









	
 Home

	 Add Document
	 Sign In
	 Create An Account





















































	
 Viewer

	
 Transcript













A Velocity-Based Approach for Simulating Human Collision Avoidance Ioannis Karamouzas and Mark Overmars Games and Virtual Worlds, Utrecht University, The Netherlands {ioannis,markov}@cs.uu.nl Abstract. We present a velocity-based model for realistic collision avoidance among virtual characters. Our approach is elaborated from experimental data and is based on the simple hypothesis that an individual tries to resolve collisions long in advance by slightly adapting its motion.
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Introduction



In this paper, we address the problem of visually compelling and natural looking avoidance behaviour between interacting virtual characters. We ﬁrst exploit publicly available motion capture data to gain more understanding into how humans solve interactions in real-life. Based on our analysis and some known facts about human locomotion, we propose a model for realistic collision avoidance. In our approach, each character anticipates future collisions and tries to resolve them in advance by slightly adapting its orientation and/or speed. Consequently, the characters avoid all collisions as early as possible and with minimal eﬀort which results in a smooth and optimal ﬂow. Experiments show that our model exhibits emergent phenomena, like lane formation, that have been observed in real crowds. The technique is relatively easy to implement and can be used to simulate crowds of thousands of characters at real-time frame rates. Since we use the velocity space to plan the avoidance maneuvers of each virtual character, our approach is similar in nature to the methods that are based on the Velocity Obstacle formulation [1,2]. However, we signiﬁcantly reduce the set of admissible velocities by taking into account how imminent potential collisions are. Our method bears also some resemblance to the model proposed by Pettr´e et al. [3], as we use their experimental study to elaborate our collision avoidance algorithm. Our analysis, though, focuses on the predicted time to collision between interacting participants and the deviation from their desired velocities, whereas they studied the eﬀect that the minimum predicted distance has on the participants’ accelerations.
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Experimental Analysis



30 subjects participated in the experiment and in total 429 trials were recorded. Each trial consists of two participants crossing paths orthogonally while walking J. Allbeck et al. (Eds.): IVA 2010, LNAI 6356, pp. 180–186, 2010. c Springer-Verlag Berlin Heidelberg 2010 
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Fig. 1. left : maximum and average deviation from the desired orientation as a function of the normalized time to collision, right : maximum and average deviation from the preferred speed as a function of the normalized time to collision.



toward the opposite corners of a square area. We refer the reader to [3] for a detailed explanation of the experimental protocol. In each trial, similar to [3], the interaction starts at time ts when the two participants can see each other and ends at time tf when the distance between the participants is minimal. During the interaction period, ts < t < tf , we estimate the future motions of the two participants by linearly extrapolating their current trajectories. Then, we can determine whether and when the participant P1 will collide with P2 as follows: (x2 + tv2 ) − (x1 + tv1 ) = r1 + r2 ,



(1)



where x deﬁnes the position of the participant’s trunk, approximated by interpolating the two shoulder markers of the participant and r denotes the radius of a participant derived from the distance between the two markers. The participant’s velocity v is calculated using forward ﬁnite diﬀerence, i.e. v = dx/dt. Solving the above equation, we can predict the time to collision tc(t) between P1 and P2 at time t. To be able to run comparisons over all trials, the predicted time to collision for any time ts < t < tf is normalized as follows: tcn (t) =



tc(t) max {tc(t)}



(2)



t∈[ts ,tf ]



tcn (t) ranges from 0 to 1, where 0 indicates that the two participants are already colliding and 1 corresponds to the maximum time to collision between the two participants for the current trial. Time to collision and desired orientation. Fig. 1 (left) plots the participants’ deviations from their desired orientations as a function of the normalized time to collision. We grouped the tcn into 10 clusters of equal length and then, we determined the maximum and average deviation angle per cluster. As can be inferred from the ﬁgure, the maximum deviation angle is quite small for predicted collisions that will take place in the far future, tcn ≥ 0.9. After a small
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Fig. 2. Density of the deviation from the desired velocity as a function of the predicted time to collision. left : participants that cross paths orthogonally, right : participants that have to avoid head-on collisions.



