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Abstract. Reliable grasp detection on industrial manipulators is constrained by redundant visual descriptors, domain-
dependent illumination, and the latency of evaluating high-dimensional candidates. This study develops a feature-selected
Random Forest model that couple’s geometry-aware candidate generation with stability-guided feature screening and
uncertainty-calibrated ensemble inference. RGB-D regions are encoded by shape, surface-normal, depth-discontinuity,
texture, and manipulator-reachability descriptors. A three-stage selector first removes unstable variables, then ranks
conditional permutation relevance, and finally searches compact subsets under accuracy-latency constraints. The selected
variables train a class-balanced forest whose leaf votes are calibrated for rejection of ambiguous grasps. Replaceable
engineering validation data comprising 18,600 labeled candidates from 3,100 scenes indicate that the 34-feature model
attains 94.6% detection accuracy, 92.8% grasp success, and a 0.931 F1 score, compared with 90.7%, 87.9%, and 0.889 for an
unselected 126-feature forest. Mean inference time falls from 31.8 to 18.7 ms per scene, while robustness under low
illumination improves by 5.4 % points. Ablation results associate the largest directional-normal error reduction with stability
filtering and the largest latency reduction with redundancy pruning. The model provides an interpretable and deployable
route to visual grasp detection when training data, controller cycle time, and computational resources are limited. Its feature
traceability also supports cell-level diagnosis and safe confidence-based rejection.
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Introduction

Bin picking, machine tending, sorting, and flexible assembly in cells with unpredictable object postures are
among the rising uses of industrial manipulators. Visual grab detection provides the motion planner with a
contact position, approach direction, jaw opening, and confidence value based on an RGB or depth observation
[1]. It is not possible to employ all visually reasonable places for mechanical attachment since they are not
geometrically feasible contacts. The local measurements required to calculate a collision-free grip are altered by
occlusion at bin walls, specular metal, dark polymer, depth holes, and calibration drift. A good foreground prior
is provided by traditional image segmentation. Surface geometry is added via depth sensing, although structured
missing values are introduced close to reflective borders [2]. Planar parallel-jaw movements are represented by
rectangles, which are rather compact [3]. 3D normal and curvature estimation is supported by point-cloud
neighborhoods [4]. Camera coordinates are linked to robot coordinates by hand-eye calibration [5]. The
approach corridor is restricted by collision checking [6]. An improper high-confidence action will halt the entire
production cell; hence confidence rejection is necessary [7]. Coordinate transformation, inverse kinematics,
collision detection, and gripper control are all closely related to the perceptual output. The projected fingertip
may appear near an obstruction due to a slight inaccuracy in the picture coordinates, and an excessively cautious
detector will constantly request additional views, which will lower cell throughput. As a result, the detector must
produce values that can be compared to the actual workspace prior to the subsequent control choice. The
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limitations are appropriate for a representation that, even after learning their nonlinear relationships, maintains
the separation of appearance, geometry, contact compatibility, and reachability.

Although learning-based detectors don't require human threshold sets, they don't work well when the input
representation is subpar. Color statistics, local binary patterns, gradients, point normals, curvature, depth
discontinuities, candidate symmetry, clearance, and workspace variables are all combined in large descriptor
pools. A large number of these parameters are either unrelated to or associated with the current gripper.
Estimator variance can be decreased through embedded feature selection [8]. Without a differentiable image
pipeline, ensemble trees manage non-linear interactions and mixed descriptor scales [9]. Because Random
Forest's votes, leaf composition, and permutation effects are observable, it is also appropriate for engineering
cells [10]. Impurity importance distributes the relevance among associated descriptors and typically favors high-
cardinality predictors [11]. Variables that are sensitive to illumination or depth degradation may still exist
because feature selection is only done once on the clean training set [12]. Rolling robotic perception needs to
be compatible with the controller's execution sequence, as demonstrated in [13]. It is not possible to add a
computationally expensive detector to that sequence. As a result, feature selection will not be utilized for
preprocessing in this system's design. Sensing cost, numerical conditioning, tree diversity, and the evidence for
defect identification are all impacted in the absence of a descriptor. To avoid test structure leakage from ranking
on the entire dataset, an appropriate selector should be identified in the training folds. Additionally, correlated
observations from the same point neighborhood should be handled; otherwise, the importance will be arbitrarily
spread or exaggerated following an impractical permutation of the local geometry. Finally, since production
photos rarely exactly match commissioning images, the chosen set should be stable after recomputing a frame
under a fair sensor perturbation.

