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24 inventory analytics

Introduction

In this chapter, we first discuss key reasons for keeping inventory
in supply chain management, and strategies that can be adopted
to review inventory. We then introduce a simple inventory system
to motivate our discussion, we illustrate what costs need to be
considered while controlling inventory, and the impact of a supplier
lead time on the inventory system.

• The role of inventory in supply chain management p. 25

• A simple inventory system p. 26

• Inventory costs p. 30

• Deterministic supplier lead time p. 32

Topics
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The role of inventory in supply chain management

A supply chain is a system of organisations, people, technology,
activities, information, and resources involved in moving a product
or service from supplier to customer.

Fig. 3 A warehouse.

Supply chain management is the management of this flow of
products and services; it encompasses the movement and storage of
raw materials, of work-in-process inventory, and of finished goods
from point of origin to point of consumption. Inventory systems,
such as warehouses (Fig. 3) and distribution centers (Fig. 4), are at
the heart of supply chain management. In the rest of this chapter
we focus on inventory systems and we discuss their nature.

There are three main reasons for keeping inventory: time,
uncertainty, and economies of scale.

Time. Moving goods along a
supply chain is time consuming,
e.g. after an order is placed, it
usually takes time (lead time)
to receive the goods. Inventory
can be used to ensure business
continuity during these delays.
If the lead time is known and
fixed, it can be addressed by
ordering goods in advance. It is
only when lead time is uncertain
that inventory becomes essential.

Uncertainty. Lead time, de-
mand, supply, and other supply
chain characteristics may be
subject to uncertainty; inventory
is then maintained as a buffer to
hedge against this uncertainty.

Economies of Scale. A pure
lean approach, i.e. “one unit at
a time at a place where a user
needs it, when (s)he needs it”
typically incurs lots of costs in
terms of logistics. Economies of
scale can be pursued via bulk
buying, movement, and stor-
ing; but they also come with
inventory as a side effect.

Reasons for keeping inventory

Inventory counts as a current asset on the balance sheet because, in
principle, it can be sold and turned into cash. However, inventory
ties up money that could serve for other purposes. Moreover, it
may require additional expense for its storage, e.g. warehouse rent,
and protection, e.g. insurance. Inventory may also cause significant
tax expenses, depending on particular countries’ laws regarding
depreciation of inventory.

Inventory review is the process by which a manager determines
inventory quantities on hand. There are two main review strategies
commonly adopted: continuous review and periodic review.

Continuous review operates by continuously recording receipt
and disbursement for every item of inventory. This is an expen-
sive and cumbersome strategy that is required for critical items
(so-called A-type) to minimize costly machine shut-downs and
customer complaints.

Periodic review requires a physical count (stock take) of goods on
hand at the end of a period. This is a simple strategy that concen-
trates records and adjustments mostly at the end of a period (e.g. a
week). It is widely used for items that are marginally important or
less important than A-type ones (so-called B-type and C-type).7

7 The process of classifying items into
different categories on the basis of
their importance is known as ABC
analysis; for a survey on this topic see
[van Kampen et al., 2012].

Fig. 4 A distribution center.
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A simple inventory system

In what follows, we shall consider the simplest inventory system
one may conceive (Fig. 5).

W
items flow

S
items flow

C

customer demandwarehouse orders

Fig. 5 A simple inventory system;
physical flows and information flows
are represented via solid and dashed
lines, respectively.The system comprises a warehouse (W) represented by means of a

triangle, which in Total Quality Management (TQM) diagrams (Fig.
6) is a commonly adopted symbol to denote inventory/storage.

The warehouse stocks a single item type, which in technical term
we refer to as stock keeping unit, or SKU in short.

The state of the warehouse is given by its inventory level.

Transport... Inboud... Storage Procedure Operation

Decision ... Decision ... Mulit in/o... Mulit in/o... External o....

System d... System su... System fu... Delay Connecto...

Store Inspection Selectabl... Work flo... Work flo...

TextText Text Text Text Text

Fig. 6 TQM diagram shapes.

The warehouse faces demand from customers (C), and can
satisfy this demand by issuing a sufficient number of items from its
inventory.

The warehouse can only meet demand if on hand inventory is
large enough.

Items can be ordered by the warehouse from a supplier (S) to
maintain a suitable inventory level.

Simulating a simple inventory system in Python

We next discuss how to model a supplier, a warehouse and a cus-
tomer in Python.

