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Ýêñïîíåíöèàëüíîå ñãëàæèâàíèå Îöåíêà êà÷åñòâà ïðîãíîçîâ Êîìáèíàöèè ïðîãíîçîâ Ïðè÷èííîñòü

Ïðîãíîçèðîâàíèå âðåìåííîãî ðÿäà

Âðåìåííîé ðÿä: y1, . . . , yT , . . . , yt ∈ R, � çíà÷åíèÿ ïðèçíàêà, èçìåðåííûå

÷åðåç ïîñòîÿííûå âðåìåííûå èíòåðâàëû.

Çàäà÷à ïðîãíîçèðîâàíèÿ: íàéòè �óíêöèþ fT :

yT+d ≈ ŷT+d|T = fT (yT , . . . , y1, d) ,

ãäå d ∈ {1, 2, . . . , D} , D � ãîðèçîíò ïðîãíîçèðîâàíèÿ.

Ôóíêöèÿ âûáèðàåòñÿ ñëåäóþùèì îáðàçîì:

QT =
T
∑

t=1

(yt − ŷt)
2 → min

fT
.

�ÿáåíêî Åâãåíèé ÏÑ-11. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Ïðîãíîçèðîâàíèå âðåìåííîãî ðÿäà

Ìåòîä ïðîãíîçèðîâàíèÿ îïðåäåëÿåò âûáîð �óíêöèè fT .

Ìîäåëü ðÿäà îïðåäåëÿåò òàêæå òèï îòêëîíåíèÿ ðÿäà îò ïðîãíîçà;

â ðåçóëüòàòå çàäà¼òñÿ ñëó÷àéíûé ïðîöåññ, ïîðîæäàþùèé äàííûå, ÷òî

ïîçâîëÿåò ïðîãíîçèðîâàòü ðàñïðåäåëåíèå yT+d.

Àääèòèâíàÿ ìîäåëü:

yt = ft + ε.

Ìóëüòèïëèêàòèâíàÿ ìîäåëü:

yt = ft · ε.

Ìîäåëü Ìåòîä

AR(1) yt+1 = φ1yt + εt ŷt+1|t = φ̂1yt
MA(1) yt+1 = εt + θ1εt−1 ŷt+1|t = θ̂1 (yt − ŷt)
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Íàèâíûé ïðîãíîç:

ŷT+1|T = yT .

Ïðîãíîç ñðåäíèì çíà÷åíèåì:

ŷT+1|T =
T
∑

t=1

yt.

Ïðîãíîç ñ ïîìîùüþ âçâåøåííîãî ñðåäíåãî ñ ýêñïîíåíöèàëüíî

óáûâàþùèìè âåñàìè:

ŷT+1|T = αyT + α (1− α) yT−1 + α (1− α)2 yT−2 + · · · =
= αyT + (1− α) ŷT = ŷT + α (yT − ŷT ) .

α ↑ 1 ⇒ áîëüøèé âåñ ïîñëåäíèì òî÷êàì,

α ↓ 0 ⇒ áîëüøåå ñãëàæèâàíèå.

Ìåòîä ïîäõîäèò äëÿ ïðîãíîçèðîâàíèÿ ðÿäîâ áåç òðåíäà è ñåçîííîñòè.
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Çàïèñü â êîìïîíåíòíîé �îðìå:

ŷt+1|t = lt,

lt = αyt + (1− α) lt−1.

yt+d|t = ŷt+1 ∀d.

Íóæíî çàäàâàòü l0. ×àñòî áåðóò l0 = y1; äðóãîé âàðèàíò �

îïòèìèçèðîâàòü l0 âìåñòå ñ α.
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Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå (ìåòîä Áðàóíà)

Ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå â ïðèìåíåíèè ê äàííûì î äîáû÷å

íå�òè â Ñàóäîâñêîé Àðàâèè (1996�2007).
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Ìåòîäû, ó÷èòûâàþùèå òðåíä

Àääèòèâíûé ëèíåéíûé òðåíä (ìåòîä Õîëüòà):

ŷt+d|t = lt + dbt,

lt = αyt + (1− α) (lt−1bt−1) ,

bt = β (lt − lt−1) + (1− β) bt−1.

