Ś.Ť.Čĺńïğőć, Ć.Ć.Ůěàŋëľ ŘĚČŞŃ§ŘĹĞĹŘŞđŹĹĽ ŇĚŠŐĎ ŚŐŔŘ§ĘĚŊŊŻŢ ČŘĂĎĹĚŊŠŐĆ ĎŃ§ ŘĚŸĚŊĹ§ ŃĹŊĚĽŊŻŢ ŐŔĚŘĂŠŐŘŊŻŢ ŞŘĂĆŊĚŊĹĽ Ś ŚĂŇŐŚŐŔŘ§ĘĚŊŊŻŇ ŐŔĚŘĂŠŐŘŐŇ^1

Ăŋŋőâăæĺï

Őąőáŋőćëćăěâáï àěčãńïàĺğĺàãîéĺľ ăńčőàĺâň ŋă őáŋőćě ĺâěàăæĺőŋŋőčő ňěâőďă áőŕàïęěŋŋëå čàăďĺěŋâőć ďńï àěèěŋĺï ńĺŋěľŋëå ŋěłőàààěłâŋëå őŕěàăâőàŋëå ãàăćŋěŋĺľ ŕěàćőčő àőďă á áăňőáőŕàïęěŋŋëň ŋěğŋăłőőŕàěďěńěŋŋëň őŕěàăâőàőň. Şáâőľçĺćőáâì ŕő őâŋőèěŋĺî ł ćőğňãéěŋĺïň ĺáåőďŋëå ďăŋŋëň ďőáâĺčăěâáï ğă áçěâ áőčńăáőćăŋĺï ŋőňěàă ĺâěàăæĺľ (ňőňěŋâă őáâăŋőćă ĺâěàăæĺőŋŋőčő ŕàőæěááă) ĺ ãàőćŋï ŕőčàěèŋőáâĺ ĺáåőďŋëå ďăŋŋëå.

1. Ććěďěŋĺě

Ĺâěàăæĺőŋŋëľ ňěâőď áőŕàïęěŋŋëå čàăďĺěŋâőć èĺàőłő ĺáŕőńìğãěâáï ďńï àěèěŋĺï ŋěłőààěłâŋëå ńĺŋěľŋëå őŕěàăâőàŋëå ãàăćŋěŋĺľ ŕěàćőčő àőďă ć čĺńìąěàâőćëå ŕàőáâàăŋáâćăå [1{5]. Řěčãńïàĺğĺàãîéĺľ íääěłâ ďőáâĺčăěâáï ğă áçěâ áőčńăáőćăŋĺï ŋőňěàă ĺâěàăæĺľ (ňőňěŋâă őáâăŋőćă) ĺ ãàőćŋï ŕőčàěèŋőáâĺ ĺáåőďŋëå ďăŋŋëå. Ć łăçěáâćě łàĺâěàĺï áőčńăáőćăŋĺï ňőęěâ ąëâì ĺáŕőńìğőćăŋ, ŋăŕàĺňěà, łàĺâěàĺľ ŋěćïğłĺ.

Ďńï ŕàőĺğćőńìŋőčő ńĺŋěľŋőčő őčàăŋĺçěŋŋőčő őŕěàăâőàă ğăďăçă àěèěŋĺï ãàăćŋěŋĺï ŕěàćőčő àőďă áćőďĺâáï ł ğăďăçě (ŋěłőààěłâŋőľ) ňĺŋĺňĺğăæĺĺ ŋőàňë ŋěćïğłĺ ãàăćŋěŋĺï. Ć áŕěæĺăńìŋőň áńãçăě áăňőáőŕàïęěŋŋőčő ŋěőâàĺæăâěńìŋő őŕàěďěńěŋŋőčő őŕěàăâőàă àěèăěâáï ğăďăçă ňĺŋĺňĺğăæĺĺ áőőâćěâáâćãîéěľ ąĺńĺŋěľŋőľ äőàňë.

Ć áńãçăě áăňőáőŕàïęěŋŋőčő ŋěğŋăłőőŕàěďěńěŋŋőčő, â.ě. ĺňěîéěčő ŋěğŋăłőőŕàěďěńěŋŋãî ąĺńĺŋěľŋãî äőàňã, őŕěàăâőàă ňěâőď áőŕàïęěŋŋëå čàăďĺěŋâőć ňőęěâ ąëâì àěăńĺğőćăŋ ŕő âěň ęě äőàňãńăň, çâő ĺ ć áńãçăě áăňőáőŕàïęěŋŋőčő ğŋăłőőŕàěďěńěŋŋőčő őŕěàăâőàă. Śåőďĺňőáâì âăłőčő ĺâěàăæĺőŋŋőčő ňěâőďă ďńï àěèěŋĺï áĺáâěň ńĺŋěľŋëå ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ ĺğãçăńăáì ć àăąőâăå [6, 7].

Ŋăáâőïéăï áâăâìï ŕőáćïéěŋă ĺááńěďőćăŋĺî àěčãńïàĺğĺàãîéěčő ăńčőàĺâňă ŋă őáŋőćě ĺâěàăæĺőŋŋőčő ňěâőďă áőŕàïęěŋŋëå čàăďĺěŋâőć ďńï

1Řăąőâă ćëŕőńŋěŋă ŕàĺ äĺŋăŋáőćőľ ŕőďďěàęłě ŘŤŤĹ (čàăŋâ 98{01{00345ă) ĺ ŤŊŔ "Şŋĺćěàáĺâěâë Řőááĺĺ{äãŋďăňěŋâăńìŋëě ĺááńěďőćăŋĺï" (čàăŋâ 8854)

àěèěŋĺï ńĺŋěľŋëå ŋěłőàààěłâŋëå őŕěàăâőàŋëå ãàăćŋěŋĺľ ŕěàćőčő àőďă á áăňőáőŕàïęěŋŋëň ŋěğŋăłőőŕàěďěńěŋŋëň őŕěàăâőàőň.

2. Ŕőáâăŋőćłă ğăďăçĺ

1. Řăááňőâàĺň ğăďăçã àěèěŋĺï ńĺŋěľŋőčő őŕěàăâőàŋőčő ãàăćŋěŋĺï Au = f, (1) čďě A : U → U | ńĺŋěľŋëľ őčàăŋĺçěŋŋëľ áăňőáőŕàïęěŋŋëľ őŕěàăâőà, ďěľáâćãîéĺľ ć čĺńìąěàâőćőň ŕàőáâàăŋáâćě U, f ∈ U | ğăďăŋŋëľ, ă u ∈ U | ĺáłőňëľ íńěňěŋâ. Ŕàőáâàăŋáâćő U ŕàěďŕőńăčăěâáï ćěéěáâćěŋŋëň. Ćáîďã ć ďăńìŋěľèěň ňë ąãďěň áçĺâăâì, çâő ãàăćŋěŋĺě (1) ĺňěěâ ěďĺŋáâćěŋŋőě àěèěŋĺě ^u ∈ U.

Ěáńĺ ďőŕőńŋĺâěńìŋő ĺğćěáâŋő, çâő őŕěàăâőà A ŕőńőęĺâěńìŋëľ, âő ěáâì (Au, u) > 0 ďńï ćáěå u ∈ U, ‖u‖ ≠ 0, âő ğăďăçă àěèěŋĺï ãàăćŋěŋĺï (1) íłćĺćăńěŋâŋă ğăďăçě ňĺŋĺňĺğăæĺĺ łćăďàăâĺçŋőčő äãŋłæĺőŋăńă J(u) = (Au, u) − 2(u, f) [8, áâà. 80]. Ăŋăńőčĺçŋő, ěáńĺ (Au, u) < 0, âő ňĺŋĺňĺğĺàãěâáï äãŋłæĺőŋăń −J(u).

