Outcome-Irrelevant and State-Independent Learning
Mechanisms in Human Reinforcement Learning

Ido Ben-Artzi
Sagol School of Neuroscience; School of Psychological Sciences;
Minducate Science of Learning Research and Innovation Center
Tel-Aviv University
idobenartzi@mail.tau.ac.il

Nitzan Shahar
Sagol School of Neuroscience; School of Psychological Sciences;
Minducate Science of Learning Research and Innovation Center
Tel-Aviv University

Abstract

Humans are adept at associating actions with rewards while considering their state
in the environment. However, recent evidence suggests that humans also tend to
learn in a state-independent manner, resulting in outcome-irrelevant learning. This
study explores this phenomenon, where individuals form associations between
action features and outcomes, even when these associations are known with high
certainty to be due to random noise. Using a multi-armed bandit task, we demon-
strate that humans tend to rely on a reward-dependent preference for spatial action
features in making their decisions, despite knowing these are not predictive of
outcomes. Through computational modeling and simulations, we show that this be-
havior, though sub-optimal in stable environments, may offer adaptive advantages
in situations involving unexpected changes. The findings have implications for both
understanding human cognition and improving machine learning algorithms by
incorporating flexibility in state representations. Our results suggest that humans’
predisposition for state-independent learning may reflect an evolved strategy to
anticipate environmental variability.

1 Introduction

Humans are highly skilled at inferring the causal structure of their environment, likely more so than
any other known living organism [, [2]. Research has consistently demonstrated humans’ ability to
identify and act according to latent causal environmental structures which can be learned through a
variety of cognitive methods such as trial-and-error value updating [3| 4], model-based reasoning
[15, 16, [7, 8], or social interactions [9, [10]. Studies also demonstrated that humans hold in mind
sophisticated cognitive causal maps, supported by brain regions such as the orbitofrontal cortex,
hippocampus, entorhinal cortex, and striatum [[11} [12} [13]. These mental representations enable
accurate predictions of the outcome of a specific action based on an inferred state of the environment.
Accordingly, most theories propose that human causal learning and decision-making occur in a
state-dependent manner.

In common RL models, the state representation defines what features of the task are assumed
to be predictive of rewards or guide action-outcome associations [[14} [15} [16]. Actions may be
composed of multiple features, some of which are irrelevant to outcome prediction. Therefore,
the cognitive representation of the state must include information about which action features are
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appropriate for credit assignment [[17, 4]]. If the state representation is inaccurate or cannot be
precisely implemented due to resource limitations, an irrelevant feature may mistakenly receive credit
[L8]. This misattribution can result in credit being generalized to a different action that shares the
same irrelevant feature.

Despite a truly sophisticated human capacity for causal inferences, recent striking evidence emerged
suggesting that humans also tend to form causal inferences in a state-independent manner that
violates the environment’s true structure and neglects any accurate causal knowledge the individual
might have [19] 20} 21}, 122} [23| 24]]. Here, we suggest that the human cognitive system continuously
tracks and stores temporally adjacent action-outcome associations in a state-independent manner,
giving rise to outcome-irrelevant learning. We first review the evidence for this claim and then use a
computational model to explore the potential role of this type of learning to guide the development of
machine-learning algorithms. We propose that, although not optimal, an outcome-irrelevant policy
may be advantageous in environments with frequent unexpected changes. [25} 126} 27, 28]].

Empirical evidence for outcome-irrelevant learning in humans. Outcome-irrelevant learning
refers to assigning value to action features that are reliably known to lack outcome relevance.
A clear example of this is seen in [19], where participants performed a multi-armed bandit task
with four cards. Specifically, the same pairs of cards were offered (A vs B or C vs D, see Figure
[I). Each card had a set probability of reward that drifted slowly across trials requiring participants
to continuously keep track of action-outcome associations to make optimal card selections. Impor-
tantly, the cards were randomly assigned to left/right response keys each trial, making the spatial
locations/response keys irrelevant to predicting outcomes — a fact emphasized to participants through
instructions and a verbal quiz. Thus, participants could learn from both instructions and their own
experience that only the cards’ identity is relevant for reward prediction. In a critical analysis [[19]]
predicted the selection of C/D cards based on the reward obtained in the previous trial where A/B
cards were offered (see Figure|[I). Despite participants being fully aware that there is no dependency
between the trials they were more likely to use the same response key in the C/D trial after a reward
in the A/B trial compared with an unrewarded trial.