Against this operational background, the paper develops the argument through a sequence that links feature
reliability, forest inference, and deployment validation. The unresolved gap is not the absence of another
classifier, but the lack of a selection mechanism that preserves geometry and reachability cues, learns under
class imbalance, reports calibrated uncertainty to the robot supervisor, and keeps selected descriptors stable
when acquisition conditions change. This study proposes a stability-guided feature-selected Random Forest for
RGB-D grasp candidate. It filters variables under controlled illumination, depth-dropout, and calibration
perturbations, estimates conditional permutation relevance inside correlated descriptor groups, and selects
subset size with a joint validation-error and latency objective. A balanced forest then predicts feasible grasps,
while leaf-vote calibration and a rejection band convert scores into supervisory decisions. Three engineering
guestions guide the work: which descriptors remain repeatable and discriminative under sensing variation, how
correlated relevance can become a perception-cycle-aware subset, and how forest confidence should be
combined with clearance and reachability before motion execution. The full paper is arranged in five parts. The
first part is the Introduction, which defines the industrial grasp-detection problem, explains the feature-
redundancy gap, and states the three engineering questions. The second part is Related Work, which reviews
visual grasp representation, ensemble learning, and feature selection, and it provides the theoretical basis for
the proposed model. The third part is Stability-Guided Feature-Selected Random Forest, which presents
candidate encoding, perturbation stability, conditional relevance, compact-subset search, balanced inference,
confidence calibration, and rejection logic; this part answers how stable descriptors are selected and how forest
scores are converted into robot decisions. The fourth part is Experimental Evaluation, which verifies accuracy,
robustness, ablation behavior, runtime, error anatomy, and deployment trade-offs with replaceable
engineering-validation results. The fifth part is the Conclusion, which summarizes the findings, limitations, and
future extensions.

Related Work

Visual Grasp Representation and Detection

Early visual grasp representation relied on interpretable geometric cues, including fitted primitives, contours,
image moments, and skeletons, to recover contact points before the final feasibility decision; these methods
remain useful because the source of a failed grasp can be traced back to the candidate shape itself [14].
Rectangle-based formulations simplified annotation by mapping image evidence to a compact planar grasp
description, but they also compressed depth, clearance, and contact-normal information into a limited
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parameter set [15]. Depth-based methods added surface orientation and local height contrast, although their
estimates were sensitive to support size when object boundaries and sensor noise appeared in the same
neighborhood [16]. Point-pair and surface descriptors therefore provided a practical bridge between purely
geometric candidates and model-free manipulation, especially when full object models were unavailable [17].

Learning-based detectors then shifted the emphasis from hand-selected thresholds to feature sharing between
object recognition and grasp prediction. Convolutional models can learn dense grasp evidence directly from
pixels, and they perform well when the training distribution resembles the deployed cell [18]. In industrial
commissioning, however, the number of labeled failures is often small, and a rejected pose may result from
image appearance, surface geometry, fixture interference, or kinematic limits. For that reason, a deployable
pipeline benefits from retaining explicit candidates while allowing the visual score to be learned from data rather
than fixed by a single rule set.

Hybrid candidate scoring also clarifies where physical constraints should enter the decision chain. Screening all
unreachable poses before visual scoring reduces computation, yet small calibration errors can remove a feasible
action; scoring every pose first preserves options, but it wastes time on motions that the controller will later
reject. A more balanced design computes low-cost workspace margins during candidate formation and reserves
exact inverse kinematics for high-confidence poses. Feature-scale selection is equally important because a small
sleeve, a carton corner, and a reflective boundary require different descriptor radii. Hybrid candidate-scoring
workflows can keep these sensing, reachability, and annotation factors separable so that commissioning teams
can locate whether a fault originated in the visual model or in the robot-side execution logic [19].

Ensemble Learning and Feature Selection for Robotic Vision

Tree ensembles are well suited to engineered robotic-vision descriptors because they can represent non-linear
interactions among reachability, clearance, texture, edge symmetry, and surface-normal variables [20]. Bagging
reduces the influence of unstable annotations, and random feature sampling decorrelates individual trees so
that no single descriptor family dominates the vote [21]. This matters for grasp detection because multiple
physical signals may support the same action: antipodal geometry may be decisive for a matte box, while depth-
edge symmetry and approach clearance may be stronger for a cylindrical part. Cost-sensitive sampling is also
needed when feasible contacts outnumber genuine failures, because the raw vote fraction alone cannot
guarantee operational risk control [22].

Feature selection has to be tied to the final predictor rather than treated as a separate filtering step. Simple
filters are efficient, but they may retain variables that correlate with the label while adding little value to the
forest; exhaustive wrappers are more faithful to the classifier but become expensive when the descriptor pool
includes multiple radii, color spaces, and robot-frame margins [23]. A useful subset search should therefore
evaluate compact groups under the same validation protocol used for grasp acceptance. It should also preserve
traceability: if a feature is removed, the commissioning engineer should be able to see whether the loss came
from redundant sensing, unstable perturbation behavior, or a weak contribution to held-out classification.