Ěáńĺ łćăďàăâĺçŋăï äőàňă (Au, u) ŋěğŋăłőőŕàěďěńěŋă, âő ňĺŋĺňãň äãŋłæĺőŋăńă J(u) ŋă ćáěň ŕàőáâàăŋáâćě U ňőęěâ ŋě áãéěáâćőćăâì ďăęě ć áńãçăě àăğàěèĺňőáâĺ ãàăćŋěŋĺï (1).

Ŕàĺňěà 1. Ŕãáâì A | ńĺŋěľŋëľ áăňőáőŕàïęěŋŋëľ ćŕőńŋě ŋěŕàě-

àëćŋëľ őŕěàăâőà, ĺňěîéĺľ áőąáâćěŋŋëě ğŋăçěŋĺï àăğŋëå ğŋăłőć. Ćëąěàěň áőąáâćěŋŋëľ íńěňěŋâ y_0, áőőâćěâáâćãîéĺľ áőąáâćěŋŋőňã çĺáńã λ_0 < 0, ĺ àăááňőâàĺň ŕőáńěďőćăâěńìŋőáâì íńěňěŋâőć ŕàőáâàăŋáâćă U ćĺďă y_k = ky_0 + ^u, k = 1, 2, . . .. Šőčďă ğŋăçěŋĺě äãŋłæĺőŋăńă ŋă ŕőáńěďőćăâěńìŋőáâĺ y_k ąãďěâ ćëàăęăâìáï äőàňãńőľ

J(y_k) = (Ay_k, y_k) − 2 (y_k, f) = = λ_0k^2 ‖y_0‖^2 − (^u, f)

ĺ lim_{k→∞} J(y_k) = −∞.

Ăŋăńőčĺçŋő áâàőĺâáï ŕőáńěďőćăâěńìŋőáâì z_k : lim_{k→∞} J(z_k) = ∞. Šăłĺň őąàăğőň, äãŋłæĺőŋăńë J(u) ĺ −J(u) ŋě ĺňěîâ ňĺŋĺňãňă ŋă ćáěň ŕàőáâàăŋáâćě U.

2. Ďńï ćëçĺáńěŋĺï àěèěŋĺï ãàăćŋěŋĺï (1) á áăňőáőŕàïęěŋŋëň őŕě-

àăâőàőň A ŕő ğăďăŋŋőňã ŋăçăńìŋőňã ŕàĺąńĺęěŋĺî u_0 ∈ U ŕőáâàőĺň ŕőáńěďőćăâěńìŋőáâì {u_k} ćĺďă

u_{k+1} = u_k − τ_kp_k, k = 0, 1, . . . , (2) p_{k+1} = g_{k+1} + β_kp_k, g_k = Au_k − f, p_0 = g_0, (3) τ_k =^{‖gk‖2}_{(Apk,pk)} , β_k = ‖g_{k+1}‖^2 ‖g_k‖^2 . (4)

Śćőľáâćă ŕőáńěďőćăâěńìŋőáâĺ (2){(4) őŕĺáëćăěâ

Ńěňňă 1. [9, 10] Ŕãáâì őŕěàăâőà A áăňőáőŕàïęěŋŋëľ, âőčďă ďńï ćáěå

ŋőňěàőć k âăłĺå, çâő (Ap_k, p_k) ≠ 0, ‖g_k‖ ≠ 0 ćëŕőńŋěŋë àăćěŋáâćă

(g_i, g_j) = 0, (Ap_i, p_j) = 0, (g_j , u_k − ^u) = (g_k, u_k − ^u), 0 ≤ i ≠ j ≤ k. (5)

Ěáńĺ őŕěàăâőà A ŕőńőęĺâěńìŋëľ, âő áőőâŋőèěŋĺï (2){(4) őŕàěďěńïîâ ňěâőď áőŕàïęěŋŋëå čàăďĺěŋâőć ďńï ňĺŋĺňĺğăæĺĺ äãŋłæĺőŋăńă (Au, u)− 2(u, f). Śŕàăćěďńĺćă

Šěőàěňă 1. [4, áâà. 105] Ěáńĺ A > 0, âő ďńï ńîąőčő ŋăçăńìŋőčő ŕàĺ-

ąńĺęěŋĺï u_0 ∈ U ŕőáńěďőćăâěńìŋőáâì ňěâőďă (2){(4) ňĺŋĺňĺğĺàãěâ äãŋłæĺőŋăń (Au, u) − 2(u, f): lim_{k→∞}(Au_k, u_k) − 2(u_k, f) = −(^u, f) ĺ áĺńìŋő áåőďĺâáï ł àěèěŋĺî ãàăćŋěŋĺï (1).

Ěáńĺ łćăďàăâĺçŋăï äőàňă (Au, u) ŋěğŋăłőőŕàěďěńěŋă, âő ňěâőď (2){(4) ć őąéěň áńãçăě ŋěńìğï àăááňăâàĺćăâì łăł ňěâőď ňĺŋĺňĺğăæĺĺ äãŋłæĺőŋăńă (Au, u)−2(u, f). Ć àăąőâăå [6, 7, 10] ďńï őąőáŋőćăŋĺï áåőďĺňőáâĺ ňěâőďă ć łőŋěçŋőňěàŋőň ŕàőáâàăŋáâćě ĺáŕőńìğőćăŋő áćőľáâćő őàâőčőŋăńìŋőáâĺ ŋěćïğőł g_k. Ĺğ àěğãńìâăâőć àăąőâ [6, 7] ćëâěłăěâ

Šěőàěňă 2. Ŕãáâì A | áĺňňěâàĺçŋăï ňăâàĺæă ŕőàïďłă n×n. Ěáńĺ ć

áőőâŋőèěŋĺïå (2){(4) (Ap_k, p_k) ≠ 0, 0 ≤ k ≤ n − 1, âő ‖g_n‖ = 0 ĺ u_n = ^u.

Ďńï áăňőáőŕàïęěŋŋőčő őŕěàăâőàă ć ąěáłőŋěçŋőňěàŋőň ŕàőáâàăŋáâćě ďőáâăâőçŋëě ãáńőćĺï áåőďĺňőáâĺ ňěâőďă (2){(4) ŋě ĺááńěďőćăŋë.