Ìóëüòèïëèêàòèâíûé ëèíåéíûé (ýêñïîíåíöèàëüíûé) òðåíä:

ŷt+d|t = ltb
d
t ,

lt = αyt + (1− α) (lt−1 + bt−1) ,

bt = β
lt

lt−1
+ (1− β) bt−1.

α, β ∈ [0, 1] .
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Ìåòîäû, ó÷èòûâàþùèå òðåíä

Àääèòèâíûé çàòóõàþùèé òðåíä:

ŷt+d|t = lt +
(

φ+ φ2 + · · ·+ φd
)

bt,

lt = αyt + (1− α) (lt−1 + φbt−1) ,

bt = β (lt − lt−1) + (1− β)φbt−1.

Ìóëüòèïëèêàòèâíûé çàòóõàþùèé òðåíä:

ŷt+d|t = lt + b
(φ+φ2+···+φd)
t ,

lt = αyt + (1− α) lt−1b
φ
t−1,

bt = β
lt

lt−1
+ (1− β) bφt−1.

α, β ∈ [0, 1] , φ ∈ (0, 1) .
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Ìåòîäû, ó÷èòûâàþùèå òðåíä

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

SES Holt's Exponential Additive

damped

Multipliative

damped

α 1 0.98 0.98 0.99 0.98

β 0 0 0 0.00

φ 0.98 0.98
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Ìåòîäû, ó÷èòûâàþùèå ñåçîííîñòü

Àääèòèâíàÿ ñåçîííîñòü  ïåðèîäîì äëèíû m (ìåòîä Õîëüòà-Óèíòåðñà):

ŷt+d|t = lt + dbt + st−m+(d mod m),

lt = α (yt − st−m) + (1− α) (lt−1 + bt−1) ,

bt = β (lt − lt−1) + (1− β) bt−1,

st = γ (yt − lt−1 − bt−1) + (1− γ) st−m.

Ìóëüòèïëèêàòèâíàÿ ñåçîííîñòü:

ŷt+d|t = (lt + dbt) st−m+(d mod m),

lt = α
yt

st−m
+ (1− α) (lt−1 + bt−1) ,

bt = β (lt − lt−1) + (1− β) bt−1,

st = γ
yt

lt−1 + bt−1
+ (1− γ) st−m.
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Ìåòîäû, ó÷èòûâàþùèå ñåçîííîñòü

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

òóðèñòàìè â Àâñòðàëèè.
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Ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ

Ñåçîííîñòü

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

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

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

Ad (Additive damped) (Ad,N) (Ad,A) (Ad,M)

M (Multipliative) (M,N) (M,A) (M,M)

Md (Multipliative damped) (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 ETS (·, ·, ·) .
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Íàñòðîéêà ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ

Ôóíêöèÿ ets ïàêåòà foreast 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=(rep(0.0001,3), 0.8), upper=(rep(0.9999,3),0.98),

opt.rit=("lik","amse","mse","sigma","mae"), nmse=3,

bounds=("both","usual","admissible"),

i=("ai","ai","bi"), restrit=TRUE)

Ïîñòðîèòü ïðîãíîç ìîæíî ñ ïîìîùüþ �óíêöèè foreast:

foreast(objet, h=ifelse(objet$m>1, 2*objet$m, 10),

level=(80,95), fan=FALSE, simulate=FALSE, bootstrap=FALSE,

npaths=5000, PI=TRUE, lambda=objet$lambda, ...)
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Íàñòðîéêà ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ

Äëÿ äàííûõ î äîáû÷å íå�òè â Ñàóäîâñêîé Àðàâèè �óíêöèÿ ets âûáèðàåò

ïðîñòîå ýêñïîíåíöèàëüíîå ñãëàæèâàíèå.
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Ìåðû êà÷åñòâà òî÷å÷íîãî ïðîãíîçà

Mean squared error:

MSE =
1

D

D
∑

d=1

(

ŷT+d|T − yT+d

)2
.

