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ӱԈ У ᴇ

╗ э ᴇ   

⁸[7,8], ᴐѝ э ᴇ   У

ὴ Ὧ . , УҾ , 

ȁ ȁ

Ὧ[9~16]. ‾ұҩ

.  

ѝ Ѭ, Ԉ ӱ

ὲ  Ԉ , У Ὧ , 

ӊ . 

2007 , ȇ Ȉ(Journal of vision)  ҩὯұ

ж‒, ; 

, а Ὧұ э ִ . 

ὲѐ УҾ , 

  .  

1  拥挤效应的研究方法及特性 

1.1  拥挤效应的研究方法 

ὴ ₁ 1 . ѐ

ѝ , R ѝ ₁ (target), S Z ѝ ᵛ

₁ (flanker), ₁ Ѯ ѝ

₁ (eccentricity), ₁ ᵛ₁

Ѯ У ү ѐ ⁮ѐ . Ὧ

(critical spacing) ᵛ₁ ⁮ ⁞

₁ . ԈЮ

ΰ : (Ќ) ⁞ ₁ , У

₁ ⁞ ⁞ ; (Ѝ) 

, ₁ ᵛ₁

,   ע , 

ұ У ḣ ѝ .  

1.2  拥挤效应的特性 

У [17], Ԉ

₁ а ֗╘ , 

֗╘[3]ȁ ⁞֗╘[18~21]ȁ ᴇ ⁞֗

╘[22]ȁᴁ ֗╘[6]ȁ ⁞֗╘[23,24]ȁ ╟  

 

 

1  ₁  

⁞֗╘[25]ȁ ╟ ⁞֗╘[26]. Ѯ , 
[17] [27,28]҂ ֶ ⁮

.  

ᴇ ὲӹ ᴇУ   , У ‟

₁ Ԉ ⁞ , 

(ordinary masking)ȁv Ӈҵᴐ (lateral interaction)ȁ

⁸(surround suppression)Ԉ . Ҿ

ת ,נ Э ҩа

⁸. ὲӹΰ שּ

‍. Pelli ӝ[29] , ᴿתа

₁ , У ‡ . У

Ҿ , а ₁

⁞ ת ,[21,29] ֶ

⁞[30]. Kooi ӝ[31]ԈἽ ѝ₁ ֒, 

ᵑ ұ ₁ ᵛ₁

, ᵛ Ӈҵᴐ а ᵑ ұ . Levi ӝ[32]

⁸ , ₥ Ԉ

. Petrov ӝ[33] , а ұ , ⁸

ᾃ а (inner-outer anisotropy). 

Ԉ , Whitney Levi[1]

ҩ 6э , ѝ ԏ Ԉᴐѝ

ᴐ Ѭ: (Ќ) 

⁞а ὲ ; (Ѝ) ᴇ

а , а ‍שּ

ᴇ; (Ў) ᵑ ұ ₁

₁ б ᵛ₁ Ѯ . 

ᾳЮ, ԏ , . Bouma[34,35]

, Ԉӊ ᵛ₁ ₁

б ₁ 0.4~0.5 , 

э ѝ Bouma ‡. 

Bouma ‡ [ 1 7 , 2 5 ] ;  (Џ )  έ

(anisotropy). ἼԈ ѝѐ , ‍ ᵛ

₁ ‎ ‍ ᵛ₁ ӊ   
[36], ᴿ , ѐ‍ Э, ᵛ₁ ‍

ֶ ‍ ӊ . , 

Э Ю [20].  , 

ᵛ₁ ₁ ‟ ӹԏ ‟ , 

ӊ [37]. 2 ѐ̆ ‍ ᵛ

Ἵ ‎ ‍ ᵛἽ ӊ ; 

(А) έ ᾃ а (inner-outer asymmetry), 

Уэ ᵛ₁ ұ ₁ ұ  



: ⁸ 
 

452 

 

2  ‎ ᾃ  

‍ ‎ ‍ ᵛἽ ӊ ; ѝ ‍

, ᵛἽ ᾃᵛἽ ӊ  

ᴁ ὲ ұ ᴁ ӊ
[24,34,38]. 2 ѐ̆ ѝ ‍ , ᵛ

ᵛἽ ᾃᵛ ᵛἽ ӊ ; 

(Б) (temporal tuning). аת У

, ҂έ [39,40], ₁

ᵛ₁ . а , ᵛ₁

₁ а   ѝ

Ҭ .  

Whitney Levi[1] 6 э ѝ

″ ῆ(diagnostic criteria), תҮ Э 6 э

а . ᴿ , УҾ , ҂ֶ

֗╘[41,42]. Petrov ӝ[33]‡ , ⁸

‎ . ᵛ Ӈҵᴐ

‡ ‍ҩ, ѝשּ ₁

ᵛ₁ Ѯ , ԏ ᴁ ὁ ᵛ

ҵᴐ . , УҾ ╒

У ת , ₥ У ″

ῆ ὲӹ ш ‍שּ .  

2  拥挤效应的神经机制 

Ὧұ ӊ ᴁ

, ᴇ Ԉ ѝ 2 : (Ќ) ѝ

╗ , Ю Э .  

ѝ, ₁ ╗

⁮ ⁸ [10,14,18,20,43~45]; (Ѝ) ѝ

╗ ₁ ⁮ , 

Ѯ Ԉ ѝ ‍ а [19,46~49]. 

Ѯ , ᴐ

ᾱ [5,50]. [51] Ү֒ Ὧ ᴁ

(event-related potentials, ERPs) Ὥ ẹ (func- 

tional magnetic resonance imaging, fMRI) , 

ұ

₁ ᵛ₁ Ѯ ҵ ⁸ , з ⁸

⁮ , ╗

, ӊ ѐ ᴐ , ӱ

Э ᾱҩ ╗

ч Ѯ Ҭ .  

2.1  视觉加工阶段假设 

УҾ ѝ, 

₁ ᵛ₁ ὡ Уэ ἷ

. Flom ӝ[52] ὴ ѐ, ᵛὬ

(Landolt C) Ὤ Ѯ , 

а ֒Ю ″ Ὤ

, Ԉ ה . ӹԏ

ѝ, ᾱұ ₁

. ұ ҂ , 

, ҂ . 

