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Emotion correlation-based multimodal cognitive load quantification
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ABSTRACT Modern human—computer interaction (HCI) systems are characterized by high information density and complex tasks. In
such systems, information is often presented in large volumes at rapid speeds, requiring users to process and comprehend it quickly. At
the same time, tasks are intricate and multifaceted, involving multiple steps and decision-making processes. Monitoring the cognitive
load in HCI tasks is of paramount importance because it can significantly enhance system performance and reduce the likelihood of
operational errors. When users experience excessive cognitive load, their ability to process information and make decisions may be
impaired, leading to decreased efficiency, increased error rates, and even system failures. By effectively monitoring cognitive load,
system designers can identify potential bottlenecks and optimize the user experience to ensure smooth and efficient interaction.
Cognitive load theory, supported by extensive causal research, provides a framework for understanding and categorizing cognitive load
into three distinct types: internal, external, and associative. Internal cognitive load is closely tied to the brain’s information processing
mechanisms, particularly memory resources. It reflects the mental effort required to encode, store, and retrieve information from
memory. Conversely, external cognitive load stems from the presentation and difficulty of learning materials. It is influenced by how
information is organized and displayed to the user, as well as the inherent complexity of the task. Both internal and external cognitive
loads are critical factors that affect a user’s cognitive state during HCI tasks. However, directly measuring these two types of cognitive
load is often challenging and time-consuming because it requires invasive or complex experimental setups. Given the limitations of

direct measurement, this study proposes an innovative approach by leveraging the relationship between negative emotions and
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multimodal signals as a proxy for direct cognitive load measurement. Emotions, especially negative ones, are inherent psychological
products of interactive tasks and are closely linked to cognitive processes. When users experience a high cognitive load, they often
exhibit emotional responses such as frustration, anxiety, or stress. These emotional states can be reflected in various physiological and
behavioral signals such as facial expressions, voice tone, eye movements, and physiological indicators such as heart rate and skin
conductance. By capturing and analyzing these multimodal signals, we can indirectly infer the cognitive load experienced by users. To
simulate the occurrence of cognitive load in HCI tasks, three repeatable visual stimuli were designed: digit memory, tracking, and
combined memory-tracking tasks. The digit memory task focuses on memory by requiring participants to remember sequences of
numbers. The tracking task emphasizes attention by asking participants to follow a moving target on the screen. The combined memory-
tracking task integrates both memory and attention by requiring participants to remember numbers while simultaneously tracking a
moving target. The difficulty of each task type increases progressively, and the overall stimulus difficulty was modeled as a linear
increase. This design allowed for a systematic investigation of how cognitive load evolves as task complexity increases. A total of 53
participants completed the designed paradigm experiments. They were required to complete the NASA-TLX workload assessment and
PANAS emotion assessment scales. Several multimodal and multichannel signals during the experiment were recorded for subsequent
analysis, including physiological data, eye-tracking data, and behavioral responses. This study proposes a novel cognitive load
measurement method to quantify the psychological stress generated by subjects during HCIL. By analyzing the differences in emotion-
related indices, conducting quantitative calculations, and performing classification verification, the study aims to establish a robust model
for cognitive load assessment. The results demonstrated that the proposed progressive paradigm successfully induced a psychological
load in the subjects. A significant correlation was found between the NASA-TLX scores and PANAS negative emotion scores, indicating
that as the cognitive load increased, participants tended to experience more negative emotions. During the experiment, numerous
multimodal and multichannel signals exhibited significant differences, suggesting that emotion-related signals undergo marked changes
during cognitive load induction. According to the proposed calculation method, a significant correlation exists between the quantitative
load and subjective load-level reports of the subjects. This finding validates the effectiveness of the proposed method in capturing
cognitive load variations. Using different signals, the linear classification model achieved an accuracy of over 93%, which demonstrates
its potential to accurately predict and assess cognitive load in real time. The ability to dynamically track the cognitive load can provide
valuable feedback to system designers, enabling them to make timely adjustments and optimizations to the user interface and task design.
Opverall, the proposed model holds great promise for enhancing the user experience in HCI by providing a noninvasive and efficient way
to monitor cognitive load.
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Fig.1 Analysis of the causes of cognitive load during human—computer interaction
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Fig.4 Diagram of the digital memory task, stimulus presentation period (left), stimulus movement period (middle), and subject response period (right)
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Fig.5 Multi-objective tracking task, stimulus presentation period (left), stimulus movement period (middle), and subject response period (right) (during

the test period, the answer is judged in real time, and the correct answer is shown in red; otherwise, it is gray)
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Fig.6 Mixed memory tracking task, stimulus presentation period (left), stimulus movement period (middle), and subject response period (right). (during

the test period, the answer is judged in real time, and the correct answer is shown in red; otherwise, it is gray)
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Table 1 Difficulty parameters of different load excitation tasks