Mean absolute error:

MAE =
1

D

D
∑

d=1

∣

∣ŷT+d|T − yT+d

∣

∣ .

Mean absolute perentage error:

MAPE =
100

D

D
∑

d=1

∣

∣

∣

∣

ŷT+d|T − yT+d

yT+d

∣

∣

∣

∣

.

Mean absolute saled error:

MASE =
1

D

D
∑

d=1

∣

∣ŷT+d|T − yT+d

∣

∣

/

1

T − 1

T
∑

t=2

|yt − yt−1| .
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Èí�îðìàöèîííûå êðèòåðèè

AIC � èí�îðìàöèîííûé êðèòåðèé Àêàèêå:

AIC = log

(

1

n

n
∑

t=1

(yt − ŷt)
2

)

+
T + 2k

T
,

ãäå k � ÷èñëî ïàðàìåòðîâ ìîäåëè;

AICc � îí æå ñ ïîïðàâêîé íà ñëó÷àé íåáîëüøîãî ðàçìåðà âûáîðêè:

AICc = log

(

1

n

n
∑

t=1

(yt − ŷt)
2

)

+
n+ k

T − k − 2
;

BIC (SIC) � áàéåñîâñêèé (Øâàðöà) èí�îðìàöèîííûé êðèòåðèé:

BIC = log

(

1

n

n
∑

t=1

(yt − ŷt)
2

)

+
k log T

T
.
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Îòíîñèòåëüíîå êà÷åñòâî ïðîãíîçà

U-êîý��èöèåíò Òåéëà îöåíèâàåò êà÷åñòâî ïðîãíîçà îòíîñèòåëüíî

ïðîãíîçà ïîñëåäíèì çíà÷åíèåì:

U (d) =

√

√

√

√

√

√

√

√

T−d
∑

t=R

(

ŷt+d|t − yt+d

)2

T−d
∑

t=R

(yt − yt+d)
2

, d = 1, . . . , D.

Åñëè U(d) = 1, òî ïðîãíîç ŷt+d|t òàê æå õîðîø, êàê ¾íàèâíûé ïðîãíîç¿

ïîñëåäíèì çíà÷åíèåì; åñëè U(d) < 1, ïðîãíîç ŷt+d|t ëó÷øå íàèâíîãî,

U(d) > 1 � õóæå.
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Ñðàâíåíèå êà÷åñòâà äâóõ ïðîãíîçîâ

y1, . . . , yT � âðåìåííîé ðÿä,

ŷ1R, . . . , ŷ1T � ïðîãíîç íà ïåðèîä R, . . . , T ïåðâûì ìåòîäîì,

ε̂1R, . . . , ε̂1T � îñòàòêè ïåðâîãî ïðîãíîçà,

ŷ2R, . . . , ŷ2T � ïðîãíîç íà ïåðèîä R, . . . , T âòîðûì ìåòîäîì,

ε̂2R, . . . , ε̂2T � îñòàòêè âòîðîãî ïðîãíîçà;

g (yt, ŷit) � ïðîèçâîëüíàÿ �óíêöèÿ ïîòåðü,

dt = g (yt, ŷ1t)− g (yt, ŷ2t) .

H0 : ñðåäíåå dt = 0,

H1 : ñðåäíåå dt < 6=> 0.
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Íåïàðàìåòðè÷åñêèå êðèòåðèè

H0 : med dt = 0,

H1 : med dt < 6=> 0.

Êðèòåðèé çíàêîâ:

T =
T
∑

t=R

[dt > 0] .