The warehouse is shown in Listing 1. This class embeds a
state variable i to track the warehouse inventory level. There
are four methods: order, to replenish inventory by a quantity Q;
on_hand_inventory, to inspect the on hand inventory;8 issue, to is-

8 Note that, while the inventory level
i may go negative to account for
backorders (i.e. orders that have not
been satisfied yet due to lack of stock),
the on hand inventory (the physical
stock in the warehouse) is always
nonnegative.

sue items from the warehouse and meet demand; and review_inventory,
to review and keep an account of inventory over time.

Inventory review is a key aspect of inventory management. In
the code, method review_inventory is called before and after an
order is issued in method order, and before and after inventory
is issued to meet demand in method issue. The method features
an argument time, to keep an account of the time at which the
inventory level has been inspected. Note that when the method is
called after inventory is issued to meet demand in method issue,
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class Warehouse:
def __init__(self, inventory_level):

self.i = inventory_level
self.review_inventory(0)

def order(self, Q, time):
self.review_inventory(time)
self.i += Q
self.review_inventory(time) # orders are received at the beginning of a period

def on_hand_inventory(self):
return max(0, self.i)

def issue(self, demand, time):
self.review_inventory(time)
self.i = self.i-demand
self.review_inventory(time+1) # demand is realised at the end of a period

def review_inventory(self, time):
try:

self.levels.append([time, self.i])
self.on_hand.append([time, self.on_hand_inventory()])

except AttributeError:
self.levels, self.on_hand = [[0, self.i]], [[0, self.on_hand_inventory()]]

Listing 1 A warehouse in Python.

the argument is time+1; this is because we assume demand is
observed at the end of a period. In contrast, the argument is
simply time when the method is called after an order is received
in method order, because we assume orders are received at the
beginning of a period, before any demand is observed.

The customer and the supplier do not need to be explicitly
modelled as classes, since we will assume no lead time and an
infinite supply available upon ordering, and a constant source of
demand over our simulation horizon.

import matplotlib.pyplot as plt
import numpy as np
import pandas as pd

def plot_inventory(values, label):

# data
df=pd.DataFrame({’x’:

np.array(values)[:,0], ’fx’:
np.array(values)[:,1]})

# plot
plt.xticks(range(len(values)),

range(1,len(values)+1))
plt.xlabel("$t$")
plt.ylabel("items")
plt.plot( ’x’, ’fx’, data=df,

linestyle=’-’, marker=’o’,
label=label)

Listing 2 Plotting inventory in Python.

Example 1. We simulate operations of this simple inventory system by
leveraging the Python code in Listing 2 and Listing 3. The warehouse
initial inventory is 100 units. The customer demand rate is 5 unit per
period. We simulate N = 20 periods. The behaviour of the inventory level
at the end of each period is shown in Fig. 7. The system starts with 100
units of inventory at the beginning of period 1; 5 units of inventory are
consumed in every period; at the end of period 20 (or equivalently, at the
beginning of period 21), the system inventory level is 0.

initial_inventory = 100
w = Warehouse(initial_inventory)

demand_rate = 5 # customer demand rate per period

N = 20 # planning horizon length
for t in range(N):

w.issue(demand_rate, t)

plot_inventory(w.levels, "inventory level")
plt.legend()
plt.show()

Listing 3 Simulating the behaviour of
a warehouse in Python: the warehouse
initial inventory level is 100, the
customer demand rate is 5 units per
period.
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Fig. 7 Simulating the behaviour of a
warehouse in Python: inventory level
at the end of each period t ∈ {1, 20}
when the initial inventory level is 100.

The system we have just simulated is an example of periodic
review inventory control. Inventory is reviewed at the end of each
period,9 after demand has been observed. Note that in this simula- 9 And hence also at the beginning

of the next period, since these two
instants coincides.

tion, we have relied on the inventory available at the beginning of
the planning horizon, and we have not issued any order.

Alternatively, we can set initial_inventory = 50 and issue an
order of size 50 at the beginning of period 10. To do so, we slightly
amend the code in Listing 3, by replacing the for loop as shown
in Listing 4. Note that, in period 10, when we place an order, we
review inventory (levels.append([t, w.inventory_level()]))
both before and after ordering. Finally, in every period, as before
we review inventory after demand has been observed, at the end of
period t (or equivalently, at the beginning of period t + 1, as these
two instants coincide).

for t in range(N):
if(t == 10):

w.order(50, t) # place an order of size 50 in period 10
w.issue(demand_rate, t)

Listing 4 Revised for loop.

In Fig. 8 we plot the behaviour of the system under this new con-
trol policy, which meets demand in periods 1, . . . , 10 by leveraging
the initial inventory, and meets demand in periods 11, . . . , 20, by
means of an order of size 50 in period 10.