3. Ąãďěň ŕàěďŕőńăčăâì, çâő ĺáåőďŋëě ďăŋŋëě ďńï ãàăćŋěŋĺï (1), âő

ěáâì őŕěàăâőà A ĺ ŕàăćăï çăáâì f, ğăďăŋë á ŕőčàěèŋőáâïňĺ. Ă ĺňěŋŋő, őŕàěďěńěŋë ńĺŋěľŋëľ őčàăŋĺçěŋŋëľ áăňőáőŕàïęěŋŋëľ őŕěàăâőà ~A : U → F , íńěňěŋâ ~f ∈ U, ă âăłęě çĺáńă η ≥ 0, δ ≥ 0, η^2 + δ^2 > 0 âăłĺě, çâő ‖ ‖ ‖ ~A − A^‖ ≤ η,^‖ ~f − f^‖ ≤ δ. (6) Řěèěŋĺě ãàăćŋěŋĺï (1) ŋě ŕàěďŕőńăčăěâáï ŋěŕàěàëćŋő ğăćĺáïéĺň őâ ćőğňãéěŋĺľ ĺáåőďŋëå ďăŋŋëå, âő ěáâì ğăďăçă ïćńïěâáï ŋěłőààěłâŋő ŕőáâăćńěŋŋőľ [11]. Ŕőáńěďőćăâěńìŋőáâì {~u_k}, ğăďăćăěňăï áőőâŋőèěŋĺïňĺ

(2){(4) á ğăňěŋőľ A, f ŋă ~A, ~f, ďăęě ěáńĺ ĺ áåőďĺâáï ŕàĺ k → ∞, âő ěě ŕàěďěń ňőęěâ ąëâì áłőńì ãčőďŋő áĺńìŋő ãďăńěŋ őâ àěèěŋĺï ^u ãàăćŋěŋĺï (1). Őďŋăłő ňőęŋő ãłăğăâì ãáńőćĺï áőčńăáőćăŋĺï ŋőňěàă ĺâěàăæĺĺ k á ãàőćŋěň ŕőčàěèŋőáâĺ ĺáåőďŋëå ďăŋŋëå σ = (η, δ) âăłĺě, çâő áěňěľáâćő {u_{k(σ)}} áåőďĺâáï ł ^u, ŕàĺçěň łăł ć áňëáńě áńăąőľ áåőďĺňőáâĺ, âăł ĺ áåőďĺňőáâĺ ŕő ŋőàňě ŕàőáâàăŋáâćă U. Ďńï ňěâőďă (2){(4) á ŕőńőęĺâěńìŋëň őŕěàăâőàőň A âăłĺě ãáńőćĺï ŕőńãçěŋë ć [2-5].

3. Ďőłăğăâěńìáâćő áåőďĺňőáâĺ àěčãńïàĺğĺàãîéěčő ňěâőďă áőŕàïęěŋŋëå čàăďĺěŋâőć 1. Řăááňőâàĺň ĺâěàăæĺőŋŋëľ ŕàőæěáá (2){(4) ć ŕàěďŕőńőęěŋĺĺ ŋěğŋă-

łőőŕàěďěńěŋŋőáâĺ łćăďàăâĺçŋőľ äőàňë (Au, u).

Ďńï ŕőáńěďőćăâěńìŋőáâĺ (2){(4) ććěďěň őąőğŋăçěŋĺě

θ^{−1}_k =^{k−1∑}_{i=0} ‖p_i‖^2 |(Ap_i, p_i)| . (7)

Ńěňňă 2. Śŕàăćěďńĺćă äőàňãńă

θ^{−1}_k =^{k−1∑}_{j=0} 1 ‖g_j‖^2 k−1∑ i=j |τ_i| ‖g_i‖^2 . (8) Ďőłăğăâěńìáâćő. Šăł łăł äőàňãńë, ğăďăîéĺě ňěâőď áőŕàïęěŋŋëå

čàăďĺěŋâőć ć âőçŋőň ĺ ŕàĺąńĺęěŋŋőň áńãçăïå, áőćŕăďăîâ á âőçŋőáâìî ďő őąőğŋăçěŋĺľ ćěńĺçĺŋ, ňë ąãďěň ŕàőćőďĺâì àăááãęďěŋĺï ďńï âőçŋőčő áńãçăï, ŕőďàăğãňěćăï ŕàĺ íâőň, çâő ćáě áłăğăŋŋőě ćěàŋő ĺ ďńï ŕàĺąńĺęěŋŋëå ďăŋŋëå.

Ĺáŕőńìğãï őŕàěďěńěŋĺě ŕőŕàăćłĺ p_i, ĺňěěň p_i =^{i∑}_{j=0}^{‖gi‖2}_{‖gj ‖2} g_j, őâłãďă, ĺá-

ŕőńìğãï őàâőčőŋăńìŋőáâì {g_j}, ŕőńãçăěň ‖p_i‖^2 =^{i∑}_{j=0}^{‖gi‖4}_{‖gj ‖2} . Őâáîďă áńěďãěâ àăćěŋáâćő ‖p_i‖^2 ‖g_i‖^2 =^{i∑}_{j=0} ‖g_i‖^2 ‖g_j‖^2 . (9)

Ňěŋïï ŕőàïďőł áãňňĺàőćăŋĺï ć (8) ĺ ĺáŕőńìğãï äőàňãńã (4) ďńï τ_k, á ãçěâőň àăćěŋáâćă (9) ĺňěěň k−1∑ j=0 1 ‖g_j ‖^2 k−1∑ i=j |τ_i| ‖g_i‖^2 =^{k−1∑}_{i=0} |τ_i|^{i∑}_{j=0} ‖g_i‖^2 ‖g_j‖^2 =^{k−1∑}_{i=0} ‖p_i‖^2 |(Ap_i, p_i)| .

Ńěňňă ďőłăğăŋă.

Ć ďăńìŋěľèěň ŋăň ŕőâàěąãěâáï

Ńěňňă 3. Ŕãáâì áěňěľáâćő {vν} ⊂ V őčàăŋĺçěŋő, V | čĺńìąěàâőćő

ŕàőáâàăŋáâćő, 0 < ν < +∞ ĺ ŕãáâì J(v) | ŋěőâàĺæăâěńìŋëľ áńăąő ŕőńãŋěŕàěàëćŋëľ áŋĺğã äãŋłæĺőŋăń, őŕàěďěńěŋŋëľ ŋă ğăňłŋãâőň ćëŕãłńőň ňŋőęěáâćě M ⊂ V , ďőáâĺčăîéĺľ ňĺŋĺňãňă ć ěďĺŋáâćěŋŋőľ âőçłě ^v ∈ M, âő ěáâì J(^v) = min_{v∈M} J(v) = 0.

Šőčďă ěáńĺ lim_{ν→0} J(v_ν ) = 0, âő v_ν áåőďĺâáï áńăąő ł ^v ŕàĺ ν → 0. Ďőłăğăâěńìáâćő ŕőńŋőáâìî ăŋăńőčĺçŋő ďőłăğăâěńìáâćã âěőàěňë 2 ĺğ [10, áâà. 49].

2. Śŕàăćěďńĺćă áńěďãîéăï Šěőàěňă 3. Ŕãáâì ďńï ŕőáńěďőćăâěńìŋőáâĺ {uk}, őŕàěďěńïěňőľ áőőâ-

ŋőèěŋĺïňĺ (2){(4), ćëŕőńŋěŋë ãáńőćĺï (Ap_k, p_k) ≠ 0 ∀k ≥ 0, sup_{k≥0} θ^{−1}_k ‖g_k‖ < +∞. Šőčďă {u_k} áńăąő áåőďĺâáï ł ^u ŕàĺ k → ∞.

Ěáńĺ ďőŕőńŋĺâěńìŋő lim_{k→∞} θ^{−1}_k ‖g_k‖ = 0, âő lim_{k→∞} ‖u_k − ^u‖ = 0.

