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1. Introduction
o HENAPD LR, MTFRHZITHZT)ICES OLIIREBOBME - FHO LISRD ZoTw3
- DHIREE  E& (beliefs), AKK (desires), 7 &
- CBORZ RO AIFRINERTE 27H 2 E R T 27 L » ) GEPEEANCEE-D C (Fig. 1a; Dennett, 1987;

Gopnik & Meltzoff, 1997; Perner, 1991; Wellman, 1990)
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Fig. 1. Modeling intuitive theories of intentional action. Diagrams use causal graph notation. Shaded nodes represent observed variables; unshaded nodes
represent latent variables whose values must be inferred. Dotted boxes indicate the causal relation between variables. In this example, the observations are
an agent’s Action in some Environment and the agent’s Perceptual Access to the value of the Environment. Given this evidence, the agent’s Belief and Goal must be
inferred. (a) Non-formal “belief-desire psychology” account of folk theories of intentional action. Non-formal accounts of human action understanding
typically assume some version of this causal structure, and define the causal relation between beliefs, desires and actions in terms of qualitative, context-
specific commonsense rules (e.g. Fodor, 1992; Wellman and Bartsch, 1988). (b) A simplified version of (a) proposed by Gergely et al. (1995) and Csibra and
Gergely (1997) as a model of infants’ early-developing action understanding competency. We formalize this intuitive theory as Bayesian inverse planning.
The functional form of the causal relation between Environment, Goal and Action is given by rational probabilistic planning in Markov decision problems, and
goal inference is performed by Bayesian inversion of this model of planning. (c) A generalized framework for human action understanding. This relates the
non-formal account in (a) to the formal model in (b) by sketching how agents’ Beliefs and Desires (or Goals) depend on their Perceptual Access to the
Environment, mediated by their General World Knowledge and General Preferences. The model in (b) is a limiting case of (c), in which agents are assumed to have
complete Perceptual Access to the Environment, constraining their Beliefs to be equal to the Environment.

o fTEpEfRIX, WT7F =7 (inverse planning) iV ~E (inverse reinforcement learning) O —ffi & K
ENTWVS (Ng & Russell, 2000)
- I—Y v b OHEBITED O HAREE HERT 2 A REERE
> BUCHHEPEEHIOW % 7 £ 2 721 TR 2w

o Aoy HICbARNE, TEHEHELXLEZ6NS I L TROITEIZ VIITE % (Woodward, 1998)
- ZI25, RMMEFITH 2BRED L 2 JICERT s < HER DS, AEMERANC L 223> TATE %
IET 2 BGROME R S 7z (Fig. 1b; Gergely et al., 1995)
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KT, ZNFEFZ—Y v PR EICRT 2815 L, ZoHEZHERT 2
- =YV IoOEEI, HEEBFARE (sense of agency) « HIR % i Ml (Heider & Simmel, 1944;

Tremoulet & Feldman, 2000, 2006)

Computational framework
fTEEfEZ, <V a 7 RERE (MDPs) ICB T RN T 7 v = 7 DE TN &4 XHfEE TERL
- MDPs AHEF 2 RDUC BT 2k 2 BEREET T VD7 L —L47 —7 (Dayan & Daw, 2008)
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—  M2: changing goals
>  BOEDHBEEHEARIA—F yIIELTZ—Y 2 FOHENEHI NS EHE
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- MB3: complex goals
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Related work
fEskE 7v o R
- fTEN DS AYEHTIC TS (Bui et al., 2002; Charniak & Goldman, 1991)
- TEIOWREIHEDE K T — & D3AEE (Liao et al., 2004).
- HEEZEROME2AT (Kautz & Allen, 1986; Ng & Russell, 2000; Verma et al., 2006)
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3.1. Method
3.1.1.  Participants
s MITZME7—N»6 164 BT 4H, KM 4$)

3.1.2.  Stimuli
o IV v bPREEEMESERT 2 IS TR (Fig. 2)
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Fig. 2. Stimulus paradigm for Experiments 1 and 2. Each stimulus presented an animation of an agent's path (marked by a dashed line) ending at a
judgment point: a pause in the animation that allowed participants to report their online inferences of the agent’s goal at that point. (a) Experiment 1:
online goal inference task. Subjects rated how likely each marked goal was at the judgment point. (b) Experiment 2: retrospective goal inference task.
Subjects rated how likely each marked goal was at an earlier judgment point, given by the “+" along the dashed line.

3.1.3.  Design
o 436 DRI % Fig. 3 IR T
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3.14.  Procedure
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3.1.5. Modeling
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Fig. 3. All stimuli from Experiment 1. We varied three factors: goal configuration, obstacle shape and agent path. There were four goal configurations,
displayed in columns 1-4. Path conditions are grouped as “A" paths, “B" paths and “C” paths. There were two obstacle shape conditions: “Solid" and “Gap".