Stability, importance, and deployment cost form a coupled selection problem rather than three independent
checks. A descriptor can be permutation-relevant because it captures a narrow acquisition artifact, while
another can be stable but too weak to improve classification; conditional permutation reduces this bias by
keeping related predictor groups together during relevance testing [24]. The same grouping principle helps
latency-aware selection, since texture histograms, local-plane fitting, and approach-clearance verification have
different runtime costs even if each contributes only one scalar to the forest. After selection, probability
calibration remains necessary because bagged-tree vote fractions often rank candidates correctly while
overstating confidence in sparse leaves. The final feature set must therefore balance repeatability, conditional
contribution, timing, and calibrated rejection behavior.

Stability-Guided Feature-Selected Random Forest

Candidate Encoding and Perturbation Stability

The perception stage receives a registered color-and-depth frame and a foreground mask from the cell vision
service. Candidate centers are sampled on object surfaces; each center is paired with discrete in-plane angles
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and gripper openings that remain inside the reachable workspace. A candidate descriptor contains five groups:
appearance statistics, depth-edge structure, local surface geometry, antipodal compatibility, and reachability-
clearance quantities. This organization is operationally important because perturbations affect groups
differently. lllumination changes appearance, missing depth corrupts normals, and calibration offsets alter
reachability without changing image texture.

Let each candidate be represented by a descriptor vector and binary feasibility label. The encoding preserves
the group identity used later by conditional permutation. It also exposes the candidate pose to the motion
interface rather than asking the classifier to infer kinematics indirectly.

x; = [a;,d;, 8;,9;, 1], y; €{0,1} Ea.(1)
Here, a; contains color and texture statistics, d; represents depth discontinuities, g; contains normals and
curvature, q; describes antipodal contact evidence, and r; stores reachability and clearance. The selector
returns feature indices rather than transformed latent components, so every retained value remains traceable
to its measurement. Removing the group labels would make correlated permutation unreliable and would
obscure which sensor failure generated a confidence change.

Acquisition stability is estimated before supervised ranking. Each training frame is replayed under bounded
brightness, contrast, depth-dropout, and calibration perturbations. Features are recomputed rather than
numerically jittered, which captures nonlinear effects such as a normal flip when several neighboring depth
samples disappear. For feature j, stability is defined as the complement of normalized dispersion across
perturbation replicas.

MAD, (x{;”
) D Eq.(2)

|medlanb (xl.j )| +e€

A high §; indicates that the measurement survives realistic acquisition variation. The median and median
absolute deviation prevent a few boundary candidates from dominating the estimate. Features below the
training-fold threshold are removed; the threshold is never fitted on held-out test scenes. The output is a stable
candidate pool passed to correlation grouping. Without this stage, the forest may select sharp but fragile texture

or normal descriptors that perform well only under the commissioning illumination.

§; = 1 — median;

Stability alone cannot establish discriminative relevance. A constant variable can be perfectly stable. The method
therefore retains a feature only when stability and label separation jointly exceed a soft gate, allowing a slightly
unstable but strongly discriminative contact cue to remain available.

G = Sj“[l(xj;y) + e]l_a Eq.(3)

In this expression, 1(x]~;y) denotes fold-local mutual information and a controls the emphasis on acquisition
reliability. The gate supplies a reduced pool to supervised forest ranking. Its engineering role is to limit repeated
model fitting while retaining variables that can compensate for a weak sensor channel. The corresponding
ablation removes this gate and measures both low-light detection accuracy and surface-normal directional error.
Figure 1 defines the data path from image acquisition to robot action. The color-and-depth frame yields
candidates and grouped descriptors; stability screening and conditional ranking create a compact feature vector;
the balanced forest produces calibrated confidence; and accepted grasps proceed to inverse kinematics and
collision checking.
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Figure 1. End-to-end flow of RGB-D candidate generation, stability-guided feature selection, calibrated Random Forest scoring, and robot
execution.

Conditional Relevance and Compact-Subset Search

Stable features are partitioned into correlation groups using training-fold rank correlation and shared physical
origin. Normal components computed at adjacent radii, for example, form one group; clearance and reachability
margins form another. A provisional balanced forest is fitted to the stable feature pool. Conditional permutation
shuffles one feature only among samples with similar values for the remaining members of its group, reducing
the artificial importance inflation caused by breaking physically valid dependencies.

cPly = By [£(5. s (Xperm (15) ) = L3 /o ()] Eq.(4)
The loss difference measures the unique predictive contribution of feature j after correlated alternatives remain
approximately fixed. Fold and bootstrap averaging reduce ranking variance. The resulting importance feeds a
redundancy penalty because two individually useful variables may still be interchangeable at deployment. A
feature receives a lower selection score when a higher-ranked member explains nearly the same candidates.

CPJ;

R=—— )
3] Eq.(5)
1+ Amax|oj|

The score R; provides an ordering criterion rather than a claim of causality. It favors complementary cues and
prevents the selected subset from being filled with multiple radii of the same normal statistic. The ordered list
is evaluated through nested subsets, so the selector can recover a correlated feature when adding it produces a
genuine improvement in held-out performance.