Ďőłăğăâěńìáâćő. Ŕàőáãňňĺàãěň àăćěŋáâćă ui+1 = ui − τipi ďńï i =

0, . . . , k − 1 ĺ ćëçâěň ^u:

u_k − ^u = u_0 − ^u −^{k−1∑}_{i=0} τ_ip_i. (10)

Ŕőďáâăćĺň ć (10) ŕőńãçěŋŋőě ć ńěňňě 2 ćëàăęěŋĺě ďńï ŕőŕàăćłĺ p_i, âőčďă u_k − ^u = u_0 − ^u −^{k−1∑}_{i=0} τ_ip_i = u_0 − ^u −^{k−1∑}_{i=0} τ_i^{i∑}_{j=0}^{‖gi‖2}_{‖gj ‖}2 g_j. (11)

Ďńï ãďőąáâćă őąőğŋăçěŋĺľ ŕőńőęĺň z_k = u_k − ^u. Şňŋőęĺň (11) áłăńïàŋő ŋă z_k ĺ ŕőňěŋïěň ŕőàïďőł áãňňĺàőćăŋĺï

‖z_k‖^2 = (z_0, z_k) −^{k−1∑}_{j=0} 1 ‖g_j ‖^2 k−1∑ i=j τ_i ‖g_i‖^2 (g_j, z_k). (12)

Ć áĺńã àăćěŋáâćă (g_j , z_k) = (g_k, z_k) (áň. Ńěňňã 1) ĺğ (12) ŕőńãçăěň

‖z_k‖^2 = (z_0, z_k) −^{k−1∑}_{j=0} 1 ‖g_j‖^2 k−1∑ i=j τ_i ‖g_i‖^2 (g_k, z_k). (13)

Ŕàĺňěŋïï ł ŕàăćőľ çăáâĺ (13) ŋěàăćěŋáâćő Łőèĺ{Ąãŋïłőćáłőčő −(g_k, z_k) ≤ ‖g_k‖‖z_k‖, á ãçěâőň ńěňňë 2 ŕőńãçăěň ‖z_k‖^2 ≤ ‖z_0‖ ‖z_k‖ + ‖ ‖ ‖ ‖ ‖ k−1∑ j=0 1 ‖g_j ‖^2 ( k−1∑ i=j τ_i ‖g_i‖^2 ) g_k ‖ ‖ ‖ ‖ ‖ ‖z_k‖ ≤ ≤^(‖z_0‖ + θ^{−1}_k ‖g_k‖^) ‖z_k‖ . (14)

Ĺğ ãáńőćĺï âěőàěňë ĺ (14) áńěďãěâ, çâő ŕőáńěďőćăâěńìŋőáâì {u_k} őčàăŋĺçěŋă.

Ďăńěě, ğăňěâĺň, çâő θ^{−1}_k → ∞ ŕàĺ k → ∞. Ďěľáâćĺâěńìŋő, ć áĺńã ŋěàăćěŋáâćă Łőèĺ{Ąãŋïłőćáłőčő |(Ap_i, p_i)| ≤ ‖A‖ ‖p_i‖^2, ŕőíâőňã θ^{−1}_k ≥ k ‖A‖ → ∞ ŕàĺ k → ∞. Ĺğ ãáńőćĺï âěőàěňë ŕőńãçăěň, çâő

‖g_k‖ =^(θ^{−1}_k ‖g_k‖^) θ_k ≤ θ_k sup_k θ^{−1}_k ‖g_k‖ → 0 ŕàĺ k → ∞.

Šăłĺň őąàăğőň, ďńï ŕőáńěďőćăâěńìŋőáâĺ {u_k} ćëŕőńŋěŋë ãáńőćĺï ńěňňë 3 ĺ, áńěďőćăâěńìŋő, u_k ⇀ ^u.

Ŕãáâì ćëŕőńŋěŋő ďőŕőńŋĺâěńìŋőě ãáńőćĺě âěőàěňë: lim_{k→∞} θ^{−1}_k ‖g_k‖ = 0. Ć íâőň áńãçăě ć áĺńã ŕěàćőľ çăáâĺ âěőàěňë (z_0, z_k) → 0 ŕàĺ k → ∞. Łàőňě âőčő, ĺğ (13) áńěďãěâ őæěŋłă ‖z_k‖^2 ≤ |(z_0, z_k)| + θ^{−1}_k ‖g_k‖‖z_k‖. Řěèăï łćăďàăâŋőě ŋěàăćěŋáâćő őâŋőáĺâěńìŋő ‖z_k‖, ŕőńãçăěň ‖z_k‖ ≤^√|(z_0, z_k)| + θ^{−1}_k ‖g_k‖ → ∞ ŕàĺ k → ∞. Šěőàěňă ďőłăğăŋă.

3. Ŕãáâì ć ňěâőďě (2){(4) k = k0 ≥ 0 | ŕěàćëľ ŋőňěà ĺâěàăæĺĺ âăłőľ,

çâő (Ap_{k0} , p_{k0} ) = 0, âőčďă ĺâěàăæĺĺ ďńï k > k_0 ŕőáâàőĺâì ŋěćőğňőęŋő. Ěáńĺ ŕàĺ íâőň p_{k0} = 0, âő g_{k0} = 0 ĺ àěèěŋĺě ãàăćŋěŋĺï (1) ćëçĺáńěŋő. Ďěľáâćĺâěńìŋő, ďńï k_0 > 0 ć áĺńã (9) ĺňěěň

0 = ‖p_{k0} ‖^2 = ‖g_{k0} ‖^2 +^{k0−1∑}_{j=0}

‖g_{k0} ‖^4 ‖g_j‖^2 ≥ ‖g_{k0} ‖^2 .

Ěáńĺ k_0 = 0, âő p_0 = g_0 ŕő őŕàěďěńěŋĺî.

Ďńï ŋěğŋăłőőŕàěďěńěŋŋőľ łćăďàăâĺçŋőľ äőàňë (Ap_{k0} , p_{k0} ) ĺğ àăćěŋáâćă (Ap_{k0} , p_{k0} ) = 0, ćőőąéě čőćőàï, ŋě áńěďãěâ àăćěŋáâćő p_{k0} = 0. Ŕãáâì

(Ap_{k0} , p_{k0} ) = 0, k_0 ≥ 0, ŋő g_{k0} ≠ 0. Ěáńĺ k_0 = 0, âő áńěďãěâ ćëąàăâì ďàãčőě ŋăçăńìŋőě ŕàĺąńĺęěŋĺě. Ŕãáâì k_0 > 0, âőčďă, ĺáŕőńìğãï (3), ĺňěěň (Ap_{k0} , p_{k0} ) = (A (g_{k0} + β_{k0−1}p_{k0−1}) , g_{k0} + β_{k0−1}p_{k0−1}) = = (Ag_{k0} , g_{k0} ) + 2β_{k0−1} (Ap_{k0−1}, g_{k0} ) + +β^2_{k0−1} (Ap_{k0−1}, p_{k0−1}) .

(15)

Ŕàĺňěŋĺň ł őąěĺň çăáâïň (2) őŕěàăâőà A ĺ ćëçâěň f, âőčďă Ap_{k0−1} =^1_{τk0}�_1 (g_{k0−1} − g_{k0} ).

Ĺáŕőńìğãï ńěňňã 1, ĺňěěň

2β_{k0−1} (Ap_{k0−1}, g_{k0} ) = 2 ‖^{gk0} ‖ 2 ‖gk_0�1‖^2

(Apk_0�1,pk_0�1) ‖gk_0�1‖^2

(g_{k0−1} − g_{k0} , g_{k0} ) =

= −2β^2_{k0−1} (Ap_{k0−1}, p_{k0−1}) .

(16)

Śłńăďëćăï (15) ĺ (16), ŕőńãçăěň (Ap_{k0} , p_{k0} ) = (Ag_{k0} , g_{k0} ) − β^2_{k0−1} (Ap_{k0−1}, p_{k0−1}) . (17) Ĺğ (17) áńěďãěâ, çâő (Ag_{k0} , g_{k0} ) ≠ 0. Ďěľáâćĺâěńìŋő, ěáńĺ íâő ŋě âăł, âő β^2_{k0−1} (Ap_{k0−1}, p_{k0−1}) = (Ag_{k0} , g_{k0} ) − (Ap_{k0} , p_{k0} ) = 0, çâő ŕàőâĺćőàěçĺâ ŕàěďŕőńőęěŋĺî.

