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The Storage Location Assignment Problem (SLAP)

e SLAP optimization is the primary operational lever
for reducing fulfillment times in automated facilities

e Traditional optimization models assume an empty Brownfield retrieval and relocation cost:
warehouse, calculating only ideal retrieval
distances: Greenfield Scenario min 4 = Z Z Cz’j'xz’j“l“z Z U544

e The "Brownfield" Reality: Active continuous icl jeJ icl jeJ
operations require dynamic reslotting, introducing
immediate kinematic relocation penalties

e Balancing long-term retrieval gains against
short-term relocation costs scales poorly in exact
mathematical solvers (MILP)

Cost of relocation
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Digital Twin Modeling

Warehouse Layout with AGV Graph
Picking Point (Outbound)

e Environment: Agent-based Discrete-Event Simulation
(DES) of |
e Layout: Pallet high-bay warehouse featuring 12 racks

and 2,400 single-depth locations
e AS/RS Kinematics: Modeled on a Chebyshev plane
(concurrent vertical/horizontal axes)

304§

Y/m

e AGV Kinematics: Navigate via Manhattan distance (L1)
with strict deceleration limits for go-degree rotations

20 A

e Pathfinding: A* search algorithm with static node
caching to process high-frequency routing requests
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Evaluated Storage Strategies
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Random Fixed Shared Random FSN-Based
Dedicated
Permanent, random Routes to any empty Static clustering of
assignments slot to maximize Fast, Slow, and
(baseline) density Non-moving items
based on historical
frequencies

Dynamic Predictive
Reslotting

Proactive, continuous
background
reorganization
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The Dynamic Reslotting Heuristic

e Layout evaluation executes at discrete 5-minute intervals during idle time (<50% AGV utilization)

e Calculates alocalized temporal profit function for stranded fast-movers

e Economic Factor (B = 0.70): Restricts relocations to cases where long-term retrieval savings outweigh
short-term relocation costs

e Utilizes SWAP state mutex markers to prevent spatial gridlock during transfers.

G = (tcur’rent — tnew) ' fsk'u 0= treloc

e If Gyields a positive value, reslotting is recommended

Prof. Dr.-Ing. Philipp Nenninger - Philipp.Nenninger@h-ka.de
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Scenario Generation

FSN Analysis of Order Data

e Parameterized using a real-world

N o
e-commerce footwear dataset, B o e
aggregated into full-pallet unit i
logds Ty o
e 30-day simulation horizon applying 12500
an exponential order arrival z 6o
distribution gf}moo-
® Scenarios1& 2: Low Load (40% g
utilization) vs. High Load (80% "
utilization) g
® Scenarios 3 & 4: Demand inversion _ 0%
(seasonal shift) introduced at Day B3
15 to test systemic resilience in o]

0%
Articles (sorted by Quantity)

addition to the low & high load
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Cumulative Percentage of Total Quantity



Optimal AGV Fleet Sizing

e Evaluated baseline AGV scaling

from 1to 30 units at constant load .

e < 7Units: Exponential wait times;

AGVs form a critical bottleneck 3 _|
e 10 Units: Retrieval times stabilize £
e >10Units: Diminishing returns - §
Additional hardware generates E,%
routing conflicts rather than &
throughput £
e Maximum throughput is bound by
software orchestration %1

Prof. Dr.-Ing. Philipp Nenninger - Philipp.Nenninger@h-ka.de
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Retrieval Time at Different Arrival Rates
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Strategy Performance Across Scenarios

Y Low LOadZ Dynamic reslotting . Retrieval Times of the Different Strategies
reduced average retrieval times by
15.06% 250

e High Load: WMS suppressed
background reslotting to prioritize
active fulfillment

e Seasonal Shift (Day 15): Static FSN
optimization breaks down as
obsolete stock blocks premium 100
slots
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e Dynamic Adaptation: The dynamic 50 ' — ' '
heuristic reslots inventory during Y s ey &°
night cycles, maintaining a 12.39%
retrieval advantage under
maximum load

Strategy
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Storage Penalties & Mileage Reduction

e The Dynamic strategy increased inbound storage
times by 10.23% under high load to secure highly
accessible slots for outgoing stock

e Prioritizing retrieval velocity over storage time
yields a net-positive systemic throughput

e Background reslotting mathematically
compensates for the added relocation effort

e Total AGV Distance (Scenario 3):

e Random Baseline: 4,648 km

e Dynamic Strategy: 4,337 km

Prof. Dr.-Ing. Philipp Nenninger - Philipp.Nenninger@h-ka.de
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Spatiotemporal Arbitrage
capacity arbitrage mobile buffers
The dynamic algorithm trades AGVs act as temporary mobile buffers
excess systemic capacity during during complex swap operations

night shifts for kinetic performance
during peak daytime hours

dynamic nodes

Vehicles function as dynamic nodes within the active memory architecture of the
warehouse rather than simple transport vectors

Prof. Dr.-Ing. Philipp Nenninger - Philipp.Nenninger@h-ka.de
Institute of Energy Efficient Mobility, Karlsruhe University of Applied Sciences

11



" move.more

‘.ﬂ Nachhaltig mobil am Oberrhein

Conclusion & Future Directions

e Static allocation models degrade over time due to stochastic demand shifts

e Agent-based Digital Twins provide a necessary framework for testing dynamic control logic

e Dynamic, predictive reslotting maintains optimal retrieval distances and mitigates traffic congestion
even under maximum system load

e Future Work:
o Benchmark the proposed heuristic against exact MILP solvers on small-scale instances
o Incorporate financial parameters for energy consumption and mechanical wear
o Integrate Deep Reinforcement Learning (DRL) for autonomous spatial self-governance

Prof. Dr.-Ing. Philipp Nenninger - Philipp.Nenninger@h-ka.de
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Thank you! - Questions?
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