Êðèòåðèé çíàêîâûõ ðàíãîâ Óèëêîêñîíà:

W =
T
∑

t=R

r (|dt|) sign (dt) .
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Êðèòåðèé Äèáîëäà-Ìàðèàíî

Áóäåì äëÿ ïðîñòîòû ñ÷èòàòü, ÷òî R = 1.

Ïóñòü d1, . . . , dT � âûáîðî÷íàÿ òðàåêòîðèÿ ñëàáî ñòàöèîíàðíîãî

ñëó÷àéíîãî ïðîöåññà, òîãäà

√
T
(

d̄− µ
) d−→ N (0, f) ,

ãäå d̄ = 1
T

T
∑

t=1

dt, µ � íåèçâåñòíîå ñðåäíåå çíà÷åíèå ïðîöåññà, f � åãî

äèñïåðñèÿ.
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Êðèòåðèé Äèáîëäà-Ìàðèàíî

íóëåâàÿ ãèïîòåçà: H0 : Edt = 0;
àëüòåðíàòèâà: H1 : Edt < 6=> 0;

ñòàòèñòèêà: B = d̄√
f̂/T

, f̂ =
M
∑

τ=−M

r̂τ , M = T 1/3;

B ∼ N(0, 1) ïðè H0;

−4 −3 −2 −1 0 1 2 3 4
0
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0.1
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0.4

Z

p(
Z

)

äîñòèãàåìûé óðîâåíü çíà÷èìîñòè:

p (b) =











1− ncdf(b, 0, 1), H1 : Edt > 0,

ncdf(b, 0, 1), H1 : Edt < 0,

2 (1− ncdf(|b|, 0, 1)) , H1 : Edt 6= 0.
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Êðèòåðèé Äèáîëäà-Ìàðèàíî

Ìîäè�èêàöèÿ äëÿ êîðîòêèõ ðÿäîâ (Harvey, Leybourne, Newbold):

B∗ =
B

√

T+1−2d+
d(d−1)

T

T

.
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Ñðàâíåíèå êà÷åñòâà íåñêîëüêèõ ïðîãíîçîâ

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

è k äðóãèõ ïðîãíîçîâ,

ŷt+d = {ŷj,t+d}kj=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 øòðà� çà ÷èñëî ïàðàìåòðîâ àëãîðèòìà).

f̂t+d = f
(

Zt+d, ŷt+d, β̂t

)

∈ R
k
� âåêòîð îöåíîê êà÷åñòâà ïðîãíîçà,

Zt+d ñîäåðæèò çíà÷åíèÿ yt+d è äîïîëíèòåëüíûå ïðåäèêòîðû xt+d,

β̂t � âåêòîð îöåíîê ïàðàìåòðîâ âñåõ ïðîãíîçèðóþùèõ àëãîðèòìîâ.
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Êðèòåðèé reality hek Óàéòà

íóëåâàÿ ãèïîòåçà: H0 : max
j=1,...,k

Ef∗
j ≤ 0,

Ef∗
j = Ef (Zt+d, ŷt+d, β

∗) , β∗ = plim β̂t,
àëüòåðíàòèâà: H1 : H0 íåâåðíà.

Ïðè âûïîëíåíèè ðÿäà òåîðåòè÷åñêèõ ïðåäïîëîæåíèé

√
n
(

f̄ − Ef∗) d−→ N (0,Ω) ,

f̄ = 1
n

T−d
∑

t=R

f̂t+d � ñðåäíåå îòíîñèòåëüíîå êà÷åñòâî ïðîãíîçîâ,

n = T − d−R + 1.