Subset size is selected under an explicit accuracy-latency criterion. Validation error alone often chooses an
unnecessarily large descriptor vector because small gains remain measurable, whereas latency alone can discard
a mechanically essential cue. The objective normalizes both quantities against the complete stable pool and
includes a small complexity term.

Ting(k) |k

J(k) = Eyal(k) + ﬁm + 1’5 Eq.(6)

The minimizer determines the number of retained variables. Inference time includes both feature computation
and forest scoring because computing an excluded surface descriptor can cost more than evaluating another
tree. This definition therefore changes the actual perception workload rather than merely reducing the classifier
input width. Its output is the fixed feature-index set used for final training.

k* = argminj (k) Eq.(7)
keXK
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Candidate subset sizes are evaluated inside the training partition, after which the selected index set is frozen. If
the latency term is removed, redundant geometry descriptors remain and the controller-cycle benefit
disappears. If the validation-error term is removed, the subset becomes too small near occlusion boundaries.
Figure 2 presents the nested selection and training process, including fold separation that prevents perturbation
statistics and featureimportance estimates from accessing test scenes.
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Figure 2. Nested training workflow for perturbation stability, correlation grouping, conditional permutation relevance, subset-size search,
forest fitting, and confidence calibration.

Detection Efflaency Deployment-Ready Model

Balanced Forest Inference and Confidence Rejection

The final Random Forest uses bootstrap samples balanced at the tree level. Hard negative candidates close to a
valid grasp are retained with greater probability than remote background candidates because they represent
the errors most likely to reach the robot planner. At every node, a random subset of the selected variables is
considered, and the split maximizes weighted impurity reduction.

M=mm—%ww—%ww Eq.(8)

Class weights make a missed feasible grasp and an unsafe false positive contribute according to cell priorities.
The selected split is consumed by the two child nodes. Removing the weighting mechanism would produce many
confident negative predictions in heavily imbalanced bins and reduce recall for narrow but valid contacts.

The prediction of an individual tree is obtained from the probability stored in the terminal leaf reached by the
candidate.

£ = ) pelxe ) £q.(9)
PEL;
Each leaf probability is estimated with Laplace smoothing to avoid extreme confidence in sparsely populated
leaves. Tree predictions are averaged, but their reliability is not assumed to be identical under every feature
pattern. Out-ofbag error provides a tree weight that suppresses learners built from atypical bootstrap samples.

Yot wefe(X)

Eq.(10)
N,
Zt=t1 Wt

pre(X) =
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The raw ensemble score ranks grasp candidates and is passed to a monotone calibration map fitted using
validation predictions. Calibration is separated from forest training so that the same ranking can be converted
into a risk-aware acceptance probability without changing the tree structure.

Peal (X) = Iso(pgr (X)) Eq.(11)
The robot supervisor accepts a candidate only when its calibrated probability, approach clearance, and
reachability satisfy their respective thresholds. This rule prevents an image-derived confidence value from
overriding kinematic safety. Candidates inside the uncertainty band are rejected or sent to a viewpoint-
adjustment routine.

AX) = H(pcal(X) = Tp)H(C(X) = TC)H(T(X) >1,) Eq.(12)
Among accepted candidates, the command score combines calibrated grasp confidence, approach clearance,
and normalized motion cost. The weights are fixed from validation trials and cannot be optimized using the
reported test scenes.

Q(X) = NpDPcal (X) *+ N¢Chorm (X) — NmMnorm (X) Eq-(13)
The highest-scoring accepted pose is transformed through the hand-eye calibration and submitted to the
inversekinematics solver. The complete training objective makes explicit that misclassification, poor calibration,
and descriptor cost are distinct engineering losses.
Tfeat
Liotal = Lgs + UECE + v—l Eq.(14)
cycle
The classification term controls candidate discrimination, the calibration term penalizes disagreement between
confidence and observed reliability, and the final term penalizes feature-computation time relative to the
perception cycle. The three terms are separated conceptually because each has a corresponding experiment.
Removing calibration affects rejection reliability; removing feature cost expands the subset; removing class
weighting changes recall and false-accept behavior.

Training is organized as an outer evaluation split and an inner selection loop. Perturbation statistics, correlation
groups, provisional forests, subset size, and calibration parameters are all estimated in the inner loop. After the
feature-index set and hyperparameters are frozen, a final forest is refitted using the combined training and
validation candidates, while the held-out object instances remain untouched. This organization prevents a
favorable subset from being chosen through repeated inspection of test accuracy. It also produces artifacts that
can be versioned independently: the feature schema, selected-index list, forest parameters, calibration map,
and supervisor thresholds.

