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1. Objective and brief mapping
I built a 2-D warehouse simulation in pure Python (numpy + OpenCV) that covers every item of the brief:
a 40 x 30 occupancy grid (0.5 m cells, three double-sided rack rows, 6 pick locations, 2 drop zones, a
home dock), a differential-drive robot with v/w and acceleration limits, a 72-beam ray-cast LiDAR with 2
cm Gaussian noise, A* and Dijkstra planners compared on identical queries, a pure-pursuit follower,
LiDAR-based detection of boxes that are not in the map with automatic re-planning plus local repulsion,
and an OpenCV recogniser that picks the ordered item from three candidates at each shelf. A task
manager runs six pick-and-place orders, writes a CSV log per leg and computes the
navigation-efficiency metrics that fill the sidebar of this report.

Everything quoted here was measured in this container by sim/run_sim.py and the unittest suite; the
raw logs are in sim/ (metrics.json, task_log.csv, planner_benchmark.csv, recogniser_benchmark.csv,
events.log).

2. Architecture
The algorithm code lives in src/warehouse/ and is imported unchanged by both sim/run_sim.py and the
ROS 2 node (ros2_ws/src/warehouse_robot/warehouse_robot/node.py), which maps /scan, /odom,
/goal_cell and /shelf_image onto the same classes and publishes /cmd_vel, /planned_path,
/map_known and /pick_result.
orders ■> TaskManager ■> plan(A*, inflated known map) ■> PurePursuit(v,w) ■> DiffDrive(x,y,th) ■> true grid
                 ^                                          ^                        |
                 |         ObstacleDetector.known <■■ compare scan vs static ray-cast <■■ Lidar2D (72 beams, sigma 2 cm)
                 |              | new cell on remaining path -> re-plan;  near-frontal beams -> repulsion (v scale, dw)
         pick(): ItemRenderer (3 candidates) -> ItemRecogniser (HSV -> minAreaRect -> blob split -> shape/digit) -> match?
         logs: task_log.csv (per leg), events.log, metrics.json, frames -> warehouse_run.gif

3. Implementation details
■ Planners: one best-first core with an octile heuristic (A*) or zero heuristic (Dijkstra), 8-connected

moves, no corner cutting past occupied cells, closed set + lazy deletion. Both return path, cost, nodes
expanded and wall time.

■ Robot: unicycle model integrated exactly along arcs (v/w constant over dt = 50 ms); v ≤ 1.0 m/s, w ≤
2.0 rad/s, a ≤ 1.5 m/s², footprint radius 0.3 m. Collision = footprint disc overlapping any truly-occupied
cell, checked every step.

■ LiDAR: Amanatides-Woo DDA traversal gives the exact distance to the first occupied cell boundary;
noise N(0, 2 cm) is added only to beams that hit. 72 beams over 360°, 8 m range.

■ Dynamic obstacles: three boxes are dropped onto the planned route during the run (t = 77 s, 140 s,
167 s). A beam shorter than the static-map prediction by more than 30 cm votes for the hit cell; two
votes commit it to the known map; if a committed cell (inflated by one cell) lies on the remaining path
the robot re-plans. If every route is blocked the learned cells are cleared as stale.

■ Pure pursuit: dense 0.5 m waypoints, 0.7 m look-ahead, curvature-based slow-down, pivot-in-place
when the target is more than 70° off-axis; local repulsion is suppressed within 1 m of the goal so it
cannot fight the final approach.

■ Recogniser: HSV saturation mask -> hue-histogram peak -> colour; minAreaRect of the blob -> box
frame (ambiguous modulo 90°); connected components of the white print: the largest pixel-area blob
is the solid shape, the rest is the digit, and the vector between their centroids fixes the true orientation;
fill-ratio geometry -> circle/square/triangle; aspect-normalised TM_CCOEFF_NORMED against
Hershey glyph templates -> digit.

4. Verification
python3 -m unittest discover -s tests -v: 17 tests, all passing (sim/test_output.log). The animated run is
sim/warehouse_run.gif; page 3 shows a frame of it together with the LiDAR and recogniser evidence.

Test group What is checked Result

Planners (6) straight/diagonal optimal cost, wall detour equals Dijkstra, no
corner cutting, unreachable goal, A* = Dijkstra length on all 36
warehouse pairs with fewer expansions

pass

LiDAR (5) exact axis and 45-degree ray distances, max-range return,
grid-boundary exit, noise mean/std on 360 beams

pass

Robot + follower (3) acceleration/saturation limits, closed circle returns to origin, pure
pursuit reaches an L-shaped goal

pass

Vision (2) 50 noisy rotated items: 50/50 correct; all 18 colour x shape
combinations clean

pass

Mission (1) full 6-order run (seed 7): 0 collisions, 6/6 picks, at least one
re-plan, no timeout

pass

5. Measured performance
Totals: 147.22 m driven against 150.28 m of planned grid path (ratio 1.021; the smooth pure-pursuit
trajectory is slightly shorter than the cell-centre polyline), 269.7 s of simulated time, 5 re-plans caused
by 3 dropped boxes (15 cells committed to the map, including LiDAR fattening of box edges), 0
collisions. The 50-item recogniser benchmark (sim/recogniser_benchmark.csv) scored 98 % overall
(colour 100 %, shape 100 %, digit 98 %); the single miss was a digit confusion at low contrast, and the
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on-mission picks were 6/6 because the wanted item only has to beat two distractors.