ѝ“ Ḯ ”[3].  
б נ ᾱ ұ

У ₁ ᵛ₁ Ѯ
[4,53]. Motter Simoni[54]‾

ᾃ . б ᵛ₁

, ᵛ₁ ₁

, Ԉ . э ҂

⁮ҩ [55]. , , ӝ

ὲӹ ╟

‎ (V1: (Cebus albifrons), ұ 1.5:1[56]; 

ӝ , 3:1[57] ; V2: , 1.5:1[58]; V4: 

, 2:1[59]), Ԉᴐѝ ‎

.  

У ұ‫

ἷѮ (long-range horizontal 

connections). ὰ ⁸
[60,61]. (Catus) ‫ ү

Ь ѐ Ԉ ⁮ 6~8 mm[62~65] . Ҿ

נ ἷ У



ѐ :    2014   44   5  
 

453 

, ὲ Ḷ נ ἷ[66]. 

ѝ , ₁ ᵛ₁ έ

נ Ḁ [31], Ԉ

⁮‫ [63,67~69]. 

Orbach Wilson[70], Wilkinson ӝ[71] Parkes   

ӝ[5] ѝ, ḥ ұ ₁

ѝ (texture), ₁ Э э

‍ ҩ, 

Ὧ[29,36].  

╗ Ḯ ѝ

╗ . Ἴ, ᴳ а

₁ ֗╘ ₁ ᵛ₁

( ֒) ‍⁞ а (

‍ ֒) [4,31,52,72]. з

У ѐ У

ᴁ , ᵛ У

, Ӱ [69]. Ҿ

, Ѯ , 

‫ [73], Ԉ

ᵛ ᴇ.  

ת ұ ⁮ ӣ

ѫᴁ э Ӱ а . Blake ӝ[18]б Ho

Cheung[20] ֶ῏ Ἵ ӊ

, Ѯ₥, ӱ

ᴂ V1 ᴁ . 

ѐ, Millin ӝ[74] fMRI

שּ . Ю, ₁

ᵛ₁ ᵛ₁

ᵑ (blood oxygen level dependent, BOLD)ᶕ

ת , Ю, ұ Ѯ

⁸, ү   Ѯ ᵛ₁ ᶕ

῏ . ӹԏ , ⁸ V1 Ԉ

ӊ , з₁ ӊ , V1 ⁸

҂ שּ ; , ᵛ (lateral 

occipital complex, LOC), Э ╟ а . ӹ

ԏ , ⁸а ת , ӹ

ԏ ₁ , ѐ ֗╘

ὤ . ԈЭ V1

שּ ת , Arman ӝ[75] Bi   

ӝ[76] fMRI V1 , 

ӹԏ , Ὧ ᴂ שּ V2.  

, V4 ᴁ , 

ὲѐ҂ꜛ , V4

‎ ѝ 2:1[59], ‎
[36]; V4 ἷ ὲ

0.5 ᷁, Bouma ‡ . зУ

Ҿ V4 а ₁ ᶕ

שּ [77,78], Chung ӝ[10] У

ү ₁ ᵛ₁ Ѯ Ӈ

, У ү ᶕ Ѯ

. Liu ӝ[21] , 

₁   1/4 , 

₁ ᵛ₁ ‍⁞  ЭЮ а

, ү ‍⁞ 

῏ , Э Ԉ

ЭЮ аת ⁮ .שּ

V2 V3, ЭЮ ₁ ֶ‍⁞ ⁮ ᵛ

ᵛ, , ӹԏ V2 V3а

Ὧ ₁ .שּ ᵛ₁

Ӱ , ‡ V1 а

ў V1, V2 .שּ V3 Ѯ , ӹԏ

ѝ ў שּ V4 LOC. а

э ₥ ᵛ₁ ‍⁞

, ₁ У , ‡

V1.  

, ᵛ₁ ҂ Ԉӊ

. Chakravarthi Cavanagh[79]‾

ᴳ ⁮ ᵛ₁ , Ӱֶ

. ӹԏ , metacontrast ᴳ

῏ . ₁ ᴁ

, metacontrast ѝ₁

₁ ᴁ , ү

ӊ ╗ [80~86]; 

ת ᴳ ᴇ Ԇ (object substitution mask) , 

а , ᴇ Ԇ б₁

а ᴁ   ȁת У , 

ѝ ѝ ╗ [87,88]. ӹԏ

, metacontrast

╗ Ѯ , ᴇ Ԇ ╗

Ѯ₥, ẹ , ᴇ Ԇ Ὧ

שּ LOC[89], Ԉ ‫

⁮ LOC Ѯ .  

Ho Cheung[20]‾ ⁸ (contin- 

uous flash suppression technique)ᴳ ⁮
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Ἵ , ӹԏ , Ἵ ҂ Ԉӊ

ת . Wallis Bex[90]ᴳ “

”(adaptation-induced blindness)ᴳ ұ

, з э

⁮ э . ӹԏ , ֗╘

⁮ э Ὧ, 

э Ὧ. ѝԈЭ ᴳ

₁ ‍⁞ Ἵ , ӹԏ , 

ѝҩ ╗ а ₁ ӊ

, Shin Tjan[91]ᴳ Gabor 2 ₁

, ‾ ⁸ “ ”2

ᵛ₁ . , 

Gabor ‍⁞ᴐѝ ₁ , ⁸

⁸ ᵛ₁ , ֗╘ б

ᵛ₁ Ὧ, б ⁮

ᵛ₁ Ὧ; ᴳ Gabor ᴐѝ ₁ , 

“ ” ⁸ ᵛ₁ , ֗╘

б ⁮ ᵛ₁ э Ὧ, б

ᵛ₁ Ὧ. ӹԏ , 

⁸ ╗ Ѯ₥, з

“ ”Ѯ .  

