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VAE-MPPI: Closed-Chain Constrained Trajectory
Optimization for Dual-Arm Manipulation
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Abstract: Coordinated dual-arm manipulation, where two robots jointly interact with a shared object,
forms a closed-chain system that imposes strict kinematic equality constraints on the robot con-
figuration. Conventional Model Predictive Path Integral (MPPI) control addresses such constraints
only through soft penalty terms, making strict feasibility guarantees fundamentally unachievable.
This paper presents a novel MPPI-based framework that enforces hard equality constraint satis-
faction for closed-chain dual-arm manipulation. A Variational Autoencoder (VAE) learns a compact
latent representation of the constraint manifold, enabling efficient near-feasible trajectory sampling.
KKT-based projection is then applied in parallel across all samples on GPU, guaranteeing exact
constraint satisfaction during trajectory optimization. A hierarchical control architecture decouples
manifold-constrained trajectory optimization at 10 Hz from joint-level PD control at 1000 Hz, en-
abling real-time execution. Validated in MuJoCo simulation on a dual Franka Emika Panda platform,
the proposed framework achieves stable constraint satisfaction and near real-time trajectory
optimization across both goal-tracking and obstacle avoidance tasks.
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[Fig. 1] Overview of the Manifold-Based MPPI framework.
(Top) In an obstacle-free environment, trajectories sampled in
the latent space are decoded and projected onto the constraint
manifold, which are then applied to real dual-arm robot control.
(Bottom) In the presence of obstacles, since the latent space
cannot explicitly represent inequality constraints, obstacle
avoidance is handled through the MPPI cost function while
equality constraint satisfaction is maintained via the same
projection process
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[Fig. 2] Snapshots for target tracking experiments

Dual Arm MPPI Synchronized Performance
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[Fig. 3] Target tracking experiment results in an obstacle-free
environment. (Top) Target tracking error of the tray center. (Middle)
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per MPPI iteration
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[Fig. 4] Snapshots for obstacle avoidance task
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