A few studies replicated and extended the findings regarding outcome-irrelevant learning in humans.
First, outcome-irrelevant learning persists over time and practice, both within and between sessions
[22]. Importantly, outcome-irrelevant learning does not stem from a lack of comprehension or belief
in the correctness of the instructions. Findings demonstrate that even when the state representation
was presented clearly and concretely outcome-irrelevant learning remained [29, 24]. Moreover, in a
recent work, outcome-irrelevant learning was found across modalities, showing that humans assign
value to both visual and motor/spatial representation when these are known to be outcome-irrelevant
[30]. The effect persisted even among participants who rated their belief in the instructions as
maximal and explicitly indicated no influence of the outcome-irrelevant feature on their choices [29].
Finally, a stronger human tendency for outcome-irrelevant learning is associated with lower cognitive
control estimates including model-based planning [23]], working memory capacity, and 1Q [19} 20].

2 Results

We begin by outlining the behavioral task, computational modeling, and empirical parameter esti-
mation based on human behavior. Next, we use these empirical parameters to drive a reinforcement
learning simulation, illustrating how the human tendency for outcome-irrelevant learning can augment
artificial model behavior under specific conditions.

Participants and data collection. We reanalyze the behavior of 178 Prolific workers (age mean
= 26.1, range 18 to 51; 101 males, 76 females, 1 other) completing the task online in return for
monetary compensation (see OSF repository).

Behavioral Task. Participants completed a modified version of a four-armed bandit task (see Figure
[ID. In each trial, two out of four cards (i.e., bandit arms) are offered for choice, with the allocation
determined randomly. Cards probabilistically lead to binary outcomes (later translated to money
bonuses) according to a random walk specific for each arm. Importantly, human participants are
explicitly made aware of the fact that only the card itself influences reward probability and not its
location. Thus, they know with high certainty that the card’s location (i.e., whether it appears on the
left or right of the screen) is random and therefore should not be learned. This fact is crucial as it
renders any credit assignment to the location/response key as outcome-irrelevant.
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Model-agnostic results. We find a replicable human tendency to assign credit to outcome-irrelevant
locations. This is indicated by analyzing behavior on trials where two different cards are offered
than in the previous trial (see trial n+1 in Figure [T]A). A hierarchical logistic Bayesian regression
shows that individuals are more likely to stay with their response key selection if the previous offer
was rewarded (51%) vs. unrewarded (45%; posterior median=.23, HDIg5¢; between .12 and .34;
probability of direction ~100%; see Figure [IB-C)). We further found that this effect is the same
irrespective of whether the reward condition is a win (+1/0) or loss (0/-1) block and whether staying
was the accurate choice (see Figure [IB-C; Figure [ST).
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Figure 1: Trial sequence and main behavioral result. (A) Illustration of a trial sequence. Partici-
pants completed a four-armed bandit task. In each trial, two cards (of four) were randomly offered by
the computer for participants’ selection. Participants were explicitly aware that only the card itself
and not the card’s location (which was randomly determined by the computer) influences reward
probability. (B) The empirical probability of choosing the same location as a function of outcome
in the previous trial (where two different cards were offered for choice) and win/loss condition.
Participants were more likely to choose the same location after a rewarded (51%) compared to an
unrewarded (45%) trial. This was true for both win blocks (where rewards were +1 or 0) and loss
blocks (where rewards were O or -1). (C) The posterior distributions for the influence of the previous
outcome (top) and the interaction with condition (bottom) on choosing the same location (the blue
line is the null point, and the gray line indicates HDIg5o; ).

