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Abstract: Researchers are trying to achieve the power of the human mind by implementing decision-making algorithms similar to
brain function. Hierarchical decisions are complex decisions that require metacognitive reasoning mechanisms in the brain.
Negative feedback, certainty, and motion strength are the parameters that play a role in shaping such decisions. In this study, in
order to design a computational framework similar to brain function for intelligent systems, it will be important to understand the
biology nature of high-level decision-making, using other types of data in addition to behavioral data. Since involuntary eye
responses resulting from the output of psychophysical experiments are a reliable representative of the function of the neuronal
mechanism in the brain, in this study addition to the analysis of behaviora data, this issue has been addressed whether it is possible
to understand the dynamics of changesin high-level decisions by analyzing involuntary human data (eye signals). We found that
pupil diameter size predicts the likelihood of changes in the parameters of high-level decisions, and reflects the individual's high-
level decision strategy under complex conditions. Then, in order to design systems similar to brain function in complex
environments, we provide aframework for hierarchical decisions.

Keywords: Intelligent systems, hierarchical decision making, pupil, human.
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1. Input: random sensory evidence (direction of motion)
2. Output: feedback

3. Decision (low level: left or right and high level:
environment)

4. If feedback is positive go to 1

5. Else SE=SE + signal (certainty * negative feedback)
6. If SE < threshold goto 1

7. Else switch to a new environment

8. SE=0goto1l
0 Al s 9501 8 S

Fod 2550 ez ST g aiS eolol | o2 ooy it ws S,
Sl 00,5 ol 5T LT a5 Wyl o i Jl5m ol egiis Jool>
IV] Sl 004 olil oy jgiws b

Wgd oo ulae 9250 slag il 5 walsd b gl Slapeas
5 AMle sl ol gl aiiS g0 o Jos @ 1) Sledbl a5
VNN IV RO TS 1)~V JE VIRV FRNEON BV R SPUNIN Vi
a3 b ol conl Sen YU s Slogenad ;o Ol s oS 3l
ol @ dapro—al £ (ol o SlpdS (s i pas aiS o
s So Jos 4 a8l (alds o e 9955k Bl e
B 1) i 3,55 S5 il e 5 <ol
el 331 50 cow ol o Slee by 5 YU mhaws (slaproal ;o 9950
IV il ogage 0T 10 8,Shae b wigd placie dub (Gl pelane
0,953k by yo e 5l olajplel wsls las (g L8, slacsls als
o ys5 3L rbuz—ul gl o jls Jd Flu ol G 4 5ls ke
s Gpa—al 4y bgy o Coahad L ai 235 glacbal i
S pae b i 3590 )3 lirebl SO U 09 o0 (65135059 b
Jeloss 3l Jmol b ) Joaor il cews 4 Vb mhaws o
T W s Slogoad 1o (3517l 5ss )0 S50 slayualily
aes oo plid (L8 Sldlas b aislie (o 1) (L8, slaosls 5l

o Shoe 3l gloassles da Sogesl 5l sa i ol slo JuS—w
Jelos LS 50 gl cnl po [YFYT] aii o 5ae la )58
9 iy S ye Sla i (o) g anlllas 4 5,18, slaosl

170 s (6 35 i o 951 - Y-
02,55 Lo oy Ludl 50 YU prdas Slaouad LS (ol (389, 6l
55 LIS sl nl peiS (o0 Sty baggye Wil ab ],
$39y5 Wl Loyl 5l alaS 12 a8 ol 520 0aiiS go g Jolis Jo
Slp S (o0 g o b Conly Coon s loany I 51 (S aii ],
Si9om (s (2o slo Jow (1Sl mda prenal Salgd aresd
[¥e] meo,S solanal By Joe 5l L [¥--v8] o)ls dg2g 3o
YR VIPUUNIS R CIRIVIPH GOV R RPN IS PUR PYRUEL S DES| PRT
3L s s okl g0 331 (Sl b e)anT o
o sode B [YV-Y1] 058 o dlne ol o paeas
[¥e] 59 salys coalad 0aiiS Sk 0ai3l g 00y IXCLY PEAPR
e dbl Cadie 9,955 Tl YU mhaw el 5l pgo iso
S algE £g,0 s alejl § ab salsss Jlu,l Vb mhaw a5y
SIS (g (ke )95 3k JUiSw il (i 9,555k 4 ST Jy
OleMbl 5 0gd oo Jatin YU o (idy 4 Coabad b ol s 00l
A e 1058 0 gezs wlojl pasx 0 SE o o JLSew oy
4 SE g 9 23S oyt asme (g0 iloj] [0 oy ailin] o>
o3l bame yads (90 Sjg0 (ol pf )0 adige 5,181 Sho
ol Slowonal £55 ol 5l (aS-a s O Ko 098 o0 9,5 (SO