2.2  注意阶段假设 

╗ Ḯ ұ , ѝ

ѝ аῆ ; 

Ḯ ‡ ѝ ‍ а .  
1996 , He ӝ[19] , ꜛ Ԉ ұ

″ ὲ Ἵ Ӱ Ԉӊ э Ἵ

, ‫ ╗ , 

‫ Ѯ . ӹԏ

, ₁ Ю , ₁ Э

, Ю ‍ Э У , 

ӹԏ ұ ‍ а

. ‍ ‍שּ

, ᶑ

а╟ ₁ [92]. 2э ᴇѮ

שּ , ӹԏ ֶᴐѝУэ

ᴇ , ‍ ὲѐ эᴇ, 

ҩ. ת He ӝ[19]

⁮ Blake ӝ[18] , Blake ӝ[18] ѝ, He  

ӝ[19]Ѯ Ԉ ⁮

ѝ₁ , ⁮ , ӹԏ

ᴂ ₁ , ֶ . Ho

Cheung[20]ᴳ ᴂ Ἵ ҂ ֶ

Ἵ ӊ .  

Ѯ , УҾ

ӊ ѐ ᴐ . б

ᵛ₁ а , Ԉ ῏ , 

Chakravarthi Cavanagh[40] ҩ ִ

□ , ӹԏԈУ ₁

, ִ□ ѝ

6~8 Hz , ‍ ҂ 6~8 Hz У

, ӱ ‍ а

. Petrov Meleshkevich[38] , ₁  

ᴁ , ѐ , 

ᾃ а ῏ , ҂

ӊ Ὧ ᴐ . , Tripathy

Cavanagh[49] , Ѭ ₁ ӑ Ѭ ₁

У , ұ╗ ӑ

ἷ а , ╗

ᴂ[93], 

а ᴂ . , ӹԏ

, Ὧ ₁ Ὧ, 

а ╗ . Nador

ӝ [94]ᴳ ᴁ (steady state visually 

evoked potential, SSVEP) ‍ ₁ ᵛ

₁ ᶕ . 2 э Gabor 36 э Gabor

ꜛ , ү Ԉа , У ᾳ

₁ , ₁ б ᵛ₁

( ֒) Ӈ( ֒); У ᾳ

Ю Уэ  Gabor, 

а ὲӹ ₁ ( ֒). ҩ

ᵛ₁ ╟ 3 ֒Ю , , 

֒Ю, ᵛ₁ ᶕ , 

֒ ֒Ю, ᵛ₁ ᶕ ֶ ᴂ. ӹ

ԏ ѝ ֒Ю, ‍

, ӱ ⸗ ‍ ₁ ᵛ₁ Э; 

ὲӹ 22 ֒, аֶ ᵛ₁ Э‍ , 

ὲᶕ ᴂ. ӹԏ ‍

а .  

, ᵑ ұ ᵛ₁

ᴁ , ᾳЮ, Э ᴁ

⁮ ᴁ аУ . Fischer ӝ[95] ѐ, 

Gabor ᵛ Gabor ꜛ , ᵛ Gabor Ԉ
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ᴁ (drift), ӱ ԏ

. , 

֗╘ бӹԏ ⁮ ᵛ₁ ₁

ᴁ Ὧ, б ᴁ Ὧ, з

ᴁ б ᴁ . 

╗ ╟ ᴁ

Ḷ э Ѯ . Yeh ӝ[96] , 

Ԉ Ѭ ╟ . Faivre ӝ [97 ]

Faivre Kouider[98] , ѝ а

⁞ ȁ ȁ Ԉ  

‍ . Ҿ , ╟ᶕ ȁ 

Ѭᶕ ȁ ᶕ ᶕ Ѯ , 

.  

ұ ‍ а , 

‍ а ᴳ ᴁ ₁ , 

ұ УҾ ‍ ,   

₁   ₥ ╗ (cue), ῏     
[47,48,99~103]. Nazir[101] , 

ᴐ ת ; Ѯ , ╗ Ԉ

ᴳ ֗╘ [48,101,104,105]. Strasburger[48]

, 1°~2° ᴁ , ╗

Ԉ ᴂ Ὧ ת , 4°

ԈЭ ᴁ , Ὧ

ҩ; б Scolari ,נ ӝ[102]҂ , 

Ὧ а ᴐ ת . Yeshurun

Rashal[106] , , (3°)

(5°б 9°) , Ὧ

ֶ῏ . ӹԏ  , ₥ Ѯ Ԉ ⁮а

, ѝ ₁ ҩ₥

, ӹԏ аб ₁

ᴁ , ὁҩ У . Ѯ, Ὧұ ╗

⁮ У .  

2.3  记忆及决策加工阶段假设 

УҾ ѝ, 

╗ ᾱ . Zhang

ӝ[50] , э   , 

а эᴁ ת ,

ᴁ ᶕ ⁮ Ҿ , 

, ᴐ

.  
Parkes ӝ[5] , УҾ Gabor ₁

, а У Gabor ₁ ᴁ

Ԉῆ Gabor . 

ѝ (summary statistics)[107,108], У ὤ

. Parkes ӝ[5] ѝ, ₁

, ḥ ұӨ ₁ ᴇ ᶕ , 

э₁ ᴁ ᶕ ֶх , 

ᾱ .  

2.4  注意调节下的早期视觉加工阶段假设 

Ὧұ ⁸, ╗ Ḯ

Ḯ ⁮ҩ ת . ᴇ , 

2 , . 

ὲ Millin ӝ[74] fMRI , 

₁ б ᵛ₁ Ѯ ⁸ Ὧ, ת ⁸а

. Ԉ Ԉ
[48,101,104,105]. У ѝӹԏ

₁ , ѐ ֗╘

ὤ .  
, ᴳ ERPs fMRI ӱ

2 э ҩ ⁸[51]. ERPs

, ֶ ⁸ C1 ᶕ , ₁

, ⁸ , з ‍ ₁ ‎ ‍

₁ ӊ C1 ᶕ ⁸ ת ,

₁ Ҿ . C1 ‍ ֫ , ὲ

ḣ ₁   76 ms ⁮ ḣ, ҩ

╗ . Ԉ , C1 ᴇ ҩ V1

₥ ᶕ [109~111]. fMRI , V1, ‎

‍ ᵛ₁ Ѯ Ӈҵᴐ , 

з V1 , ֒Ю . 

Ҿ , 

₁ ᵛ₁ Ѯ Ӈҵᴐ Ὧ, з

Ὧ ᴐ . , [51], C1

V1 ᶕ ѝ Ὧ, ѝ

C1 ⁸ V1 ᶕ

҂ . а ұԈ ѝ ᴐ

. э , 

╗ V1 ╟, ӱ , 

V1 з , ӱ ҩч

.  

