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Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ïðîãíîçèðîâàíèå âðåìåííîãî ðÿäà

Âðåìåííîé ðÿä : y1 ; : : : ; yT ; : : : ; yt 2 R; � çíà÷åíèÿ ïðèçíàêà, èçìåðåííûå

÷åðåç ïîñòîÿííûå âðåìåííûå èíòåðâàëû.

Çàäà÷à ïðîãíîçèðîâàíèÿ � íàéòè ôóíêöèþ f T :

yT + d � f T (yT ; : : : ; y1 ; d) � ŷT + dj T ;

ãäå d 2 f 1; : : : ; D g � îòñðî÷êà ïðîãíîçà, D � ãîðèçîíò ïðîãíîçèðîâàíèÿ.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðîãíîçèðîâàíèå âðåìåííîãî ðÿäà

Ðåàëüíûå âðåìåííûå ðÿäû ïðîäàæ òîâàðîâ:
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Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ïðîñòåéøèå ìåòîäû ïðîãíîçèðîâàíèÿ

ñðåäíèì:

ŷT + d =
1
T

TX

t =1

yt ;

ñðåäíèì çà ïîñëåäíèå k îòñ÷¼òîâ:

ŷT + d =
1
k

TX

t = T � k

yt ;

íàèâíûé:

ŷT + d = yT ;

íàèâíûé ñåçîííûé ( s � ïåðèîä ñåçîííîñòè):

ŷT + d = yT + d� ks ; k = b(d � 1) =sc + 1;

ýêñòðàïîëÿöèè òðåíäà:

ŷT + d = yT + d
yT � y1

T � 1
:
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Íàèâíûé ïðîãíîç:

ŷT +1 j T = yT :

Ïðîãíîç ñðåäíèì çíà÷åíèåì:

ŷT +1 j T =
TX

t =1

yt :

Ïðîãíîç ñ ïîìîùüþ âçâåøåííîãî ñðåäíåãî ñ ýêñïîíåíöèàëüíî

óáûâàþùèìè âåñàìè:

ŷT +1 j T = �y T + � (1 � � ) yT � 1 + � (1 � � )2 yT � 2 + : : :

� " 1 ) áîëüøèé âåñ ïîñëåäíèì òî÷êàì,

� # 0 ) áîëüøåå ñãëàæèâàíèå.

Íàáëþäåíèå � = 0 :2 � = 0 :4 � = 0 :6 � = 0 :8
yT 0:2 0:4 0:6 0:8

yT � 1 0:16 0:24 0:24 0:16
yT � 2 0:128 0:144 0:096 0:032
yT � 3 0:1024 0:0864 0:0384 0:0064
yT � 4 0:08192 0:05184 0:01536 0:00128
yT � 5 0:065536 0:031104 0:006144 0:000256

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Ìåòîä ïîäõîäèò äëÿ ïðîãíîçèðîâàíèÿ ðÿäîâ áåç òðåíäà è ñåçîííîñòè:

ŷt +1 j t = l t ;

l t = � yt + (1 � � ) l t � 1 = ŷt j t � 1 + � � et :

et = yt � ŷt j t � 1 � îøèáêà ïðîãíîçà îòñ÷¼òà âðåìåíè t

Ïðîãíîç çàâèñèò îò l0 :

ŷT +1 j T =
T � 1X

j =1

� (1 � � ) j yT � j + (1 � � )T l0 :

Ìîæíî âçÿòü l0 = y1 èëè îïòèìèçèðîâàòü åãî.

Ïðîãíîç ïîëó÷àåòñÿ ïëîñêèé, ò. å. ŷt + dj t = ŷt +1 j t .

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå â ïðèìåíåíèè ê äàííûì î äîáû÷å

íåôòè â Ñàóäîâñêîé Àðàâèè (1996�2007).

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìåòîäû, ó÷èòûâàþùèå òðåíä

Àääèòèâíûé ëèíåéíûé òðåíä (ìåòîä Õîëüòà):

ŷt + dj t = l t + dbt ;

l t = �y t + (1 � � ) ( l t � 1 + bt � 1) ;

bt = � (l t � l t � 1) + (1 � � ) bt � 1 :

Ìóëüòèïëèêàòèâíûé ëèíåéíûé (ýêñïîíåíöèàëüíûé) òðåíä:

ŷt + dj t = l t b
d
t ;

l t = �y t + (1 � � ) ( l t � 1bt � 1) ;

bt = �
l t

l t � 1
+ (1 � � ) bt � 1 :

�; � 2 [0; 1] :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìåòîäû, ó÷èòûâàþùèå òðåíä

Àääèòèâíûé çàòóõàþùèé òðåíä:

ŷt + dj t = l t +
�

� + � 2 + � � � + � d
�

bt ;

l t = �y t + (1 � � ) ( l t � 1 + �b t � 1) ;

bt = � (l t � l t � 1) + (1 � � ) �b t � 1:

Ìóëüòèïëèêàòèâíûé çàòóõàþùèé òðåíä:

ŷt + dj t = l t b
( � + � 2 + ��� + � d )
t ;

l t = �y t + (1 � � ) l t � 1b�
t � 1 ;

bt = �
l t

l t � 1
+ (1 � � ) b�

t � 1 :

�; � 2 [0; 1] ; � 2 (0; 1) :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìåòîäû, ó÷èòûâàþùèå òðåíä

Ïðîãíîçû ïîãîëîâüÿ îâåö â Àçèè ñ ó÷¼òîì òðåíäà.

SES Holt's Exp onential Additive

damp ed

Multiplicative

damp ed

� 1 0.98 0.98 0.99 0.98

� 0 0 0 0.00

� 0.98 0.98

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìåòîäû, ó÷èòûâàþùèå ñåçîííîñòü

Àääèòèâíàÿ ñåçîííîñòü c ïåðèîäîì äëèíû m (ìåòîä Òåéëà-Âåäæà):

ŷt + dj t = l t + dbt + st � m +( d mod m ) ;

l t = � (yt � st � m ) + (1 � � ) ( l t � 1 + bt � 1) ;

bt = � (l t � l t � 1) + (1 � � ) bt � 1 ;

st =  (yt � l t � 1 � bt � 1) + (1 �  ) st � m :

Ìóëüòèïëèêàòèâíàÿ ñåçîííîñòü (Õîëüòà-Óèíòåðñà):

ŷt + dj t = ( l t + dbt ) st � m +( d mod m ) ;

l t = �
yt

st � m
+ (1 � � ) ( l t � 1 + bt � 1) ;

bt = � (l t � l t � 1) + (1 � � ) bt � 1 ;

st = 
yt

l t � 1 + bt � 1
+ (1 �  ) st � m :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìåòîäû, ó÷èòûâàþùèå ñåçîííîñòü

