(x)]
2
dx

íà êëàññå ôóíêöèé, èìåþùèõ íåïðåðûâíóþ âòîðóþ ïðîèçâîäíóþ
íà îòðåçêå [x1, xN ] è óäîâëåòâîðÿþùóþ óñëîâèþ

N∑
i=1

pi(y(xi)− yi)2 ≤ E2,

ãäå yi � çàäàâàåìûå çíà÷åíèÿ òàáëè÷íîé ôóíêöèè y(x) â óçëàõ
ñåòêè xi (i = 1, 2, . . . , N), pi > 0 � âåñîâûå êîýôôèöèåíòû, E � àá-
ñîëþòíàÿ èëè îòíîñèòåëüíàÿ òî÷íîñòü çàäàâàåìûõ çíà÷åíèé ôóíê-
öèè yi, îïðåäåëÿåìàÿ ïàðàìåòðîì K: ïðè K = 0 âåëè÷èíà E îïðå-
äåëÿåò àáñîëþòíóþ òî÷íîñòü, ïðè K = 1 âåëè÷èíà E, 0 < E < 1,
îïðåäåëÿåò ñðåäíåêâàäðàòè÷íóþ òî÷íîñòü E := Eρ(0), ãäå ρ(0) �
ñðåäíåêâàäðàòè÷åñêàÿ ïîãðåøíîñòü ïðèáëèæåíèÿ çàäàííûõ çíà÷å-
íèé ïðÿìîé ëèíèåé, îïðåäåëÿåìàÿ ïðîãðàììíî.
Ââåäåì îáîçíà÷åíèÿ: hi = xi+1−xi, i = 1, . . . , N − 1, è îïðåäåëèì

ìàòðèöû:

QT =


1
h1
−
(

1
h1
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h2

)
1
h2
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T =


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P =


p1

p2
0

0
. . .

pN

 .

Ïîëîæèì

‖z‖2p =
N∑
i=1

piz
2
i

è

ρ(d) = ‖P−1Q(QTP−1Q+ dT )−1QT ŷ‖p,
ãäå ŷ = (y1, y2, . . . , yN)

T , d > 0 � âåùåñòâåííûé ïàðàìåòð.
Â ðàáîòàõ [1], [2] ïîêàçàíî, ÷òî ðåøåíèå ïîñòàâëåííîé ðàíåå ýêñ-

òðåìàëüíîé çàäà÷è ÿâëÿåòñÿ êóáè÷åñêèé ñïëàéí y0(x), çíà÷åíèÿ êî-
òîðîãî â óçëàõ ñåòêè {xi} îïðåäåëÿþòñÿ êîìïîíåíòàìè âåêòîðà ŷd:

ŷd = ŷ − P−1Qs, (QTP−1Q+ dT )s = QT ŷ,

ãäå âåêòîð s = (s2, s3, . . . , sN−2), à ïàðàìåòð d ÿâëÿåòñÿ (åäèíñòâåí-
íûì) ðåøåíèåì ñêàëÿðíîãî óðàâíåíèÿ:

ρ(d) = E.

Äëÿ ðåøåíèÿ ýòîãî óðàâíåíèÿ ïðèìåíÿåòñÿ èòåðàöèîííûé ìåòîä
êàñàòåëüíûõ Íüþòîíà, ïðè ýòîì íà÷àëüíîå çíà÷åíèå ïàðàìåòðà
d = D, à âû÷èñëåííîå ïðîãðàììîé � D1. Âñåãäà ìîæíî ïîëîæèòü
D = 0, îäíàêî, åñëè ïðîâîäèòñÿ ñåðèÿ ðàñ÷åòîâ ïðè áëèçêèõ çíà-
÷åíèÿõ E, òî äëÿ óñêîðåíèÿ âðåìåíè ñ÷åòà öåëåñîîáðàçíî çàäàâàòü
çíà÷åíèå D = D1, ïîëó÷åííîìó íà ïðåäûäóùåì øàãå.
Çíà÷åíèå ïåðâîé y1(xi) è âòîðîé y2(xi) ïðîèçâîäíîé ñãëàæèâàþ-