Computational model. To describe the trial-by-trial value updating process we use a simple feature-
based reinforcement learning model [31} 132} |33]]. Action feature values are updated using a temporal
difference learning algorithm (There are separate Q-values for the relevant visual feature and irrelevant
spatial-motor feature). On each trial, the reward is used to calculate the prediction errors of each
action feature (Eq.1; denoted d¢). These prediction errors are then used to update the values of the
chosen action features where « is the learning rate (free-parameter; Eq.2).
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The agent can follow the clearly defined state representation (instructed_weights; where a weight
of 1 is given for the relevant feature and O for any irrelevant feature; Eq. 3) or ignore it to treat each
feature in the same manner (uniform_weights; 1 divided by the number of features for each action




feature; Eq. 5).

instructed weichts — 1 if feature is relevant 3)
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Higher A values lead to a greater tendency to rely on the instructed state representation. On the
contrary, lower \ values indicate a diminished focus on the instructed state representation. Note that
A is scaled using a logistic transformation to be within the range of 0 to 1 (free parameter; Eq. 6).

W = X - instructed_weights + (1 — \) - uniform_weights 6)

The decision policy of this model includes value integration according to feature-specific decision
weights (wy). For each possible action (e.g., choosing the specific card offered on the left), the values
of applicable action features (e.g., the value of the left location and the value of the specific card on
the left) are combined (Eq. 7).

Qnet = Y _(wy - Qf) )
f

The policy is determined by a softmax function transforming net values into action probabilities and
includes an inverse noise parameter /3 controlling for random exploration tendencies (free parameter;
Eq. 8).
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Empirical parameter estimation. We used a hierarchical Bayesian reinforcement learning model
in Stan to derive individual fits for each parameter based on empirical data (see Subsection {.1]
and Figure [S2] for parameter recovery results;[34, [35]). The empirical population-level posterior
estimates for each of the three parameters in our model were as follows: o ~ AN (.4,.18); 8 ~
N(2.3,.82); A ~ N(1.2,2) (see Figure[S3|for transformed A fits). The adequacy of our model fit is
further demonstrated by the ability of the A parameter to account for individual differences in the
observed behavioral effect (see Figure [S4).

p(choice;) = 8)

Simulation. To illustrate the potential benefit of outcome-irrelevant learning we simulated 500 agents
who completed each 100 trials of the task. Importantly, after 50 trials we introduced an unexpected
and uncued shift in the true environment’s representation (see Figure 2JJA for illustration). Parameters
for the agents were sampled from the posterior empirical fit distribution. We used hierarchical
Bayesian regression to predict the trial’s accuracy (whether the higher or lower expected value arm
was chosen) based on the agents’ A\ parameter and task phase (i.e., before or after the shift). We show
that while outcome-irrelevant learning is detrimental before the shift as evidenced by the association
of lower A with lower accuracy (posterior median=.17, HDIg5y, between .04 and .31; probability
of direction ~100%; see Figure[2B), it also allows agents to better adapt to change as evident by a
higher accuracy following the shift (interaction posterior median=-.36, HDIg5¢, between -.55 and
-.17; probability of direction ~100%; see Figure [2B). Importantly, agents who blindly followed the
state representation (i.e., A=1) were doomed to random responses following the shift, thus indicating
the potential adaptivity of retaining a degree of flexibility in state representation.
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Figure 2: The accuracy of outcome-irrelevant learning agents is higher after an uncued shift.
(A) We simulated 500 agents performing a multi-armed bandit task using empirical parameters. After
50 out of 100 trials, we introduced an unexpected and uncued shift in feature relevance. (B) We found
that outcome-irrelevant learners were better able to adapt to the shift, as indicated by higher accuracy
levels following it. Furthermore, the variance in accuracy (and thereby reward) was smaller for lower
A agents.

3 Discussion

Current findings suggest that humans tend to overlook knowledge about state representation. This
finding is supported by results from various tasks and research teams [36} 120} 21} 22} |19, 24]]. The
established preferences are implicit and persist regardless of belief in the instructions or self-reported
intentions. Importantly, unlike previously described sequential effects, this behavior is not driven
by random or perseverative tendencies but is instead dependent on rewards [28, [37]]. Future studies
may explore how instructed influence interacts with experiential feature-weight learning [38 39].
Perhaps, the influence of an instructed state representation on the RL cognitive system is limited.
This hypothesis is further supported by the negative correlations between working memory abilities
or model-based learning in the two-step task and state-independent learning [19} 22].