Task Name

Positive correlation difficulty parameter

Negative correlation difficulty parameter

Digits memory task
Multitarget tracking task

Memory tracking task

Digits number
Object number, target number, motion time, motion speed

Object number, target number, motion time, motion speed

Memory time
Memory time

Memory time

2 ok
Table 2 Symbol comparison table

Object Target Motion Motion Memory
Number Number Time Speed Time
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Table 3 Linear regression analysis of the difficulty of all stimulus tasks

R? P

0.902 0.000"

Note: ~ indicates the significance.
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H Levene test #1777 22 5 MR 30 A0 SRA 6 2 T 22
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Table 4 Related indicators of multichannel data U BB ;E @ 1:% 7&}{ ik IA %[] ﬁ 4‘5"7 l_:j glf'—lf i{ﬁ 2z IEﬂ 5] éé
”]FD;I:: Indicator description Feature encoding /% . #’fjii }EH %ELJH\ Y’ﬁs Eﬁ % ( acc ) ’fh%éﬁ%{ﬁ‘%ﬁ é;j:[:% .
XX_max, XX_min,
Status parameter xx_ﬁean, xx_?ne dian : Best performance load
Variant parameter Xx_range, xx_sd, xx_iqr,
Blood xx_idr, xx_mad
pressure Apex parameter XX_tmax

Time parameter xx_dgm, xx_dga

Area parameter XX_area, XX_arear

Standard deviation of normal sinus
beat interval, standard deviation of
Heart differences of all adjacent NN
rate intervals
Average power across different
frequency bands

hr_sdnn, hr_sdsd

hr_tp, hr_If, hr_hf, hr_Ih,
hr_hfp, hr_1fp

eye scan_length,
eye scan_time,
eye_stare_time,
eye_stare_count

Eye Scan, focus path length and time

Action
unit
(AU)

Mean intensity and standard deviation

of AUOI_AU45 AUxx_mean, AUxx_std

&5, I F H 32 £5 19] & HL (Support vector machine,
SVM) 73 ZE il 5k

J T AT R LA, FRATT IRy B Al Y 1A
BEXT bR B, FRATTHCAS A (5 E— B B (Y
ZEWE AR
322 HZARHFINAS G

ARSI AR i o AR S A k. Hrh B 4E
5552 M4 FE 3 RIE, R B ICC i SS L £
H A58 B AT 55 AR & 10238 BRAE 55 . — Fhofil iy
LT s T BUCR RGBS W T e 7 D R
P T, A R A 2 BORT LA A N
16 1 A S 1Y PR AR A 4 32 AT 55 SRR 3 0 ik
J1Ar, Hais 5 hk 1 56 Z RIAETE sREOC R

H & SO AT 55 A AR 55 A Kk
Az A R K Y 5 I SR AR 3 SCHF (Master
files) H1. PR L, 34T 55 B AT 38 3k XF 32 SO A7 53
T 4t BB 45 1 ) 4 28015 0 O A a5 R It
J¥ ) R B R] . = AT 55 SRR R, 28 B SRR
2. W T FAES T = AT 55 B S AN
g5 — IR I3l 3o z-score R AEAL 5 AH N, L3R 1S AT
55 1) AR G305 B0 BT A T AE 55 1 3 0 b o Ak
Je A A () A A 43 0 5 B R 5 TE ff R
3.2.3 A P 5 O v

O FRARAar BRSO R - AN A g A AT 55 3R
PR U RS R (7)), RO  s R AR A AT 55 £
VIt R AR AT 55 3R BN, h 45 5 B I AE 55

Performance level (acc)

Total cognitive load

B 7 SOk ERRARIS R 2 (U BIER
Fig.7 Inverted U-shaped relationship between performance level and
cognitive load level

i 15 171 4 (load) 5 451 24 B BUIEL Y L4 10,17,
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4. B A (load) 454 (ace) f8] U 78 5¢ 2 0] LA 1k
h pR Y
acc = f(load) = —4load? + 4load 4)
DB A RN AT A 5 DT v
load = f~(acc)x D =
{—( V1—acc—1)/2xDy,Dr. = Dy, or Dy = Dy

