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The aging of metacontrol is due to structural knowledge errors.

Public summary
m Pupillometry analysis proves that older adults are sensitive to the level of reward.
m Older adults with intact structural knowledge show a comparable metacontrol efficiency to younger adults.

m Computer simulations suggest that the aging of metacontrol is due to structural knowledge errors.
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Abstract: Humans flexibly adjust their reliance on model-free (habitual) and model-based (goal-directed) strategies ac-
cording to cost—benefit trade-offs, the ability of which is known as metacontrol. Recent studies have suggested that older
adults show reduced flexibility in metacontrol. However, whether the metacontrol deficit in aging is due to cognitive or
motivational factors remains ambiguous. The present study investigated this issue using pupillometry recording and a se-
quential decision-making task with varied task structures and reward stakes. Our results revealed that older adults per-
formed less model-based control and less flexibility when the reward stake level changed, consistent with previous studies.
However, pupillometry analysis indicated that older adults showed comparable sensitivity to the reward stake. Older adults
varied in task structure knowledge according to their oral reports, and the subgroup with good structural knowledge exer-
ted a similar pattern to younger adults. Computational simulation verified that poor structure knowledge representation im-
paired metacontrol. These results suggest that the inflexible metacontrol in the elderly population might not be due to mo-

tivational factors but rather poor structure knowledge.
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1 Introduction

Advance in decision-making research indicates that behavior
is governed by at least two separable control systems'”: Sys-
tem 1 is automatic and error prone, while System 2 is cognit-
ively demanding and reliable®. Due to the complementary
nature of these two systems in terms of cost and benefit (res-
ulting from behavior), they apply to different task scenarios™..
As a control mechanism for monitoring and adjusting cognit-
ive control, metacontrol can dynamically regulate these two
control systems based on a cost-benefit analysis of the cur-
rent context”. Recent decision-making research has dis-
covered a noticeable weakening of metacontrol in aging (i.e.,
changes in cost and benefit do not impact system-level
control)”. However, the underlying mechanism behind meta-
cognitive inefficiency remains elusive.

The hybrid reinforcement learning model provides a quant-
itative tool for evaluating metacontrol”. The computational
model associates System 1 and System 2 with model-free and
model-based reinforcement learning methods, in which the
model-free method directly establishes the direct association
between actions and rewards, while the model-based method
plans based on learned structural knowledge (the mapping
between actions and states)””. Assuming that the computation-
al results of the two systems are mixed by linear weighting,
the model-based weights in the hybrid reinforcement learning

1203-1

model represent the relative contribution of the model-based
system to the decision. Metacontrol studies usually set inde-
pendent model-based weights in different task contexts and
analyze the mechanism of metacontrol by observing the influ-
ence of experimental conditions on the weights!.

Theoretical work describes the metacontrol process as fol-
lows: participants estimate the expected rewards of each sys-
tem in the current situation, then weigh it against the cost of
model-based control to find a balance point for control, and
finally regulate the intensity of model-based control™*. This
description has received considerable empirical support. For
example, when the stake (reward magnitude) is high, people
tend to increase their cognitive investment in model-based
control™’l. However, when planning complexity increases or
the structure turns variable, people tend to decrease their
model-based control™.

Older adults exhibit weakened metacontrol compared to
younger adults. The inefficiency of metacontrol may be due
to age-related differences in learning and maintaining task
structural representation!*”. Obviously, metacontrol cannot
work properly even if the structural knowledge is poorly rep-
resented. Alternatively, metacontrol inefficiency might stem
from reward insensitivity or reduced willingness or motiva-
tion to perform cost-benefit analysis'®. This view is consist-
ent with recent research that suggests the existence of age-
related deterioration of stimulus-reward processing!'.