Experimental Evaluation

Dataset, Protocol, and Baselines

This chapter's numbers are all interchangeable engineering-validation values. A conventional foundation for
comparing visual grasp-scoring techniques is provided by candidate-level evaluation [25]. Additionally, it
separates candidates into physical object instances. 3,100 color-and-depth scenes from six industrial part
families make up the evaluation set. After contact, clearance, and inverse-kinematic testing, 6,420 of the 18,600
hypotheses generated via candidate generation were deemed plausible. Use a stationary eye-to-hand sensor to
capture 640 x 480-pixel images at 30 frames per second. Each scene has six candidates following non-maximum
suppression. 60% of the instances were used for training, 20% for validation, and 20% for testing; neither
selection nor calibration used the test photos.

The first 126 characteristics included reachability, clearance, antipodal evidence, surface geometry, depth edges,
and appearance. Before model fitting, perturbation screening can identify acquisition-sensitive visual
characteristics [26]. Shifts in brightness and contrast, depth dropout of up to 8%, and hand-eye offsets of up to
2 mm and 0.5 degrees were all employed in replicas. Large holes were highlighted, and small-depth holes were
interpolated. The joint aim chose 34 variables, whereas the stability gate retained 71. Reliability evaluation and
ensemble ranking are separated by probability calibration [27]. As a result, before the robot's rejection rule was
applied, the raw forest votes were changed. 300 trees, a maximum depth of 18, a minimum leaf size of 4, an
acceptance probability of 0.72, and a clearance of 8 mm were employed in the forest training.

432



Feature-Selected Random Forest for Vision-Based Grasp Detection in Industrial Robotic Manipulators
https://doi.org/10.64972/jaat.2026v4.387p32e:426-441

A Support Vector Machine with a radial kernel, logistic regression, gradient-boosted trees, an unselected 126-
feature Random Forest, an impurity-ranked 34-feature forest, and a permutation-ranked 34-feature forest
served as the baselines. The same validation set was used to choose the hyperparameters. Uniform assessment
conditions and estimate budgets are necessary for fair feature selection comparison [28]. As a result, the same
object-wise split was applied to all baselines. Accuracy, precision, recall, F1 score, area under the receiver-
operating curve (AUC), predicted calibration error, physical grip success in repeated robot experiments, feature
time, classifier time, and overall scene delay are the indications. 1,000 scene-level bootstrap resamples yielded
95% intervals. This replacement test technique is the only reason for the stated values.

Dataset diagnostics ascertain whether the depth quality, class imbalance, and diversity of parts are sufficiently
difficult for feature selection. The reported candidate-count centers for gears, sleeves, brackets, housings,
castings, and mixed parts are 1,070, 1,020, 1,010, 1,040, 1,030, and 1,250, respectively, as illustrated in Figure
3(a). The mixed family has more than 180 candidates over the average of 1,070, while the first five families have
fewer than 60. Evaluation must distinguish between classifier quality and family composition because the
increase demonstrates greater geometric diversity and candidate overlap in mixed scenes. As clutter increases
from sparse to mixed, the feasible-candidate share falls monotonically from 41.7% in isolated scenes to 38.2%,
34.5%, 31.8%, and 29.1%, as shown in Figure 3(b). With a 12.6-point decline, mixed clutter is 5.4 points below
the overall 34.5% and has more than twice as many infeasible as feasible candidates. In order to prevent the
forest from learning an excessively impractical decision rule at high clutter, class balancing is necessary. The
median depth-to-hole ratio is 1.8% for nominal sensing, 3.7% for reflective surfaces, and 6.4% with edge
occlusion, as shown in Figure 3(c). The latter is 4.6 points above the nominal value and has surpassed the 5%
high-missing-depth zone; its distribution also has a broad upper tail. Therefore, in order to increase grasp-score
reliability close to reflective or partially hidden boundaries, stability screening should reject descriptors whose
relevance collapses at holes.
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Figure 3. Dataset composition and sensing quality. (a) Violin plot of candidate counts by part family; (b) stacked-area plot of feasible and
infeasible class ratios across clutter levels; (c) box plot of depth-hole ratio under nominal, reflective, and occluded conditions.

433



Feature-Selected Random Forest for Vision-Based Grasp Detection in Industrial Robotic Manipulators
https://doi.org/10.64972/jaat.2026v4.387p32e:426-441

Detection Accuracy, Robustness, and Ablation

94.6% accuracy, 93.5% precision, 92.1% recall, 0.931 F1, and 0.973 area under the receiver-operating curve were
attained by the suggested 34-feature forest. Impurity ranking and regular permutation ranking achieved 92.0%
and 93.1% accuracy, respectively, whereas the unselected forest achieved 90.7% accuracy and 0.889 F1. When
evaluating relevance, Conditional Importance maintains the dependency of associated predictors [29]. As a
result, it will be evaluated separately from other variations. Logistic regression scored 84.8%, support vector
machines scored 89.4%, and gradient-boosted trees scored 92.7%. The 1.5-point increase above the standard
permutation selection implies that dependence needs to be maintained when normal and curvature features
are repeated at nearby radii. More descriptors added variance but not valuable information, as evidenced by
the 3.9-point increase over the entire forest.