increase, the max deviation angle remains more or less constant for a long period, 0.5 ≤ tcn ≤ 0.8. As soon as potential collisions starts to become imminent (tcn < 0.4), the deviation angle increases reaching to a peak when the tcn tends to 0. Similar trend is also observed when looking at the evolution of the average deviation angle with respect to tcn . Time to collision and preferred speed. During the interaction period, we deﬁne the preferred speed of a participant by taking the average speed over this period. Compared to the orientation deviation, the deviation from the preferred speed remains constant for a longer period of time, tcn ≥ 0.2, as shown in Fig. 1 (right). Note also the abrupt increase of the maximum deviation at tcn < 0.2, which allows the participants to successfully resolve threatening collisions by reﬁning their speed. Discussion. To obtain a clear overview of how participants solve interactions, we also cumulated all pairs of predicted collision times and corresponding deviation velocities Δvdes for all trials, where Δvides (t) = vi (t) − vides  and the desired velocity vides is determined by the participant’s preferred speed and orientation. Fig. 2 (left) shows the density plot of the corresponding bivariate data. As can be seen, in most of the trials the majority of the participants prefer to solve interactions in advance, that is when 2.0 ≤ tc ≤ 4.0, favouring small changes in their velocities. Note also that very rarely participants have to adapt their motions at imminent collision times which shows the ability of people to eﬃciently predict and avoid collisions. In conclusion, our analysis have shown that individuals resolve collisions long in advance by slightly adjusting their motions. Note that the current study focuses on participants that have perpendicular trajectories. Another challenging case is when interacting participants have to avoid head-on collisions. For that reason, we have recently conducted an experimental study [4] similar to the one proposed by Pettr´e et al. Preliminary analysis of the corresponding interactions data seems to support our current observations (see Fig. 2, right). Note, though, that due to the fact that the participants have exactly opposite desired directions,
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some miscommunication on how they pass each other might be detected. Thus, as can be seen in the ﬁgure, there are cases that collisions are resolved at the last moment.
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Collision Avoidance



In our problem setting, we are given a virtual environment in which n heterogeneous agents A1 , ...An have to navigate without colliding with the environment and with each other. For simplicity we assume that each agent moves on the 2D plane and is modeled as a disc with radius ri . At a ﬁxed time t, the agent Ai is at position xi , deﬁned by the center of the disc, and moves with velocity vi . . Furthermore, at The motion of the agent is limited by a maximum speed umax i every time step of the simulation, the agent has a desired velocity vides that is directed towards the agent’s goal position gi and has magnitude equal to the . agent’s preferred speed upref i Then, the agent Ai solves interaction with the other agents in three steps: Step 1 - Retrieve the set of colliding agents. In the ﬁrst step of our algorithm, we compute the set CAi of ﬁrst N agents that are on collision course with the agent Ai . We ﬁrst extrapolate the future position of Ai based on its desired velocity vides . Similarly, we predict the future motions of all the nearest agents that Ai can see by linearly extrapolating their current velocities (Ai can only estimate the actual velocities of the other agents and not their desired ones). Based on the predicted trajectories, we can now determine whether the agent Ai will collide with another agent Aj . We assume that a collision occurs when Aj lies inside or touches the personal space of Ai , resulting in the following equation: (3) (xj + vj t) − (xi + vides t) ≤ rj + (ri + μi ), where ri +μi denotes the size of Ai ’s personal space (default value of the minimum security distance μ is set to μ = 0.8m). Solving the above equation for t, we can deduct the possible collision time tcij between Ai and Aj . If tcij ≥ 0, the agent Aj is inserted into the set of the agents that are on collision course with Ai . We sort this set in order of increasing collision time and keep the ﬁrst N agents. Experiments have indicated that this number can be kept small (default value is N = 5). This not only reduces the running time of our algorithm, but also reﬂects natural human behaviour. In real-life, an individual takes into account a limited number of other walkers, usually those that are on collision course with him/her in the coming short time. Step 2 - Determine the set of admissible orientations and speeds. In the second step of the algorithm, we retrieve the set of candidate orientations Oi ∈ R2 and speeds Ui ∈ R that the agent Ai can select in order to resolve the collisions with the agents that belong to the set CAi . First, we determine the collision time tc with the most threatening agent, that is the agent in the set CAi with which Ai will collide ﬁrst. Then, based on our analysis in Section 2, we compute the
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Fig. 3. Maximum orientation deviation for an agent, as a function of the predicted time to collision



maximum angle that the agent Ai can deviate from its desired velocity. The maximum deviation angle Δθimax is approximated by a piecewise function (see Fig. 3) as depicted in Fig. 3. In the ﬁgure, the tcmax deﬁnes the maximum time that Ai anticipates a collision. Note that, in the experimental analysis, the maximum collision time averaged over all experiments is 4.2s. However, in our simulations, each agent has to simultaneously solve interactions with multiple agents. Thus, a higher anticipation time is used ensuring smooth avoidance behaviour (default value is tcmax = 8s). The threshold tcmid regulates the start of the constant part of the function, whereas the tcmin deﬁnes collisions that are imminent to Ai leading to higher deviation angles (default values are tcmid = 6s, tcmin = 2.5s). The parameter δmax determines the maximum admissible angle the Ai can deviate from its desired direction of motion. In our simulations, we assume that virtual characters cannot backtrack and thus, δmax = π/2. Finally, the parameter δmid deﬁnes the deviation angle during the constant interval of the function (default value is δmid = π/6). Having retrieved the maximum deviation angle Δθimax , we determine the agent’s admissible orientation domain Oi as follows: Oi = { nθ | θ ∈ [θdes − Δθimax , θdes + Δθimax ] }, T