DOI: 10.52396/JUSTC-2023-0132
JUSTC, 2023, 53(12): 1203


mailto:lzyang@cmpt.ac.cn
mailto:hli@cmpt.ac.cn
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
mailto:lzyang@cmpt.ac.cn
mailto:hli@cmpt.ac.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2023-0132
http://justc.ustc.edu.cn
https://doi.org/10.52396/JUSTC-2023-0132
https://doi.org/10.52396/JUSTC-2023-0132
https://doi.org/10.52396/JUSTC-2023-0132
https://doi.org/10.52396/JUSTC-2023-0132
https://doi.org/10.52396/JUSTC-2023-0132

Zzsrg "

Structural knowledge error, rather than reward insensitivity, explains the reduced metacontrol in aging

Zuo et al.

However, there is also accumulating evidence that older
people are just as sensitive to rewards as younger people. For
instance, functional magnetic resonance imaging studies
using incentive delay tasks suggest fewer age-related changes
in reward network responses during anticipation and out-
come processing! ‘. In addition, it has been observed that par-
ticipants exhibit more vigorous movement responses to ob-
tain rewards when the average reward rate is higher, and this
response is similar between older and younger groups!"..

The present study investigates the cognitive and motiva-
tional factors underlying metacontrol inefficiency by combin-
ing pupillometry and behavior experiments. Similar to Bolenz
et al.l' we used a sequential decision-making task that manip-
ulated reward stake (low-stake vs. high-stake) and task struc-
ture variability (stable transition vs. variable transition). In ad-
dition, there were two methodological improvements. First,
pupillometry recording was used to measure motivation to al-
locate cognitive effort"*'”. Second, we used a structured ques-
tionnaire to ask participants’ knowledge about the task back-
ground and task structure. The novel design of the experi-
ment enabled us to systematically examine the motivational
and cognitive differences between older and younger adults.
Consistent with previous research, we predicted that older
adults should exhibit weaker metacontrol than younger adults,
manifested as the insignificant influence of stake and trans-
ition conditions on model-based weights in behavioral analys-
is. However, we predicted that older adults should be sensit-
ive to stake levels and feedback but insensitive to structural
needs in pupillometry analysis. In addition, we expected that
the intactness of structure knowledge reflected in the subject-
ive oral reports determined whether older adults could show
comparable metacontrol efficiency as younger adults. Last,
we used computational simulation to demonstrate that poor
structure knowledge representation impaired metacontrol.

2 Materials and methods

2.1 Participants

We recruited 32 healthy younger and 55 healthy older adults.
Before the appointment, participants were telephone screened
for potential exclusion due to psychiatric or neurological ill-
ness. All subjects had normal or corrected-to-normal vision
and abstained from caffeine in the hour immediately preced-
ing their participation. Seven participants were excluded for
failing to complete the task, leaving a final sample of 29
younger adults (age range 20—44 years, mean age 30.14 years,
14 female) and 51 older adults (age range 60—83 years, mean
age 68.23 years, 26 female). The sample size was compar-
able to that in a previous study*.

Pupil sizes were measured using a desktop eye-tracking
platform (PupilEXT) with a sampling rate of 100 Hz!"".
Pupil diameter was determined by employing the Pure al-
gorithm™. The stimulus materials utilized in the previous
study™ were employed. The Ethics Committee of Hefei Insti-
tutes of Physical Science, Chinese Academy of Sciences,
approved the research protocol (No. YXLL-2023-32). All
participants provided written informed consent and received
monetary incentives after completion of the study.
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2.2 Experimental procedure

The experimental procedure included a practice session, quiz
A, a formal session and quiz B. In each trial, the participants
viewed a cue followed by two-step choices and then feed-
back indicating how much reward they received. Three hun-
dred twenty trials were equally divided by the combination of
low- or high-stake and stable- or variable-transition.

Each trial began with one of two first-stage states, each
containing two alternatives (Fig. 1a). All four first-stage
choices deterministically led to one of the two second-stage
states. In the second stage, participants had to press the space
bar to earn scalar points generated by the random walk (ran-
ging from 0 to 9).