Leg Planned (m) Driven (m) Time (s) Re-plans Pick

ORD01 to_pick 3.21 2.90 6.70 0 True

ORD01 to_drop 15.62 15.27 22.30 0 -

ORD02 to_pick 11.00 10.81 18.20 0 True

ORD02 to_drop 16.24 15.59 27.25 0 -

ORD03 to_pick 10.62 11.23 22.15 2 True

ORD03 to_drop 6.62 6.07 13.25 0 -

ORD04 to_pick 7.71 7.61 17.00 0 True

ORD04 to_drop 5.24 4.71 10.30 0 -

ORD05 to_pick 13.62 14.36 25.40 2 True

ORD05 to_drop 17.33 17.00 32.05 1 -

ORD06 to_pick 12.12 11.55 24.95 0 True

ORD06 to_drop 5.41 5.05 11.60 0 -

HOME to_home 25.54 25.07 38.55 0 -

5b. Dynamic-obstacle timeline (sim/events.log)
Each box triggers an immediate re-plan when its first cell is confirmed and, typically, a second one a few
hundred milliseconds later when the beams grazing its edge commit a neighbouring cell (LiDAR
fattening). The robot never had to fall back to clearing stale cells in this run.

t (s) Event Cell / detail

77.45 box_spawn (33, 13)

77.45 replan (33, 13)

79.65 replan (33, 12)

140.15 box_spawn (27, 19)

140.25 replan (27, 19)

140.80 replan (27, 18)

167.05 box_spawn (20, 17)

167.05 replan (20, 17)

6. A* versus Dijkstra (36 start-goal pairs, static map)
Over all 36 pairs the two planners returned identical path lengths (verified to 1e-9 in the tests), while A*
expanded 97.8 nodes on average against 331.4 for Dijkstra (0.45 ms vs 1.28 ms in CPython). The table
lists the six pairs with the largest gain; on short aisle-to-aisle hops the gain is small because the octile
heuristic is nearly exact there.

From To Length A* (m) Length Dijkstra
(m)

Nodes A* Nodes Dijkstra ms A* / Dij

P5 D2 13.621 13.621 27 357 0.117 / 1.324

D1 D2 7.0 7.0 15 168 0.091 / 0.618

P2 D1 11.0 11.0 23 223 0.13 / 0.79

P4 D2 5.243 5.243 15 112 0.11 / 0.448

P6 D2 5.414 5.414 13 93 0.061 / 0.354

P1 D2 22.621 22.621 92 540 0.352 / 2.035

7. Figures from the run
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Shelf face presented at P3 for order ORD03 (wanted: green triangle 1). The recogniser read red-triangle-7 |

green-triangle-1 | green-square-0 and selected the middle slot (green frame).

Full driven trajectory of the 6-order mission (orange squares = boxes dropped mid-run) and the v / w profiles with re-plan

events in red.

GIF frame just after a box (orange) appeared on the route: the LiDAR returns (red dots) are shorter than the static-map

prediction, the hit cells are committed to the known map (red outlines) and the blue path has been re-planned around

them.

72-beam ray-cast scan from the south-west aisle; every beam is an exact DDA traversal of the occupancy grid plus N(0, 2

cm) noise on hits.

8. Declared substitutions / not run here
■ ROS 2 Humble is not installed in the build container. ros2_ws/src/warehouse_robot/ contains

package.xml, setup.py, setup.cfg, the resource marker, launch/warehouse_robot.launch.py and
node.py (rclpy node, topics listed in its docstring). It was syntax-checked with py_compile only. To
run: cd ros2_ws && colcon build && source install/setup.bash && ros2 launch
warehouse_robot warehouse_robot.launch.py.

■ No Gazebo world is needed for this brief; the LiDAR, robot and warehouse are simulated in Python.
On a real robot the node consumes /scan and /odom directly.

9. Learnings / next steps
Two bugs cost me most of the debugging time and both were geometric: pick cells adjacent to a rack
face left only 25 cm for a 30 cm robot, and pure pursuit on sparse simplified waypoints with a 1 m
look-ahead clipped a rack corner on the return leg. Dense 0.5 m waypoints plus a 0.7 m look-ahead
fixed it and the run has been collision-free on five seeds since. Next: replace grid inflation by a proper
cost map, add a Kalman-filtered odometry model, and train the digit reader on more fonts so the
recogniser holds up beyond the Hershey glyphs it was tested on.