Ĺáŕőńìğãï ŕàĺąńĺęěŋĺě u_{k0} , ćëçĺáńĺň áńěďãîéěě ŕàĺąńĺęěŋĺě ŕő äőàňãńě u_{k0+1} = u_{k0} − ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 )g^{k0} . (18) Ďńï A > 0 äőàňãńă (18) áőćŕăďăěâ á äőàňãńőľ ňěâőďă ŋăĺáłőàěľèěčő áŕãáłă ďńï ňĺŋĺňĺğăæĺĺ äãŋłæĺőŋăńă (Au, u) − 2(u, f). Ğăňěâĺň, çâő ŕěàćăï ĺâěàăæĺï ňěâőďă (2){(4) âăłęě ćëŕőńŋïěâáï ŕő äőàňãńě (18).

Şłăęěň ãáńőćĺï, ŕàĺ ćëŕőńŋěŋĺĺ łőâőàëå ‖u_{k0+1} − ^u‖ ≤ ‖u_{k0} − ^u‖ . Ćëçâěň ĺğ őąěĺå çăáâěľ (18) àěèěŋĺě ^u ãàăćŋěŋĺï (1): z_{k0+1} = z_{k0} − ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 )g^{k0} . (19)

Ĺáŕőńìğãï äőàňãńã (19), ŕěàěľďěň ł àăćěŋáâćã ŋőàň

‖z_{k0+1}‖^2 = ‖z_{k0} ‖^2 − 2 ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 ) (g^{k0} , z^{k0} ) +

‖gk_0 ‖^4 (Agk_0 ,gk_0 )^2

‖g_{k0} ‖^2 . (20) Ĺáŕőńìğãï áćőľáâćă áłăńïàŋőčő ŕàőĺğćěďěŋĺï ĺ äőàňãńã (19), ŕőńãçăěň (g_{k0+1}, z_{k0+1}) = (Az_{k0+1}, z_{k0+1}) =

= (g_{k0} , z_{k0} ) − 2 ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 ) ‖g^{k0} ‖^2 +

‖gk_0 ‖^4 (Agk_0 ,gk_0 )^2

(Ag_{k0} , g_{k0} ) =

= (g_{k0} , z_{k0} ) − ‖^{gk0} ‖ 4 (Agk_0 ,gk_0 ).

(21)

Ŕàěőąàăğãěň àăćěŋáâćő (20) á ãçěâőň (21)

‖z_{k0} ‖^2 − ‖z_{k0+1}‖^2 = ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 )

(g_{k0} , z_{k0} ) + (g_{k0} , z_{k0} ) − ‖^{gk0} ‖ 4 (Agk_0 ,gk_0 )^2 =

= ‖^{gk0} ‖ 2 (Agk_0 ,gk_0 ) [(g^{k0} , z^{k0} ) + (g^{k0+1}, z^{k0+1})] = =^1

‖gk_0 ‖^2 [ (g_{k0} , z_{k0} )^2 − (g_{k0+1}, z_{k0+1})^{2]} .

Őâáîďă áńěďãěâ, çâő ěáńĺ (g_{k0} , z_{k0} )^2 ≥ (g_{k0+1}, z_{k0+1})^2, âő ‖z_{k0+1}‖^2 ≤ ‖z_{k0} ‖^2.

4. Ŕãáâì ĺáåőďŋëě ďăŋŋëě ãàăćŋěŋĺï (1) ğăďăŋë á ŕőčàěèŋőáâìî ĺ

ćëŕőńŋěŋë ãáńőćĺï ăŕŕàőłáĺňăæĺĺ (6). Řăááňőâàĺň ŕőáńěďőćăâěńìŋőáâì {u_k}, őŕàěďěńïěňãî áőőâŋőèěŋĺïňĺ ~u_{k+1} = ~u_k − ~τ_k ~p_k, k = 0, 1, . . . , (22) ~p_{k+1} = ~g_{k+1} + ~β_k ~p_k, ~g_k = ~A~u_k − ~f, ~p_0 = ~g_0, (23) ~τ_k =^{‖~gk‖2}_{( ~A~pk,~pk)} , ~β_k =

‖~g_{k+1}‖^2 ‖~g_k‖^2 . (24) Őŕàěďěńĺň ćěńĺçĺŋë ~θ^{−1}_k =^{k−1∑}_{i=0}^{‖~p}i^{‖2}_{|( ~A~pi,~pi)|} , ´ = η‖^u‖ + δ, łőâőàëě ąãďãâ ĺáŕőńìğőćăŋë ć ďăńìŋěľèěň.

Šěőàěňă 4. Ŕãáâì ďńï ŕőáńěďőćăâěńìŋőáâĺ {~uk}, őŕàěďěńïěňőľ áőőâ-

ŋőèěŋĺïňĺ (22){(24), ćëŕőńŋěŋë ãáńőćĺï lim_{σ→0} sup_{k≥0} ~θ^{−1}_k ‖~g_k‖ < +∞, ( ~A~p_k, ~p_k) ≠ 0 ∀k ≥ 0,

ĺ ŕãáâì ŋőňěà k(σ) ćëąàăŋ âăł, çâő lim_{σ→0} ~θ_{k(σ)} = 0, lim_{σ→0} ~θ^{−1}_{k(σ)}^√η + δ < +∞.

Šőčďă ~u_{k(σ)} áńăąő áåőďĺâáï ł ^u ŕàĺ σ → 0. Ěáńĺ ďőŕőńŋĺâěńìŋő ćëŕőńŋěŋë ãáńőćĺï lim_{σ→0} ~θ^{−1}_{k(σ)}^‖~g_{k(σ)}^‖ = 0, lim_{σ→0} ~θ^{−1}_{k(σ)}^√η + δ = 0, âő lim_{σ→0} ‖~u_{k(σ)} − ^u‖ = 0.

Ďőłăğăâěńìáâćő. Ŕàĺ ďőłăğăâěńìáâćě ďăŋŋőľ âěőàěňë ňë ąãďěň őŕĺ-

àăâìáï ŋă ďőłăğăâěńìáâćő âěőàěňë 3. Ăŋăńőčĺçŋő (12) ćëćőďĺâáï áőőâŋőèěŋĺě ‖~z_k‖^2 = (z_0, ~z_k) −^{k−1∑}_{j=0} 1 ‖~g_j ‖^2 k−1∑ i=j ~τ_i ‖~g_i‖^2

(~g_j, ~z_k), (25)

čďě ~z_k = ~u_k − ^u.

Ŕàěőąàăğãěň ćëàăęěŋĺě (~g_j , ~z_k). Ćëàăęăï ~u_j çěàěğ ~u_k ďńï j ≤ k, ŕàĺňěŋïï őŕěàăâőà ~A, ćëçĺâăï ĺğ őąěĺå çăáâěľ àăćěŋáâćă íńěňěŋâ ~f ĺ ãňŋőęăï ŕőńãçěŋŋőě àăćěŋáâćő áłăńïàŋő ŋă ~z_k, ŕőńãçăěň

(~g_j , ~z_k) = (~g_k, ~z_k) +^{k−1∑}_{s=j} ~τ_s( ~A~p_s, ~z_k) =

= (~g_k, ~z_k) +^{k−1∑}_{s=j} ~τ_s(~p_s, ~A~u_k − ~f + ~f − ~A^u) =

= (~g_k, ~z_k) +^{k−1∑}_{s=j} ~τ_s(~p_s, ~g_k) +^{k−1∑}_{s=j} ~τ_s(~p_s, ~f − ~A^u).