Ïðîãíîçû ñ ó÷¼òîì òðåíäà è ñåçîííîñòè êîëè÷åñòâà íî÷åé, ïðîâåä¼ííûõ

òóðèñòàìè â Àâñòðàëèè.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ

Ñåçîííîñòü

Òðåíä N (None) A (Additive) M (Multiplicative)

N (None) (N,N) (N,A) (N,M)

A (Additive) (A,N) (A,A) (A,M)

Ad (Additive damp ed) (Ad,N) (Ad,A) (Ad,M)

M (Multiplicative) (M,N) (M,A) (M,M)

Md (Multiplicative damp ed) (Md,N) (Md,A) (Md,M)

Äîïîëíèòåëüíî ìîæíî ïðåäïîëîæèòü àääèòèâíóþ (A) èëè

ìóëüòèïëèêàòèâíóþ (M) îøèáêó (òèï îøèáêè íå âëèÿåò íà òî÷å÷íûé

ïðîãíîç). Ìóëüòèïëèêàòèâíàÿ îøèáêà ïîäõîäèò òîëüêî äëÿ ñòðîãî

ïîëîæèòåëüíûõ ðÿäîâ.

Èòîãîâóþ ìîäåëü ìîæíî çàïèñàòü â âèäå ET S (�; �; �) :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Íàñòðîéêà ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ

Ôóíêöèÿ ets ïàêåòà forecast â R ïîçâîëÿåò àâòîìàòè÷åñêè âûáðàòü ëó÷øóþ

ìîäåëü ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ:

ets(y, model="ZZZ", damped=NULL, alpha=NULL, beta=NULL, gamma=NULL,

phi=NULL, additive.only=FALSE, lambda=NULL,

lower=c(rep(0.0001,3), 0.8), upper=c(rep(0.9999,3),0.98),

opt.crit=c("lik","amse","mse", "sig ma"," mae") , nmse=3,

bounds=c("both","usual","admis sibl e"), ic=c("aicc","aic","bic"),

restrict=TRUE, allow.multiplicative.trend=FA LSE,

use.initial.values=FALSE, ...)

Ïîñòðîèòü ïðîãíîç ìîæíî ñ ïîìîùüþ ôóíêöèè forecast:

forecast(object, h=ifelse(frequency(object)>1,2* freq uency (obj ect), 10),

level=c(80,95), fan=FALSE, robust=FALSE, lambda=NULL,

find.frequency=FALSE, allow.multiplicative.trend=FAL SE, ...)

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðèìåðû

Äëÿ äàííûõ î äîáû÷å íåôòè â Ñàóäîâñêîé Àðàâèè ôóíêöèÿ ets âûáèðàåò

ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðèìåðû

Forecasts from ETS(M,A,N)
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Äëÿ ïîãîëîâüÿ îâåö â Àçèè ôóíêöèÿ ets âûáèðàåò ìîäåëü

ñ ìóëüòèïëèêàòèâíûìè îøèáêîé è àääèòèâíûì ëèíåéíûì òðåíäîì.
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Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ïðèìåðû

Äëÿ êîëè÷åñòâà íî÷åé, ïðîâåä¼ííûõ òóðèñòàìè â Àâñòðàëèè, ôóíêöèÿ ets

âûáèðàåò ìîäåëü ñ ìóëüòèïëèêàòèâíûìè îøèáêîé, ñåçîííîñòüþ

è çàòóõàþùèì òðåíäîì.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

TBATS

Ìåòîä Õîëüòà-Óèíòåðñà (ETS(A,A,A)):

ŷt + dj t = l t + dbt + st � m +( d mod m ) ;

l t = � (yt � st � m ) + (1 � � ) ( l t � 1 + bt � 1) ;

bt = � (l t � l t � 1) + (1 � � ) bt � 1 ;

st =  (yt � l t � 1 � bt � 1) + (1 �  ) st � m :

Åñëè m âåëèêî, ÷èñëî ñåçîííûõ êîýôôèöèåíòîâ ìîæíî ñîêðàòèòü

ñ ïîìîùüþ ðàçëîæåíèÿ Ôóðüå:

st =
kX

j =1

sj;t ;

sj;t = sj;t � 1 cos� j + s�
j;t � 1 sin � j +  1dt ;

s�
j;t = � sj;t � 1 sin � j + s�

j;t � 1 cos� j +  2dt ;

� j =
2�j
m

;

dt � ARMA(p,q)-ïðîöåññ,  1 ;  2 � ïàðàìåòðû ñãëàæèâàíèÿ.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

TBATS

ðåàëèçîâàí ñ àâòîìàòè÷åñêèì ïîäáîðîì ïàðàìåòðîâ â ïàêåòå forecast,

ôóíêöèÿ tbats;

ïîçâîëÿåò ìîäåëèðîâàòü ðÿäû ñ íåöåëûì ïåðèîäîì ñåçîííîñòè;

ìîæåò ó÷èòûâàòü ñåçîííîñòü ñ íåñêîëüêèìè ðàçíûìè ïåðèîäàìè (äëÿ

ýòîãî ðÿä äîëæåí áûòü îáúåêòîì òèïà msts, à íå ts);

íàñëåäóåò íåäîñòàòîê ìåòîäîâ ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ �

íå ìîæåò âêëþ÷àòü ðåãðåññîðû.

Ïðèìåð � ïðîãíîçèðîâàíèå íåäåëüíûõ äàííûõ:

y <- ts(x, frequency=52.18)

fit <- tbats(y)

fc <- forecast(fit)

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

regARIMA

regARIMA ïîçâîëÿåò ìîäåëèðîâàòü ñëîæíûå ñåçîííîñòè çà ñ÷¼ò

âêëþ÷åíèÿ ôóðüå-ãàðìîíèê ïî äëèííûì ñåçîííûì ïåðèîäàì â ðåãðåññîðû.

Êðîìå òîãî, ìîæíî äîáàâèòü èíäèêàòîðû ïëàâàþùèõ ïðàçäíèêîâ.

Ïðèìåð � ïðîãíîçèðîâàíèå äíåâíûõ äàííûõ ñ ãîäîâîé ñåçîííîñòüþ:

y <- ts(x, frequency=7)

z <- fourier(ts(x, frequency=365.25), K=5)

zf <- fourierf(ts(x, frequency=365.25), K=5, h=100)

fit <- auto.arima(y, xreg=cbind(z,holiday))

fc <- forecast(fit, xreg=cbind(zf,holidayf), h=100)

K ìîæíî âûáðàòü, ìèíèìèçèðóÿ AIC .