(V1=acc+1)/2xDp, Dy = Dy
(5

4 HR5UE

4.1 EXRERMSEIT

BAIRAE T 53 29y 3EdE, AIE 60 min
4 it 2 BRI 55 FH 1 9 55 R AR 1 4515 &
A R
4.1.1 B 98 55 5 ik

7 B i AR K, Bl A 525 T b A
A WK S NASA-TLX it fif 5 22, 1 42 1 J1]
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55 (Signed-rank test) it 3F 2 BOK I8 7 1 X AT 55 i 5
1) 307 35 49 TR 1 e B R A7 o A 45 SR R, W
S0 B AT 55 I 16 307 HE AR TR i e DT 4 (3891
(Mean)=5.12, 7722(SD)=0.7) B #F & T1E5%Hi(Mean=
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PE A IE A A0, R f B Wilcoxon #k F1AS: 46
(Signed-rank test) i 3 2 B0 A6 5 75 12 X0 4T 55 Wil e
() PANAS ¥ % 1% 4 i R E R 17 b1 45 R
7, Tk S0 B AT 55 S ) R K 1F 4 (Mean=
2.01, SD=0.39) i ¥ & T 1T 55 Hii (Mean=0.10, SD=
0.07) (P<0.001). 3% B 60 min f4#7 it 205 B8] 3
1155 I K T Bl i T A1 4. A PLEE B rp iy
ki 77N A A Ao 5 58 ek R A T A 26 S A A
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4.1.3 g 5T AR 25 15 53 I 43 B

FATXT NASA-TLX 1 fif it & 15 47 5 PANAS
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Table 5 Correlation analysis of load and negative emotion

R? P

0.876 0.000"

Note: " indicates the significance.

42 ZRESHERUESN
HE T Wl B BN S A A B A A G, FRATTAE
FH B 2R 7 22 00 B 2 B A5 i . (1 Levene

test PE4T 7 25 FFPERL IR AN SR AN 2 Ty 2= 55 1,
Brown—Forsythe (B8 1 77 22 5F PE i FH A9 F (B,
TR 0 25 2H Y82 A5 R AL W2 T 25 SR ORI,
Bonferroni’s multiple comparison test #4173+ J5 £ 56,
AN 5 R, {8 FH Dunnett’s T3 P70 5 #65.

o MG R F = N 2. (1) 72N HH 7 o
SR LR A, s RN L T U A 252 B[R] R
EGN S E A L HAR S A AR HE S T
F 25 X IHE L Z i, AT 1 B
g BRI & B BE 2 SR IX
WEHGHE W] T X — . () R3E B, A
i R A %) B ) B, R B B A
BRI A 2 R AR AR T R
. 355 T AT 2T O 1 R R T 2808 R [ R A T
R AE AR — B, A R RS T T  Rrh
IR 5y 400 ) AL 70 ol ok 1) B P A AZ T AL (3) % 3 T 74
SfER T, BA Bk 22 5 0 LR Fr 00 34 5 0
R 28 BT 0T 1 1 TR Sl A BT A AR e Y EE A

I8 i J7 25 43 A O 8 1 AR AN ] 97 far KPR 22 S
1 5 AR AR, U B I SRR AR 11 AT S5 O Z TR AE
FHOC G ZR . it — 20 ] LU 3 SE 4 AiE 244 7 7 4y T30
4.3 SAfain
43.1 BBk E 2 S Aehs o b

J T AF BT A0 2 o b, AT = A 7 far
B B L 1) T8 A1 4 R O R 8 B 2R A7 TR 7 1) S R R
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Table 6 Differential signal analysis

