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Controllability and resource-rational planning



Falk Lieder Noah D Goodman Quentin JM Huys



Abstract Learned helplessness experiments involving controllable vs. uncontrollable stressors have shown that the perceived ability to control events has profound consequences for decision making. Normative models of decision making, however, do not naturally incorporate knowledge about controllability, and previous approaches to incorporating it have led to solutions with biologically implausible computational demands [1,2]. Intuitively, controllability bounds the differential rewards for choosing one strategy over another, and therefore believing that the environment is uncontrollable should reduce one’s willingness to invest time and effort into choosing between options. Here, we offer a normative, resource-rational account of the role of controllability in trading mental effort for expected gain. In this view, the brain not only faces the task of solving Markov decision problems (MDPs), but it also has to optimally allocate its finite computational resources to solve them efficiently. This joint problem can itself be cast as a MDP [3], and its optimal solution respects computational constraints by design. We start with an analytic characterisation of the influence of controllability on the use of computational resources. We then replicate previous results on the effects of controllability on the differential value of exploration vs. exploitation, showing that these are also seen in a cognitively plausible regime of computational complexity. Third, we find that controllability makes computation valuable, so that it is worth investing more mental effort the higher the subjective controllability. Fourth, we show that in this model the perceived lack of control (helplessness) replicates empirical findings [4] whereby patients with major depressive disorder are less likely to repeat a choice that led to a reward, or to avoid a choice that led to a loss. Finally, the model makes empirically testable predictions about the relationship between reaction time and helplessness.



Additional Detail Our first aim is to better understand the normative reasons for tracking controllability when making decisions. We build on classical descriptions of controllability as a belief about the entropy of action outcomes and extend previous work showing that controllability is a crucial determinant of the differential value of exploration vs. exploitation [1, 4]. We revisit the sequential decision-making task by [4] where subjects face a series of slot machines with unknown outcome probabilities. Each slot machine yields discrete outcomes from 0 to 9. The multinomial distributions are independently drawn from Dirichlet priors. In this scenario, the subject can exert control by adaptively choosing slot machines that have yielded a high outcome and appear to have a low outcome entropy. We formulate this task by a MDP with an augmented state-space encompassing beliefs about transition probabilities. Like most MDPs of interest, such belief-state MDPs are too computationally expensive for standard solution approaches. Recently, Monte Carlo methods, which approximate the full evaluation of a tree by sampling, have proven very useful in these scenarios [5]. Monte Carlo methods highlight a critical feature of real-world decision making: in addition to choosing amongst actions in the world, agents also have to decide whether to spend further computational resources to improve their estimates of the value of actions. Here, the problem which outcome distributions to sample from and when to stop sampling was itself formalized as a meta-level MDP [3] and solved near-optimally by an extension of the analytical results in [6]. Specifically, the states of the meta-level MDP were the mean and precision parameters of Gaussian beliefs about the Q t values of playing the k slot machines (Smeta = {(µti , τit )}1≤i≤k , P (Q(s, ai )) = N (µti , τit ). The meta-level actions comprise the decision to stop planning and a set of computations each of which samples from one action’s cumulative reward distribution by simulating taking the action and then following the optimal policy according to a modified version of the algorithm by [5]. The meta-level transition distribution was defined by Bayesian learning from a sample drawn from the Normal distribution N (Q(s, ai ), τisample ) centered on the Q-value of the simulated action ai . The reward function returns the negative time cost of computation c for computations and the cumulative reward of the best action expected 1



under the current meta-level belief for the decision to stop sampling. Therefore, the meta-level MDP’s objective function is the expected cumulative reward of the action that will be chosen minus the time cost of computation. Based on this formulation we derived lower and upper bounds on the number of computations n chosen by the optimal meta-level policy:     1 1 k 1 sample sample 0 0 √ − max{τi + τi √ − min{τi + τi · } ≤n≤ · } . (1) i i c · 2π c · 2π maxi τisample mini τisample The optimal number of computations n is determined by subjective controllability via the precision parameters τi0 and τisample and by the cost of computation c. Figure 1 shows that 200 samples are sufficient to closely approximate the normative effect of controllability on the optimal exploration-exploitation tradeoff in sequential decision making (cf. [4]). Figure 2a shows that the optimal number of computations increases with subjective controllability. While this provides a plausible explanation of why depressed patients might invest less mental effort into planning, depression is also associated with a reduced speed of information processing, and Equation 1 also shows that the optimal number of mental simulations decreases with the time cost of computation (see Figure 2b). Figure 3 finally compares the relative frequency with which our model decided to repeat an action as a function of its outcome between prior beliefs expressing high and low controllability respectively. This qualitatively replicates the findings by [4]. Overall our results suggest that the importance of controllability for decision making is closely connected to the rational management of computational resources.



1: Sample-based approximation to the difference in the differential Q-value of exploitation between a controllable and an uncontrollable belief-space MDP. 2: The optimal speed-accuracy tradeoff as function of controllability and time cost respectively. 3: Simulated repeat modulation in the eight-stage decsision-making task from [4].
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