Òåíäåíöèÿ ïîñëåäíèõ ëåò � ïîëíîñòüþ ñâîäèòü çàäà÷ó ìàññîâîãî

ïðîãíîçèðîâàíèÿ ðÿäîâ ê ðåãðåññèè. Ïðèìåð:

https://yadi.sk/i/qMEJcs7_zfy U8

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìîäåëü Õîëüòà = ëèíåéíûé òðåíä

Ëèíåéíûé òðåíä áåç ñåçîííûõ ýôôåêòîâ:

ŷt + d = l t + bt d;

ãäå l t , bt � àäàïòèâíûå êîýôôèöèåíòû ëèíåéíîãî òðåíäà

Ðåêóððåíòíàÿ ôîðìóëà:

l t := �y t + (1 � � )( l t � 1 + bt � 1) = ŷt + �e t ;

bt := � (l t � l t � 1) + (1 � � )bt � 1 = bt � 1 + ��e t :

Äîêàçàòåëüñòâî

bt := � (l t � l t � 1) + (1 � � )bt � 1 = bt � 1+

+ bt � 1 + � (ŷt � l t � 1 � bt � 1| {z }
ŷ t

+ �e t ) = bt � 1 + ��e t

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìîäåëü Óèíòåðñà = ìóëüòèïëèêàòèâíàÿ ñåçîííîñòü

Ìóëüòèïëèêàòèâíàÿ ñåçîííîñòü ïåðèîäà s:

ŷt + d = l t � st � m +( d mod m ) ;

s0 ; : : : ; sm � 1 � ñåçîííûé ïðîôèëü ïåðèîäà m .

Ðåêóððåíòíàÿ ôîðìóëà:

l t := � (yt =st � m ) + (1 � � )l t � 1 = at � 1 + �e t =st � m ;

st := � (yt =lt ) + (1 � � )st � m = st � m + � (1 � � )et =lt :

Äîêàçàòåëüñòâî ïîñëåäíåãî ðàâåíñòâà:

st := st � m + � (yt =lt � st � m ) = st � m + � (yt � st � m l t ) =lt =

st � m + �
�
yt � st � m (at � 1 + �e t =st � m )

�
=lt = st � m +

+ �

0

B
@yt � st � m l t � 1| {z }

et

� �e t

1

C
A =lt

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìîäåëü Òåéëà�Âåéäæà

Ëèíåéíûé òðåíä ñ àääèòèâíîé ñåçîííîñòüþ ïåðèîäà s:

ŷt + d = ( l t + bt d) + st +( d mod m ) � m :

l t + bt d � òðåíä, î÷èùåííûé îò ñåçîííûõ êîëåáàíèé,

Ðåêóððåíòíàÿ ôîðìóëà:

l t := � (yt � st � m ) + (1 � � )( l t � 1 + bt � 1) = l t � 1 + bt � 1 + �e t ;

bt := � (l t � l t � 1) + (1 � � )bt � 1 = bt � 1 + ��e t ;

st :=  (yt � l t ) + (1 �  )st � m = st � m +  (1 � � )et :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìîäåëü Óèíòåðñà ñ ëèíåéíûì òðåíäîì

Ìóëüòèïëèêàòèâíàÿ ñåçîííîñòü ïåðèîäà s ñ ëèíåéíûì òðåíäîì:

ŷt + d = ( l t + bt d) � st +( d mod m ) � m ;

l t + bt d � òðåíä, î÷èùåííûé îò ñåçîííûõ êîëåáàíèé,

s0 ; : : : ; mm � 1 � ñåçîííûé ïðîôèëü ïåðèîäà m .

Ðåêóððåíòíàÿ ôîðìóëà:

l t := � (yt =st � m ) + (1 � � )( l t � 1 + bt � 1) = l t � 1 + bt � 1 + �e t =st � m ;

bt := � (l t � l t � 1) + (1 � � )bt � 1 = bt � 1 + ��e t =st � m ;

st :=  (yt =lt ) + (1 �  )st � m = st � m +  (1 � � )et =lt :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ýêâèâàëåíòíîñòü íåêîòîðûì ìîäåëÿì ÝÑÑ

Ñåìåéñòâî ARIMA ñîäåðæèò â ñåáå (êàê ìíîæåñòâî) âñå ìîäåëÿì èç

ñåìåéñòâà ÝÑ ñ àääèòèâíûì òðåíäîì è àääèòèâíîé ñåçîííîñòüþ

ïðîñòîå ÝÑÑ: ARIMA(p=0,d=1,q=1)

(1 � L )yt = (1 � � 1L )" t

� 1 = 1 � �

Äîêàçàòåëüñòâî:

yt � yt � 1 = " t � � 1" t � 1 = yt � ŷt � (1 � � ) � (yt � 1 � ŷt � 1)

ŷt = yt � 1 � yt � 1 + �y t � 1 + (1 � � ) � ŷt � 1 = ŷt � 1 + � � et � 1

ìîäåëü ëèíåéíîãî òðåíäà (Õîëüòà): ARIMA(p=0,d=2, q=2)

(1 � L )2Yt = (1 � � 1L � � 2L 2)" t

� 1 = 2 � � � ��; � 2 = � � 1

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ýêâèâàëåíòíîñòü íåêîòîðûì ìîäåëÿì ÝÑÑ

damp ed-trend linear exp onential smo othing is the ARIMA(1,1,2) mo del

(1 � �B )(1 � B )Yt = (1 � � 1B � � 2B 2)� t

� 1 = 1 + � � � � ���; � 2 = ( � � 1)�

� � êîýôôèöèåíò çàòóõàíèÿ òðåíäà;

seasonal exp onential smo othing is the ARIMA(0,1,p+1) (0; 1; 0)p mo del

(1 � B )(1 � B p )Yt = (1 � � 1B � � 2B p � � 3B p+1 )� t

� 1 = 1 � �

� 2 = 1 �  (1 � � )

� 3 = (1 � � )(  � 1)

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ýêâèâàëåíòíîñòü íåêîòîðûì ìîäåëÿì ÝÑÑ

ìîäåëü Óèíòåðñà (àääèòèâíàÿ ñåçîííîñòü) ýêâèâàëåíòíà

ARIMA (0; 1; p + 1)(0 ; 1; 0)p mo del

(1 � B )(1 � B p )Yt = [1 �
p+1X

i =1

� i B
i ]� t

� j =

8
>>><

>>>:

1 � � � �� j = 1

� �� 2 � j � p � 1

1 � �� �  (1 � � ) j = p

(1 � � )(  � 1) j = p + 1

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìåðû êà÷åñòâà òî÷å÷íîãî ïðîãíîçà

Mean squared error:

MSE =
1

T � R + 1

TX

t = R

(ŷt � yt )2 :

Mean absolute error:

MAE =
1

T � R + 1

TX

t = R

j ŷt � yt j :

Mean absolute p ercentage error:

MAP E =
100

T � R + 1

TX

t = R

�
�
�
�
ŷt � yt

yt

�
�
�
� :

Symmetric mean absolute p ercentage error:

SMAP E =
200

T � R + 1

TX

t = R

�
�
�
�
ŷt � yt

ŷt + yt

�
�
�
� :

Mean absolute scaled error:

MASE =
1

T � R + 1

TX

t = R

j ŷt � yt j

,
1

T � 1

TX

t =2

jyt � yt � 1 j :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ìåðû êà÷åñòâà òî÷å÷íîãî ïðîãíîçà

Ìåòîä RMSE MAE MAPE MASE

ñðåäíèì 38.01 33.78 8.17 2.30

íàèâíûé 70.91 63.91 15.88 4.35

íàèâíûé ñåçîííûé 12.97 11.27 2.73 0.77

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Îòíîñèòåëüíîå êà÷åñòâî ïðîãíîçà

U-êîýôôèöèåíò Òåéëà îöåíèâàåò êà÷åñòâî ïðîãíîçà îòíîñèòåëüíî

íàèâíîãî :

U (d) =

vu
u
u
u
u
u
t

T � dP

t = R

�
ŷt + dj t � yt + d

� 2

T � dP

t = R
(yt � yt + d )2

; d = 1 ; : : : ; D:

Åñëè U(d) = 1 ; òî ïðîãíîç ŷt + dj t òàê æå õîðîø, êàê íàèâíûé; åñëè

U(d) < 1; ïðîãíîç ŷt + dj t ëó÷øå íàèâíîãî, U(d) > 1 � õóæå.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ñðàâíåíèå êà÷åñòâà äâóõ ïðîãíîçîâ

y1 ; : : : ; yT � âðåìåííîé ðÿä,

ŷ1R ; : : : ; ŷ1T � ïðîãíîç íà ïåðèîä R; : : : ; T ïåðâûì ìåòîäîì,

"̂ 1R ; : : : ; "̂ 1T � îñòàòêè ïåðâîãî ïðîãíîçà,

ŷ2R ; : : : ; ŷ2T � ïðîãíîç íà ïåðèîä R; : : : ; T âòîðûì ìåòîäîì,

"̂ 2R ; : : : ; "̂ 2T � îñòàòêè âòîðîãî ïðîãíîçà;

g (yt ; ŷit ) � ïðîèçâîëüíàÿ ôóíêöèÿ ïîòåðü,

(íàïðèìåð, j"̂ it j èëè "̂ 2
it ),

dt = g (yt ; ŷ1t ) � g (yt ; ŷ2t ) :

H 0 : ñðåäíåå dt = 0 ;

H 1 : ñðåäíåå dt <6= > 0:

Êðèòåðèé çíàêîâûõ ðàíãîâ Óèëêîêñîíà:

W =
TX

t = R

rank ( jdt j) sign (dt ) :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Êðèòåðèé Äèáîëäà-Ìàðèàíî

íóëåâàÿ ãèïîòåçà: H 0 : Edt = 0
àëüòåðíàòèâà: H 1 : Edt <6= > 0

ñòàòèñòèêà: B =
�dp
^f=T

; f̂ =
MP

� = � M
r̂ � ; M = T 1=3

íóëåâîå ðàñïðåäåëåíèå: N (0; 1)

-4 -3 -2 -1 0 1 2 3 4
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Z

p(
Z

)

Ìîäèôèêàöèÿ äëÿ êîðîòêèõ ðÿäîâ (Harvey, Leyb ourne, Newb old):

B � =
B

r
T +1 � 2d+ d ( d � 1)

T
T

:

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ñðàâíåíèå êà÷åñòâà íåñêîëüêèõ ïðîãíîçîâ

Ïóñòü èìååòñÿ ýòàëîííûé ïðîãíîç ðÿäà (íàïðèìåð, ¾íàèâíûì¿ ìåòîäîì)

è k äðóãèõ ïðîãíîçîâ,

ŷt + d = f ŷj;t + dgk
j =0 :

Êàê ïðîâåðèòü, ÷òî õîòÿ áû îäèí ïðîãíîç ëó÷øå ýòàëîííîãî?

Ïóñòü f � ìåðà êà÷åñòâà ïðîãíîçà îòíîñèòåëüíî ýòàëîíà, òàêàÿ, ÷òî

f > 0, êîãäà êà÷åñòâî ýòàëîíà íèæå, è f < 0, êîãäà êà÷åñòâî ýòàëîíà

âûøå. Ïðèìåð:

f = L (ŷj;t +1 ) � L (ŷ0;t +1 )

(ìîæíî äîáàâèòü åù¼ øòðàô çà ÷èñëî ïàðàìåòðîâ àëãîðèòìà).

f̂ t + d = f
�

Z t + d ; ŷt + d ; �̂ t

�
2 Rk

� âåêòîð îöåíîê êà÷åñòâà ïðîãíîçà,

Z t + d ñîäåðæèò çíà÷åíèÿ yt + d è äîïîëíèòåëüíûå ïðåäèêòîðû x t + d ,

�̂ t � âåêòîð îöåíîê ïàðàìåòðîâ âñåõ ïðîãíîçèðóþùèõ àëãîðèòìîâ.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Êðèòåðèé reality check Óàéòà

íóëåâàÿ ãèïîòåçà: H 0 : max
j =1 ;:::;k

Ef �
j � 0;

Ef �
j = Ef (Z t + d ; ŷt + d ; � � ) ; � � = plim �̂ t ;

àëüòåðíàòèâà: H 1 : H 0 íåâåðíà.

Ïðè âûïîëíåíèè ðÿäà òåõíè÷åñêèõ ïðåäïîëîæåíèé

p
n

� �f � Ef � � d�! N (0; 
) ;

�f = 1
n

T � dP

t = R
f̂ t + d � ñðåäíåå îòíîñèòåëüíîå êà÷åñòâî ïðîãíîçîâ,

n = T � d � R + 1 :

Äëÿ îöåíêè 
 è âû÷èñëåíèÿ äîñòèãàåìîãî óðîâíÿ çíà÷èìîñòè

èñïîëüçóåòñÿ áóòñòðåï èëè Ìîíòå-Êàðëî.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Êðèòåðèé reality check Óàéòà

Ïðèìåð (Sullivan, Timmermann, White, 1999, 2001): ê ðÿäó ïðîìûøëåííîãî

èíäåêñà Äîó-Äæîíñà ñ 1 ÿíâàðÿ 1897 ïî 30 èþíÿ 1998 (27447 îòñ÷¼òîâ)

áûëî ïðèìåíåíî áîëüøîå êîëè÷åñòâî ìîäåëåé � 7846 ìîäåëåé

òåõíè÷åñêîãî àíàëèçà è 9452 êàëåíäàðíûõ. Â êà÷åñòâå ýòàëîíà

ðàññìàòðèâàëàñü ñòðàòåãèÿ äîëãîñðî÷íîãî èíâåñòèðîâàíèÿ. Êðèòåðèé

êà÷åñòâà � ñðåäíèé îæèäàåìûé äîõîä ïî âñåì èíâåñòèöèÿì.