Äëÿ îöåíêè Ω è âû÷èñëåíèÿ äîñòèãàåìîãî óðîâíÿ çíà÷èìîñòè

èñïîëüçóåòñÿ áóòñòðåï èëè Ìîíòå-Êàðëî.
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Êðèòåðèé reality hek 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.
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Ìîäè�èêàöèÿ �îìàíî-Âîëü�à

Ïîñòðîèâ íà îñíîâå êðèòåðèÿ Óàéòà íèñõîäÿùóþ ïðîöåäóðó, ìîæíî íàéòè

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

ïðè ýòîì FWER � ãðóïïîâóþ âåðîÿòíîñòü îøèáêè (Romano, Wolf, 2005).
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Ñòðóêòóðíîå èçìåíåíèå ìîäåëè

Êàê ïðîâåðèòü, íå íóæíî ëè íàñòðàèâàòü ðàçíûå ìîäåëè íà ðàçíûõ

ó÷àñòêàõ ðÿäà?

�ÿáåíêî Åâãåíèé ÏÑ-11. Àíàëèç âðåìåííûõ ðÿäîâ-2.
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Êðèòåðèé ×îó

Ïóñòü ε̂t, k � îñòàòêè è ÷èñëî ïàðàìåòðîâ îáùåé ìîäåëè, ε̂1t, k1 � ìîäåëè

íà ïåðâîì ó÷àñòêå, ε̂2t, k2 � íà âòîðîì.

íóëåâàÿ ãèïîòåçà: H0 : ñòðóêòóðà ìîäåëè ñòàáèëüíà;

àëüòåðíàòèâà: H1 : H0 íåâåðíà;

ñòàòèñòèêà: RSS =
T3
∑

t=T1

ε̂2t , RSS1 =
T2
∑

t=T1

ε̂21t, RSS2 =
T3
∑

t=T2

ε̂22t,

F = (RSS−RSS1−RSS2)/(k1+k2−k)
(RSS1+RSS2)/(n−k1−k2)

, n = T3 − T1 + 1;

F ∼ F (k1 + k2 − k, n− k1 − k2) ïðè H0;

0 0.5 1 1.5 2 2.5 3 3.5 4
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F

p(
F

)

äîñòèãàåìûé óðîâåíü çíà÷èìîñòè:

p (f) = fcdf(1/f, n− k1 − k2, k1 + k2 − k).
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Êðèòåðèé ×îó

Ïðèìåíåíèå â R:

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 <- auto.arima(y[25:length(y)℄)

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

rss2 <- sum(m2$residuals^2)

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

pf(1/f, length(y) - k1 - k2, k1 + k2 - k)
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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: êàæåòñÿ, ìîæíî óñïåòü âêëþ÷èòü íàèáîëåå óäà÷íûå ìîäåëè

è îòêëþ÷èòü ìåíåå óäà÷íûå...
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Àäàïòèâíàÿ ñåëåêòèâíàÿ ìîäåëü

Ïóñòü èìååòñÿ k ìîäåëåé ïðîãíîçèðîâàíèÿ,

ŷj,t+d � ïðîãíîç j-é ìîäåëè íà ìîìåíò t+ d,
εjt = yt − ŷjt � îøèáêà ïðîãíîçà â ìîìåíò t,
ε̃jt := γ|εjt|+ (1− γ)ε̃jt � ýêñïîíåíöèàëüíî ñãëàæåííàÿ îøèáêà.

Ëó÷øàÿ ìîäåëü â ìîìåíò âðåìåíè t:

j∗t = argmin

j=1,...,k
ε̃jt.

Àäàïòèâíàÿ ñåëåêòèâíàÿ ìîäåëü:

ŷj,t+d := ŷj∗t ,t+d

Òðåáóåòñÿ ïîäáîð γ, ðåêîìåíäàöèÿ: γ = 0.01 . . . 0.1.
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Àäàïòèâíàÿ êîìïîçèöèÿ ìîäåëåé

Ïóñòü èìååòñÿ k ìîäåëåé ïðîãíîçèðîâàíèÿ,

ŷj,t+d � ïðîãíîç j-é ìîäåëè íà ìîìåíò t+ d,
εjt = yt − ŷjt � îøèáêà ïðîãíîçà â ìîìåíò t,
ε̃jt := γ|εjt|+ (1− γ)ε̃jt � ýêñïîíåíöèàëüíî ñãëàæåííàÿ îøèáêà.