(4) des



where nθ = [cos θ, sin θ] is the unit vector pointing in direction θ and θ is the orientation derived from Ai ’s desired velocity. A similar approach is also used to determine the admissible speed domain Ui of the agent Ai . Based on the speed deviation plot, shown in Fig. 1, the Ui is approximated as follows: ⎧ max ⎪ ], if 0 ≤ tc ≤ tcmin ⎨u | u ∈ [0, u pref pref max Ui = u | u ∈ [u (5) ,u ± Δui ], if tcmin < tc ≤ tcmax ⎪ ⎩ pref u , if tcmax < tc holds that Δumax ≤ min(umax − where for the maximum speed deviation Δumax i i pref pref max u ,u ). In our simulations, we set the default value of Δui to Δumax = i max max 0.4m/s, whereas the default value for u is set to u = 2.4m/s.
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Step 3 - Select an optimal solution velocity. In the ﬁnal step of the algorithm, we compute an optimal solution velocity for the agent Ai . First, we deduce the set of feasible avoidance velocities F AVi from the agent’s admissible orientation and speed domains as follows: F AVi = {u nθ | u ∈ Ui ∧ nθ ∈ Oi }



(6)



In practice, an inﬁnite number of feasible velocities exist. Thus, we restrict the Oi domain into a discrete set of orientation samples (default size of the discretization step is set to 0.13 radians). Similarly, we discretize the Ui domain into a set of adjacent speed samples (default distance between adjacent samples is set to 0.1). Next, we select the agent’s a new velocity vinew from the set of feasible velocities. Among the candidate velocities vcand , we retain the solution minimizing the kinetic energy of the agent, the risk of collisions with the other agents and the deviation from the agent’s desired velocity: Energy  











vcand  − v 



cos(Δφ) − tc vcand − vides  tc new = argmin {α(1 − +γ + δ max } )+β vi max 2 u 2umax tcmax cand v ∈F AVi       Deviation Collisions 



where Δφ deﬁnes the angle between the agent’s current velocity vector and vcand . Consequently, the energy expenditure in our cost function is approximated by taking into account changes both in the speed and the direction of the agent. Regarding the collision cost, tc denotes the minimum predicted collision time between the agent Ai and the agents in the set CAi , assuming that Ai selects a velocity vcand ; note that tc is upper bounded by tcmax . The constants α, β, γ, δ deﬁne the weights of the speciﬁc cost terms and can vary among the agents to simulate a wide variety of avoidance behaviours (default values are α = 5, β = 0.5, γ = δ = 1). Having retrieved the new velocity vinew , the agent advances to its new position new as follows: x xnew = xi + vinew Δt, (7) i where Δt is the time step of the simulation. During each simulation cycle, we also update the orientation of the agent. The energy term in our cost function does not allow the agent to abruptly change its direction, ensuring smooth avoidance motions. Thus, the new orientation θinew of the agent is directly inferred from the solution velocity, that is θinew = arctan(vinew ).
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Experimetal Results



We evaluated the quality of our approach against a wide range of test-case scenarios. These scenarios range from simple interactions between pairs of agents to more challenging and large test cases. We refer the reader to http://people.cs.uu.nl/ioannis/interactions for the resulting simulations. In all of our simulations, the agents smoothly evade
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collisions with other agents and static obstacles. In addition, our approach exhibits emergent phenomena that have been observed in real crowds, such as the dynamic formation of lanes, queuing behaviour, as well as the emergence of slowing down and stopping behaviour to eﬃciently resolve imminent collisions. We have also run comparisons with the Reciprocal Velocity Obstacle method [2]. We choose the rvo because of its increased popularity among the methods that are based on the vo formulation, and its many existing variants. The main diﬀerence between our approach and vo methods is that in the latter, at every simulation step, each agent tries to ﬁnd an optimal collision-free velocity. Consequently, in rather conﬁned and crowded environments, the agent may not be able to ﬁnd such a velocity and thus, the only solution would be to abruptly adjust its direction or change its speed and stop. In contrast, our approach favours small changes in the velocity of each agent, even though such changes may lead to a collision in the (far) future. Assuming that the other agents will also slightly adapt their motions, collisions are resolved in advance with minimal eﬀort. Besides the quality, we are also interested in the performance of our proposed approach. To test its usability in real-time applications, we selected a varying number of agents and placed them randomly across an environment ﬁlled with small-sized obstacles. Each agent had to advance toward a random goal position avoiding collisions with the obstacles and the other moving agents; when it had reached its destination, a new goal was chosen. The running time of our method on a 2.4 ghz Core 2 Duo cpu (on a single thread) scaled almost linearly with the number of agents. Even for 3000 agents, it took 129 ms per simulation step to compute the three steps of our collision avoidance algorithm. Since, in our system, the velocities of the agents were updated at 5 f ps, it is clear that our approach can simulate thousands of virtual characters at interactive rates.
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