
Synchromodal inventory replenishment
under non-stationary demand 

using partial demand information



Logistics decarbonization is a hot topic in retail.

Dual transport mode sourcing



ROAD⊕ Sustainable
⊕ Less expensive (> 500 km)

⊖ Slower
⊖ Inflexible:

- Capacity reservation
long-term in advance

- Stable order

RAIL ⊕ Fast
⊕ Flexible:

- Short-term decision
- Variable order size

⊖ Less sustainable
⊖ More expensive

 Urgent orders, volatile part of demand Low-cost base replenishment

Traditional dual sourcing trades off cost vs. responsiveness.



Retail environment is characterized by non-stationary demand.
Dynamic market conditions induce non-stationarity in the demand process



 Dynamic market conditions induce non-stationarity in the demand process

 More volatile demand creates a need for more flexible inventory replenishment

Flexibility is required when facing a non-stationary demand process.

Non-stationarity Demand’s statistical 
distribution changes



ROAD⊕ Sustainable
⊕ Less expensive (> 500 km)

⊖ Slower
⊖ Inflexible:

- Capacity reservation
long-term in advance

- Stable order

RAIL ⊕ Fast
⊕ Flexible:

- Short-term decision
- Variable order size

⊖ Less sustainable
⊖ More expensive

 Low-cost base replenishment

Traditional dual sourcing trades off cost vs. responsiveness.

 Urgent orders, volatile part of demand





We propose a solution that combines a pre-committed 
stable order with flexible short-term orders.

 Pre-committed stable order
on the slow source

 Additional orders, aside to stable order, 
on the fast and slow source

Short-term

Flexible order size
 Respond to non-stationarity

Enables lower price
 Less expensive than

short-term orders

Long-term



We propose a solution that combines a pre-committed 
stable order with flexible short-term orders.

 Pre-committed stable order
on the slow source

 Additional orders, aside to stable order, 
on the fast and slow source

Short-term

Flexible order size
 Respond to non-stationarity

Enables lower price
 Less expensive than

short-term orders

Long-term

 Our model extends conventional dual sourcing models with the flexible slow source 
option to respond to the non-stationarity



Not observable

 The current underlying distribution is not observable
 We can observe actual demand realization

→ partial information

We assume that the underlying demand distribution is 
partially observable.

Non-stationarity Demand’s statistical 
distribution changes

 Formulate the short-term decision problem as a partially observable Markov decision process



 Observed demand & demand probability distributions

 Transition probabilities
= the probability of transitioning from one distribution

to another distribution in the next time period

How to use the partial information in the partially 
observable Markov decision process?

Example: period t+1
1       2       3

1 60%  40%   0%
period t 2 30%  40%  30%

3 0%   40%  60%

Formula based on 
Bayes’ rule

Belief
Period t+1

Belief: the believed probability of being in a certain underlying demand distribution

Example: 1: 10%

2: 70%

3: 20%

Period t



 Action: optimal short-term orders on fast and slow source

complementary to the long-term committed stable volume

 State: The inventory position

The belief of the underlying demand distribution

 Objective: minimize sourcing costs and inventory mismatch costs

 Assumption of consecutive lead times

The partially observable Markov decision process
supports the short-term decisions.



We show that the short-term orders follow a dual base-stock 
policy, based on the inventory position and the belief.

Ss

Sf

Flexible short-term orders:
compare IP with base-stock levels

(a) Order nothing

(b) Slow order: Ss – IP

(c) Slow order: Ss – Sf

Fast order: Sf - IP
(a)

slow

fast

slow

Adapted
to belief

Inventory 
position (IP)

(b) (c)

 Closed-form expression for the fast source base-stock level Sf

 Policy iteration for the optimal slow source base-stock level Ss



We propose a solution that combines a pre-committed 
stable order with flexible short-term orders.

 Pre-committed stable order
on the slow source

 Additional orders, aside to stable order, 
on the fast and slow source

Short-term

Flexible order size
 Respond to non-stationarity

Enables lower price
 Less expensive than

short-term orders

Long-term



We determine the optimal pre-committed stable order 
in a two-stage solution algorithm.

Long-term decision stage
For a range of stable orders

Short-term decision stage
Solve short-term decision model,
given the stable order

Save cost value

Select stable order resulting in lowest cost

 Bisection search



We apply our solution to a dual transport mode case study.

Lead time Transport cost Emissions

Road option 2 days €2240 2352 kg CO2-eq 

Rail option
Stable

4 days
€1220

351,68 kg CO2-eq 
Flexible €1700



Our policy Benchmark: Adaptive tailored base-surge

Stable order on rail transport ✓

Flexible road orders ✓

Flexible rail orders No flexible slow orders

Orders adapted to belief ✓

The value of flexible rail orders for a shipper.

Our policy vs. Benchmark

Cost -3,34%

Rail share +15,94%

Emissions -26,69%

 Flexible rail orders can capture the non-stationarity, partially substituting road orders

 Considerable emission reductions
 Modal shift without negative impact on costs or service levels



Our policy Benchmark: Adaptive tailored base-surge

Stable order on rail transport



The value of flexible rail orders when varying the price 
of flexible short-term rail orders.

(a) Share of rail transport increases when price goes down

(b) Value for shippers goes down when price goes up

(c) Value for rail operators varies with price, optimal revenue at price €1600



 Dual transport mode solution with a 

- Stable order on the slow source

- Flexible orders on fast and slow source

 Partial information about the non-stationary demand process to form a belief

 - Increased share of rail transport → reduced emissions

- Slightly reduced costs for shipper, while maintaining service level

- Increased revenue for rail operator

Dual sourcing under non-stationary demand
with a partially observable demand process
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