Supplementary Table S1. Comparison of Fitness Values on Unimodal Benchmark Functions.
	Fitness
(WOA)
	5.13E+05
	7.92E+06
	3.30E+06
	1.10E+06
	2.30E+06
	2.50E+06
	3.06E+06
	…
	2.03E+06

	Fitness
(IWOA)
	2.21E+05
	1.13E+06
	5.93E+05
	1.44E+06
	2.79E+06
	2.14E+05
	1.63E+06
	…
	8.50E+05



Supplementary Table S2. Comparison of Fitness Values on Multimodal Benchmark Functions.
	Fitness
(WOA)
	2.53E+09
	2.70E+09
	1.80E+09
	3.27E+09
	3.67E+09
	2.21E+09
	2.44E+09
	…
	1.71E+09

	Fitness
(IWOA)
	6.82E+08
	1.60E+09
	1.50E+09
	1.40E+09
	2.07E+09
	7.57E+08
	1.24E+09
	…
	1.40E+09



Supplementary Table S3. Comparison of Initial Path Costs.
	WOA
	78.33
	85.36
	81.25
	…
	84.49

	IWOA
	78.33
	885.36
	81.25
	…
	84.18




Supplementary Table S4. Path Node Coordinates.
	WOA(i=64)
	WOA(i=64)
	IWOA(i=58)
	IWOA(i=58)

	Xi
	Yi
	Xi
	Yi

	50
	50
	50
	50

	49
	49
	49
	49

	49
	48
	49
	48

	48
	48
	48
	48

	47
	47
	47
	47

	46
	46
	46
	46

	45
	45
	46
	45

	45
	44
	45
	44

	…
	…
	…
	…

	1
	4
	4
	3

	1
	3
	3
	3

	1
	2
	2
	3

	1
	1
	2
	2






Supplementary Table S5. Comparison of Curve Fitting Parameters.
	
	SSE
	R-squared
	Degrees of Freedom of Error
	Adjusted R-squared
	RMS

	WOA
	13.50
	0.9988
	14
	0.9949
	0.9819

	IWOA
	5.50
	0.9995
	9
	0.9972
	0.7817


Supplementary Table S6. Parameter settings.
	Parameter
	Value
	Unit

	Maximum vehicle load capacity
	30
	boxes

	Battery capacity
	40
	kWh

	Driving energy consumption
	0.3
	kWh/km

	Maximum buffer capacity
	100
	boxes

	ASC service time per order
	3
	min

	Average unloading time
	20
	min

	Average charging time
	60
	min

	Number of AGVs in fleet
	6
	vehicles

	Number of ASCs
	2
	units

	Charging efficiency
	0.9
	-

	ASC horizontal travel speed
	2
	m/s

	ASC vertical lifting speed
	1
	m/s

	ASC horizontal energy coefficient
	0.5
	kWh/km

	ASC vertical energy coefficient
	1.2
	kWh/km

	Daily operating horizon per scenario batch
	8
	h



Supplementary Table S7. Warehouse infrastructure and layout abstraction.
	Item
	Value
	Notes

	AS/RS block configuration
	2 aisles × 1 ASC per aisle
	Defines ASC service domains

	Rack size
	~60 m aisle length; 20 levels; 40 bays/level
	Representative ASC horizontal/vertical travel distances

	I/O stations
	2 (inbound and outbound)
	Modeled as dedicated nodes in set

	
	
	

	Buffer/handshake zone
	Conveyor buffer between ASCs and AGVs
	Modeled as buffer nodes with capacity constraint (5)

	Buffer capacity
	Scenario-dependent (80/100/120 boxes)
	Used in constraint (5)

	AGV guide-path network
	Indoor guide-path grid; scenario-dependent task nodes
	Conflict and deadlock constraints follow (12) and (15)

	Operating horizon
	1 workday (8 h) per scenario batch
	Time limits correspond to constraints (10)–(11).