The experiment comprised 320 trials organized into four
blocks of 80 trials each: two stable transition blocks and two
variable transition blocks. These blocks alternated in se-
quence. In half of the trials, a high-stake cue was randomly
assigned, while the remaining half received a low-stake cue
(Fig. 1b). At the onset of each trial, the stake cue provided in-
formation to the participant regarding the trial’s stakes condi-
tion. In other words, these cues determined how rewards were
converted into points. In low-stake trials, the obtained reward
was multiplied by a factor of 1, whereas in high-stake trials,
the reward was multiplied by a factor of 5. The transition
structure remained the same throughout the block in stable
transition blocks. In contrast, during variable transition
blocks, changes in the trial structure would occur every 6 to
14 trials.

The whole process, including receiving instructions, per-
forming practice, taking two quizzes and a test session, and
the final payment, took between 80 and 110 min for each sub-
ject. The experimental stimulus material was partly drawn
from a shared repository from previous studies”’, and the
paradigm is similar to Bolenz et al. The experiment was
conducted using jsPsych and executed on a standard PC.
All participants controlled the experiment using a computer
keyboard. The left and right spaceships were chosen using the
F and J keys, respectively, while the space bar was used for
the second-stage response. The response time limit for both

@ ® Stake
- . low high
o N\ </
& 2 ~ Transition
@ | ! stable variable
O3} N/ N >
o <
ST

Fig. 1. Behavioral task. (a) State transition structure of the task. Each
trial starts with a random first-stage state. Given the transition structure,
each first-stage choice leads deterministically to the second-stage state.
Each second-stage choice is associated with a drifting scalar reward. (b)
The stake manipulation (top). One of the high-stake or low-stake tips is
randomly presented at the beginning of the trial, which means that the
actual benefit of the trial is several times the score shown in the feedback.
Transition manipulation (bottom). The task transition did not change in
stable-transition blocks, and the task transition structure changed irregu-
larly in variable-transition blocks.
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the first-stage and second-stage phases was set at 2 s.

In the practice session, participants were repeatedly instruc-
ted to choose one spaceship in the first stage, transition to one
planet in the second stage, and eventually receive the random-
walked reward. Participants were instructed extensively about
the reward distribution, the transition structure, and the stakes
manipulation. Participants must choose the correct path to a
specified planet ten times in a row and answer the correct
score they received under a specified stake condition ten
times in a row. Participants also had to complete 40 practice
trials that were divided into two blocks within stable and vari-
able transitions.

Before the formal testing phase, we used quiz A to test par-
ticipants’ understanding of the task rules. Quiz A includes:

(1) “How many spaceships are in the task?” The options in-
clude “2” and “4”. The correct answer is “4”.

(i) “How many planets are in the task?” The options in-
clude “2” and “4”. The correct answer is “2”.

(iii) “If you got 4 treasures on the purple planet in the last
trial, what is the range of the number of treasures you are
most likely to get on the purple planet in this trial?” The op-
tions include “0-2”, “3-5” and “7-9”. The correct answer is
“3-5".

(iv) “The treasure yield on the red planet is increasing.
What about the treasure yield on the purple planet?” The op-
tions include “increasing”, “decreasing”, “remain the same”,
and “All of the above could happen.” The correct answer is
“All of the above could happen.”

(v) “If we saw spaceship 1 in the first stage, what would
the other ship be?” The options include “spaceship 27,
“spaceship 37, “spaceship 47, and “All of the above could
happen.” The correct answer is “spaceship 2”.

(vi) “If spaceship 3 goes to the purple planet, what planet
does spaceship 4 go to?” The options include “red planet”,
“purple planet”, and “All of the above could happen.” The
correct answer is “red planet”.

(vii) “If spaceship 1 always goes to the red planet, this turn
suddenly brings you to the purple planet, what’s the reason?”
The options include “I pressed the wrong key.” and “The
transition structure has just changed.” The correct answer is
“The transition structure has just changed.”

Participants who scored less than 5 points on quiz A
dropped out of the experiment, and for the rest of the parti-
cipants, the experimenter gave them an oral explanation of the
incorrectly answered questions from a prewritten manuscript.