‾ ҃

⁸[112]. ⁞ 3 э

‟ Ἵ ѐ Ἵ , 
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Ԉ ҃῏ , з ҃ Ԉ

⁮ ᴁ ת Ἵ а ₁ Э, 

Ԉ ⁮ ᴁ ╟ ᴇ ╟

⁞ ֗╘Э, ת ⁮ ᵛ

Ἵ ₁ Э. ⁮ , 

ὲ ҃ Ԉ ⁮а ₁ Э, ת שּ

έ שּ , а ⁮

ᴁ . ЭУ ⁮ ERP fMRI , 

Ԉ ҃ ҩעִ ⁸, 

έ ᴐ , ӱ ῏ ҩ

₁ Ѯ ⁸ᴐ , ҩԈЭ

2 ⁸ . ҂ ẹ[75]ȁ
[20]Ὥ ҩ

, з ⁮ .  

3  视觉拥挤效应的计算模型研究 

₥У ‍ᾃ ў ҩ

Ḯ ת , ṁ 

а , Ю ԏ .  
Wilkinson ӝ[71] ҩ ᵛ₁   , 

₁ ȁ ⁞ , 

╗ᴐ (summation)

б ҵ ⁸ᴐ ҩ

. э ѐ, 

╗ ת , У שּ έ נ

, ֶ , ⁸

. ӹԏ , 

Ԉ ⁮ , У

V1.  

Parkes ӝ[5] э Gabor, ὲѐ

УҾ У Ḷ , ѝ Gabor, 

ὲᴍ Gabor ὤ ѝ , Gabor ᴁ

, Gabor . ӹ

ԏ , Gabor ╗, ″

῏ . ӹԏ У , 

а Gabor ת , Ԉה

Gabor , э Gabor ᶕ

х (pool)⁮ҩУ . ӹԏ

ѝ (pool model).  

Ѯ ⁮ҩ Solomon ӝ[113] . 

Solomon ӝ[113] ҩ ᵛ , 

ҩ , pool ṁ

, ү . ӹԏ  У ᵛ

⁸ ᵛ ἷ

.  

ѐ, van den Berg ӝ[114]ӱ

ὡ , ‾ ‡  ҩ

έ Ѭ . э ѐ, Уэ₁

ᶕ Уэ ‍ , Ἴ Уэ ‍

╟, ᴁ

╟╗ эᴁ ₁ ╟, 

ᾋ   ⁮ ᶕ

‍ , Уэ ‍ Ԇ ᴁ ₁

. ұᶕ , Эї ₁

. э Ԉ

, Ὧ ȁ ⁸ . ӹԏ

, V4 У ἷ ᶕ

ᴐ ἷ, а ᴇ ⁞

, ѝҩ ᶕ

‫ ⁸ Уэↄӊ .  

Dayan Solomon[55] ҩбЭ а

, ӹԏ ₁ ⁞

ṁ . ἷ ֶᵑ

, ₁ б

₁ ὡ Уэ , ₁ ֶ э

ӊ . э ҂ У Э

ҩ ұ ᵛ₁ У

ἷ . б van den Berg ,נ ӝ[115]‾

а ᾳЮ ⁞

, ӹԏ 3 э

, 

,   У Ԉ

  ҂ֶ а ; У

‡ Ԉ ї ᴁ ֙ а   

.  

Nandy Tjan[45] V1 ᵛ Ӈҵᴐ (lateral 

interaction) ẹ ᶕ (natural image 

statistics),  ҩ Уэ Ԉ ‎

. ‫ ἷ ᵛ Ӈҵᴐ Ԉ

ẹ ᶕ [116,117]. ₁

, ẹ ᶕ ҩ

‍ , Уэᴐ
׆ ,[118] ẹ ᴁ
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ҩ ẹ ᶕ , з

( ) ẹ ш . 

ẹ ᶕ ҩᵛ Ӈҵᴐ , ӱ

έ Ḷ .  

а ᴳ ҩа ת ,

, Э Ҿ ұ ἷ

ᵛ ҵᴐ (lateral interaction) , ѝ

ᵑ ұ ╖ , 

╗ Ḯ . ‍ а

҂ ⁮УҾ ת , ₥ѝ

.  

4  视觉拥挤效应的知觉学习研究 

ұ Ὧ, 

҃῏ [9,119~124]. 

҃

ұ ⁸҂ ╠.  

Chung[9] 8 э ⁞ 3 э ѕѐ ұѐ

ᴁ Уэ , э 6000 э . 

҃, ⁞ ₁

ӱ 34% ⁮ҩ 64%, з

҂ ҩ( ת ,(3 ῏

ט . , Hussain   

ӝ[121] ҩ ұ ӝ ӝ , ҃

Ԉ῏ , з , ӝ

҂ט , 

ї Ѭ. 

Huckauf Nazir[120]҂ , ҃ Ԉ῏  

 

 

3  Chung[9] ҃῏  

, ӹԏ , ҃ ҃ ұ

₁ , з ҃ ᵛ₁ ҂ Ԉ῏

, ᵑ ұ ₁ ᵛ₁

Ӈҵᴐ ת , ҃ ҃ Ԉ ‍

⁮ ҃ ₁ ᴁ , 

‍ ⁮ ╗ ת .

Maniglia ӝ[123] ѐ, ֗╘

Gabor ꜛ Gabor , ᵛ

Gabor . ῏ ҩ , 

ҩ ת , ҃

⁮ ₁ а ᵛ₁ ѝ

Ӈ ₁ Э, ҃ ᴐ ῏

ᵛ₁ ₁ ⁸ᴐ , а Ө╗

У ₁ .  

Huang Watanabe[119] ⁞

10° ὲӹ ꜛ . 6

, ⁞ ҩ , з ҃

ᵛ₁ Ѯ Ӱ ᶑ , 

, ᴁ , ҂

⁮ҩ . ұ ἷ ᵑ ұ

ӹԏ , ӹԏ , ҃ᴳ

῏ ᴁ ἷ

.  

Sun ӝ[124]‾ (ideal observer 

analysis) ҃, 

⁸. ӹԏ ѝ, ╗ҩ ᶕ , 

ᴂҩ ᶕ ╒. 6

, 2 ѐ У , 

ӱ ᴳ . ӹԏ ѐ ὡҩУэ

(perceptual window) . ѝ

Ὧ ὡ , 

, ᴳ ; Ḷ

а Ԉ , ᴂ. 