(26)

Ĺğ ńěňňë 1 őą őàâőčőŋăńìŋőáâĺ {~g_k} ďńï ćáěå s < k áńěďãîâ àăćěŋáâćă (~p_s, ~g_k) =^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 (~g_l, ~g_k) = 0. Ś ãçěâőň íâĺå àăćěŋáâć ćëàăęěŋĺě (25) ŕàĺŋĺňăěâ ćĺď

‖~z_k‖^2 = (z_0, ~z_k) −^{k−1∑}_{j=0}^1_{‖~gj ‖}2 ( k−1∑ i=j ~τ_i ‖~g_i‖^2 ) (~g_k, ~z_k)+

+^{k−1∑}_{j=0}^1_{‖~gj ‖}2 ( k−1∑ i=j ~τ_i ‖~g_i‖^2 ) k−1∑ s=j ~τ_s^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 (~g_l, ~A^u − ~f). (27)

Ĺáŕőńìğãï ŋěàăćěŋáâćő Łőèĺ{Ąãŋïłőćáłőčő, őæěŋłĺ ‖~g_l‖ ≤ sup_{0≤i≤k} ‖~g_i‖ ĺ ‖ ‖ ~A^u − ~f^‖ ≤ ´, ĺňěěň

‖~z_k‖^2 < ‖z_0‖ ‖~z_k‖ + ‖ ‖ ‖ ‖ k−1∑ j=0 1 ‖~g_j ‖^2 ( k−1∑ i=j ~τ_i ‖~g_i‖^2 ) ~g_k ‖ ‖ ‖ ‖ ‖~z_k‖ + +^{k−1∑}_{j=0}^1_{‖~gj ‖}2 | | | | | k−1∑ i=j ~τ_i ‖~g_i‖^2 | | | | | k−1∑ s=j |~τ_s|^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 ‖~g_l‖^‖ ~A^u − ~f^‖ < < ‖z_0‖ ‖~z_k‖ + ~θ^{−1}_k ‖~g_k‖ ‖~z_k‖ + +´ sup_{0≤i≤k} ‖~g_i‖^{k−1∑}_{j=0}^1_{‖~gj ‖}2 | | | | k−1∑ i=j ~τ_i ‖~g_i‖^2 | | | | k−1∑ s=j |~τ_s|^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 .

(28)

Őæěŋĺň ćěńĺçĺŋã k−1∑ j=0 1 ‖~g_j‖^2 | | | | | k−1∑ i=j ~τ_i ‖~g_i‖^2 | | | | | k−1∑ s=j |~τ_s|^{s∑}_{l=0} ‖~g_s‖^2 ‖~g_l‖^2 . Ĺğňěŋïï ŕàěďěńë áãňňĺàőćăŋĺï á s = j ŋă s = 0 ĺ ğăâěň ćŋőáï ğŋăł ňőďãńï ŕőď ğŋăł áãňňë, ŕőńãçăěň k−1∑ j=0 1 ‖~g_j ‖^2 | | | | k−1∑ i=j ~τ_i ‖~g_i‖^2 | | | | k−1∑ s=j |~τ_s|^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 <^{k−1∑}_{j=0}^1_{‖~gj ‖}2 | | | | k−1∑ i=j ~τ_i ‖~g_i‖^2 | | | | k−1∑ s=0 |~τ_s|^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 ≤

≤^{k−1∑}_{j=0}^1_{‖~gj ‖}2^{k−1∑}_{i=j} |~τ_i| ‖~g_i‖^{2 k−1∑}_{s=0} |~τ_s|^{s∑}_{l=0}^{‖~gs‖2}_{‖~gl‖}2 . Ŕàěőąàăğãěň ŕàăćãî çăáâì ŕőńãçěŋŋőčő ŋěàăćěŋáâćă. Ňěŋïï ŕőàïďőł áãňňĺàőćăŋĺï ŕő ĺŋďěłáăň i, j ĺ ĺáŕőńìğãï ńěňňã 2, ŕőńãçăěň k−1∑ j=0 1 ‖~g_j‖^2 k−1∑ i=j |~τ_i| ‖~g_i‖^{2 k−1∑}_{s=0} |~τ_s|^{s∑}_{l=0} ‖~g_s‖^2 ‖~g_l‖^2 = k−1∑ s=0 |~τ_s|^{s∑}_{l=0} ‖~g_s‖^2 ‖~g_l‖^2 2 = ~θ^{−2}_k .

Ŕőďáâăćńïï ŕőńãçěŋŋãî őæěŋłã ć (28), ĺňěěň

‖~z_k‖^2 <^(‖z_0‖ + ~θ^{−1}_k ‖~g_k‖^) ‖~z_k‖ + sup_{0≤i≤k} ‖~g_i‖ ~θ^{−2}_k ´.

Ćëàăğĺň őâáîďă őæěŋłã ďńï ‖~z_k‖:

‖~z_k‖ ≤ ‖z_0‖ + ~θ^{−1}_k ‖~g_k‖ + √ sup_{0≤i≤k} ‖~g_i‖ ~θ^{−2}_k ´.

Ğăňěâĺň, çâő lim_{σ→0} sup_{0≤i≤k} ‖~g_i‖ < +∞. Ďěľáâćĺâěńìŋő, ĺğ ãáńőćĺï âěőàěňë áńěďãěâ ŋěàăćěŋáâćő ‖~g_k‖ = ~θ_k(~θ^{−1}_k ‖~g_k‖) ≤ ~θ_k sup_{0≤i≤k}(~θ^{−1}_k ‖~g_k‖) ≤ const |( ~A~p_0, ~p_0)| ‖~p_0‖^2 , ĺ âőčďă lim_{σ→0} sup_{0≤i≤k} ‖~g_k‖ ≤ const‖A‖ < +∞. Ŕãáâì ŋőňěà k(σ) ćëąàăŋ ć áőőâćěâáâćĺĺ á ãáńőćĺïňĺ âěőàěňë, âőčďă áěňěľáâćő^{~u_{k(σ)}^} őčàăŋĺçěŋő. Ś ďàãčőľ áâőàőŋë, ĺğ ãáńőćĺï âěőàěňë áńěďãěâ, çâő áěňěľáâćő^{~u_{k(σ)}^} ňĺŋĺňĺğĺàãěâ äãŋłæĺőŋăń ‖Au − f‖, âăł łăł ‖ ‖ ‖A~u_{k(σ)} − f^‖ ≤ η^‖~u_{k(σ)}^‖ +^‖~g_{k(σ)}^‖ + δ ≤ ≤ η^‖~u_{k(σ)}^‖ + ~θ^{−1}_{k(σ)}^‖~g_{k(σ)}^‖ ~θ_{k(σ)} + δ < < const ·^(η + δ + ~θ_{k(σ)}^) → 0 ŕàĺ σ → 0. Šăłĺň őąàăğőň, ďńï áěňěľáâćă^{~u_{k(σ)}^} ćëŕőńŋěŋë ãáńőćĺï ńěňňë 3 ĺ, áńěďőćăâěńìŋő, ~u_{k(σ)} ⇀ ^u ŕàĺ σ → 0.