Êðèòåðèé Óàéòà ïîêàçàë, ÷òî ëó÷øèé ìåòîä òåõíè÷åñêîãî àíàëèçà

âûèãðûâàåò ó ýòàëîíà, â òî âðåìÿ êàê ëó÷øèé êàëåíäàðíûé ìåòîä, ïî âñåé

âèäèìîñòè, ïåðåîáó÷åí � îí ñóùåñòâåííî ëó÷øå ýòàëîíà ïî êðèòåðèþ

Äèáîëäà-Ìàðèàíî, íî íå ëó÷øå ïî êðèòåðèþ Óàéòà.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ìîäèôèêàöèÿ Ðîìàíî-Âîëüôà

Ïîñòðîèâ íà îñíîâå êðèòåðèÿ Óàéòà íèñõîäÿùóþ ïðîöåäóðó, ìîæíî íàéòè

âñå ìåòîäû, äàþùèå ïðîãíîç ëó÷øå ýòàëîíà, àñèìïòîòè÷åñêè êîíòðîëèðóÿ

ïðè ýòîì FWER (Romano, Wolf, 2005).

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ñòðóêòóðíîå èçìåíåíèå ìîäåëè

Êàê ïðîâåðèòü, íå íóæíî ëè íàñòðàèâàòü ðàçíûå ìîäåëè íà ðàçíûõ

ó÷àñòêàõ ðÿäà?

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Êðèòåðèé ×îó

Ïóñòü "̂ t ; k � îñòàòêè è ÷èñëî ïàðàìåòðîâ îáùåé ìîäåëè, "̂ 1t ; k1 � ìîäåëè

íà ïåðâîì ó÷àñòêå, "̂ 2t ; k2 � íà âòîðîì.

íóëåâàÿ ãèïîòåçà: H 0 : ñòðóêòóðà ìîäåëè ñòàáèëüíà

àëüòåðíàòèâà: H 1 : H 0 íåâåðíà

ñòàòèñòèêà: RSS =
T3P

t = T1

"̂ 2
t ; RSS1 =

T2P

t = T1

"̂ 2
1t ; RSS2 =

T3P

t = T2

"̂ 2
2t ;

F = ( RSS � RSS 1 � RSS 2 ) =( k 1 + k 2 � k )
( RSS 1 + RSS 2 ) =( n � k 1 � k 2 ) ; n = T3 � T1 + 1

íóëåâîå ðàñïðåäåëåíèå: F (k1 + k2 � k; n � k1 � k2)

0 0.5 1 1.5 2 2.5 3 3.5 4
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Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Êðèòåðèé ×îó

Ïðèìåíåíèå â R:

n <- length(y)

m <- ets(y)

k <- length(m$par)

rss <- sum(m$residuals^2)

m1 <- ets(y[1:24])

k1 <- length(m1$par)

rss1 <- sum(m1$residuals^2)

m2 <- ets(y[25:n])

k2 <- (m2$aic + 2*m2$loglik)/2

rss2 <- sum(m2$residuals^2)

f <- ((rss-rss1-rss2)/(k1+k2-k)) / ((rss1-rss2)/(n-k1-k2))

pf(f, k1+k2-k, n-k1-k2)

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Òðåáîâàíèÿ ê ðåøåíèþ ÄÇ ïðîãíîçèðîâàíèÿ âðåìåííûõ ðÿäîâ

âèçóàëèçàöèÿ äàííûõ, àíàëèç ðàñïðåäåëåíèÿ ïðèçíàêà (îöåíêà

íåîáõîäèìîñòè òðàíñôîðìàöèè), îöåíêà íàëè÷èÿ âûáðîñîâ,

ïðåîáðàçîâàíèÿ äëÿ ñíÿòèÿ êàëåíäàðíûõ ýôôåêòîâ;

íàñòðîéêà ìîäåëè ARIMA: âûáîð ìîäåëè ðóêàìè íà îñíîâàíèè

àíàëèçà ACF/PACF, ïîèñê íàèëó÷øåé ìîäåëè â îêðåñòíîñòè, àíàëèç

îñòàòêîâ; àâòîìàòè÷åñêèé ïîäáîð ìîäåëè, ïðîâåðêà å¼ ñîîòâåòñòâèÿ

îñîáåííîñòÿì ðÿäà, àíàëèç îñòàòêîâ;

íàñòðîéêà ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ: àâòîìàòè÷åñêèé

ïîäáîð ìîäåëè, ïðîâåðêà å¼ ñîîòâåòñòâèÿ îñîáåííîñòÿì ðÿäà,

êîððåêòèðîâêà, àíàëèç îñòàòêîâ;

âèçóàëüíûé àíàëèç, ïðè íåîáõîäèìîñòè � ôîðìàëüíàÿ ïðîâåðêà

íàëè÷èÿ ñòðóêòóðíûõ èçìåíåíèé â ìîäåëÿõ;

ñðàâíåíèå è âûáîð ëó÷øåé ìîäåëè ïî êðèòåðèþ Äèáîëäà-Ìàðèàíî;

âûâîäû.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Àäàïòèâíàÿ ñåëåêöèÿ è êîìïîçèöèÿ

Äèíàìèêà ñðåäíèõ îøèáîê ïðîãíîçîâ äëÿ 6 ìîäåëåé (ïî ðåàëüíûì äàííûì

îáú¼ìîâ ïðîäàæ â ñóïåðìàðêåòå):

146 148 150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 182 184 186 188

0.5

1.0

1.5

2.0

t

AvrErr

Èäåÿ: âêëþ÷èòü íàèáîëåå óäà÷íûå ìîäåëè è îòêëþ÷èòü ìåíåå óäà÷íûå.

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Àäàïòèâíàÿ ñåëåêòèâíàÿ ìîäåëü

Ïóñòü èìååòñÿ k ìîäåëåé ïðîãíîçèðîâàíèÿ,

ŷj;t + d � ïðîãíîç j -é ìîäåëè íà ìîìåíò t + d,

" jt = yt � ŷjt � îøèáêà ïðîãíîçà â ìîìåíò t ,

~" jt =
t � dP

l = R
� t � d� l j" jl j � ýêñïîíåíöèàëüíî ñãëàæåííàÿ îøèáêà,

� � ïàðàìåòð ñãëàæèâàíèÿ îøèáêè.

Ëó÷øàÿ ìîäåëü â ìîìåíò âðåìåíè t :

j �
t = argmin

j =1 ;:::;k
~" jt :

Àäàïòèâíûé ñåëåêòèâíûé ïðîãíîç:

ŷj;t + d := ŷj �
t ;t + d :

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Àäàïòèâíàÿ êîìïîçèöèÿ ìîäåëåé

Ïóñòü èìååòñÿ k ìîäåëåé ïðîãíîçèðîâàíèÿ,

ŷj;t + d � ïðîãíîç j -é ìîäåëè íà ìîìåíò t + d,

" jt = yt � ŷjt � îøèáêà ïðîãíîçà â ìîìåíò t ,

~" jt =
t � dP

l = R
 t � d� l j" jl j � ýêñïîíåíöèàëüíî ñãëàæåííàÿ îøèáêà.