Let us now assume that the order in period 10 has size 40 (Fig.
9). The order is clearly not sufficient to cover demand until the
end of the planning horizon. The closing inventory level at the
end of period 19 and 20 is now negative and equal to −5 and −10,
respectively: the system ran out of stock and we have observed a
stockout.
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Fig. 8 Simulating the behaviour of a
warehouse in Python: inventory level
at the end of each period t ∈ {1, 20}
when the initial inventory level is 50

and an order of size 50 is placed in
period 10.

When customer demand exceeds on hand inventory, the ware-
house manager may decide to lose or backorder a sale. In the
former case, we say that the inventory system operates under lost
sales; in the latter case, we say that the inventory system operates
under backorders. If a sale is backordered, the inventory level will
go negative to keep track of pending demand, which will be met
as soon as a suitable quantity is received from the supplier. An
inventory system may backorder all (full/complete backorders)
or only a part (partial backorders) of the demand that exceeds on
hand inventory.
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t

−10

0

10

20

30

40

50

ite
m
s

on hand inventory
inventory level

Fig. 9 Simulating the behaviour of a
warehouse in Python: inventory level
at the end of each period t ∈ {1, 20}
when the initial inventory level is 50

and an order of size 40 is placed in
period 10. Observe that, while the on
hand inventory is zero at the end of
period 19 and 20, the inventory level is
negative.
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Inventory costs initial_inventory = 0
w = Warehouse(initial_inventory)

demand_rate = 5

N = 20 # planning horizon length
for t in range(N):

w.order(5, t) # place an order of
size 5

w.issue(demand_rate, t)

plot_inventory(w.levels, "inventory
level")

plt.legend()
plt.show()

Listing 5 Simulating the behaviour
of a lean warehouse in Python: the
warehouse initial inventory level
is 0, the customer demand rate is 5

units per period, and orders of size 5

are issued in every period. The total
demand over the 20-period planning
horizon is 100 units, the system
would therefore generate a profit of
100(p− c).

Consider a warehouse facing customer demand at a constant rate of
five units per period over a potentially infinite time horizon. Should
we keep inventory? If so, how much? It is not possible to provide
an answer to these two questions without further information on
the costs the warehouse manager faces, and on other operating
characteristics of the inventory system.

For instance, if every time the warehouse manager issues an
order of size Q > 0 to its supplier, the only cost involved in the
transaction is the per unit purchase cost v of an item; and if the
supplier delivers the quantity Q immediately — i.e. no delivery
lead time — then it is clear the warehouse manager should adopt a
lean control strategy: no inventory should be kept, and whenever
a demand unit materialises from the customer, the warehouse
manager should simply order one unit from the supplier and
meet the customer demand from the order quantity immediately
received. Assuming a selling price p > v, the system would
generate a profit p− c for every unit of demand met. The behaviour
of a lean warehouse in Python can be simulated via the code in
Listing 5 and it is shown in Fig. 10.
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Fig. 10 Simulating the behaviour of a
lean warehouse in Python.

In essence, in a lean inventory system, the inventory manager Lean inventory management.

does away with inventory and, without holding any stock, acts as
an intermediary. The TQM diagram in Fig. 5 therefore takes the
new form shown in Fig. 11: the physical inventory originally repre-
sented as a triangle has been replaced by an ordering and demand
fulfilment process, represented via a rectangle with rounded edges.
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ordering

items flow

S
items flow

C
customer demandwarehouse orders

Fig. 11 A lean inventory system.

The per unit purchase cost is hardly the only cost involved in
managing a warehouse. We next summarise other cost factors that
are often encountered by inventory managers.

Inventory review cost. This cost is charged when a phys-
ical inventory inspection takes place.

Fixed ordering cost. Independent of the size of the order,
it is charged every time an order is issued.

Per unit purchase cost. This is a cost that is propor-
tional to the number of items that are ordered.

Per unit inventory holding cost. This is a cost that
is charged for every unit carried forward in stock from one
period to the next in the planning horizon.

Fixed stockout/backorder penalty cost. This is a cost
that is charged every time the inventory level turns negative;
the associated units of demand that drove the inventory level
negative may be lost or backordered; this cost is independent
of the magnitude of the stockout observed.

Per unit stockout/backorder penalty cost. This is a
cost charged when a unit of demand is backordered or lost;
it is charged once, and if the unit of demand is backordered,
it is independent of the time it takes to fulfil it.

Per unit, per time period stockout/backorder

penalty cost. This is a cost that is charged when a unit of
demand is backordered; it is charged for every time period
the unit of demand remains short.