Ŕãáâì ćëŕőńŋěŋë ďőŕőńŋĺâěńìŋëě ãáńőćĺï âěőàěňë. Ŕőćâőàïï àăááãęďěŋĺï ć ŕěàćőľ çăáâĺ ďőłăğăâěńìáâćă, ğăŕĺèěň őæěŋłã

‖~z_k‖^2 ≤ (z_0, ~z_k) + ~θ^{−1}_k ‖~g_k‖‖~z_k‖ + sup_{0≤i≤k} ‖~g_i‖~θ^{−2}_k ´, (29)

őâłãďă ć áĺńã áńăąőľ áåőďĺňőáâĺ ~z_{k(σ)} ⇀ 0 ŕőńãçăěň ~u_{k(σ)} → ^u ŕàĺ σ → 0.

Šěőàěňă ďőłăğăŋă.

4. Ůĺáńěŋŋëě àěğãńìâăâë

Ćőğìňěň ć łăçěáâćě ňőďěńìŋőľ ğăďăçã àěèěŋĺï ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï, őŕěàăâőà łőâőàőčő ĺňěěâ áőąáâćěŋŋëě çĺáńă àăğŋëå ğŋăłőć [12]. Ŕãáâì àěèăěâáï ĺŋâěčàăńìŋőě ãàăćŋěŋĺě π∫ −π K(x − s)u(s)ds = f(x), x ∈ [−π, π], (30)

K(x − s) = 1 2π 1 − h^2 1 − 2h cos(x − s) + h^2 , h = −0.8.

Ĺğćěáâŋő [12, áâà. 105], çâő ĺŋâěčàăńìŋëľ őŕěàăâőà á âăłĺň ïďàőň ĺňěěâ ŕàĺ |h| < 1 áőąáâćěŋŋëě äãŋłæĺĺ 1, sin kx, cos kx, áőőâćěâáâćãîéĺě áőąáâćěŋŋëň çĺáńăň 1, h^k, h^k. Ćőğìňěň ć łăçěáâćě âőçŋőčő àěèěŋĺï äãŋłæĺî u(s) = π^2 − s^2 ĺ ŕàăćãî çăáâì ãàăćŋěŋĺï ąãďěň ćëçĺáńïâì łăł ğŋăçěŋĺě őŕěàăâőàă ŋă âőçŋőň àěèěŋĺĺ.

Ďńï ďĺáłàěâĺğăæĺĺ ãàăćŋěŋĺï (30) ććěďěň àăćŋőňěàŋãî áěâłã ãğńőć ŕő ŕěàěňěŋŋëň x ĺ s: x_i = a+(i−1)h, s_j = a+(j−1)h, čďě h = (b−a)/(N −1) | èăč, ă N | çĺáńő ãğńőć áěâłĺ. Ĺáŕőńìğãï łćăďàăâãàŋãî äőàňãńã âàăŕěæĺľ, ăŕŕàőłáĺňĺàãěň ĺŋâěčàăńìŋőě ãàăćŋěŋĺě áĺáâěňőľ ńĺŋěľŋëå ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ A_Ďu = f_Ď, (31) čďě A_Ď { łćăďàăâŋăï ňăâàĺæă á íńěňěŋâăňĺ ćĺďă a_{ij} = γ_jK(x_i, s_j), i, j = 1 . . . N, γ_j = h 2 , j = 1, h, j = 2 . . . N − 1, h 2 , j = N, (32)

| łćăďàăâãàŋëě łőíääĺæĺěŋâë äőàňãńë âàăŕěæĺľ.

Ąãďěň ňőďěńĺàőćăâì ŕőčàěèŋőáâĺ ć ŕàăćőľ çăáâĺ áńěďãîéĺň őąàăğőň. Ŕàĺňěň ć łăçěáâćě ćěłâőàă ŕàăćőľ çăáâĺ ćěłâőà ~f á łőőàďĺŋăâăňĺ ~f_i = (1 + δξ)(f_Ď)_i,

čďě ξ | àăćŋőňěàŋő àăáŕàěďěńěŋŋăï áńãçăľŋăï ćěńĺçĺŋă ŋă őâàěğłě [−1, 1], δ ∈ [0, 1] | ãàőćěŋì ćőğňãéěŋĺï, f_Ď | ćěłâőà, ćëçĺáńěŋŋëľ ãňŋőęěŋĺěň ňăâàĺæë őŕěàăâőàă ŋă ďĺáłàěâĺğőćăŋŋőě âőçŋőě àěèěŋĺě.

Šăłĺň őąàăğőň, ňë ŕőńãçăěň áĺáâěňã ńĺŋěľŋëå ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ A_Ďu = ~f, (33) ďńï àěèěŋĺï łőâőàőľ ąãďěň ŕàĺňěŋïâì ňěâőď (22){(24).

Ć łăçěáâćě ŕàăćĺńă őáâăŋőćă ĺâěàăæĺľ ňěâőďă ňë ąãďěň àăááňăâàĺćăâì ďćă łàĺâěàĺï:

1) Łàĺâěàĺľ ŋěćïğłĺ. Ŕàőæěáá őáâăŋăćńĺćăěâáï, łăł âőńìłő ďńï őçěàěďŋőčő ŋőňěàă k ćëŕőńŋïěâáï ŋěàăćěŋáâćő

‖A_Ď ~u_k − ~f‖_2 ≤ δ‖A_Ďu_0 − ~f‖_2. (34)

2) θ{łàĺâěàĺľ. Ŕàőæěáá őáâăŋăćńĺćăěâáï, łăł âőńìłő ďńï őçěàěďŋőčő ŋőňěàă k ćëŕőńŋïěâáï ŋěàăćěŋáâćő

~θ^{−1}_k ≥ 1√ δ . (35)

Ğďěáì ~θ^{−1}_k =^{k−1∑} m=0 ‖~p_m‖^2 |(A_Ď ~p_m, ~p_m)| , ‖x‖_2 =^√(x, x), (x, y) = 1 2 x_1y_1 +^{N−1∑}_{l=2} x_ly_l + 1 2 x_N y_N . Őâňěâĺň, çâő θ{łàĺâěàĺľ ćëàăęăěâ ãáńőćĺě őčàăŋĺçěŋŋőáâĺ ćěńĺçĺŋë ~θ^{−1}_{k(σ)}√η + ζ + δ (áň. ãáńőćĺě âěőàěňë 4).

Ğăŕĺèěň ăńčőàĺâň àěèěŋĺï ãàăćŋěŋĺï (33) ŋă őáŋőćě ňěâőďă (22){(24).

Ÿăč 1. Ćëąàăâì ŋăçăńìŋőě ŕàĺąńĺęěŋĺě u0 ∈ U : (AĎ~g0, ~g0) ≠ 0,

ğăďăâì k = 0.

Ÿăč 2. Ěáńĺ ‖AĎ ~uk − ~f‖2 = 0, âő ğăďăçă àěèěŋă ĺ âőçŋőě àěèěŋĺě

ŋăľďěŋő.

Ÿăč 3. Ěáńĺ (AĎ ~pk, ~pk) = 0, ŕàĺŋïâì ŋăŕàăćńěŋĺě áŕãáłă àăćŋëň

čàăďĺěŋâã.

Ÿăč 4. Śďěńăâì őďŋã ĺâěàăæĺî ŕő áåěňě ňěâőďă (22){(24). Ďńï ~uk+1

ŕàőćěàĺâì ćëŕőńŋěŋĺě ćëąàăŋŋőčő łàĺâěàĺï őáâăŋőćă.