&5 A g Con-¥
4) bz sloodls 4 by ye glaJuSws 5IUT iz cnl 5 )55
u,uLej r:L?u‘ ‘ali;.m S (ul_wl Sod o ylad \_J‘M 09 O 9—0
Slsd p oSl Seelies e » ale 6l (ol
S 0 e Jalge a5 ol cdaline sl YU s Slopomas
E9 ) 50 (e 9,953l bl oS e Oyad) (o5l
sl v jo 05— oo Slaizlh Seoye Hhd Ol sy o Slogeas
390 o 0, Sles ogmm 5 osly i5lay 0 sae Vb bl 3
alie Gt Sl gl (b i3 plel g 4185 )18 az g
bl 1 amlgs o il G igad Glgre 4y [A] el lasl o Slee

Qo glaiagy b g ld) sbeesly o gu s dmlio ) Jgua

Cado 995 3l Ao 3)95 3L 93,
ol 4boj e 4o Syppilola | el 4l e dylojl 5953k Ghul38l

4 e

) (2B Jss) yao @B g2y jho | JS5) il | @B Sayoly | @B S oS | e Sl Gl A

1 3“ 6D BB St ) g5y

1 3| e A b | AH IS oy | AH U )5 | o Jeiod ol ]

o @G Js2) syl

2 WIS ke | QRTS8 he | S i | Y UKD ok | Y S o | e Jleil i | s
) o S5 (o 5, (o (o8 5, GRS, | @-VJss) syl

Journal of Advanced Signal Processing, vol. 5, no. 1, Spring and Summer 2021 Seria no. 7



http://www.SId.ir

Ve ol gl ) ojlad @ ol et iy JUSm il ale /N YF

W ey R b Swd po yhad sl JUSw Jolowd guls dus o 1Y Jga

sﬁoé,ﬂ ).\aﬁ o3l
o 995 31 o 35955k Ed wlbosl ey
cow aloil | ool Al | cow abosl | olwl abosl S5yl
5555 5SS 5z 5555 — RDM [¥f]
F5 55 FSzsS FSzsS FS o - RDM [v7]
A3 FSzsS FSzsS F5 )3 St o] [vv]
- - FSzS PS5 553 &l ylej] [¥A]
- - FSzsS R 55on | e o RDM | agss ol

Ao les 5SS Sadje Hhd L Klio ojlail dx i 1o 0w ez
.05.3

5o ks Slapraas lp (oot il Lo oled o
3o il il a0 Slas (S Lilgh oo 45 e &3
WAL (MTH) Gl (285 03 10 o d0led 5l olaS 5,
el jre (LIPY) Lals lailal ;28 asb 50 ol mhw seeas
ol Gl ogyg Sullad Glospn g aels o8 aizen [ 0pd o
aoe a5 Jye0 50 [YO] Cun | prana’ Coslad 00isS puSaie 4>l
o Jl ) e o 15 & i bl i 5,55 prmas
89955 Glyeay DFMC ot va JWd Y xa o slopua—ai o
v peead 4 bgy e glalazd sbrosls g aiS o Jos ACC (sl
e )0 lga Coalad 28ly 0 aS e o JESIACC 4 | 0l
ACC ;o om0 plois |y saie slos o5 5L olaws g (ol e
Sl laslos] 5l (slacgame ) 4 bogs yo a5 aosls ¢yl oz Jos
IY] 058 00 plul YU o ol (sl (6551 ol puis

sleools Judow b a ol jo a5 vl oyl Conl Pl> 4SS
S e 5[N] Ol 5 g aslllas 5l Jol> ()13,
b oo oSl il Sas e Hhad 5l oo 2l s ul gla LS
ol 3 odel Cwd s Sad ey e oo 3l Gl e i B p
$lo pro—a s Jloiol (ot Gl Gl Ol GiiS