ùåãî ñïëàéíà â óçëîâûõ òî÷êàõ ñåòîê îïðåäåëÿþòñÿ ïî ôîðìóëàì:

I) y1(xi) =
y0(xi+1)− y0(xi)

hi
− 2y2(xi) + y2(xi+1)

6
hi,

i = 1, 2, . . . , N−1,
y1(xN) = y1(xN−1) +

y2(xN−1)

2
hN−1;

II) y2(xi) = dsi, i = 2, . . . , N − 1, y2(x1) = y2(xN) = 0.

Çíà÷åíèå R =

∫ xN

x1

[y2(x)]
2 dx îïðåäåëÿåòñÿ ðàâåíñòâîì

R = (Ts, s).

�3. Òåñòîâûé ïðèìåð

Ïóñòü xi =
i− 1

10
, pi = 1, i = 1, . . . , 30, à yi � çíà÷åíèÿ sinxi ñ

òî÷íîñòüþ äî òðåõ çíàêîâ



4

y1 = .000 y11 = .841 y21 = .909
y2 = .100 y12 = .891 y22 = .863
y3 = .199 y13 = .932 y23 = .808
y4 = .296 y14 = .964 y24 = .746
y5 = .389 y15 = .985 y25 = .675
y6 = .479 y16 = .997 y26 = .598
y7 = .565 y17 = 1.000 y27 = .516
y8 = .644 y18 = .992 y28 = .427
y9 = .717 y19 = .974 y29 = .335
y10 = .783 y20 = .946 y30 = .239

Áûëî çàäàíî E =
√
2.5× 10−3, D = 0. Îáðàùåíèå ê ïîäïðîãðàììå

èìåëî âèä:

CALL SMØØTH(X, Y, P, 0., E, 0, 30, D1, RØ, Y 0, Y 1, Y 2, R,A)

Áûëè ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû (ïðèâîäÿòñÿ ñ òî÷íîñòüþ
äî ïÿòè çíàêîâ ïîñëå çàïÿòîé).

xi Y0 Y1 Y2
0.0 0.00030 0.99965 0.00000
0.1 0.10011 0.99513 -0.09043
0.2 0.19897 0.97985 -0.21524
0.3 0.29568 0.95259 -0.32996
0.4 0.38926 0.91863 -0.34921
0.5 0.47921 0.87881 -0.44723
0.6 0.56459 0.82595 -0.60993
0.7 0.64407 0.76305 -0.64797
0.8 0.71704 0.69531 -0.70686
0.9 0.78292 0.62113 -0.77669
1.0 0.84107 0.54123 -0.82134
1.1 0.89098 0.45578 -0.88777
1.2 0.93202 0.36401 -0.94750
1.3 0.96357 0.26602 -1.01240
1.4 0.98522 0.16799 -0.94822
1.5 0.99727 0.07306 -0.95032
1.6 0.99969 -0.03621 -1.03504
1.7 0.99191 -0.12921 -1.02508
1.8 0.97392 -0.22982 -0.98710
1.9 0.94611 -0.32548 -0.92605
2.0 0.90898 -0.41666 -0.89750
2.1 0.86288 -0.50463 -0.86194
2.2 0.80823 -0.58727 -0.79091
2.3 0.74555 -0.66626 -0.78882
2.4 0.67521 -0.73824 -0.65071
2.5 0.59826 -0.79957 -0.57597
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2.6 0.51542 -0.85731 -0.57890
2.7 0.42708 -0.90652 -0.40520
2.8 0.33465 -0.93955 -0.25534
2.9 0.23985 -0.95231 -0.00000

D1 = 3020, 98091, RØ = 0.00158, R = 1.55938.
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