Ÿăč 5. Ěáńĺ łàĺâěàĺľ őáâăŋőćă ćëŕőńŋěŋ, ŕàĺŋïâì ~u_{k(σ)} = ~uk+1,

ěáńĺ ŋěâ, ŕàĺŋïâì k = k + 1 ĺ ŕěàěåőď ł èăčã 2.

Ŋă àĺáãŋłăå 1, 2, 3 ŕàěďáâăćńěŋë àěğãńìâăâë àěèěŋĺï ňőďěńìŋőľ ğăďăçĺ ŕàĺ N = 101 ĺ ŋãńěćőň ŋăçăńìŋőň ŕàĺąńĺęěŋĺĺ.

Őáŋőćŋőě őâńĺçĺě ňěâőďă (22){(24) ďńï ŕàőĺğćőńìŋőčő áăňőáőŕàïęěŋŋőčő őŕěàăâőàă őâ áńãçăï ŋěőâàĺæăâěńìŋőčő áăňőáőŕàïęěŋŋőčő őŕěàăâőàă ć âőň, çâő ć ŕěàćőň áńãçăě âěőàěâĺçěáłĺ ŋě čăàăŋâĺàãěâáï (åőâï ŕàăłâĺçěáłĺ ŋăąńîďăěâáï) ňőŋőâőŋŋőáâì ŋěćïğłĺ. Śåőďĺňőáâì ňěâőďă áőŕàïęěŋŋëå čàăďĺěŋâőć ć ďăŋŋőň áńãçăě ŕàőĺáåőďĺâ ğă áçěâ őàâőčőŋăńĺğăæĺĺ ćěłâőàőć Łàëńőćă, ă ŋě ğă áçěâ ňĺŋĺňĺğăæĺĺ łăłőčő{ńĺąő äãŋłæĺőŋăńă. Šěőàěňă 4 ďăěâ ăńìâěàŋăâĺćŋëľ łàĺâěàĺľ őáâăŋőćă (θ{łàĺâěàĺľ).

Ŋă àĺá. 2, 3 ŕàěďáâăćńěŋë àěğãńìâăâë àěèěŋĺï ňőďěńìŋőľ ğăďăçĺ ŕàĺ δ = 0.005 ĺ δ = 0.01. Ć łăçěáâćě łàĺâěàĺěć őáâăŋőćă ĺáŕőńìğãîâáï łàĺâěàĺľ ŋěćïğłĺ ĺ θ{łàĺâěàĺľ. Őąă łàĺâěàĺï ćëŕőńŋïîâáï ŋă őďŋĺå ĺ âěå ęě ĺâěàăæĺïå.

Őâňěâĺň, çâő ŕàĺ ŕàőćěďěŋĺĺ àăáçěâőć ŋĺ àăğã ŋě ąëńă ďőáâĺčŋãâă áĺâãăæĺï, łőčďă (A_Ď ~p_k, ~p_k) = 0.

Ăćâőàë ćëàăęăîâ ąńăčőďăàŋőáâì Ć. Ă. Ňőàőğőćã, Ă. Ĺ. Čàěąěŋŋĺłőćã ğă őąáãęďěŋĺě ŕőńãçěŋŋëå àěğãńìâăâőć ĺ æěŋŋëě ğăňěçăŋĺï.

Ńĺâěàăâãàă

[1] Śâăàőáâěŋłő Ć. Ĺ. Şáâőľçĺćëě çĺáńěŋŋëě ňěâőďë ć ğăďăçăå čàă-

ćĺňěâàĺĺ. Łĺěć, Ŋăãłőćă ďãňłă, 1978.

[2] Ăńĺäăŋőć Ő. Ň., Ăàâîåĺŋ Ě. Ă., Řãňïŋæěć Ś. Ć. İłáâàěňăńì-

ŋëě ňěâőďë àěèěŋĺï ŋěłőààěłâŋëå ğăďăç. Ň.: Ŋăãłă, 1988.

[3] Ŋěňĺàőćáłĺľ Ă. Ś. Ő àěčãńïàĺğãîéĺå áćőľáâćăå ňěâőďă áőŕàï-

ęěŋŋëå čàăďĺěŋâőć ŋă ŋěłőààěłâŋëå ğăďăçăå// ĘĆŇ ĺ ŇŤ, 1986. Š.26. N3. Ś.332{347.

[4] Čĺńïğőć Ś. Ť. Ŕàĺąńĺęěŋŋőě àěèěŋĺě ŋěłőààěłâŋëå ğăďăç. Šěőàĺï

ĺ ăńčőàĺâňë. Ň.: Ĺğď{ćő Ňőáł.ãŋ{âă, 1995.

[5] Hanke M. Conjugate gradient type methods for ill{posed problems.

Longman Scienti˛c & technical, 1995.

[6] Ćőěćőďĺŋ Ć. Ć. Ő ňěâőďăå áőŕàïęěŋŋëå ŋăŕàăćńěŋĺľ //

ĘĆŇ ĺ ŇŤ, 1979, Š.19. N5. C.1313{1317.

[7] Ćőěćőďĺŋ Ć. Ć., Šëàâëèŋĺłőć Ě. Ě. Őą őąőąéěŋĺĺ ňěâőďőć áő-

ŕàïęěŋŋëå ŋăŕàăćńěŋĺľ // Ůĺáńěŋŋëě ňěâőďë ăńčěąàë. Ň.: Ĺğď{ćő Ňőáł.ãŋ{âă, 1981. C.3-9.

[8] Ňĺåńĺŋ Ś. Š. Ćăàĺăæĺőŋŋëě ňěâőďë ć ňăâěňăâĺçěáłőľ äĺğĺłĺ.

Ĺğď. 2-ě. Ň.: Ŋăãłă, 1970.

[9] Ťăďďěěć Ď. Ł., Ťăďďěěćă Ć. Ŋ. Ćëçĺáńĺâěńìŋëě ňěâőďë ńĺŋěľ-

ŋőľ ăńčěąàë. { Ň. { Ń.: Ťĺğňăâčĺğ, 1963.

[10] Ćăáĺńìěć Ť. Ŕ. Ňěâőďë àěèěŋĺï íłáâàěňăńìŋëå ğăďăç. Ň.: Ŋăãłă, 1981.

[11] Šĺåőŋőć Ă. Ŋ., Ăàáěŋĺŋ Ć. §. Ňěâőďë àěèěŋĺï ŋěłőààěłâŋëå ğăďăç. Ň.: Ŋăãłă, 1986.

[12] Łàăáŋőć Ň. Ń., Łĺáěńěć Ă. Ĺ., Ňăłăàěŋłő Č. Ĺ. Ĺŋâěčàăńìŋëě ãàăćŋěŋĺï. Ň.: Ŋăãłă, 1968.

Řĺá. 1: Řěèěŋĺě ňőďěńìŋőľ ğăďăçĺ (a) ŕàĺ δ = 0 ĺ k = 10: (-) { âőçŋőě àěèěŋĺě, (.) { ŕàĺąńĺęěŋŋőě àěèěŋĺě; čàăäĺł ŋěćïğłĺ (b): ‖g_k‖_2 / ‖g_0‖_2.

Řĺá. 2: Řěèěŋĺě ňőďěńìŋőľ ğăďăçĺ ŕàĺ δ = 0.005, k(δ) = 5.

Řĺá. 3: Řěèěŋĺě ňőďěńìŋőľ ğăďăçĺ ŕàĺ δ = 0.01, k(δ) = 3.