҃ ‡ Ԉ

, ӱ ῏ . э  

бѮ₥ Pelli ӝ [12]   “ שּ

”(combined field)У ת , , ⁮

, ҂ ѝ ὲ ᵏ

ᶕ ⁸ .  

҃ У Ԉ

῏ , ѝ ҃῏ ҩ ᵛ₁ ұ

₁ ⁸ᴐ ת , ⁸ᴐ э



: ⁸ 
 

458 

Ӱ ₥ ⁮ У . 

Ѯ, ҃ ╗

╗ ӊ . 

ᴐ [51]   Ю ╗

Ḯ У .  

5  未来的方向和问题 

ΰ︠ ⁸

ת , ұ ₥ Ἵ  

ѝ , ұ ₁ , [23,24]ȁ 

╟[26]ȁἽ ╟ [25]ȁ Ѭ[97]Ԉ ȁ
[97,98] . Ԉ

ᶕ ȁ ╟ᶕ ȁ Ѭᶕ ȁ ᶕ

ᶕ Ѯ , ᴁ

ұ₁ , . , 

ᵛ ₁ , ȁ

ȁ ╟ȁ Ѭȁ . ᴿ , [51]ԈἽ

ѝ₁ , V1 з , 

҃ ҩעִ ⁸, ῏ ҩ

₁ Ѯ ⁸ᴐ , ӱ ῏ ҩ . 

ת ұὲӹ₁ , ᾳ Ӱ .  

Ԉ ѐ, ў

ȁ ὲ ╟ ֒Ю , Ԉḣ

Уэ ᴁ ᶕ Ԉ . 

Harrison ӝ[125~127] ╟ Ὧ Э

ṁҩУ ‟ ᴐ, ӹԏ , ₥ ῆ ╟

Ԉ ꜛ ᴇ ⁞   

ת .[126]╒ э ḣ , 

ὲӹ ╟(ẹ ў ╟)

, Ԉ ╟ᶕ שּ

ѐ , 

ᵏ .  

Э ‍ , Ү Э, 

Уэ , ᴿ

╟ᴐ҂ֶ ⁮ . э

ҩУҾ . , ѐ

₁ ᶕ (vision-for-perception)

╟ (vision-for-action) а  
[128]. Chen ӝ[129] ֶЭ

ѐ, ҩ ѝ

, ӹԏ ╟ᴐ а ; 

ѝ аẹ

ѫ , з

‎ . ᴇ ⁞ ᵛ а , 

╟ᴐў ᵛ , 

‾ұ ᵛ ╗ ╟ᴐ

, ѝ ὡ ҩУ .  

Ѯ , ╒

У ᴐ, ᴿ : (Ќ) ұа ₁

( У ү , ᴇ ᴇ ‍), ҵ

? (Ѝ) 

Ҿ ╟ ? Ԉ ᴳ

╟ ? (Ў) 

Ԉ ῏ , ӱ , ╠

ȁ ӝ? (Џ) ұ , У

Ԉ῏ У ? 

(А) , Ԉ э

ѐ ᴉ ע ?  

, ₥ Ӱ

, Ԉ ҩ‾ Ү֒ Ὧ ᴁ(ERPs)

Ὥ ẹ(fMRI) , Ԉ

₁ (transcranial magnetic stimulation, TMS) ⁸ ὡ . Ѯ, ᴐѝ ᴇ

⁞ Уэ , Ἱ‍ ұֳ

έ ︠‍ Ѭ.  

致谢 感谢北京大学视觉与脑成像实验室的同事们予以支持和指导. 

参考文献  

1 Whitney D, Levi D M. Visual crowding: a fundamental limit on conscious perception and object recognition. Trends Cogn Sci, 2011, 15: 

160–168 

2 Levi D M. Crowding—an essential bottleneck for object recognition: a mini-review. Vision Res, 2008, 48: 635–654 

3 Levi D M, Waugh S J. Spatial scale shifts in peripheral vernier acuity. Vision Res, 1994, 34: 2215–2238 



ѐ :    2014   44   5  
 

459 

4 Levi D M, Klein S A, Aitsebaomo A P. Vernier acuity, crowding and cortical magnification. Vision Res, 1985, 25: 963–977 

5 Parkes L, Lund J, Angelucci A, et al. Compulsory averaging of crowded orientation signals in human vision. Nat Neurosci, 2001, 4: 

739–744 

6 Greenwood J A, Bex P J, Dakin S C. Positional averaging explains crowding with letter-like stimuli. Proc Natl Acad Sci USA, 2009, 106: 

13130–13135 

7 Alvarez G A. Representing multiple objects as an ensemble enhances visual cognition. Trends Cogn Sci, 2011, 15: 122–131 

8 Joo S J, Boynton G M, Murray S O. Long-range, pattern-dependent contextual effects in early human visual cortex. Curr Biol, 2012, 22: 

781–786 

9 Chung S T. Learning to identify crowded letters: does it improve reading speed? Vision Res, 2007, 47: 3150–3159 

10 Chung S T, Li R W, Levi D M. Crowding between first- and second-order letters in amblyopia. Vision Res, 2008, 48: 788–798 

11 Chung S T, Mansfield J S, Legge G E. Psychophysics of reading. XVIII. The effect of print size on reading speed in normal peripheral 

vision. Vision Res, 1998, 38: 2949–2962 

12 Pelli D G, Tillman K A, Freeman J, et al. Crowding and eccentricity determine reading rate. J Vision, 2007, 7: 20 

13 Williamson K, Scolari M, Jeong S, et al. Experience-dependent changes in the topography of visual crowding. J Vision, 2009, 9: 15 

14 Yu D, Akau M M, Chung S T. The mechanism of word crowding. Vision Res, 2012, 52: 61–69 

15 Zhang J Y, Zhang T, Xue F, et al. Legibility variations of Chinese characters and implications for visual acuity measurement in Chinese 

reading population. Invest Ophthalmol Vis Sci, 2007, 48: 2383–2390 

16 Zhang J Y, Zhang T, Xue F, et al. Legibility of Chinese characters in peripheral vision and the top-down influences on crowding. Vision 

