Additional File 1: Linear Programming Models

Problem description
We provide an overview of the sets, indices, constants, and decision variables that we use in our two MIPs in Table 1. A more detailed description of all the parameters and decision variables is provided in the following.

Planning horizon, shift types, and demand 	
Let  denote the planning horizon and let  denote a set of possible shift types that cleaners can work. Let , if shift type  represents that a cleaner is on duty at time  and 0 otherwise. Cleaning jobs, whether planned or ad-hoc are aggregated in demand function  at time .

Decision variables 
Integer decision variables  denote how many cleaners work shift pattern . We introduce real-valued decision variables  and  which denote shortage and excess of capacity as compared to the demand at time , respectively.

Additional parameters 
Although evidence in the data may suggest that demand does not happen in some periods (e.g., during specific night hour periods), the hospital wants to impose minimum staffing levels to run a safe system. This is guaranteed by introducing  at time . To avoid that our model comes up with too many members of staff, we introduce  which is the upper bound on the total number of staff that can be deployed. Furthermore, to avoid that our model schedules multiple breaks at the same time, we define a set of tuples  which consists of staffing patterns with the same break periods. A small ε value is introduced to then stagger these shifts’ start times. This ensures that the primary objectives (e.g., staff minimization or minimizing demand deviation) are not jeopardized in favour of the break time staggering.

	Parameter 
	Description

	 
	Set of shift types

	 
	Set of tuples  that consist of shift types  covering the same break time slots

	 
	Set of time increments (15-minutes)

	 
	1, if a cleaner is on duty for shift type  during time , 0 otherwise

	 
	Demand during time 

	
	Lower bound on the number of staff during time 

	 
	Upper bound on the total number of staff

	Decision variable 
	Description

	 
	Negative deviation between demand and capacity during time 

	 
	Positive deviation between demand and capacity during time 

	 
	Integer number of staff working on shift type 

	Objective function 
	Description

	 
	Total sum of cleaners

	 
	Total sum of negative deviations between cleaner capacity and demand



Table 1: Sets, indices, constants, and decision variables

Objective function and constraints We will provide two MIP formulations: One model with a hard demand satisfaction which will come up with more staff than the hospital employs as our case study will reveal. However, we also provide a model that limits the number of possible staff that can be deployed and minimizes the negative deviation between capacity and demand. The rationale behind this is that the hospital cannot deploy more staff as compared to their current number of staff. However, they can re-assign current staff to different shift schedules.

The objective function of model 1 (1)-(3) minimizes the number of staff while staggering the shift starts as much as possible through an ε term. This is provided by expression (1).
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Constraints (2) ensure that the demand is satisfied across all time periods. The decision variables and their domains are described by using (3).

Model 2 (4)-(9) adds flexibility to model one. We allow for demand that is only partially covered. We introduce deviation variables  ,   which quantify the difference between the cleaning capacity, based on cleaner availability and the actual demand, the cleaning jobs (Demand).
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Constraints (5) link the demand with the capacity and the deviation variables. Constraints (6) ensure that a minimum number of staff are deployed within the specified time interval. Constraints (7) ensure that the total number of staff is not exceeded. (8) and (9) are the decision variables and their domains. Note that the absolute value part of objective functions (1) and (4) consist of non-linear terms. However, they can be linearized by incorporating real-valued non-negative decision variables, see (Williams, 2013), which we followed in our model implementation.
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