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The increasing adoption of industrial robot arms in advanced manufacturing has heightened the need for flexible trajectory
planning methods that go beyond traditional offline programming (OLP) tools, which are often expensive, proprietary, and
limiting. This study introduces an OLP-free pipeline designed to generate robot trajectory data and optimize paths for six-
degree-of-freedom (6-DOF) robot arms using discrete reinforcement learning. Initially, five-axis NC code derived from CAD/
CAM data is transformed into tool center point (TCP) trajectories through coordinate transformations. An analytical inverse
kinematics solver then produces multiple joint solutions for each TCP pose, creating a discrete action space from which the
learning agent can select feasible joint configurations along the trajectory. A reward function that considers variations in joint
velocity and acceleration, as well as pose error, facilitates the simultaneous optimization of motion smoothness and tracking
accuracy. The optimized trajectories are validated using an open-source physics simulator, showing enhanced motion
stability, accuracy, and collision safety compared to conventional OLP-based paths. This proposed framework provides a
flexible and cost-effective alternative to commercial OLP tools and lays a scalable foundation for future applications in
automated and collaborative manufacturing systems.
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Table 1 Input values for the CAM transformation module

Table 3 CAM transformation & geometric definitions (Eqs. 1-4)

X X-axis linear position Tooli Initial tool pose matrix of the i-th waypoint
Y Y-axis linear position X, Vi»zi  Tool tip coordinates extracted from NC code
Z Z-axis linear position R.(Ci)  Rotation matrix around the Z-axis (reflecting C-axis rotation)
B Rotation around Y-axis R(B)) Rotation matrix around the Y-axis (reflecting B-axis rotation)
C Rotation around Z-axis Tpci Combined tool pose matrix with B and C rotations

Trcpi Final calculated TCP transformation matrix

Table 2 Output values for the CAM transformation module

X X-axis displacement
Y Y-axis displacement
zZ Z-axis displacement
Rx Roll (X-axis rotation)
Ry Pitch (Y-axis rotation)
Rz Yaw (Z-axis rotation)
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Algorithm 1 Masked PPO for Optimal IK-Solution Sequencing
Input: Path CSV, DI Parameters, [Ippo, Vi, Nupdates, I
Output: Optimized joint trajectory % = (01, 0,,...,07)

1: // Phase 0: Initialization

2: Initialize Ilppo and V, with random weights

3: Set initial joint history 0;,_; < 0,0,—2 <~ 0

4: for update = 1 to Nypdates do

5 // Phase 1: Experience Collection with IK-Masking

6 D « 0, (s,info) < Env.reset()
7 for t =1 to II do
8:
9

m < info.action.-mask > Get valid IK indices
logits < Ippo(-|s)

10: logitsm

False] < —o00 > Mask invalid IK solutions
11: a, ~ Categorical(softmax(logits))
12: (s',r¢,done, trunc,info’) < Env.step(a;)
13: Store (s, a7, Vi (s),logppo(as)) in D
14: if done or trunc then
15: break
16: end if
17: s < s', Update joint history
18: end for
19: // Phase 2: Network Update
20: Compute advantages A, and returns R,
21: Update IIppo by maximizing clipped surrogate objective
22: Update V;;, by minimizing value loss
23: end for

24: // Phase 3: Final Trajectory Generation (Inference)
25: s < Env.reset(), 0% <+ ()
26: while not done do

27: m < Env.get_action-mask()
28: a7 = argmaX,.,,, _r.ellpro(als)
29: (s,0¢,...) < Env.step(a®)

30: Append current joints 0, to ©F
31: end while
32: return 0°

Fig. 2 Discrete reinforcement learning algorithm
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Table 4 Reinforcement learning parameters

o) Joint velocity smoothness weight 5

103 Joint acceleration (Jerk) smoothness weight 1

o8 TCP position tracking error weight 100

N TCP orientation tracking error weight 50

viw Squared mean joint velocity 342.5°
a,znax Squared mean joint acceleration 2110.0°
Spos Mean position difference 5.0

Opri Mean orientation difference 2.0

X! Actual TCP position Variable
xfef . Reference TCP position Variable
R Actual TCP orientation Variable
R:ej ‘ Reference TCP orientation Variable
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Table 5 Application results of the inverse kinematics module

01 02 03 04 05 06

—
o
—

1 95.08 9.70 094 -179.0 775  -1845
2 95.08 9.70 094 -179.0 77.5 175.5
3 95.08 9.70 0.94 181.0 715  -184.5
4 95.08 9.70 0.94 181.0 71.5 175.5
5 95.08 9.70 0.94 1.01 -77.5  -364.5
6 95.08 9.70 0.94 1.01 -77.5 -4.54
7 95.08 9.70 094 -178.6 -717.5 355.5
8 95.08  75.82 6021  -178.6 136.8  -183.3
9 95.08  75.82 60.21 181.4 136.8 176.7
10 95.08  75.82 60.21 181.4 136.8  -183.3
11 95.08 7582 60.21 1.01 136.8 176.7
12 95.08  75.82 60.21 1.01  -136.8 -363.3
13 95.08  75.82 60.21 1.5  -136.8 -3.27
14 95.08  75.82 60.21 1.5 -136.8 356.7
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Table 6 Comparison of discrete RL and VC baseline

. . Discrete Visual
Evaluation metric
RL component
Position error (MAE) [mm)] 0.00135 0.00135
Orientation error (MAE) [rad] 0.128 0.128
Angular velocity RMSE [rad/step] 1.5147 1.5171
Angular acceleration RMSE [rad/step?] 1.0723 1.0785
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