Res, 2009, 49: 44–53 

17 van den Berg R, Roerdink J B, Cornelissen F W. On the generality of crowding: visual crowding in size, saturation, and hue compared to 

orientation. J Vision, 2007, 7: 14 

18 Blake R, Tadin D, Sobel K V, et al. Strength of early visual adaptation depends on visual awareness. Proc Natl Acad Sci USA, 2006, 103: 

4783–4788 

19 He S, Cavanagh P, Intriligator J. Attentional resolution and the locus of visual awareness. Nature, 1996, 383: 334–337 

20 Ho C, Cheung S H. Crowding by invisible flankers. PLoS One, 2011, 6: e28814 

21 Liu T, Jiang Y, Sun X, et al. Reduction of the crowding effect in spatially adjacent but cortically remote visual stimuli. Curr Biol, 2009, 

19: 127–132 

22 Westheimer G, Truong T T. Target crowding in foveal and peripheral stereoacuity. Am J Optom Physiol Opt, 1988, 65: 395–399 

23 Farzin F, Rivera S M, Whitney D. Holistic crowding of Mooney faces. J Vision, 2009, 9: 18 

24 Louie E G, Bressler D W, Whitney D. Holistic crowding: selective interference between configural representations of faces in crowded 

scenes. J Vision, 2007, 7: 24 

25 Moutoussis K, Zeki S. Seeing invisible motion: a human FMRI study. Curr Biol, 2006, 16: 574–579 

26 Ikeda H, Watanabe K, Cavanagh P. Crowding of biological motion stimuli. J Vision, 2013, 13: 20 

27 Vidyasagar T R. Gating of neuronal responses in macaque primary visual cortex by an attentional spotlight. Neuroreport, 1998, 9: 

1947–1952 

28 Vlaskamp B N, Hooge I T. Crowding degrades saccadic search performance. Vision Res, 2006, 46: 417–425 

29 Pelli D G, Palomares M, Majaj N J. Crowding is unlike ordinary masking: distinguishing feature integration from detection. J Vision, 

2004, 4: 1136–1169 

30 Thomas J P. Detection and identification: how are they related? J Opt Soc Am A, 1985, 2: 1457–1467 

31 Kooi F L, Toet A, Tripathy S P, et al. The effect of similarity and duration on spatial interaction in peripheral vision. Spatial Vision, 1994, 

8: 255–279 

32 Levi D M, Hariharan S, Klein S A. Suppressive and facilitatory spatial interactions in peripheral vision: peripheral crowding is neither 

size invariant nor simple contrast masking. J Vision, 2002, 2: 167–177 

33 Petrov Y, Popple A V, Mckee S P. Crowding and surround suppression: not to be confused. J Vision, 2007, 7: 12 

34 Bouma H. Interaction effects in parafoveal letter recognition. Nature, 1970, 226: 177–178 

35 Bouma H. Visual interference in the parafoveal recognition of initial and final letters of words. Vision Res, 1973, 13: 767–782 

36 Toet A, Levi D M. The two-dimensional shape of spatial interaction zones in the parafovea. Vision Res, 1992, 32: 1349–1357 

37 Feng C, Jiang Y, He S. Horizontal and vertical asymmetry in visual spatial crowding effects. J Vision, 2007, 7: 13 

38 Petrov Y, Meleshkevich O. Locus of spatial attention determines inward-outward anisotropy in crowding. J Vision, 2011, 11: 1 

39 Bex P J, Dakin S C, Simmers A J. The shape and size of crowding for moving targets. Vision Res, 2003, 43: 2895–2904 

40 Chakravarthi R, Cavanagh P. Temporal properties of the polarity advantage effect in crowding. J Vision, 2007, 7: 11 



: ⁸ 
 

460 

41 Andriessen J J, Bouma H. Eccentric vision: adverse interactions between line segments. Vision Res, 1976, 16: 71–78 

42 Levi D M, Carney T. The effect of flankers on three tasks in central, peripheral, and amblyopic vision. J Vision, 2011, 11: 10 

43 Bernard J B, Chung S T. The dependence of crowding on flanker complexity and target-flanker similarity. J Vision, 2011, 11: 1  

44 Chung S T, Tjan B S. Shift in spatial scale in identifying crowded letters. Vision Res, 2007, 47: 437–451 

45 Nandy A S, Tjan B S. Saccade-confounded image statistics explain visual crowding. Nat Neurosci, 2012, 15: 463–469 

46 Intriligator J, Cavanagh P. The spatial resolution of visual attention. Cogn Psychol, 2001, 43: 171–216 

47 Leat S J, Li W, Epp K. Crowding in central and eccentric vision: the effects of contour interaction and attention. Invest Ophthalmol Vis 

Sci, 1999, 40: 504–512 

48 Strasburger H. Unfocused spatial attention underlies the crowding effect in indirect form vision. J Vision, 2005, 5: 1024–1037 

49 Tripathy S P, Cavanagh P. The extent of crowding in peripheral vision does not scale with target size. Vision Res, 2002, 42: 2357–2369 

50 Zhang J Y, Liu L, Yu C. Evidence for misplaced target information with letter crowding. J Vision, 2008, 8: 441 

51 Chen J, Yu Q, He Y, et al. An early cortical suppression might contribute to crowding. J Vision, 2012, 12: 328 

52 Flom M C, Heath G G, Takahashi E. Contour interaction and visual resolution: contralateral effects. Science, 1963, 142: 979–980 

53 Mareschal I, Morgan M J, Solomon J A. Cortical distance determines whether flankers cause crowding or the tilt illusion. J Vision, 2010, 

10: 13 

54 Motter B C, Simoni D A. The roles of cortical image separation and size in active visual search performance. J Vision, 2007, 7: 6 

55 Dayan P, Solomon J A. Selective Bayes: attentional load and crowding. Vision Res, 2010, 50: 2248–2260 

56 Gattass R, Sousa A P, Rosa M G. Visual topography of V1 in the Cebus monkey. J Comp Neurol, 1987, 259: 529–548 

57 Larsson J, Heeger D J. Two retinotopic visual areas in human lateral occipital cortex. J Neurosci, 2006, 26: 13128–13142 

58 Rosa M G, Sousa A P, Gattass R. Representation of the visual field in the second visual area in the Cebus monkey. J Comp Neurol, 1988, 