Ëèíåéíàÿ êîìáèíàöèÿ ìîäåëåé:

ŷt + d =
kX

j =1

wjt ŷj;t + d ;
kX

j =1

wjt = 1 ; 8t:

Àäàïòèâíûé ïîäáîð âåñîâ:

wjt =
(~" jt ) � 1

kP

s=1
(~" st ) � 1

:

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Äðóãèå ñïîñîáû êîìáèíèðîâàíèÿ

ðåãðåññèÿ ðÿäà íà íåñêîëüêî ïåðâûõ ãëàâíûõ êîìïîíåíò ïðîãíîçîâ

â ñêîëüçÿùåì îêíå;

ÌÍÊ ñ áàéåñîâñêèì ðåãóëÿðèçàòîðîì íà âåñà (àïðèîðíîå

ðàñïðåäåëåíèå � ðàâíîìåðíîå);

ýêñïîíåíöèàëüíî ñãëàæèâàþòñÿ íå ìîäóëè, à êâàäðàòû îøèáîê;

âìåñòî ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ èñïîëüçóåòñÿ óñðåäíåíèå

â îêíå;

...

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Online Learning

De�nition

Game G comprises h
 ; � ; � i where 
 is a set of outcomes, � is a prediction

set and � : 
 � � ! R+ [ f1g is a loss function.

Online learning proto col

For t = 0 ; : : : ; T; : : :
1

predict value ŷt +1 2 � ;

2

obtain outcome yt +1 2 
 ;

3

calculate loss � (yt +1 ; ŷt +1 ) .

De�nition (loss pro cess)

A loss pro cess is cumulative loss at step T LossA (T ) =
P T

t =1 � (yt ; ŷA
t ) .

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Online Learning

Ïðîñòåéøèå ïðèìåðû èãð:

äâîè÷íûå (áèíàðíûå) èãðû 
 = f 0; 1g, � = [0 ; 1];

êâàäðàòè÷íàÿ èãðà � (y; ŷ) = ( y � ŷ)2
;

àáñîëþòíàÿ èãðà � (y; ŷ) = jy � ŷj ;

ëîãàðèôìè÷åñêàÿ èãðà

� (y; ŷ) =

(
� log2(1 � ŷ); y = 0 ;

� log2(ŷ); y = 1 .

ïðîñòàÿ ïðåäñêàçàòåëüíàÿ èãðà 
 = � = f 0; 1g,

� (y; ŷ) =

(
0; y = ŷ ;

1; x 6= ŷ .

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Online Learning

Ïðè ïðîãíîçèðîâàíèè âðåìåííûõ ðÿäîâ:

1

Game G =


[Y1 ; Y2 ]; [Y1 ; Y2 ]; �

�
where

� (x; x̂) =

(
k1 � jx � x̂ j; x � x̂ < 0,

k2 � jx � x̂ j; x � x̂ � 0,

� (x; x̂) =

(
k1 � (x � x̂)2 ; x � x̂ < 0,

k2 � (x � x̂)2 ; x � x̂ � 0,

where k1 > 0; k2 > 0 where k1 > 0; k2 > 0
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Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ïîòåðè âàæíåå ïðîãíîçîâ

Áèíàðíàÿ êâàäðàòè÷íàÿ èãðà 
 = f 0; 1g, � = [0 ; 1]; � = ( y � ŷ)2
;

1

Çàäà÷à 1

áàçîâûé àëãîðèòì 1 ñòðîèò êîíñòàíòíûé ïðîãíîç 0;

êàê ïîñòðîèòü ïðîãíîç êîìïîçèöèè A , ÷òîáû

LossA �
1

2
Loss1?

Îòâåò: ???

2

Çàäà÷à 2

áàçîâûé àëãîðèòì 1 ïîëó÷àåò ñðåäíèé øòðàô

1
2

êàê ïîñòðîèòü ïðîãíîç êîìïîçèöèè A , ÷òîáû

LossA �
1

2
Loss1?

Îòâåò: ñòðîèòü êîíñòàíòíûé ïðîãíîç

1
2

Ðåçþìå: âàæíåå ñìîòðåòü íà ïîòåðè, à íå íà ñàì ïðîãíîç

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Èäåÿ àãðåãèðóþùåãî àëãîðèòìà Â. Âîâêà

ïóñòü èìååòñÿ N àëãîðèòìîâ ïðîãíîçèðîâàíèÿ

� (yt ; ŷj;t ) � ïîòåðè àëãîðèòìà j ïðè ïðîãíîçå ýëåìåíòà yt

Lossj (T ) =
P T

t =1 � (yt ; ŷj;t ) � ñóììàðíûå ïîòåðè àëãîðèòìà j ê

ìîìåíòó âðåìåíè T

M � èñêîìàÿ êîìïîçèöèÿ

Çàäà÷à : êàê ñìåøàòü ïðîãíîçû áàçîâûõ àëãîðèòìîâ, ÷òîáû

LossM (T ) � Lossj (T ); 8j = 1; N ?

Èäåÿ: îðèåíòèðîâàòüñÿ â êàæäûé ìîìåíò âðåìåíè t íà íàêîïëåííûå

ïîòåðè Lossj (t ) êàæäîãî áàçîâîãî àëãîðèòìà j

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Èäåÿ àãðåãèðóþùåãî àëãîðèòìà Â. Âîâêà

Ñðåäíåå Êîëìîãîðîâà:

M (x1 ; : : : ; x n ) = ' � 1

 
1
n

nX

k =1

' (xk )

!

= ' � 1
�

' (x1) + : : : + ' (xn )
n

�

' (x) = x ) M (x1 ; : : : ; x n ) = x 1 + ��� + x n
n � ñðåäíåå àðèôìåòè÷åñêîå;

' (x) = x � 1 ) M (x1 ; : : : ; x n ) = n
1=x 1 + ��� +1 =x n

� ñðåäíåå

ãàðìîíè÷åñêîå;

' (x) = log( x) ) M (x1 ; : : : ; x n ) = n
p

x1 � � � � � xn � ñðåäíåå

ãåîìåòðè÷åñêîå;

' (x) = ex ) ln
�

1
n

P n
k =1 e( x k )

�

Êàêîé âûáðàòü ôóíêöèþ àãðåãèðîâàíèÿ (ñìåøèâàíèÿ), ÷òîáû ïî íåé

ñòðîèòü ïðåäñêàçàíèÿ?

