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TABLE I

Object #Experiments Baseline (+) Handoff Proposed pipeline

S (%) S + MS (%) S (%) S + MS (%) S (%) S + MS (%)

001 chips can 20 15.00 15.00 35.00 40.00 90.00 90.00
003 cracker box 30 30.00 33.33 46.66 56.66 90.00 93.33
004 sugar box 30 23.33 23.33 53.33 60.00 93.33 96.66
006 mustard bottle 20 0.00 0.00 45.00 55.0 100.00 100.00
002 bleach cleanser 20 0.00 0.00 50.00 60.00 100.00 100.00

Overall 120 15.83 16.66 46.66 55.00 94.16 95.82

Evaluating the task success rate of the proposed manipulation pipeline against a baseline. Overall 240 manipulation trials were executed,
where the results corresponding to Baseline and Baseline + handoff are derived from the first set and the results for the proposed
pipeline are derived from the second set. S indicates successful insertion in the constrained space, and MS stands for marginal success,
where the object made contact with the boundary of the constrained space but the task still succeeded.

TABLE II

Baseline + Handoff Proposed pipeline

sense-place sense-hoff-place overall place sense-place hoff-place sense-hoff-place overall

#instances 20.0 46.0 66.0 18.0 22.0 51.0 24.0 115.0
tp time (s) 4.29 ± 3.59 5.87 ± 2.88 5.39 ± 3.20 1.10 ± 0.47 6.69 ± 4.15 5.41 ± 3.14 13.50 ± 8.69 6.67 ± 6.22
move time (s) 9.92 ± 1.04 19.91 ± 1.87 16.88 ± 4.88 6.13 ± 2.76 7.24 ± 1.24 18.12 ± 2.02 18.22 ± 1.67 14.18 ± 5.79
sense actions 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0 0.0 ± 0.0 1.36 ± 0.56 0.0 ± 0.0 1.41 ± 0.57 0.59 ± 0.81

Comparing the quality and computation time for the solutions found with the baseline and the proposed approach. The data is presented only for
successful executions within each category.

is then invoked to find a pick-and-placement (no handoff)

solution with the left arm if it exists. The baseline achieves

a very low success rate (Table. I) and the most dominant

failure mode is No Solution (Fig. 7) since the initially chosen

grasp might not allow task completion. This implies that

given the selected grasp, a reachable, collision-free placement

configuration cannot be found for the arm.

Baseline + Handoff (HO): An improvement over BL, this

allows the manipulator an additional option of transferring

the object to the fingered gripper which can then be used

to reorient and place it in the constrained space. The overall

success rate increases significantly when additional handoff

actions are available. Nonetheless, the handoff by itself can

be seen as a constrained placement problem, and as this

approach commits to a pick for object reconstruction without

manipulation planning, it could still lead to No solution cases

specially for relatively smaller sized objects such as for the

Mustard bottle (Fig. 7). The grasps with the fingered gripper

are computed assuming that the reconstructed geometry is

indeed the complete model of the object. However, views

across a single rotation are not sufficient to complete the

object shape. Unlike the proposed approach, the baseline does

not consider the unseen part of the object as a collision

geometry. This causes grasps to collide with the unmodeled

parts of the object during execution (Handoff failures). The

baseline approach performs re-sensing after it picks the object.

The re-sensing action prevents any inconsistency due to in-

hand motion of the object during the pick. Nevertheless,

any in-hand motion that occurs after the reconstruction does

not get accounted for and can result in Placement failures.

Placement can also fail if the reconstructed geometry is an

under-approximation of the true object geometry.

Proposed Pipeline: The proposed pipeline discovers four

classes of solutions (Fig 6) that compose a sequence of picks,

updates, handoffs and placements. The key benefit is that it

chooses the mode of operation based on the problem at hand,

and tries to (a) perform the minimum number of sensing

actions (b) with a minimum number of manipulation actions

(c) in a robust fashion that accounts for non-prehensile errors

(d) while guaranteeing safe execution and successful task

completion. The results reflect that it achieves all of the above

by leveraging the object representation, integrated perception

and planning in the pipeline, and closed loop execution to

achieve a success rate of 95.82%.

The proposed pipeline eliminates the cases of No Solution

by performing manipulation planning with a large, diverse,

and robust set of grasps. It ensures successful execution of the

task by conservative modeling of the unseen parts of the object

to avoid collision and by tracking the shape representation to

account for any in-hand motion of the object and adjusting the

computed plan. The failure cases for this approach are due to

failures in tracking. If the within-hand motion is too drastic,

motion plans might not be found for local adjustments to the

initially computed solution.

As indicated in Fig. 6 and Table. II, the proposed solution

can find one of the four solution modes with varying solution

quality. The advantage in terms of efficiency comes from the

fact that the proposed solution requires additional sensing in

only 38% of the runs and the mean number of sensing actions

is 1.36 as opposed to the 4 additional sensing actions in

every run for the baseline approach. Additionally, the object

representation allows task planning with multiple grasping

options even before picking thereby increasing the number

of single-shot pick-and-place solutions with less motion time.

The overall execution time reduces significantly due to the

combination of these factors.

Demonstrations and Publicly-shared Data: On top of the

benchmark, additional demonstrations show the capability of

the proposed system. The first demonstration is performed

over mugs, some with and some without handles, with the

handles being occluded in the first viewpoint. Such a case

imposes ambiguity for shape completion approaches, but is

solved with the proposed pipeline as demonstrated in the

accompanying video. The second demonstration presents the

task of flipping objects and placing them on the table. Without

models, object placement tasks can either be specified relative
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