275: 326–345 

59 Pinon M C, Gattass R, Sousa A P. Area V4 in Cebus monkey: extent and visuotopic organization. Cereb Cortex, 1998, 8: 685–701 

60 Fitzpatrick D. Seeing beyond the receptive field in primary visual cortex. Curr Opin Neurobiol, 2000, 10: 438–443 

61 Gilbert C D. Adult cortical dynamics. Physiol Rev, 1998, 78: 467–485. 

62 Callaway E M, Katz L C. Emergence and refinement of clustered horizontal connections in cat striate cortex. J Neurosci, 1990, 10: 

1134–1153 

63 Gilbert C D. Horizontal integration and cortical dynamics. Neuron, 1992, 9: 1–13 

64 Gilbert C D, Wiesel T N. Clustered intrinsic connections in cat visual cortex. J Neurosci, 1983, 3: 1116–1133 

65 Martin K A, Whitteridge D. The relationship of receptive field properties to the dendritic shape of neurones in the cat striate cortex. J 

Physiol, 1984, 356: 291–302 

66 Gilbert C D, Wiesel T N. Columnar specificity of intrinsic horizontal and corticocortical connections in cat visual cortex. J Neurosci, 

1989, 9: 2432–2442 

67 Gilbert C D, Hirsch J A, Wiesel T N. Lateral interactions in visual cortex. Cold Spring Harb Symp Quant Biol, 1990, 55: 663–677 

68 Gilbert C D, Wiesel T N. The influence of contextual stimuli on the orientation selectivity of cells in primary visual cortex of the cat. 

Vision Res, 1990, 30: 1689–1701 

69 Tripathy S P, Levi D M. Long-range dichoptic interactions in the human visual cortex in the region corresponding to the blind spot. 

Vision Res, 1994, 34: 1127–1138 

70 Orbach H S, Wilson H R. Factors limiting peripheral pattern discrimination. Spat Vision, 1999, 12: 83–106 

71 Wilkinson F, Wilson H R, Ellemberg D. Lateral interactions in peripherally viewed texture arrays. J Opt Soc Am A, 1997, 14: 2057–2068 

72 Westheimer G, Hauske G. Temporal and spatial interference with vernier acuity. Vision Res, 1975, 15: 1137–1141 

73 Anzai A, Ohzawa I, Freeman R D. Neural mechanisms underlying binocular fusion and stereopsis: position vs. phase. Proc Natl Acad Sci 

USA, 1997, 94: 5438–5443 

74 Millin R, Arman A C, Chung S T, et al. Visual crowding in V1. Cereb Cortex, 2013: bht159 

75 Arman A C, Chung S T, Tjan B S. Neural correlates of letter crowding in the periphery. J Vision, 2006, 6: 804 

76 Bi T, Cai P, Zhou T, et al. The effect of crowding on orientation-selective adaptation in human early visual cortex. J Vision, 2009, 9: 13 

77 Ferrera V P, Nealey T A, Maunsell J H. Mixed parvocellular and magnocellular geniculate signals in visual area V4. Nature, 1992, 358: 

756–761 

78 Ferrera V P, Nealey T A, Maunsell J H. Responses in macaque visual area V4 following inactivation of the parvocellular and 

magnocellular LGN pathways. J Neurosci, 1994, 14: 2080–2088 

79 Chakravarthi R, Cavanagh P. Recovery of a crowded object by masking the flankers: determining the locus of feature integration. J 

Vision, 2009, 9: 4 



ѐ :    2014   44   5  
 

461 

80 Alpern M. Metacontrast. J Opt Soc Am, 1953, 43: 648–657 

81 Anbar S, Anbar D. Visual masking: a unified approach. Perception, 1982, 11: 427–439 

82 Breitmeyer B G, Ganz L. Implications of sustained and transient channels for theories of visual pattern masking, saccadic suppression, 

and information processing. Psychol Rev, 1976, 83: 1–36 

83 Bugmann G, Taylor J G. A model of visual backward masking. Biosystems, 2005, 79: 151–158 

84 Macknik S L, Livingstone M S. Neuronal correlates of visibility and invisibility in the primate visual system. Nat Neurosci, 1998, 1: 

144–149 

85 Rolls E T, Tovee M J. Processing speed in the cerebral cortex and the neurophysiology of visual masking. Proc Biol Sci, 1994, 257: 9–15 

86 Sperling G. A model for visual memory tasks. Hum Factors, 1963, 5: 19–31 

87 Enns J T. Object substitution and its relation to other forms of visual masking. Vision Res, 2004, 44: 1321–1331 

88 Tata M S. Attend to it now or lose it forever: selective attention, metacontrast masking, and object substitution. Percept Psychophys, 2002, 

64: 1028–1038 

89 Carlson T A, Rauschenberger R, Verstraten F A. No representation without awareness in the lateral occipital cortex. Psychol Sci, 2007, 

18: 298–302 

90 Wallis T S, Bex P J. Visual crowding is correlated with awareness. Curr Biol, 2011, 21: 254–258 

91 Shin K, Tjan B S. Crowding with invisible flankersĺa reexamination. J Vision, 2013, 13: 578–578 

92 He S, Cavanagh P, Intriligator J. Attentional resolution. Trends Cogn Sci, 1997, 1: 115–121 

93 Mullen K T. The contrast sensitivity of human colour vision to red-green and blue-yellow chromatic gratings. J Physiol, 1985, 359: 

381–400 

94 Nador J, Petrov Y, Quian J. SSVEPs indicate that grouping limits resolving power of attention inducing crowding. J Vision, 2013, 13: 

626–626 

95 Fischer J, Spotswood N, Whitney D. The emergence of perceived position in the visual system. J Cogn Neurosci, 2011, 23: 119–136 

96 Yeh S L, He S, Cavanagh P. Semantic priming from crowded words. Psychol Sci, 2012, 23: 608–616 

97 Faivre N, Berthet V, Kouider S. Nonconscious influences from emotional faces: a comparison of visual crowding, masking, and 

continuous flash suppression. Front Psychol, 2012, 3: 129 

98 Faivre N, Kouider S. Increased sensory evidence reverses nonconscious priming during crowding. J Vision, 2011, 11: 16  

99 Freeman J, Donner T H, Heeger D J. Inter-area correlations in the ventral visual pathway reflect feature integration. J Vision, 2011, 11: 15  

100 Freeman J, Pelli D G. An escape from crowding. J Vision, 2007, 7: 22 

101 Nazir T A. Effects of lateral masking and spatial precueing on gap-resolution in central and peripheral vision. Vision Res, 1992, 32: 

771–777 

102 Scolari M, Kohnen A, Barton B, et al. Spatial attention, preview, and popout: which factors influence critical spacing in crowded displays? 