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Èäåÿ àãðåãèðóþùåãî àëãîðèòìà Â. Âîâêà

"óñðåäíÿòü"(ñìåøèâàòü) íå ïðîãíîçû, à ïîòåðè;

âçâåøèâàòü ïîòåðè â ýêñïîíåíöèàëüíîì ïðîñòðàíñòâå

pj � exp� � Lossj ( T )
;

Èòîãîâàÿ êîìïîçèöèÿ AA ñòðîèòñÿ íà îñíîâå ôóíêöèè ñìåøèâàíèÿ

(generalized function):

g(y) = log �

 
NX

j =1

1
N

� Lossj ( T )+ � ( y; ŷ j;T +1 )

!

ãäå � = e� � 2 (0; 1) , � 2 (0; 1 ) � ñêîðîñòü îáó÷åíèÿ (learning rate)

Îòâåò êîìïîçèöèè � ýòî ðåøàþùåå ïðàâèëî íàä ôóíêöèåé ñìåøèâàíèÿ:

S1 (g) =
Y2

p
g(Y1) + Y1

p
g(Y2)

p
g(Y1) +

p
g(Y2)

S2 (g) =
g(Y1) � g(Y2)

2(Y2 � Y1)
+

Y1 + Y2

2

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Îöåíêè ïðîöåññà ïîòåðü

Áàçîâûå àëãîðèòìû f A1 ; : : : ; A N g.

Âîçüì¼ì ïîäõîäÿùèå � and S(g)

Ïîëó÷àåì êîìïîçèöèþ AA .

àëãîðèòìè÷åñêàÿ ñëîæíîñòü O(NT ) .

Åñëè ïðàâèëüíî ïîäîáðàòü � è S(g) , òîãäà

LossAA (T ) � min
i =1 ;:::;M

LossA i (T ) + O (ln( N )) :
(1)
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Èåðàõèÿ ðÿäîâ

×àñòî íåîáõîäèìî ïðîãíîçèðîâàòü ñîâîêóïíîñòè âðåìåííûõ ðÿäîâ

èåðàðõè÷åñêîé ñòðóêòóðû. Íàïðèìåð, ïðîäàæè ìîãóò ãðóïïèðîâàòüñÿ

ïî òîâàðíûì ãðóïïàì, ñêëàäàì, ïîñòàâùèêàì è ò. ä.

0

B
B
B
B
B
B
B
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B
@

yt

yA;t

yB;t
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yAC;t
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1

C
C
C
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C
C
C
C
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0
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B
B
B
B
B
B
@
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; y t = Sy K;t :
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Ïîäõîäû ê ïðîãíîçèðîâàíèþ

Ñíèçó ââåðõ : ïðîãíîçû ðÿäîâ áîëåå âûñîêèõ óðîâíåé èåðàðõèè ïîëó÷àþòñÿ

ñóììèðîâàíèåì ïðîãíîçîâ íèæíåãî óðîâíÿ.

èíôîðìàöèÿ íå òåðÿåòñÿ èç-çà àãðåãèðîâàíèÿ, íî

ïðîãíîçèðîâàòü ðÿäû íèæíåãî óðîâíÿ ÷àñòî ñëîæíåå.

Ñâåðõó âíèç : ïðîãíîç ñóììàðíîãî ðÿäà yt ðàñïðåäåëÿåòñÿ ñîãëàñíî

ñðåäíèì äîëÿì:

pj =
1
T

TX

t =1

yj;t

yt

èëè äîëÿì ñðåäíèõ:

pj =
TX

t =1

yj;t

T
=

TX

t =1

yt

T
:

ïðîãíîçèðîâàòü ñóììèðîâàííûé ðÿä ëåãêî, íî

èç-çà àãðåãèðîâàíèÿ òåðÿåòñÿ èíôîðìàöèÿ (íàïðèìåð, åñëè

êîìïîíåíòû èìåþò ðàçíóþ ñåçîííîñòü).
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Ïîäõîäû ê ïðîãíîçèðîâàíèþ

Îïòèìàëüíàÿ êîìáèíàöèÿ : ðÿä êàæäîãî óðîâíÿ ïðîãíîçèðóåòñÿ îòäåëüíî,

çàòåì ïðîãíîçû êîððåêòèðóþòñÿ â ñòîðîíó áîëüøåé ñîãëàñîâàííîñòè

ñ ïîìîùüþ ðåãðåññèè

ŷ h = S� h + " h ; E" h = 0 ; cov " = � h ;

" h � S"K;h ) ~y h = S
�

ST S
� � 1

ŷ h :

Ìåòîä ðåàëèçîâàí â ïàêåòå hts.

Ìåòîä ñ òåîðåòè÷åñêèìè ãàðàíòèÿìè (Ñòåíèíà, Ñòðèæîâ, 2015): åñëè

ñóììàðíûå ïîòåðè ïðè ïðîãíîçèðîâàíèè âñåõ ðÿäîâ èåðàðõèè èçìåðÿþòñÿ

ñ ïîìîùüþ ôóíêöèè èç êëàññà äèâåðãåíöèé Áðåãìàíà, ïðîåöèðîâàíèå

âåêòîðà ïðîãíîçîâ íà ìíîæåñòâî âåêòîðîâ, óäîâëåòâîðÿþùèõ ñòðóêòóðå

èåðàðõèè, íå óâåëè÷èâàåò ñóììàðíûå ïîòåðè.
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Ïðîãíîçèðîâàíèå îáú¼ìîâ ïîòðåáëåíèÿ ýëåêòðîýíåðãèè

Ïî÷àñîâûå öåíû ýëåêòðîýíåðãèè íà áèðæå NordPo ol, 2000ã.
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Ëèíåéíàÿ ìîäåëü àâòîðåãðåññèè

Â ðîëè ïðèçíàêîâ � n ïðåäûäóùèõ íàáëþäåíèé ðÿäà:

ŷt +1 (w) =
nX

j =1

wj yt � j +1 ; w 2 R n

Â ðîëè îáúåêòîâ ` = t � n + 1 ìîìåíòîâ â èñòîðèè ðÿäà:

F
` � n

=

0

B
B
B
B
@

yt yt � 1 yt � 2 : : : yt � n +1

yt � 1 yt � 2 yt � 3 : : : yt � n

yt � 2 yt � 3 yt � 4 : : : yt � n � 1

: : : : : : : : : : : : : : :
yn yn � 1 yn � 2 : : : y1

1

C
C
C
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A

; y
` � 1

=

0

B
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B
B
@

yt +1

yt

yt � 1

: : :
yn +1

1

C
C
C
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A

Ôóíêöèîíàë êâàäðàòà îøèáêè:

Qt (w; X ` ) =
t +1X

i = n +1

�
ŷi (w) � yi

� 2 = kF w � yk2 ! min
w
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Êîãäà íóæíî ÷òî-òî åù¼ áîëåå ñëîæíîå?