Ëèíåéíàÿ (âûïóêëàÿ) êîìáèíàöèÿ ìîäåëåé:

ŷt+d =

k
∑

j=1

wjtŷj,t+d,

k
∑

j=1

wjt = 1, ∀t.

Àäàïòèâíûé ïîäáîð âåñîâ [Ëóêàøèí, 2003℄:

wjt =
(ε̃jt)

−1

k
∑

s=1

(ε̃st)−1

.

Òðåáóåòñÿ ïîäáîð γ, ðåêîìåíäàöèÿ: γ = 0.01 . . . 0.1.
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Àäàïòàöèÿ âåñîâ ñ ðåãóëÿðèçàöèåé

Íà êàæäîì øàãå t âåñà îïðåäåëÿþòñÿ ïî ÌÍÊ è ñãëàæèâàþòñÿ:











t
∑

i=0

βt−i
( k
∑

j=1

wj ŷj,i − yi
)2

+ λ
k
∑

j=1

(

wj − wj,t−1

)2 → min
wj ,j=1,...,k

∑k
j=1 wj = 1.

β � êîý��èöèåíò ¾çàáûâàíèÿ¿ ïðåäûñòîðèè,

λ � êîý��èöèåíò ðåãóëÿðèçàöèè.

Äîïîëíèòåëüíûå âàðèàíòû:

β → 0 � ëîêàëüíàÿ àäàïòàöèÿ âåñîâ ñ ðåãóëÿðèçàöèåé (îñòàâëÿåì

â �óíêöèîíàëå òîëüêî îäíî ñëàãàåìîå, i = t)

wj ≥ 0 � ìîíîòîííûé êîððåêòîð
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Çàäà÷à ïðîãíîçèðîâàíèÿ âðåìåííûõ ðÿäîâ ïðîäàæ

Ñðåäíÿÿ îøèáêà ïðîãíîçîâ íà ñêîëüçÿùåì êîíòðîëå (T = 620)

ЛАВР-М ЛАВР-неМ МНК-[0.7]-М МНК-[0.7]-неМ
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0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

логарифм параметра регуляризации

ËÀÂ�-Ì � ëó÷øèé ðåçóëüòàò, ïðè÷¼ì ìîæíî áðàòü λ = 0

Îãðàíè÷åíèå ìîíîòîííîñòè � ñèëüíûé ðåãóëÿðèçàòîð
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Ôðàãìåíòû äèíàìèêè âåñîâ áàçîâûõ ìîäåëåé

Áåç îãðàíè÷åíèÿ ìîíîòîííîñòè:
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Ñðàâíåíèå ìîäåëåé

Ñðåäíÿÿ îøèáêà ïðîãíîçîâ íà ñêîëüçÿùåì êîíòðîëå (T = 620)

áàçîâûé-1 0.7142

áàçîâûé-2 0.7294

áàçîâûé-3 0.7534

áàçîâûé-4 0.7624

áàçîâûé-5 0.7624

áàçîâûé-6 0.7664

áàçîâûé-7 0.7793

áàçîâûé-8 0.7793

ËÀÂ�+Ìîíîò 0.5899

ñåëåêöèÿ+ñãëàæèâàíèå, γ
opt

0.5956

ÌÍÊ+Ìîíîò, β=0.7 0.6314

ËÀÂ� áåç Ìîíîò 0.6591

ÌÍÊ áåç Ìîíîò, β=0.7 0.6834

ÌÍÊ ïî âñåì äàííûì 0.7142

ñðåäíåå 0.7294

ñåëåêöèÿ áåç ñãëàæèâàíèÿ 0.9107

Áàçîâûå ìîäåëè, èõ óñðåäíåíèå, íåàäàïòèâíûé ÌÍÊ ïî âñåì

äàííûì � ðàáîòàþò ïëîõî

Àäàïòèâíàÿ ñåëåêöèÿ ðàáîòàåò õîðîøî, åñëè ïîäîáðàòü γ

γ
opt

= 0.2 . . . 0.3 � óñðåäíåíèå ïî 3. . . 5 äíÿì
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Ïðè÷èííîñòü ïî �ðåéíäæåðó