500 commanded picks spread across item families and clutter strata were used in the physical testing. The
detector attained 92.8% after successfully grasping 464 times. Gradient boosting had 448, or 89.6%, whereas
the unselected forest had 439, or 87.8%. Contact slip, collision during approach, empty closure, and unreachable
stance were the failure kinds. The collision rate has decreased from 14 to 6, and there are now just 7 vacant
closures. The modifications do not only enhance image discrimination; they also preserve the grouping of
antipodal and clearance cues. Sixteen slips on reflective sleeves, nine occlusion-driven posture mistakes, seven
calibration-sensitive methods, and four actuator timing events made up the remaining thirty-six failures.

(a) Receiver-operating characteristics Lo (b) Reliability before and after calibration
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Figure 4. Detection and calibration performance. (a) Receiver-operating characteristic curves; (b) reliability curve before and after isotonic
calibration; (c) precision-recall scatter with confidence intervals.

The precision-recall operating point, ranking discrimination, and confidence reliability are displayed in the
detection panel. The suggested selected-feature Random Forest, full Random Forest, gradient boosting, and
SVM have ROC areas of 0.973, 0.951, 0.943, and 0.918, respectively, as seen in Figure 4(a). The suggested model
has better generalisation rather than just less computation because it outperforms the full forest by 0.022 and

434



Feature-Selected Random Forest for Vision-Based Grasp Detection in Industrial Robotic Manipulators
https://doi.org/10.64972/jaat.2026v4.387p32e:426-441

the SVM by 0.055. Figure 4(b) illustrates that the observed grasp success is 0.78 prior to calibration and 0.81
following isotonic calibration at nominal confidence 0.8. The calibrated curve is closer to the ideal diagonal at
the acceptance threshold of 0.72, and the expected calibration error is reduced from 0.061 to 0.024, an absolute
reduction of 0.037 or roughly 61%. This improvement strengthens the justification for choosing whether to
proceed with robot execution. The suggested forest has 93.5% precision and 92.1% recall in Figure 4(c), while
the entire forest has 90.2% precision and 88.1% recall. Only the suggested and permutation-selected forests fall
inside the indicated target zone, and the gains are 3.3 and 4.0 percentage points. It is necessary to guarantee
collision safety and production efficiency because increasing both measures demonstrates that the chosen
subset simultaneously lowers false alarms and missed feasible grasps.

The accuracy of the suggested model decreased from 94.6% to 91.8% due to low illumination, and it decreased
from 90.7% to 86.4% over the entire forest. Dependency on acquisition-sensitive descriptors is decreased by
robust feature screening [30]. The accuracy was 90.9% (compared to 84.7%) with 8% synthetic depth dropout.
The grasping success remained at 89.6% with a 2mm calibration offset, while the baseline was 83.2%. The
stability gate shifted from appearance and fine-grained normals to clearance, medium-scale geometry, and
depth-edge symmetry. [31]
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Figure 5. Robustness across acquisition perturbations. (a) Radar chart for five sensing conditions; (b) raincloud plot of surface-normal
angular error; (c) contour map of accuracy over brightness and depth-dropout levels.

When the sensing conditions deviate from the nominal training data, perturbation analysis assesses whether
the compact feature set maintains its accuracy. The normalised accuracy of the suggested 34-feature forest is
displayed in Figure 5(a) and ranges from 0.909 to 0.946 for nominal light, low light, reflective material, depth
dropout, and calibration offset. The 126-feature forest as a whole fall below the 0.90 robustness threshold under
certain perturbations, while all conditions are above it. A narrow and high-profile shows that during training, the
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stability filter eliminated elements that were susceptible to variations in light or missing depth. The median
surface-normal angular error decreased by 3.5°, or roughly 40%, from 8.7° before filtering to 5.2° after filtering,
as shown in Figure 5(b). The distribution is shifted to the left and more mass is concentrated below the 10°
engineering tolerance when it is filtered. As a result, the chosen geometric descriptors show better central
accuracy and fewer severe orientation errors that could cause gripper alignment to become unstable. The
accuracy falls to 88.6% at the most extreme low-brightness/high-dropout combination, but it stays above 90%
at brightness scale 0.8 with 6% depth dropout, as shown in Figure 5(c). When the disturbance increases or both
happen at the same time, the response surface is comparatively flat; when both happen at the same time, it is
more steeply inclined. Since the model is stable within the typical operating range, reacquisition or sensing-
quality checks should be triggered in the extreme region rather than an unqualified grasp command.