×åì áîëüøå îáó÷àþùàÿ âûáîðêà, òåì òî÷íåå ðåçóëüòàò
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Òî÷íîñòü ïðåäñêàçàíèé îáú¼ìîâ ýëåêòðîýíåðãèè

Ðåçóëüòàòû äëÿ ðàçëè÷íûõ ìîäåëåé

Òàáëèöà: Ðåçóëüòàòû ïðîãíîçèðîâàíèÿ äëÿ ðàçëè÷íûõ ìîäåëåé îáó÷åíèÿ

Ìåòîä îáó÷åíèÿ RMSE % RMSE

Kernelized Regression 1 540 8.3%

NN 1250 6.7%

Deep Forward NN 1130 5.9%

Deep Recurent NN 530 2.8%

Enzo Busetti etc. Deep Learning for Time Series Mo deling. CS 229 �nal Project Rep ort, 2012.
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Ìîäåëü íåëèíåéíîé ARMA â NN

ARMA: x t = c +
pX

i =1

� i x t � i

| {z }
AR

+
qX

j =1

� j " t � j

| {z }
MA

+ " t ;
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Memory term äëÿ NN

Ýëåìåíò ïàìÿòè: x i (t ) =
P t

� =1 ct � � � x �

Âåñà äëÿ ýëåìåíòà ïàìÿòè

äåëüòà-ôóíêöèÿ ct = � d (t )

ýêñïîíåíöèàëüíûå: ct = (1 � � )� t

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Âåñà memory term

Âàðèàíòû âåñîâ:

ãàììà t =

( � t
d

�
(1 � � )d+1 � � t � d

åñëè t � d

0; èíà÷å

ïðè d = 0 ïîëó÷àþòñÿ ýêñïîíåíöèàëüíûå âåñà;

ïðè � ! 0 ïðèõîäèì ê äåëüòà ôóíêöèè � d (t )

Ïðèìåð äëÿ d = 4 ; � = 0 :2
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Ïðåäñêàçàíèå ò¼ìíûõ ïÿòåí íà ñîëíöå

1 âðåìåííîé ðÿä

öèêëè÷íîñòü ñîáûòèé 9� 14 ëåò;

äàííûå çà êàæäûé ìåñÿö ñ 1849 ã.
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Elman NET

Ìåòîä îáó÷åíèÿ CNET Simple Mo dular NN Elman

heuristic NN (simple CNN) Net

ARV 0.1130 0.0884 0.0748 0.0737

No Strong Errors 12 12 4 4

Å. Ðÿáåíêî, À Ðîìàíåíêî ÏÑÀÄ-10. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ìîäåëè ñåìåéñòâà ÝÑÑ Ñðàâíåíèå ïðîãíîçîâ Ïðîäâèíóòîå ïðîãíîçèðîâàíèå

Ðåçþìå ïî ñëîæíûì âðåìåííûì ðÿäàì

äëÿ âðåìåííûõ ðÿäîâ ñî ñëîæíîé ñòðóêòóðîé èñïîëüçóþòñÿ

ñëîæíûå ðåãðåññèîííûå ïîäõîäû (îòáîð ïðèçíàêîâ, ôóðüå ðàçëîæåíèÿ,

ÿäåðíûå ïðåîáðàçîâàíèÿ äàííûõ è äð.);

(ãëóáèííûå) íåéðîííûå ñåòè;

(ãëóáèííûå) íåéðîííûå ñåòè îáîáùàþò áàçîâûå ïîäõîäû ê

ïðîãíîçèðîâàíèþ ARMA, ARIMA è äð.

óñëîæíåíèå ìîäåëè ïðîãíîçèðîâàíèÿ äîëæíî çíà÷èìî óëó÷øàòü

òî÷íîñòü ïðåäñêàçàíèé
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Ðåçþìå â êîíöå ëåêöèè

ïðîñòûå àäàïòèâíûå àëãîðèòìû ìîäåëèðóþò ðàçëè÷íûå îñîáåííîñòè

ðÿäîâ

àäàïòèâíûå ìåòîäû õîðîøî ðàáîòàþò äëÿ áîëüøîé äîëè ðÿäîâ, â òîì

÷èñëå íà êîðîòêèõ

ïðîñòîòà àäàïòèâíûõ ìåòîäîâ êîìïåíñèðóåòñÿ êîìáèíèðîâàíèåì èõ

ïðîãíîçîâ

êîìïîçèöèè àëãîðèòìîâ ïðîãíîçèðîâàíèÿ ÷àñòî íå äàþò óëó÷øåíèÿ

òî÷íîñòè ïðîãíîçèðîâàíèÿ

ñëîæíûå àëãîðèòìû (ðåãðåññèîííûå, RNN) óìåñòíû äëÿ âðåìåííûõ

ðÿäîâ ñî ñëîæíîé ñòðóêòóðîé (íåñêîëüêî âèäîâ ñåçîííîñòåé, âûñîêî

ìîäàëüíûå âðåìåííûå ðÿäû)

äëÿ îáó÷åíèÿ ñëîæíûõ àëãîðèòìîâ òðåáóåòñÿ áîëüøàÿ èñòîðèÿ
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Ëèòåðàòóðà

ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ (exp onential smo othing) �

Hyndman;

êðèòåðèé Äèáîëäà-Ìàðèàíî (Dieb old-Mariano) è åãî ìîäèôèêàöèÿ

äëÿ êîðîòêèõ ðÿäîâ � Harvey;

reality check Óàéòà (White) è íèñõîäÿùàÿ ïðîöåäóðà íà åãî îñíîâå �

Romano;

êðèòåðèé ×îó (Chow test) � Chow;

àäàïòèâíàÿ ñåëåêöèÿ è êîìïîçèöèÿ ïðîãíîçèðóþùèõ àëãîðèòìîâ �

Âîðîíöîâ, Genre;

àããðåãèðóþùèé àëãîðèòì Âîâêà � Êàëíèøêàí;

èåðàðõè÷åñêèå ðÿäû � Hyndman, 9.4;

TBATS � De Livera.

Âîðîíöîâ Ê.Â., Åãîðîâà Å.Â. (2006). Äèíàìè÷åñêè àäàïòèðóåìûå êîìïîçèöèè

àëãîðèòìîâ ïðîãíîçèðîâàíèÿ . Èñêóññòâåííûé Èíòåëëåêò, Äîíåöê, 2, 277�280.

Êàëíèøêàí Þ.À. Ââåäåíèå â ìåòîäû êîíêóðåíòíîãî ïðåäñêàçàíèÿ .

http://www.clrc.rhul.ac .uk/ peop le/ yura /co ncur rent _ru s.pd f

Ñòåíèíà Ì.Ì., Ñòðèæîâ Â.Â. (2015). Ñîãëàñîâàíèå ïðîãíîçîâ ïðè ðåøåíèè çàäà÷

ïðîãíîçèðîâàíèÿ èåðàðõè÷åñêèõ âðåìåííûõ ðÿäîâ . Èíôîðìàòèêà è åå

ïðèìåíåíèÿ, 9(2), 77�89.
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