Inventory cost factors

If there are fixed costs — independent of the order quantity Q Lot sizing

— for placing an order with the supplier, e.g. cost of dispatching a
truck, and if we incur inventory holding costs, then we enter the
realm of lot sizing, and it becomes necessary to hold inventory.
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Deterministic supplier lead time

Consider the case in which the supplier is not able to deliver the
order quantity Q immediately, but will be able to deliver it after a
known and fixed lead time. What should we do?

orderingS
items flow

C
customer demandwarehouse orders

items           flow

Fig. 12 An inventory system subject to
supplier lead time.

If it takes a 1-period lead time to receive an order from the sup-
plier, and we assume that all demand must be immediately satisfied
from on hand inventory, this means that at the beginning of the
planning horizon we must already hold at least 5 items in stock
— or equivalently we should expect to receive five correctly timed
outstanding orders from the supplier — otherwise the problem
would not admit a solution.

Moreover, as soon as we observe the first unit of demand, we
will have to immediately issue an order to replace the item we have
just sold. As in lean inventory management, under this strategy,
we do not need to hold inventory in the warehouse; this is be-
cause the inventory we need to run the system takes the form of
inbound outstanding orders, that is orders yet to be received from
our supplier — in TQM diagram notation, these are represented
via an inverted triangle (Fig. 12). The on hand inventory plus any
outstanding order, minus backorders, is a quantity called the in-
ventory position; as we will see, this quantity, which keeps track of
outstanding orders, will be useful to control our system.

To model an inventory system subject to deterministic supplier
lead time we must adopt a different strategy from that which we
previously followed. More specifically, we will adopt a Discrete
Event Simulation (DES) approach.

A priority queue is an abstract data structure (a data structure
defined by its behaviour) that is like a normal queue, but where
each item has a special key to quantify its priority. For instance,
airlines may give luggage on the conveyer belt based on the status
or ticket class of the passengers. Baggage tagged with priority or
business or first-class usually arrives earlier than other non-tagged
baggage. In Listing 6 we implement a simple priority queue.

from queue import PriorityQueue

events = PriorityQueue()

events.put((0.3, "Customer demand"))
events.put((0.5, "Customer demand"))
events.put((0, "Order"))
events.put((0.10, "Customer demand"))

while events:
print(events.get())

# Will print events in the order:
# (0, ’Order’)
# (0.1, ’Customer demand’)
# (0.3, ’Customer demand’)
# (0.5, ’Customer demand’)

Listing 6 A priority queue in Python.

To model our DES system, in Listing 7 we extend the behaviour
of Warehouse to model both inventory level and inventory position.
A general-purpose DES loop implementing the flow diagram10 in 10 Arnold H. Buss. A tutorial on

discrete-event modeling with simula-
tion graphs. In C. Alexopoulos, I Kang,
W. R. Lilegdon, and D. Goldsman,
editors, Proceedings of the 1995 Winter
Simulation Conference ed., Arlington,
Virginia, 1995.

Fig. 13 is shown in Listing 8. The method start enters a while loop
that repeatedly extracts events from a priority queue and executes
them until the end of the simulation horizon. The method schedule

schedules an event after time_lag.

customer demand

end?

no

yes

start

stop

event

procedure

Fig. 13 The DES flow diagram of an
inventory system subject to supplier
lead time.
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class Warehouse:
def __init__(self, inventory_level):

self.i = inventory_level
self.o = 0 # outstanding_orders

def receive_order(self, Q, time):
self.review_inventory(time)
self.i, self.o = self.i + Q, self.o - Q
self.review_inventory(time)

def order(self, Q, time):
self.review_inventory(time)
self.o += Q
self.review_inventory(time) # orders are received at the beginning of a period

def on_hand_inventory(self):
return max(0,self.i)

def issue(self, demand, time):
self.review_inventory(time)
self.i = self.i-demand
self.review_inventory(time+1) # demand is realised at the end of a period

def inventory_position(self):
return self.o+self.i

def review_inventory(self, time):
try:

self.levels.append([time, self.i])
self.on_hand.append([time, self.on_hand_inventory()])
self.positions.append([time, self.inventory_position()])

except AttributeError:
self.levels, self.on_hand = [[0, self.i]], [[0, self.on_hand_inventory()]]
self.positions = [[0, self.inventory_position()]]

Listing 7 The extended Warehouse

class that models both inventory level
and inventory position.