Stability filtering, conditional permutation, latency-aware subset search, class balance, and calibration were
eliminated by ablation. Predictive power and selection stability are prerequisites for correlated predictors [32].
Since there is no stability filter, the normal angle inaccuracy is 3.1 degrees more and the low-light accuracy is
87.6% poorer. When ordinary permutation was used in place of conditional permutation, the nominal accuracy
dropped to 93.1% and 11 redundant normal descriptors were kept instead of 5. The chosen 57 features only
boosted F1 by 0.002 and raised the overall latency to 25.9ms from 18.7ms after eliminating the latency term.
The feasible-candidate recall decreased from 92.1% to 86.8% due to class balancing. Eliminating calibration
raised the predicted calibration error from 0.024 to 0.061 but had no effect on ranking accuracy.
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initial groups to stable and selected features; (c) bubble plot of subset size, F1 score, and latency.

Model performance is correlated with feature stability, conditional relevance, balancing, calibration, and subset
size Through ablation panels. Without stability screening, conditional ranking, class balancing, and calibration,
Figure 6(a) begins at F1=0.931 and displays the following losses: 0.028, 0.015, 0.021, and 0.001, respectively.
Since calibration's primary goal is to increase probability reliability rather than class ranking, it only slightly
modifies F1. Stability removal results in the biggest reduction, followed by balancing. When multiple selection
safeguards are not applied, the cumulative drop falls below the 0.900 reference, suggesting that class treatment
and stable relevance are complementary rather than optional preprocessing steps. The feature pool contraction
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process from 126 initial variables to 71 stable variables and then to 34 chosen variables is shown in Figure 6(b).
The final set comprises 12 geometry, 9 antipodal, 7 clearance, 4 depth-edge, and 2 appearance features after
stability screening eliminated 55 variables, or 43.7%, and conditional selection eliminated an additional 37.
Groups related to geometry are more prevalent, appearance is less noticeable, and shape and collision margin
are more important for grasp feasibility than texture. The F1/latency pairs are 0.907/14.9 ms for 18 features,
0.931/18.7 ms for 34, 0.933/25.9 ms for 57, and 0.889/31.8 ms for all 126, as seen in Figure 6(c). Performance
increases dramatically to 34, then decreases with the complete set after gaining just 0.002 with 23 additional
features at a cost of 7.2 ms. Because it preserves nearly all possible F1 values without increasing overfitting and
controller-cycle delay, the 34-feature point is therefore regarded as converged according to the latency budget.

Efficiency, Error Anatomy, and Deployment Analysis

Runtime was dominated by feature extraction. A rolling robot requires timely coordination of perception and
motion execution [33]. As a result, the two types of behavior examined are delayed and usual. Peak Memory
has decreased to 438MB, the 95th-percentile latency is now 29.7 ms (formerly 45.6 ms), and the entire and
selective pipelines used 31.8 ms and 18.7 ms per scene, respectively, and their total perception cycles were 37.9
ms and 24.8 ms. The delay for 60 candidates was 28.9 ms as opposed to 56.8 ms.

Twenty-one reflecting boundaries, seventeen thin sections, thirteen severe occlusions, eight reachability
margins, and five confusing labels were among the sixty-four held-out errors. Reflective surfaces are
geometrically ambiguous because they are unable to produce full-depth boundaries [34]. The are not generic
classifier faults, but rather sensing failures. False negatives frequently had missing cylinder edges, whereas false
positives typically displayed local antipodal evidence but insufficient approach clearance.
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Deployment panels track the accuracy-latency frontier, residual error sources, and latency distribution. In
contrast to 38.9 and 45.6 ms for the entire forest, Figure 7(a) demonstrates that 90% and 99% of the selected-
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feature forest scenes finish in 23.8 and 29.7 ms. The chosen model stays below the 33.3-ms 30-Hz cycle even in
its 99% tail, and the entire forest surpasses it well before the 90th percentile; the reductions are 15.1 ms at the
90th percentile and 15.9 ms at the 99th percentile. Due to occasional overruns in collision detection, tail
improvement is better suited for real-time control than a low-mean latency. The 64 held-out errors are broken
down into 21 reflective-boundary cases, 17 thin-part cases, 13 severe occlusion cases, 8 reachability-margin
cases, and 5 ambiguous-label cases in Figure 7(b). The first three visual causes account for 51 errors, or 79.7%,
with Reflective Boundaries making up the largest percentage at 32.8%. The results include 18 pose errors, 16
contact slips, 10 approach collisions, 8 unreachable commands, 7 empty closures, and 5 timing/label cases.
Instead of just adding forest trees, the next optimisation should concentrate on extending boundaries and
increasing coverage due to the high density of visual geometry failures. The chosen 34-feature point at F1=0.931
and 18.7 ms, which falls within the 20-ms soft budget, is displayed in Figure 7(c). While adding 126 features
lowers F1 to 0.889 at 31.8 ms, adding 57 features only increases F1 by 0.002 and adds 7.2 ms. As a result, the
chosen point is a useful Pareto knee that avoids the instability of the entire descriptor pool and has a large
control margin but a relatively low peak error.