Ìåæäó ðÿäàìè x1, . . . , xT è y1, . . . , yT ñóùåñòâóåò ïðè÷èííàÿ ñâÿçü

�ðåéíäæåðà xt → yt, åñëè äèñïåðñèÿ îøèáêè îïòèìàëüíîãî ïðîãíîçà ŷt+1

ïî y1, . . . , yt, x1, . . . , xt ìåíüøå, ÷åì òîëüêî ïî y1, . . . , yt.

Ïðè÷èííîñòü ïî �ðåéíäæåðó ÿâëÿåòñÿ íåîáõîäèìûì, íî íå äîñòàòî÷íûì

óñëîâèåì ïðè÷èííî-ñëåäñòâåííîé ñâÿçè.

x1, . . . , xT è y1, . . . , yT âçàèìîñâÿçàíû, åñëè xt → yt è yt → xt.
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Êðèòåðèé �ðåéíäæåðà

yt = α+

k1
∑

i=1

φ1iyt−i +

k2
∑

i=1

φ2ixt−i + εt.

k1 è k2 âûáèðàåòñÿ ïî èí�îðìàöèîííîìó êðèòåðèþ.

xt → yt ⇒ ∃φ2i 6= 0.

íóëåâàÿ ãèïîòåçà: H0 : φ21 = · · · = φ2k2 = 0;
àëüòåðíàòèâà: H1 : H0 íåâåðíà;

ñòàòèñòèêà: F = (RSSr−RSSur)/k2

RSSur/(T−k1−k2−1)
;

F ∼ F (k1, T − k1 − k2 − 1) ïðè H0;

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

F

p(
F

)

äîñòèãàåìûé óðîâåíü çíà÷èìîñòè:

p (f) = fcdf(1/f, T − k1 − k2 − 1, k1).
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Êðèòåðèé �ðåéíäæåðà

Ìàðæà ñâåðõ ïðîöåíòíîé ñòàâêè è ðîñò ÂÂÏ, Ô��:

�ÿáåíêî Åâãåíèé ÏÑ-11. Àíàëèç âðåìåííûõ ðÿäîâ-2.



Ýêñïîíåíöèàëüíîå ñãëàæèâàíèå Îöåíêà êà÷åñòâà ïðîãíîçîâ Êîìáèíàöèè ïðîãíîçîâ Ïðè÷èííîñòü

Êðèòåðèé �ðåéíäæåðà

y x k1 k2 F (y → x) F (y → x)

△4 lnGDPr △4 lnM1r 4 4 6.087∗∗∗ 1.918
8 8 3.561∗∗ 1.443

△4 lnGDPr GLR −GSR 4 4 3.160∗ 3.835∗∗

8 8 1.927(∗) 2.077∗

△4 lnM1r GLR −GSR 4 4 5.615∗∗∗ 1.489
8 8 2.521∗ 1.178

△4 lnGDPr � ãîäîâîé ïðèðîñò ÂÂÏ â ïðîöåíòàõ, △4 lnM1r � ãîäîâîé

ïðèðîñò �àêòè÷åñêîãî êîëè÷åñòâà äåíåã â ïðîöåíòàõ, GLR � ðîñò

ãîñóäàðñòâåííûõ îáëèãàöèé, GSR � òð¼õìåñÿ÷íàÿ ñòàâêà äåíåæíîãî

ðûíêà âî Ôðàíê�óðòå.