Goal configuration

There were 36 conditions, and 99 unique stimuli in total.

3.2.  Results
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Fig. 4. Example conditions, data and model predictions from Experiment 1. (a) Stimuli illustrating a range of conditions from the experiment. Each
condition differs from adjacent conditions by one feature - either the agent’s path, the obstacle, or the goal locations. (b) Average subject ratings with
standard error bars for the above stimuli. (¢) Predictions of inverse planning model M2 with parameters g = 2.0, y = 0.25.

*  bootstrap cross-validation (BSCV) Z T, ZMEHT—4% L€ T IVOHBICOWTHRE % Eli (Fig. 5)
- O M2>H>M3>MI1 (ZNZ RS BEEED ST X —F 2 fHi[H])
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Fig. 5. Scatter plots of model predictions using best-fitting parameter settings (X-axes) versus people’s online goal inferences (Y-axes) for all Experiment 1
stimuli. Points from the Gap obstacle condition at judgment points 10 and 11 are plotted in black. These trials account for most of the outliers of M1, M3 and

H.

o HILDOFERD A TIEHEGRTE B WVEMEZMNWT, targeted analysis % Fffi (Fig. 6)
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Fig. 6. Targeted analysis of Experiment 1. (a) Example conditions from
our targeted analysis. (b) Participants’ ratings from the above conditions.
(c) Predictions of M2 (B = 2.0,y = 0.25). (d) Predictions of H (§ = 2.5). (e)
Predictions of M1 (8 = 0.5). (f) Predictions of M3 (§ = 2.0,k = 0.5).

3.3.  Discussion
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4. Experiment2
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4.1.3. Design
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4.1.4. Procedure
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4.1.5. Modeling
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Results
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Fig. 7. Example conditions, data and model predictions from Experiment 2. (a) Stimuli illustrating a range of conditions from the experiment. These stimuli
directly correspond to the Experiment 1 stimuli in Fig. 4a. Dashed lines correspond to the movement subjects saw prior to rating the likelihood of each goal
at each judgment point, which are marked by black +'s. (b) Average subject ratings with standard error bars for the above stimuli. (¢) Predictions of inverse

planning model M2 with parameters f = 0.5, y = 0.65.
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Fig. 8. Scatter plots of model predictions using best-fitting parameter values (X-axes) versus people’s retrospective goal inferences (Y-axes) for all
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Experiment 2 stimuli.
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Fig. 9. All stimuli from Experiment 3. The experiment followed a 2 x 2 x 2 design, which varied the directness of the agent’s path, the presence or absence
of an obstacle, and the location of potential subgoals. Each condition had four trials, which each presented a different example path, and then asked subjects
to predict which of two response paths was more likely given all previously displayed example paths from that condition.
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5.1.5. Modeling
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5.2.  Results and discussion
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Fig. 10. Subjects versus M3 with the best-fitting parameters for all
stimuli from Experiment 3. Ratings correspond directly to conditions
from Fig. 9.
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General discussion
KIFFED 5436 L AR
- MDPsIZEBF i A AHEEZ@E L <, ABofTEigz =Mt L 7
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> Bl offtdm (G2 1) - BIHER MG (F252)  AHEAREARRR (M2)
> BHER HERORRIN 2t (S5 3) THRHEZFOER M3)

B SN LT, SMER EOREER (E70V) 29 2 EEYI EEZ T ?

- BEXxAXE=TLrefH log P(Stimuli|Model)
- OMORE, SNFIEFZ—Y =¥ P OFHICREZ HEERR 2 Vw7 (Table 3)
Table 3

Log marginal likelihood of models and heuristic given all Experimental
stimuli. Higher log-likelihood indicates a better fit, and the highest value
for each experiment is shown in bold.

log P(Stimuli|Model)

M1 M2 M3 H
Experiment 1 —773.6 —-641.9 —651.6 —778.5
Experiment 2 -1118.5 —8324 —860.1 —1068.1
Experiment 3 —457.2 —-294.3 —236.5 —-391.5

KIZVL =07 =7 D5H%
- =Yz v ;2K OEMIC 57 (factored MDPs; Guestrin, Koller, Parr, & Venkataraman, 2003)

- I—Yxzrv rOEKZHET 254 (partially observable MDPs; Kaelbling et al., 1998)

Conclusion

BRAHI 72 1283 - BN R HER = — 2 = v PO T, ARDDLINERD ERIE EHE L D THER T

L2 HLNICLTEL

- AMHOfITEIZEES Lz EEETTHIN O T, KICAAE TH S (Hernstein & Prelec, 1991;
Kahneman, Slovic, & Tversky, 1982)
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