5 ool Y b

S5 35wl
oleds b (s5lid pgle sbiw cules 8,90 aslipbly 51 Gregs ol
L 00 C‘).?L'.MJ‘ A f

&=y

[1]  P.R.Murphy, N. Wilming, D. C. Hernandez-Bocanegra, G.
Prat-Ortega, and T. H. Donner, “Adaptive circuit dynamics
across human cortex during evidence accumulation in

2 (Cpabad) e yad g e 355 L Lagl bLS)
Ol yets a5 Sl 5o aslyy  ile dlwd s slogreas
ool s v e YU mla v Slaaat 45 bgy o (55515l
Slogo—ai 5! pwl Ol sy gl =Tee auww ke,
&‘}J‘ )l ool ! L) ST u"?) u’ﬁfuc u.;‘):L.J S YLJ G!a._.w
izl soginm slp g)lid) sbosls 5l e a4 Ko sloosls

L Az g 350 sl Wl o el i
L sloasle;l o «Sos e slo JuSw 5l ablgo 90 Lidgh ool 5o
D) Nl (8yme mre—ai=0,95 5L Sl g 05l 40 (e 9555k
«Sod yo glrools I 2l sl Sledbl oS ols ylis aslllas )
g A Y JSin) wiyls laasleT S e sl jud b cwline alal,
30 et Gglad aie o 0,955 Jlg jo aimen (o
Sloi 4 Sloj 093 o0 0000 Sed o 00 zlminl sla LS
OledMbl a5 cowl gme cpl 4 Wb oo iali8l e sboo, 9> 5L
e 183,555k Il pladl Glp iy laolnl 5l ok
9 peuas ):u.u Le .‘oj.'fo u’.lL:-)Ua‘ )L. w‘ﬁ‘ RO PR ‘_g)jiéo&
O A o jlaBe (pizmen g Sadpo a8 ojlasl iul38l 4 yoie jre
0,5 o )lul asSS cpl ay (lgi oo @Blg j0 (0 9 7 -Y D) 0l aales
L Gylosinn (Ko 00 B yee slodd)ie fooome jo S
Wlgs oo alius oS 5 5 &5l il e aluds slopeonal sl el b
) oiln s a3 5, IS (i | s gl 50
L Sooye sl LS Jdow 3l J—ole mls ¥ Jga (o amo
ol g o b Jodow als ools s g ol duylae (L3 Slallae
Syl cillae 5o Sladlas b e

o 1y Koy Hhad JUSK s Slyss @S] ogdle asdllan )
ojlail a8 8,5 Lasuice fuizes wlo lis alize S e glacs ad
(o g Y o) crnl 3355 lasre s 51 8 Sdpo yhad
i 8,553k 9 S e D08 il )l coenl 1 i Al v )
53 e bl 53 nl Jolss 3o WU grla o s 53 Lels
SEST 50 Sadyo b o3l 5. Skeo J0 YU s glopuona pois
s ol lis Lo ol el samlice BB Y SS o daasles]

Journal of Advanced Signal Processing, vol. 5, no. 1, Spring and Summer 2021

Seria no. 7


http://www.SId.ir

VEe bl sl o) oyled o b bty LS (35l alome /YYD

[21]

[22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

(30]

(31]

(32

b p gz Jare S e il e (s8> [ TY]

flexibility and reward sensitivity following nicotinic
receptor stimulation in dependent smokers: a randomized
tria,” JAMA psychiatry, vol. 74, no. 6, pp. 632-640, 2017.
B. A. Purcell, and R. Kiani, “Hierarchica decision
processes that operate over distinct timescales underlie
choiceand changesin strategy,” Proceedings of the national
academy of sciences, vol. 113, no. 31, pp. E4531-E4540,
2016.

W. Keung, T. A. Hagen, and R. C. Wilson, “Regulation of
evidence accumulation by pupil-linked arousa processes,”
Nature Human Behaviour, vol. 3, no. 6, pp. 636-645, 2019.
J. C. Van Slooten, S. Jahfari, T. Knapen, and J. Theeuwes,
“How pupil responses track value-based decision-making
during and after reinforcement learning,” PL0S
computational biology, vol. 14, no. 11, pp. 1006632, 2018.
Q. Colizoli, J. W. de Gee, A. E. Urai, and T. H. Donner,
“Task-evoked pupil responses reflect internal belief states,”
Scientific reports, vol. 8, no. 1, pp. 1-13, 2018.