(*), *, **, *** � çíà÷èìîñòü íà óðîâíå 0.1, 0.05, 0.01 è 0.001.
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Ìíîãîìåðíûé êðèòåðèé �ðåéíäæåðà

Çàâèñèìîñòü ìåæäó ïðèçíàêàìè x è y ìîæåò îöåíèâàòüñÿ ñ ó÷¼òîì

âîçìîæíîé çàâèñèìîñòè îò âñåõ îñòàëüíûõ ïðèçíàêîâ:

yt = α+

k1
∑

i=1

φ1iyt−i +

k2
∑

i=1

φ2ixt−i +

m
∑

j=1

kj+2
∑

i=1

φ(j+2)iz
j
t−i + εt.

Äëÿ çàäà÷ ñ áîëüøèì êîëè÷åñòâîì ïðèçíàêîâ ìîãóò èñïîëüçîâàòüñÿ

ðåãóëÿðèçàòîðû (ëàññî, ðèäæ).
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�ðà� ïðè÷èííîñòè ïî �ðåéíäæåðó

Êðèòåðèé �ðåéíäæåðà + ïîïðàâêà íà ìíîæåñòâåííóþ ïðîâåðêó ãèïîòåç
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Òðåáîâàíèÿ ê ðåøåíèþ çàäà÷è ïðîãíîçèðîâàíèÿ âðåìåííûõ ðÿäîâ

âèçóàëèçàöèÿ äàííûõ, àíàëèç ðàñïðåäåëåíèÿ ïðèçíàêà (îöåíêà

íåîáõîäèìîñòè òðàíñ�îðìàöèè), îöåíêà íàëè÷èÿ âûáðîñîâ;

àíàëèç àâòîêîððåëÿöèîííîé è ÷àñòè÷íîé àâòîêîððåëÿöèîííîé

�óíêöèé;

íàñòðîéêà ìîäåëè ARIMA: àâòîìàòè÷åñêèé ïîäáîð ìîäåëè, ïðîâåðêà

å¼ ñîîòâåòñòâèÿ îñîáåííîñòÿì ðÿäà, ïðè íåîáõîäèìîñòè �

êîððåêòèðîâêà ìîäåëè, àíàëèç îñòàòêîâ (íîðìàëüíîñòü,

íåñìåù¼ííîñòü, ãîìîñêåäàñòè÷íîñòü, íåàâòîêîððåëèðîâàííîñòü,

ñòàöèîíàðíîñòü);

íàñòðîéêà ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ: àâòîìàòè÷åñêèé

ïîäáîð ìîäåëè, ïðîâåðêà å¼ ñîîòâåòñòâèÿ îñîáåííîñòÿì ðÿäà,

êîððåêòèðîâêà, àíàëèç îñòàòêîâ;

âèçóàëüíûé àíàëèç è �îðìàëüíàÿ ïðîâåðêà íàëè÷èÿ ñòðóêòóðíûõ

èçìåíåíèé â ìîäåëÿõ;

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

âûâîäû.
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Ëèòåðàòóðà

ìîäåëè ýêñïîíåíöèàëüíîãî ñãëàæèâàíèÿ (exponential smoothing) �

Hyndman, Ëóêàøèí (äðóãèå íàçâàíèÿ);

êðèòåðèé Äèáîëäà-Ìàðèàíî (Diebold-Mariano) è åãî ìîäè�èêàöèÿ

äëÿ êîðîòêèõ ðÿäîâ � Harvey;

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

Romano;

ïðèìåíåíèå reality hek ê äàííûì òåõíè÷åñêîãî àíàëèçà � Sullivan;

êðèòåðèé ×îó (Chow test) � Chow;

àäàïòèâíàÿ ñåëåêöèÿ è êîìïîçèöèÿ ïðîãíîçèðóþùèõ àëãîðèòìîâ �

Ëóêàøèí, Âîðîíöîâ;

ïðè÷èííîñòü ïî �ðåéíäæåðó (Granger ausality) � Kirhgassner,

ãëàâà 3;

ïðèìåð ãðà�à ïðè÷èííîñòè � Opgen-Rhein.
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