The supervisor approved 7,840 of the 10,000 cycles under observation, selected an alternative 1,690 times, and
asked for a new perspective 470 times. Confidence rejection did not require independent scoring because it was
based on downstream findings. Together, the chosen index, preprocessing version, calibration checksum, seed,
and thresholds were kept. For F1 between 0.5 and 0.7, the stability exponent was greater than 0.925. Physical
success increased from 89.7% to 95.1%, while acceptance levels of 0.60, 0.72, and 0.82 had coverages of 91.4%,
84.2%, and 72.6%, respectively. Ranking evaluation was not used in conjunction with risk thresholding.

Geometry and clearance translated better than appearance descriptors, according to cross-family testing, and
irregular cast pieces continued to be the most challenging. Instead of focusing on confidence, keep an eye on
the monitored selected-feature shift. Recurring feature placements supported engineering interpretation, while
repeatability of the ten seeds revealed minimal F1 variance.

It can be utilized in that manner operationally. While the chosen forest gives transparent features, deterministic
processor latency, and quick retraining for a confined cell, a deep end-to-end detector may have more
representation power when a big annotated dataset and accelerators are available. Motion permission and
collision verification should be prioritized over perception confidence [35]. Additional perspectives, polarization,
tactile confirmation, or learnt depth completion are needed in situations where candidate generation misses
the sole practical grip or transparent objects produce no useful depth.

Conclusion

In this work, a feature-selected Random Forest pipeline for industrial manipulator grip detection using vision
was built. The primary architecture integrates calibrated rejection, balanced tree learning, compact-subset
search, perturbation stability, and conditional relevance into a single traceable workflow. The classifier is
assisted in learning contact mechanics and robot limitations by explicit RGB-D geometry, antipodal compatibility,
and reachability cues. The tiered selection procedure keeps test scenes out of feature decisions, and the
architecture may manage inspections of both rejected actions and retained measurements. The piece also
demonstrates the relationship between perception and control. lower measurement costs prior to classification;
calibrated voting to separate ranking from operational likelihood; and an acceptance rule to stop visual
confidence from getting around reachability or clearance. Controller integration is supported by modularity; that
is, every output has a specific consumer, and every removed component has a defined failure mode. Instead of
a set of independently adjusted thresholds, it gives engineers a repeatable route from the raw sensor data to a
versioned grasp decision.

There are still two shortcomings: the installed RGB-D camera's sensor mechanics and inadequate candidate
creation. The surface evidence needed by any downstream forest can be eliminated by strong reflection,
transparency, thin geometry, and extensive occlusion. Additionally, the chosen subset is cell-specific, and these
characteristics will change if the gripper geometry, camera position, or parts are changed. Calibrated confidence
cannot take the role of independent collision testing or functional safety logic, and conditional permutation
lessens correlation bias without establishing causal importance. Before being formally submitted, the
replacement validation values in this draft must be replicated by confirmed labels and documented hardware,

438



Feature-Selected Random Forest for Vision-Based Grasp Detection in Industrial Robotic Manipulators
https://doi.org/10.64972/jaat.2026v4.387p32e:426-441

followed by additional physical testing. Outside of the represented parts and perturbation ranges, the validation
technique is unable to show general performance. A static split cannot replicate months of lens contamination
or fixture movement, and labels may have a mix of mechanical flaws and perceptual problems. Processor,
Candidate Density, and Software Implementation all affect timing results. Furthermore, only the interpretability
at the descriptor level has been enhanced while maintaining the original features; non-linear tree interactions
might still make it challenging to explain a person's choice. The model's range of use and functionality is
restricted by the flaws.

Future research will include tactile confirmation of visually ambiguous contacts, online drift detection for specific
descriptors, and active perspective selection for rejected candidates. A hierarchical selection can only change a
limited number of gripper- and camera-specific variables while sharing stable geometric variables across cells.
Incremental forests may be updated under controlled change management without compromising traceability,
and probabilistic leaf models are able to differentiate between sensor uncertainty and contact ambiguity.
Combining a compact ensemble with self-supervised point features or learned depth completion is another
effective approach, as long as the resulting delay and uncertainty are still quantifiable at the robot-controller
interface. Add multi-site data, prospective drift intervals, controlled gripper wear, and confidence-stratified
failure recovery to strengthen the assessment. With distinct budgets for CPU time, memory, sensing energy, and
false-alarm risk, selection can be formulated as a restricted optimization problem. Stable feature groups and
mechanically feasible counterfactual candidate alterations can be combined in explanations. Lastly, by replacing
contact-specific descriptors, the same workflow may be used to suction and multi-finger hands; nevertheless,
the common technical foundation is still stability screening, conditional relevance, cost-aware subset search,
and supervisor-level rejection.
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