L. C. Yan, B. Yoshua, and H. Geoffrey, “Deep learning,”
nature, vol. 521, no. 7553, pp. 436-444, 2015.

X.-J. Wang, “Probabilistic decision making by slow
reverberationincortical circuits,” Neuron, vol. 36, no. 5, pp.
955-968, 2002.

K.-F. Wong, and X.-J. Wang, “A recurrent network
mechanism of time integration in perceptua decisions,”
Journal of Neuroscience, vol. 26, no. 4, pp. 1314-1328,
2006.

D. Vickers, “Evidence for an accumulator model of
psychophysical discrimination,” Ergonomics, vol. 13, no. 1,
pp. 37-58, 1970.

R. Ratcliff, “A diffusion model account of response time
and accuracy in abrightness discrimination task: Fitting real
data and failing to fit fake but plausible data,” Psychonomic
bulletin & review, vol. 9, no. 2, pp. 278-291, 2002.

R. Bogacz, E. Brown, J. Moehlis, P. Holmes, and J. D.
Cohen, “The physics of optimal decision making: a formal
anadysis of models of performance in two-aternative
forced-choice tasks,” Psychological review, vol. 113, no. 4,
pp. 700, 2006.

F. Majdabadi, and R. Ebrahimpour, “Theroleof explicit and
implicit confidence in multi-stage decisions,” Advances in
Cognitive Science, pp. 37, 2020.

S. Vafael, R. Ebrahimpour, and S. Zabbah, “The
Relationship Between Pupil Diameter Data and Confidence
in Multi-Stage Decisions,” The Neuroscience Journal of
Shefaye Khatam, pp. 70-79, 2020.

JuSs (B3l el g jxe dawly aliwy 4 EEG sl JuSw

3k DLl S o i e ,5ls oo sk ) b (5 e [ V]

AO-V:OOY5Y VY b iy

UK 5315 5 EEG. (sl JUSns 51 oolicial b (oo 2L oS

(39]

(36]

(37

5 B8 S RPUEIE

R. Kiani, and M. N. Shadlen, “Representation of confidence
associ ated with adecision by neuronsin the parietal cortex,”
science, vol. 324, no. 5928, pp. 759-764, 20009.

A. E. Urai, A. Braun, and T. H. Donner, "Pupil-linked
arousal is driven by decision uncertainty and aters seria
choice bias," Nature Communications, vol. 8, no. 1, pp. 1-
11, 2017.

K. M. Lempert, Y. L. Chen, and S. M. Fleming, "Relating
pupil dilation and metacognitive confidence during auditory
decision-making," PL0S One, vol. 10, no. 5, p. 0126588,

2015.

[38] A.L.Filipowicz, C. M. Glaze, J. W. Kable, and J. I. Gold,

"Pupil diameter encodes the idiosyncratic, cognitive
complexity of belief updating,” Elife, vol. 9, p. 57872,
2020.

Lo y)

(2

(3

4

[5]

[l

(8l

(9]

(10

[11]

[12]

[13]

[14]

[15]

[16]

(17

(18]

[19]

[20]

changing environments,” Nature Neuroscience, pp. 1-11,
2021.

M. Sarafyazd, and M. Jazayeri, “Hierarchical reasoning by
neural circuits in the frontal cortex,” Science, vol. 364, no.
6441, 2019.

D. Peixoto, J. R. Verhein, R. Kiani, J. C. Kao, P.
Nuyujukian, C. Chandrasekaran, J. Brown, S. Fong, S. I.
Ryu, and K. V. Shenoy, “Decoding and perturbing decision
statesin real time,” Nature, vol. 591, no. 7851, pp. 604-609,
2021.

G. M. Stine, A. Zylberberg, J. Ditterich, and M. N. Shadlen,
“Differentiating between integration and non-integration
strategies in perceptua decision making,” Elife, vol. 9, pp.
€55365, 2020.

G. Kyriakarakos, K. Patlitzianas, M. Damasiotis, and D.
Papastefanakis, “A fuzzy cognitive maps decision support
system for renewables loca planning,” Renewable and
Sustainable Energy Reviews, vol. 39, pp. 209-222, 2014.