The left and right spaceships were chosen using the F and J
keys, respectively, and the second-stage response was ex-
ecuted by pressing the space bar. If participants failed to re-
spond within the 2-second time limit for both the first-stage
and second-stage states, the experiment advanced to the next
trial. If responses were made within the allotted time, the se-
lected option remained highlighted for the remainder of the
response window.

After the test session, the participants were asked to com-
plete quiz B. The quiz contained the entire content of the pre-
vious quiz A and the following questions:

(viii) “What is the main basis for choosing the spaceship?”
The options include “intuition”, *“ reasoning”, and “both”.

(ix) “Will you be more serious when the price sign is five
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times higher?”” The options include “yes” and “no”.
(x) “Do you always remember that more gems can be ex-
changed for more cash?”” The options include “yes” and “no”.
(xi) “How long do you need to redefine the route when the
route schedule changes?” The options include “Easy: 1-3 tri-
als”, “Medium: more than 4 trials”, and “Hard: It is hard to
figure it out.”

2.3 Preprocessing of pupillometric data

Preprocessing of the pupil data was conducted based on pre-
vious studies'” and involved several steps. First, eye blink ar-
tifacts were removed by excluding data from 100 ms before
the blink to 150 ms after. Pupil sizes smaller than 1 mm were
also excluded, and data points that exceeded the inner fences
were removed. In cases of missing data, linear interpolation
was applied up to 500 ms. To eliminate slow drift below
0.012 Hz, a high-pass Butterworth filter was utilized on the
pupil diameter measurements.

Three distinct processing modes are subsequently distin-
guished. When analyzing the pupil response induced by the
stake, the pupil diameter values were standardized (Z scored)
within blocks to ensure comparability across different blocks.
Following this, baseline correction was performed by sub-
tracting the mean diameter of a 200 ms baseline period pre-
ceding the trial onset. Alternatively, when analyzing the
pupil response induced by feedback, baseline correction was
conducted by subtracting the mean diameter of a 200 ms
baseline period before the feedback phase onset. When com-
paring the pupil baseline of different blocks, Z-scoring within
the blocks was not applied. Due to the fixed distance between
the camera and the headrest, the pupil diameters recorded in
pixels by PupilEXT were converted into actual diameters
using a fixed coefficient.

2.4 Computational model

We implemented an established hybrid reinforcement learn-
ing algorithm in our study™"*l. This algorithm combines ele-
ments from both model-based learning methods and the
model-free SARSA(A) algorithm®™ to learn action values.

For each trial ¢, §, and 6,, the reward prediction errors of
the first stage and second stage are calculated as:

0, = QMF (Sz.u az./) - QMF (s],zy au) ’ (1)

6,=r,—Ow (sz.naz,r) s (2)

where s, and s, , are the first stage and second stage at trial 7,
respectively. a;, and a,, are the actions in the first stage and
second stage at trial ¢, respectively. (s, a,,) and (s,,, ay,) is
the state-action pair in the first stage and second stage at trial
t, respectively. r, is the received immediate reward at trial ¢.

The update of the model-free state-action value Qyr at the
first stages and second stages is performed as:

Owr (Sl.zaal,z) = Owr (Sl.nal.z) +ad, +ald, , (3)

Owr (Sz.n az,z) = Owr (52.” aZ.I) +as, , (4)

where «@ is the learning rate (0 <a < 1), and A is the
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eligibility trace decay (0< A <1) that modulates the extent of
the reward prediction error in the second stage influencing the
first-stage state-action value.

The model-based system learns a transition probability
matrix T (s,|s,,,a,,) representing the probability of trans-
itioning to the second-stage state s, after selecting an action a,
in the first-stage state s;. The transition probability matrix can
be set to be an invariant matrix or updated by state prediction
errors. Please refer to Daw et al.”! and Bolenz et al.l”! for de-
tailed model information.