Feature F-value P Feature F-value P Feature F-value P
hr_tmax 22.498 0.000° hr_mad 33.151 0.000° hr_mad 33.151 0.000"
hr_dgm 105.792 0.000" hr_hfp 6.179 0.000" hr If 233.843 0.000"
hr_dga 107.403 0.000* hr_Imp 6.177 0.000* hr_wpe 369.324 0.000*
hr_area 44910 0.000* hr_tp 81.324 0.000%* hr_range 17.222 0.000*
hr_arear 78.240 0.000* sbp _max 13.326 0.000* sbp_arear 38.974 0.000*
sbp_dgm 44.546 0.000* sbp_range 55.191 0.000* sbp_sd 57.886 0.000%*
sbp_dga 36.248 0.000* sbp_mad 167.771 0.000* sbp_idr 65.308 0.000*
sbp_iqr 107.815 0.000* dbp_mad 154.448 0.000* dbp_range 5.296 0.000*
dbp_dga 22.985 0.000* dbp_arear 22.444 0.000* dbp_sd 5.542 0.000%*
dbp_iqr 46.698 0.000* eye_stare time 303.912 0.000* eye_stare_count 124.731 0.000*
eye scan_length 170.393 0.000* eye scan_time 124.562 0.000* gaze x std 1.734 0.000*
AUO1_mean 12.809 0.000* AUO05_mean 38.642 0.000* AU09_mean 47.480 0.000*
AU23_mean 52.979 0.000* AUO05_std 21.151 0.000* AUO06_std 65.343 0.000*
AU09_std 82.920 0.000* AU17_std 58.246 0.000* AU20_std 99.931 0.000*

AU23_std 40.205 0.000* AU26_std 46.239 0.000*
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Table 7 Stage-wise significant difference indicators

Indicators
Load level
Low load Medium load High load
hr wpe, hr_range, hr mad, hr_tmax,
hr_wpe,
. hr_hfp, hr_Ifp,
sbp_max, sbp_range, sbp_sd, sbp_iqr, _— = .
. sbp_max, sbp range, sbp_sd, sbp_iqr,

sbp_idr, sbp_mad, sbp_idr, sbp_mad.

Low load — dbp_iqr, dbp_mad, p_1dr, $bp_mad,

eye scan_length, eye scan_time,
AU9_mean, AU5_std, AU17_std,
AU23 _std, AU45_std

dbp_iqr, dbp_mad, dbp_range, dbp_sd,
eye scan_length, eye scan_time,
AU9_mean, AUS_std, AU17_std,
AU23 std, AU45 std

hr_wpe,

sbp_max, sbp_range, sbp_sd, sbp_iqr,
sbp_idr, sbp_mad,

dbp_iqr, dbp_mad,

eye_scan_length, eye scan_time,
AU9 mean, AUS std, AU17_std,
AU23_std, AU45_std

Medium load

hr_range, hr_mad, hr_tmax, hr_hfp, hr_lfp,
dbp_range, dbp_sd

hr_wpe, hr_range, hr mad, hr_tmax,
hr_hfp, hr_Ifp,

sbp_max, sbp _range, sbp_sd, sbp_iqr,
sbp_idr, sbp_mad,

High load

hr_range, hr_mad, hr_tmax, hr_hfp, hr_1fp,

dbp_iqr, dbp_mad, dbp range, dbp sd,

dbp_range, dbp_sd

eye_scan_length, eye scan_time,
AU9 mean, AUS5 std, AU17_std,
AU23_std, AU45_std
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Fig.8 Quantitative measures of perceived load over time
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Table 8 Cubic regression analysis between quantified load and grade
load

R2 F-value P

0.980 4618.454 0.000"

Hi 35 8 AT, ff F =Wk 5 sR DL 1) 485 SR o
J5i B9 R = 0.980, P < 0.001, 3 15t A A5 481 ) 400 & 72
B, H A 25 5 BLAT o 2 .
433 i o2

A4 B A 2 6 BT 8 (35 b A 26 7 T 510 1
& b X Ir A B A5 R E AT S 3T SVM 433K,
g LAy BN 3 o M 10 AT 7s . Hh ace 1036
2%, recall {343 1K, f1 F£IR f1 4380

MNFE 9 IR 10 (45 5 T, Al & %1% 44 1
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Table 9 Load classification results using all the difference indicators

Load level acc /% recall/% f1/%
Low load 60.21 57.67 58.91
Mediumload 43.03 77.54 55.34
High load 100.00 0.70 1.39
overall 49.39 45.31 38.55

R0 (BT BE 035 22 BRI U SR gy e R

Table 10 Load class classification results using stage significant

difference indicators

Load level acc/% recall/% f1/%
Low load 92.21 93.81 93.01
Medium load 98.39 98.13 98.26
High load 92.83 90.88 91.84
overall 94.54 94.27 94.37

M4 TR R FIER R LB IT T 94.54%, recall
EILF) T 94.27%, f1 NN 94.37%.
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