J. L. Sameron, A. Ruiz-Celma, and A. Mena, “Learning
FCMs with multi-local and balanced memetic algorithms
for  forecasting  industria drying  processes,”
Neurocomputing, vol. 232, pp. 52-57, 2017.

L. Yahyaie and S. Khanmohammadi, “ A new multi-criteria
decision making based on fuzzy-TOPSIS theory,” Journal
of Advancesin Computer Engineering and Technology, vol.
2, no. 4, pp. 39-48, 2016.

E. Daglarli, “Computational Modeling of Prefrontal Cortex
for Meta-Cognition of a Humanoid Robot,” 1EEE Access,
vol. 8, pp. 98491-98507, 2020.

K. H. Britten, M. N. Shadlen, W. T. Newsome, and J. A.
Movshon, “The analysis of visual motion: a comparison of
neuronal and psychophysical performance,” Journal of
Neuroscience, vol. 12, no. 12, pp. 4745-4765, 1992.

M. N. Shadlen, and W. T. Newsome, “Neural basis of a
perceptual decision in the parietal cortex (area LIP) of the
rhesus monkey,” Journal of neurophysiology, vol. 86, no. 4,
pp. 1916-1936, 2001.

L. Van Maanen, R. P. Grasman, B. U. Forstmann, M. C.
Keuken, S. D. Brown, and E.-J. Wagenmakers, “ Similarity
and number of alternatives in the random-dot motion
paradigm,” Attention, Perception, & Psychophysics, vol.
74, no. 4, pp. 739-753, 2012.

C. Strauch, L. Greiter, and A. Huckauf, “Pupil dilation but
not microsaccade rate robustly reveals decision formation,”
Scientific reports, vol. 8, no. 1, pp. 1-9, 2018.

A. Mognon, J. Jovicich, L. Bruzzone, and M. Buiatti,
“ADJUST: An automatic EEG artifact detector based on the
joint use of spatid and temporal features,”
Psychophysiology, vol. 48, no. 2, pp. 229-240, 2011.

J. A. Lorteije, A. Zylberberg, B. G. Ouellette, C. |. De
Zeeuw, M. Sigman, and P. R. Roelfsema, “ The formation of
hierarchical decisionsin thevisua cortex,” Neuron, vol. 87,
no. 6, pp. 1344-1356, 2015.

R. Van den Berg, A. Zylberberg, R. Kiani, M. N. Shadlen,
and D. M. Wolpert, “Confidence is the bridge between
multi-stage decisions,” Current Biology, vol. 26, no. 23, pp.
3157-3168, 2016.

S. V. Shooshtari, J. E. Sadrabadi, Z. Azizi, and R.
Ebrahimpour, “Confidence representation of perceptual
decision by eeg and eye datain a random dot motion task,”
Neuroscience, vol. 406, pp. 510-527, 2019.

A. Zylberberg, J. A. Lorteije, B. G. Ouellette, C. |. De
Zeeuw, M. Sigman, and P. Roelfsema, “ Serial, parallel and
hierarchical decision making in primates,” Elife, vol. 6, pp.
€17331, 2017.

J. A. Reggia, G. E. Katz, and G. P. Davis, “Humanoid
cognitive robots that learn by imitating: Implications for
consciousness studies,” Frontiers in Robotics and Al, vol.
5, pp. 1, 2018.

S. Fatahi, and H. Moradi, “A fuzzy cognitive map model to
calculate a user's desirability based on personality in e
learning environments,” Computers in Human Behavior,
vol. 63, pp. 272-281, 2016.

E. Lesage, S. E. Aronson, M. T. Sutherland, T. J. Ross, B.
J. Salmeron, and E. A. Stein, “Neural signaturesof cognitive

Journal of Advanced Signal Processing, vol. 5, no. 1, Spring and Summer 2021

Seria no. 7


http://www.SId.ir

N ISR SUDRIEISCIN. | DN L OV T VEe o il g ol o) olads o ale i iy LS L33l dle VY

1 Random Dot Motion 7 Switch evidence

2 Psychtoolbox 8 Media Tempora

3 Kruska Wallis Test 9 Lateral Intraparietal Cortex

4 Linear Regression 10 Anterior Cingulate Cortex

5 Logistic Regression 11 Dorsal Media Frontal Cortex

6 Standart Error of Mean
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