In the multi-armed bandit task, we assume participants represent a static single state; thus, any
outcome-irrelevant learning is incorporated within this state representation. However, we also
observed outcome-irrelevant learning when participants represented multiple states. In one case,
participants completed a task where the state representation switched between trials; in another, they
completed a two-step task where rewards from the second stage influenced location choices in the
first stage [30,22]]. Thus, outcome-irrelevant learning could occur due to an incorrect representation
of a single-state environment but also affects choices independently of the state in multi-state
environments.

At first glance, humans’ tendency for outcome-irrelevant and state-independent learning appears to
contradict the typical effectiveness associated with human cognition. However, recent research sug-
gests evaluating human behavior by reasonableness instead of optimality [18] 140} 26, 41]]. Relatedly,
we demonstrate that outcome-irrelevant learning, while detrimental in a stable environment, facilitates
better adaptation to unexpected changes. We, therefore, speculate that this form of redundant learning
arises from humans’ underlying assumption that the environment may change unexpectedly [27]].
Bet-hedging is a prevalent biological phenomenon in which organisms accept a short-term loss to
ensure long-term prosperity [42}43]!441/45]]. Formally, this can be understood as employing a strategy
that sacrifices higher immediate expected fitness to reduce the variance of future outcomes. This
aligns with our results, where agents with lower A earn less before the change but experience a
smaller variance in outcomes overall. Other normative interpretations for this human tendency are
possible. For example, the effort required to suppress outcome-irrelevant learning may overcome the
extra potential reward it promises [46,47]]. Recently, [48] stressed the importance of accounting for
human decision-making biases in improving algorithm design. Recognizing the substantial individual
differences in outcome-irrelevant learning could provide machine learning models with a more
nuanced perspective, potentially reducing model misspecification [49} 50]. Future ML research could
further study how models could benefit from outcome-irrelevant and state-independent learning.



4 SI

4.1 Parameter Recovery Results

The model has three population-level free parameters («, 3, \) along with their associated random
effect parameters. Parameters from data simulated using this model were highly recoverable (see
Figure[S2} [33]). This establishes the appropriateness of using the model when fitting empirical data,
as it confirms our ability to estimate parameters from choice data with high confidence.

4.2 Model fit results

Fitting empirical choice data using the model allowed us to estimate each human participant’s ()
parameter which controls the decision weights regulation (see Eq. 7). Using the fitted values we
could show that the behavioral signature depends on this model-derived parameter for both simulated
and empirical data (see Figure[S4JA). Further, we show that higher lambda values are associated with
greater accuracy (defined as choosing the higher EV arm; (see Figure [S4B)).
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Figure S1: Participants repeat location after rewarded trials regardless of accuracy. We further
analyzed whether participants showed a different influence by the previous outcome based on the
accuracy of choosing the same location. Accuracy was defined as choosing the card with the higher
current expected value. Thus, accurately staying is when the better card appeared on the previously
selected location and inaccurate staying is when choosing the better card required switching locations.
We found the effect of the previous outcome to be the same in these two conditions (posterior
median=-.07, HDIy5¢, between -.29 and .15; probability of direction=73.5%).
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Figure S2: Parameter recovery of the decision modulation model. The left column (A) represents
population parameter recovery, including the posterior parameter distribution (grey), the value of the
true latent population parameter (blue dashed line), and the empirical sample mean (cyan dashed
line). The right column (B) refers to individual parameter recovery, showing a strong correlation
between simulated individual parameters and recovered ones. Overall, we found great parameter
recovery for all parameters.
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Figure S3: Empirically fitted \ parameter. We used hierarchical Bayesian modeling in stan to
(Carpenter et al., 2017) estimate for each participant their best-fitting A parameter. Results show
substantial individual differences in the degree to which outcome-irrelevant information affected
choices.
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Figure S4: Simulated and Empirical fit of the model to data. We show that the main behavioral
signature indicating outcome-irrelevant decision-making (see Figure [I)) is well-captured by our
computational model. The A\ parameter was fitted based on empirical data using hierarchical Bayesian
modeling in stan [51]. These fitted estimations were then used as an additional predictor in a
hierarchical Bayesian logistic regression where the previous outcome in trial n (rewarded versus
unrewarded) predicted the tendency to choose in trial n + 1 the same location as in trial n.
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