The model-based state-action value at the first stage is
given by:

Owms (Sl,n al,z) = Z.ng(sz | Sl.raal,r) Omr (sz,naz‘r) . (5)

Outside of the model-based and model-free systems, the
model-free and model-based state-action values are com-
bined according to the model-based weight w (0 < w < 1):

Ore(51,01) = WO (51,a) + (1 ) Qe (s1,a1) . (6)
The choice probabilities were calculated as follows:
P(a,=a,|s,)=
exp (B[ Oue (81,5a,) + T -rep(a,) +p - resp(a,)])
2 P (BlQu (s1,-a) + 7 1ep(a)) +p-resp(a)])

(N

where S is the inverse SoftMax temperature. The choice
stickiness parameter 7 captures the stimulus preference, and
the response stickiness p captures the key preference. rep(a,)
is equal to 1 when choosing the same stimulus as the last trial
and 0 otherwise. resp(a,) is equal to 1 when choosing the
same key as the last trial and 0 otherwise.

2.5 Statistical analyses

Paired-sample Student’s ¢ tests (two-tailed) were used for
comparisons. Hierarchical Bayesian regression analyses were
performed in R Studio using the brms package™'. Effect cod-
ing was employed for categorical variables (younger adults =
—1, older adults = 1, low-stake = —1, high-stake = —1, stable-
transitions = —1, variable-transitions = —1), allowing for the
interpretation of regression coefficients as main effects. Each
reported regression coefficient is characterized by the mean of
its marginal posterior distribution and the 95% credible inter-
val. The interval is computed as the [0.025,0.975] percentile
range, and it can be understood as containing the parameter of
interest with 95% probability.

3 Results

We conducted a metacontrol task (Fig. 1) in younger and
older adults. The task involved presenting stake cues ran-
domly at the onset of a single sequential decision-making
trial, with the cues indicating either a high or low reward
magnitude. Additionally, the task manipulated the level of
structural variability at the block level by either keeping it
stable or making it variable. For each participant, we estim-
ated model-based weights in four different scenario demands.
We compared the estimated model-based weights parameter
with the hierarchical regression analysis in all participants and
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discovered that aging had reduced model-based weights
(Bage group = —0.06, 95% CI = [-0.08, —0.04]).

3.1 Reduced metacontrol in older adults

We separately compared the model-based weights with an
effect-coded hierarchical regression analysis in younger and
older adults (Fig. 2). For younger adults, the results indicated
a main effect of stakes condition (S, = 0.04, 95% CI =
[0.01, 0.07]), indicating an elevation in model-based control
during high-stakes trials. Furthermore, the transition condi-
tion also exhibited a significant main effect (Syansition = —0-04,
95% CI = [-0.07, —0.01]), signifying that model-based con-
trol was less pronounced in variable-transition blocks than in
stable-transition blocks.

In contrast, the model-based weights of older adults were
not affected by task conditions (Byu. = 0.01, 95% CI =
[-0.02, 0.04], Biansition = 0.01, 95% CI = [-0.01, 0.04]). These
findings align with previous research’, demonstrating that
older adults performed weaker model-based control and ex-
hibited weaker metacontrol than their younger counterparts.

3.2 Older adults are sensitive to stake cues and feedback

To investigate the participants’ sensitivity to rewards, we ana-
lyzed their real-time pupil diameter during low- and high-
stake trials. Fig. 3a and 3d present a significant difference
between the two stake conditions, indicating that high-stake
trials elicited larger pupil diameters than low-stake trials.
Then, we examined the reaction time under low-stake and
high-stake conditions. Consistent with the findings in the pu-
pillary analysis, we observed that high-stake trials led to
shorter reaction times than low-stake trials during stage 1 for
both younger adults (paired # test: # (28) =2.69, p=0.01, Fig. 3b)
and older adults (paired ¢ test: ¢ (50) = 2.34, p =0.02, Fig. 3c).
Additionally, this effect is replicated in stage 2 (younger
adults, paired ¢ test: ¢ (28) = 3.1, p =0.004, Fig. 3e; older
adults, paired ¢ test: ¢ (50) = 3.07, p =0.003, Fig. 3f).