J Vision, 2007, 7: 7 

103 Shiu L P, Pashler H. Spatial attention and vernier acuity. Vision Res, 1995, 35: 337–343 

104 Felisberti F M, Zanker J M. Attention modulates perception of transparent motion. Vision Res, 2005, 45: 2587–2599 

105 Huckauf A, Heller D. Spatial selection in peripheral letter recognition: in search of boundary conditions. Acta Psychol (Amst), 2002, 111: 

101–123 

106 Yeshurun Y, Rashal E. Precueing attention to the target location diminishes crowding and reduces the critical distance. J Vision, 2010, 10: 

16 

107 Balas B, Nakano L, Rosenholtz R. A summary-statistic representation in peripheral vision explains visual crowding. J Vision, 2009, 9: 13 

108 Oliva A, Torralba A. The role of context in object recognition. Trends Cogn Sci, 2007, 11: 520–527 

109 Clark V P, Fan S, Hillyard S A. Identification of early visual evoked potential generators by retinotopic and topographic analyses. Hum 

Brain Mapping, 1994, 2: 170–187 

110 Di Russo F, Martínez A, Sereno M I, et al. Cortical sources of the early components of the visual evoked potential. Hum Brain Mapp, 

2002, 15: 95–111 

111 Martinez A, Anllo-Vento L, Sereno M I, et al. Involvement of striate and extrastriate visual cortical areas in spatial attention. Nat 

Neurosci, 1999, 2: 364–369 

112 Fan Z, Fang F. Learning to discriminate crowded orientations. J Vision, 2013, 13: 565 

113 Solomon J A, Felisberti F M, Morgan M J. Crowding and the tilt illusion: toward a unified account. J Vision, 2004, 4: 500–508 

114 van den Berg R, Roerdink J B, Cornelissen F W. A neurophysiologically plausible population code model for feature integration explains 

visual crowding. PLoS Comput Biol, 2010, 6: e1000646 

115 van den Berg R, Johnson A, Martinez Anton A, et al. Comparing crowding in human and ideal observers. J Vision, 2012, 12: 13 



: ⁸ 
 

462 

116 Karklin Y, Lewicki M S. Emergence of complex cell properties by learning to generalize in natural scenes. Nature, 2009, 457: 83–86 

117 Sigman M, Cecchi G A, Gilbert C D, et al. On a common circle: natural scenes and Gestalt rules. Proc Natl Acad Sci USA, 2001, 98: 

1935–1940 

118 Deubel H, Schneider W X. Saccade target selection and object recognition: evidence for a common attentional mechanism. Vision Res, 

1996, 36: 1827–1837 

119 Huang T R, Watanabe T. Association of perceptual learning to reduce spatial crowding with shrinkage of receptive fields. J Vision, 2011, 

11: 1006 

120 Huckauf A, Nazir T A. How odgcrnwi becomes crowding: stimulus-specific learning reduces crowding. J Vision, 2007, 7: 18 

121 Hussain Z, Webb B S, Astle A T, et al. Perceptual learning reduces crowding in amblyopia and in the normal periphery. J Neurosci, 2012, 

32: 474–480 

122 Le Dantec C C, Melton E E, Seitz A R. A triple dissociation between learning of target, distractors, and spatial contexts. J Vision, 2012, 

12: 5  

123 Maniglia M, Pavan A, Cuturi L F, et al. Reducing crowding by weakening inhibitory lateral interactions in the periphery with perceptual 

learning. PLoS One, 2011, 6: e25568 

124 Sun G J, Chung S T, Tjan B S. Ideal observer analysis of crowding and the reduction of crowding through learning. J Vision, 2010, 10: 16 

125 Harrison W, Remington R, Mattingley J. Visual crowding is altered during smooth pursuit eye movements. J Vision, 2013, 13: 581 

126 Harrison W J, Mattingley J B, Remington R W. Eye movement targets are released from visual crowding. J Neurosci, 2013, 33: 

2927–2933 

127 Harrison W J, Retell J D, Remington R W, et al. Visual crowding at a distance during predictive remapping. Curr Biol, 2013, 23: 793–798 

128 Bulakowski P F, Post R B, Whitney D. Visuomotor crowding: the resolution of grasping in cluttered scenes. Front Behav Neurosci, 2009, 

3: 49 

129 Chen J, Sperandio I, Goodale M A. The influence of crowding on grip scaling during grasping. J Vision, 2013, 13: 336 

Neural Mechanisms of Visual Crowding Effect 

FAN ZhenZhi1, FANG Fang1,2,3 & CHEN Juan4 
1 Key Laboratory of Machine Perception (Ministry of Education), Department of Psychology, Peking University, Beijing 100871, China; 

2 Peking-Tsinghua Center for Life Sciences, Beijing 100871, China; 

3 IDG/McGovern Institute for Brain Research, Peking University, Beijing 100871, China; 

4 The Brain and Mind Institute, The University of Western Ontario, London N6A 5B7, Canada 

 
When a target is presented with nearby flankers in the peripheral visual field, it becomes difficult to be identified, 
which is a phenomenon termed crowding. Studying crowding not only facilitates understanding of object recognition, 
but also benefits the remedy of macular degeneration, amblyopia and dyslexia. Since the concept of crowding was 
put forward, researchers have studied it extensively and gained much knowledge. Here, we provide an overview of 
the advances in this research field, including the properties of crowding, the existing theories and computational 
models that were proposed to explain the underlying neural mechanisms of crowding and how to alleviate crowding 
with perceptual learning. Although there has been tremendous growth of this topic, controversies remain. Further 
studies with elaborate designs and advanced technologies are required to address these controversies. 
 
visual crowding, neural mechanisms, computational models, perceptual learning 
 
10.1360/052013-314 