To model an inventory system subject to deterministic supplier
lead time, we will create different classes of events: orders, demand,
etc. We start with a generic EventWrapper in Listing 8, which is then
specialised into a CustomerDemand event in Listing 9.

from queue import PriorityQueue

class EventWrapper():
def __init__(self, event):

self.event = event

def __lt__(self, other):
return self.event.priority < other.event.priority

class DES():
def __init__(self, end):

self.events, self.end, self.time = PriorityQueue() , end, 0

def start(self):
while True:

event = self.events.get()
self.time = event[0]
if self.time < self.end:

event[1].event.end()
else:

break

def schedule(self, event: EventWrapper, time_lag: int):
self.events.put((self.time + time_lag, event))

Listing 8 A DES engine in Python.

The CustomerDemand event in Listing 9, when invoked via the
method end, generates a customer demand of 5 units at the ware-
house. Finally, the event reschedules itself with a delay of 1 time
period.
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class CustomerDemand:
def __init__(self, des: DES, demand_rate: float, warehouse: Warehouse):

self.d = demand_rate # the demand rate per period
self.w = warehouse # the warehouse
self.des = des # the Discrete Event Simulation engine
self.priority = 1 # denotes a low priority

def end(self):
self.w.issue(self.d, self.des.time)
self.des.schedule(EventWrapper(self), 1)

Listing 9 The CustomerDemand event.

initial_inventory = 100
w = Warehouse(initial_inventory)

N = 20 # planning horizon length
des = DES(N)

d = CustomerDemand(des, 5, w)
des.schedule(EventWrapper(d), 0) # schedule a demand immediately
des.start()

plot_inventory(w.positions, initial_inventory + 10, "inventory position")
plot_inventory(w.levels, initial_inventory + 10, "inventory level")
plt.legend()
plt.show()

Listing 10 Simulating the behaviour
of a warehouse via DES in Python: the
warehouse initial inventory level is 100,
the customer demand rate is 5 units
per period.

In Listing 10 we show how to simulate the behaviour of a ware-
house via DES in Python for our previous numerical example. The
warehouse initial inventory level is 100, the customer demand
rate is 5 units per period, and the system is simulated for N = 20
periods. The result of the simulation is shown in Fig. 14 and, as
expected, it is identical to Fig. 7.
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Fig. 14 Simulating the behaviour of a
warehouse in Python: inventory level
at the end of each period t ∈ {1, 20}
when the initial inventory level is 100.

Let us now reduce the initial inventory level to 50, and schedule
an order at time 10, for which the delivery lead time is 1 period.
To model an order, we create an Order event, to capture the deliv-
ery lead time, we create a ReceiveOrder event (Listing 11) that is
triggered by the Order event with a delay of lead_time periods.
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class Order:
def __init__(self, des: DES, Q: float, warehouse: Warehouse, lead_time: float):

self.Q = Q # the order quantity
self.w = warehouse # the warehouse
self.des = des # the Discrete Event Simulation engine
self.lead_time = lead_time
self.priority = 0 # denotes a high priority

def end(self):
self.w.order(self.Q, self.des.time)
self.des.schedule(EventWrapper(ReceiveOrder(self.des, self.Q, self.w)),

self.lead_time)

class ReceiveOrder:
def __init__(self, des: DES, Q: float, warehouse: Warehouse):

self.Q = Q # the order quantity
self.w = warehouse # the warehouse
self.des = des # the Discrete Event Simulation engine
self.priority = 0 # denotes a high priority

def end(self):
self.w.receive_order(self.Q, self.des.time)

Listing 11 The Order event and the
ReceiveOrder event.

Finally, we set up the system and we simulate it via the code in
Listing 12. Fig. 15 illustrates the behaviour of the inventory level
and of the inventory position for this system. Because of the order
lead time, to prevent stockouts, it is necessary to anticipate the
ordering time by 1 period, which is the very same length of the lead
time.

N, initial_inventory = 20, 50 # planning horizon length and initial inventory
w, des = Warehouse(initial_inventory), DES(N)

d = CustomerDemand(des, 5, w)
des.schedule(EventWrapper(d), 0) # schedule a demand immediately
o = Order(des, 50, w, 1)
des.schedule(EventWrapper(o), 9) # schedule an order of size 50 in period 9
des.start()

plot_inventory(w.positions, "inventory position")
plot_inventory(w.levels, "inventory level")
plt.legend()
plt.show()

Listing 12 Simulating the behaviour
of a warehouse via DES in Python: the
warehouse initial inventory level is 50,
the customer demand rate is 5 units
per period, an order is scheduled at
time 9, and order the lead time is 1.
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Fig. 15 Simulating the behaviour of
a warehouse in Python: inventory
level and inventory position at the end
of each period t ∈ {1, 20} when the
initial inventory level is 50, an order is
scheduled at time 9, and order the lead
time is 1.