These results show that cognitive effort can be adaptively
allocated based on stake cues, supporting the notion that older
adults exhibit similar sensitivity to reward magnitude as

Younger adults Older adults

@ Stake Transitions Stake * Transitions

o
o
o0

Regression 8 on
o
P
o

model-based weights

Fig. 2. The metacontrol effect. Logistic regression weights show the in-
fluence of stakes, transitions and their interaction effect on the model-
based weights in the two groups. The vertical line represents the 95%
confidence interval, and the dots represent the mean.
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Fig. 3. Time series depicting the average pupil diameter of low-stake and high-stake trials (a, d) over the course of trials. Solid lines indicate the mean
pupil diameter (baseline-corrected). Shaded areas indicate standard errors (SEs) of pupil diameter (baseline-corrected). Red lines on the top indicate time
points of a reliable [p <0.05] positive effect for younger and older adults. Reaction time in stage 1 (b, e) and stage 2 (c, f). The error bar represents the
standard error of the mean. * indicates p <0.05, ** indicates p <0.01, and *** indicates p <0.001.

younger adults.

We also analyzed whether participants could differentiate
between different types of feedback by observing their pupil
responses during the feedback phase. Our findings showed
that both groups could distinguish between different feed-
back sizes based on the changes in pupil diameters (Fig. 4).
This finding further supports the notion that older adults are
sensitive to rewards.

3.3 Older adults are not sensitive to structural needs

To investigate whether participants were sensitive to structur-
al needs, we analyzed their real-time pupil diameter during
stable-transition and variable-transition blocks. Our findings
revealed that in younger adults, the structure needs in the
variable-transition block led to an increase in pupil diameter
(Fig. 5a and 5d) and in reaction time (stage 1: paired ¢ test: ¢
(28) = —1.8, p =0.08, Fig. 5b; stage 2: paired ¢ test: ¢ (28) =
—2.79, p =0.0009, Fig. 5c). However, these changes were not
observed in older adults (stage 1, paired ¢ test: ¢ (50) = —0.04,
p =0.96, Fig. Se; stage 2, paired ¢ test: ¢ (50) = 0.26, p =0.79,
Fig. 51).

These results suggest that older adults have a diminished
sensitivity to structural needs and renewal, implying that there
may be defects in the representation of structural knowledge.
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3.4 Subjective report recognizes older adults with meta-
control

Our experimental results suggest that older adults are not
sensitive to structure. To confirm that differences in structur-
al knowledge are an essential reason for the decline in meta-
control in older adults, we group participants using subject-
ively reported difficulty in updating structures. Twenty-eight,
1, and O of 29 younger participants reported
easy/medium/hard, respectively, compared with 25, 15, and
11 of 51 older participants, respectively. We found signific-
ant metacontrol effects under stake conditions (S = 0.04,
95% CI = [0.01, 0.07], Fig. 6) among older adults who per-
ceived structural renewal as easy and moderate evidence for
metacontrol effects under transition conditions (Byansition =
—0.02, 95% CI = [-0.05, 0], with 92% of the posterior mass
below zero), which suggests that older adults with good struc-
tural knowledge can exert metacontrol similar to younger
adults.

3.5 Metacontrol can be masked by structural know-

ledge error

To further illustrate the relationship between structural know-
ledge error and metacontrol, we generated simulated data
demonstrating that standard computational models have diffi-
culty detecting metacontrol in participants with inaccurate
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ate the mean pupil diameter (baseline-corrected). Shaded areas indicate SEs of pupil diameter (baseline-corrected).

structural representations. Our approach involves introducing
different noise levels to the classical hybrid reinforcement
learning model, accompanied by varying degrees of model-
based weight adjustment. Subsequently, we use these agents
for behavioral simulation and fit the simulated behavior with
amodel that assumes correct structural knowledge. As anti-
cipated, our simulations reveal that higher levels of structural
noise led to less differentiated estimates of model-based
weight (Fig. 7). Older adults with inaccurate structural repres-
entations may encounter similar challenges.

4 Discussion

This study aimed to determine whether cognitive or motiva-
tional factors are primarily responsible for weakening meta-
control in older adults. In our metacontrol task, pupillary and
behavioral evidence supports that older adults are as sensitive
to stake cues and feedback as younger adults, refuting the as-
sumption that older individuals are insensitive to rewards or
do not engage in cost-benefit analysis in sequential decision-
making. Then, we found that older adults are minimally af-
fected by structural needs in comparison to younger adults,
indicating cognitive deficits in the foundation of model-based
decision-making among older individuals. Importantly, older
adults with good structural knowledge exercised metacontrol
as younger adults, underscoring the role of structural know-
ledge error in reduced metacontrol in aging. Finally, model
simulation shows that if the structure is not expressed cor-
rectly, it is difficult for the computational model to detect
even if metacontrol is performed.
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The theory of the expected value of control® describes the
computational principles and underlying processes of cognit-
ive control allocation, including monitoring, specification
(based on cost-benefit analysis), and regulation. Based on
this theory, metacontrol in decision-making can be decom-
posed into monitoring the decision-making process, determin-
ing the intensity of model-based control to exert, and imple-
menting the specified model-based control. In contrast to pre-
vious metacontrol research in aging'®, our study identifies the
stages at which errors occur in metacontrol. Specifically, the
difference in pupil response and reaction time following dif-
ferent stake cues suggests that cognitive control has been al-
located and executed. Therefore, motivational factors may
play a secondary role, and the observed reduced metacontrol
in older adults can primarily be attributed to the failure of
model-based control regulation. This conclusion is consistent
with recent findings showing that metacontrol is mainly inde-
pendent of intrinsic motivation”.

An explicit structure is essential for model-based
decisions'"**. However, this cognitive foundation is greatly
affected by aging. Consistent with previous research that
found that older adults may have age-related deficits in the
representation of task transition structures or state spaces!"'!,
our study did not find pupillometry evidence that older adults
responded to structural needs. These results all indicate that
older adults rarely maintain accurate structural knowledge.
When the structure is unreliable, it is challenging to regulate
model-based control that relies on structure precisely.
Moreover, this viewpoint is supported by our model
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simulation results.

The second explanation for being unable to observe meta-
control in older adults is that they do not use model-based
control. For example, previous research has shown that older
adults are more prone to using heuristic methods than young-
er adults™. Specifically, an experiment found that older
adults use the heuristic “win-stay, lose-shift” strategy instead
of the more complex model-based strategy used by younger
adults®™. If older adults adopt heuristic strategies or discard
model-based decision-making in sequential decision-making
tasks, using the classical dual-system model may lead to a
misunderstanding of the relative contributions of different de-
cision strategies and, naturally, a misunderstanding of the
changes in relative contributions of the two systems under
different contextual demands. Future work should use ad-
vanced computational models and matched paradigms to
solve this problem.

Our study has several limitations that need to be further op-
timized in future studies. First, our interpretation of the exper-
imental phenomenon is limited. The current study found that
younger adults exhibited earlier and longer pupil dilation after
high-stake cues compared to older adults, which may reveal
differences between younger and older adults in cognitive ef-
fort allocation or preplanning processes®’. The underlying
mechanisms go beyond this study’s scope. Second, although
the sample size of our study was comparable to that of previ-
ous studies, a larger sample size might better reveal the indi-
vidual variability of metacontrol.

5 Conclusions

In summary, our results suggest that metacontrol inefficiency
in older adults is primarily due to the inability to learn and
maintain structural knowledge rather than reward insensitiv-
ity or reduced motivation. The present study sheds light on
aging-related impairments in goal-directed behavior®>*. We
advocate that future studies explore intervention strategies to
help older adults flexibly construct task structure representa-
tions in daily life activities.
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