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Abstract - Warehouse performance evaluation is the
measurement of efficient use of warehouse space, customer
satisfaction level, quality of goods stored and transport, level
of inventory and environmental friendly delivery. Managers
and decision makers are keen to know very rapidly which
decisions at what level need extra attention and have more
impact on overall warehouse performance. In this paper, we
propose a Fuzzy-AHP integrated approach that incorporates
the linkage between the operational and strategic criteria to
generate an overall warehouse performance measurement
system. A numerical example illustrates the uses of the
proposed model for Warehouse performance evaluation.
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I. INTRODUCTION

Warehouse management has been defined as the
combination of planning, decision-making and controlling
inbound flow, storage and outbound flows [1]. In today’s
competitive environment, warehousing plays a vital role
in success and failure of any organization. Warehouses
are basically intermediate storage points in the logistics
system where raw materials, work in process, finished
goods and goods in transit are held for for a variety of
purposes. The warehousing functionality today is much
more than the traditional function of storage. Moreover,
warehouses are most crucial components of most modern
supply chains: they are likely to be involved in various
stages of sourcing, production and distribution of goods.
From handling of raw materials to work in process
through to finished products as the dispatch point serving
the next customer in the chain, they are critical to the
provision of high customer service levels [2].

Warehouse performance measurement system is the
evaluation of efficient use of warehouse space, customer
satisfaction level, quality of goods stored and transport,
level of inventory and environmental friendly delivery,
etc. It provides a feedback on the quality of the strategic
and operational decisions, and more importantly, on the
decisions to take to improve the design and operations of
the warehouse.

Due to the complexity of logistics network and the
digital transformation, the importance of rapid and prompt
warehouse transformation is increased. Due to
globalization and ever rising competitions, supply chain is
getting complex day by day and ways of warechouse
performance measurement are also varies from decision
making level to type of warehouse system. Warehouse
operations have direct impact on company’s performance
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and increase transportation cost, and reduce customer
service level.

Appropriate decision making in modern, complex and
uncertain industrial environment has posed a significant
challenge to the contemporary managers. The managers
are always in search of the right kind of decision support
aid to meet that requirement [3]. According to [4],
warehouse performance measurement did not get
significant attention from academician and practitioners.
Moreover, literature related to overall warchouse
performance and the relation between short-term on long-
term decisions is limited. In one hand, warehouse design
decisions and changes (warehouse structure, size and
dimension, layout, equipment selection, etc.) have direct
impact in the warehouse operations [5]. On the other
hand, the relation between design and operational
decisions is difficult to identify due to the use of different
attributes for performance evaluation which are difficult
to estimate in some cases. Finally, every warehouse in an
industry segment is different. Therefore, this paper is an
attempt to overcome this gap.

In order to take effective decisions, use of experts in
various fields is important. In warehouse performance
measurement system, decision makers has to deal with
conflicting criteria such as cost and customer service and
to reduce cost associated with each operation of
warehouse. There are many tools and techniques available
in literature which can be used to minimize human
inconsistency. Fuzzy group decision making and
Analytical hierarchal process (AHP) are most widely used
tools in many applications [6].

The major problem in measuring overall warechouse
performance is as follows:

i) The growing warehouse operation complexity and
the easy information access have led companies need to
have effective and efficient warehouse performance
measurement.

ii) Available literature in measuring overall
warehouse performance is limited and we observe that the
literature on warehouse subject is limited in aggregated
model to measure warehouse performance.

iii) Decision makers needs a system that helps them
to measure the effect of decisions that they are taking at
long-term decision criteria (strategic and tactical) on
short-term level (operational) and overall warehouse
performance.

In order to address above mentioned problems,
the proposed methodology is based on integrated
Fuzzy-AHP. A hybrid approach is useful because Human
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are often uncertain in assigning the evaluation scores in
crisp. Thus, a hybrid approach can capture this difficulty.
Moreover, an integrated approach not only
mathematically represents uncertainty but also provide
formalized tools for dealing with the imprecision intrinsic
to performance assessment process. Finally, a Fuzzy-AHP
approach for measuring warehouse performance can
minimize ambiguity and uncertainties which is inherent in
measuring system performance.

Fuzzy set theory was first introduced by [7] in 1965.
He was motivated by observing that human reasoning can
utilize concepts and knowledge that don’t have well-
defined boundaries [8], Fuzzy set theory (FST) is a
generalization of the ordinary set theory as shown in
figure 1.

Crisp Input

Fuzification
Interface

Knowledge
Base

Defuzzification

Interface

_—l Crisp Output

Fig. 1. A framework component comprising a fuzzy decision making
system (FDMS) (Adopted from [9])

The AHP, developed at the Wharton School of
Business by [10] in 1980, is one of the most powerful and
flexible weighted scoring decision making process to help
people set priorities and make the best decision. AHP has
been widely used to solve multi-criteria decision making
in both academic research and in industrial practice.
According to [11], AHP has been implemented in almost
all applications related to decision-making and is
currently predominantly used in the theme of selection
and evaluation especially in the area of engineering,
personal and social categories.

II. METHODOLOGY

As the main objective of this paper is to develop an
integrated warehouse performance measurement system
as mentioned in previous section we need a systematic
approach that provide decision makers measure the
warehouse performance and see the impact of decisions
(long-term and short-term) on overall performance.
From literature we found that long-term decisions are size
of warehouse (associated performance criteria is
Storage utilization), Inventory management (associated
performance criteria is inventory count accuracy),
customer service (associated performance criteria is order
fulfillment rate) and capital investment (associated
performance criteria is inventory level). Similarly, for
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Short-term decisions are transportation management
(associated performance criteria are damaged inventory,
on time delivery and cost / order), inventory management
(associated performance criteria is inventory turn ratio)
and order management (associated performance criteria is
order fill rate, order accuracy,).

We propose an approach for Warehouse performance
measurement composed of different steps as shown in
figure 2.

Step 1: Establishment of the evaluation team

V.

> Step 2: Identify the long-term and short-term DM
criteria
= Step 3: Structure the WH PM System

v

Approve WH PM
System

Yes

Step 4: Determination of each short-term and long-term
criteria weights using AHP

v

Step 5: Determine the fuzzy evaluation scale and rules

v

Step 6: Calculate the effect of short-term decisions
criteria on long-term decision criteria using Fuzzy
Inference System

\

Step 7: Determine warehouse performance using fuzzy
Inference system (FIS)

Fig.2. Methodology of proposed framework

Step 1: Establishment of the evaluation team

In the first step, a team of experts is formed with main
stakeholders involved in warehousing operations and
decision making such as warehouse supervisor, operations
manager, logistics manager, supply chain executive,
production manager and finance executive.

Step 2: Identify the long-term and short-term DM criteria
In this step, we will identify short-term and long-term
criteria based on company’s need and expert opinion.
There are many key performance indicators are available
which can be used as a starting point.

Step 3: Structure the Warehouse Performance
Measurement System (WH PM) System

Once the long-term and short-term decision criteria were
identified and approved, we will develop a framework
that measures overall warehouse performance. At this
point it is important to mention that our proposed

Authorized licensed use limited to: Politecnico di Torino. Downloaded on April 19,2021 at 16:14:52 UTC from IEEE Xplore. Restrictions apply.



Effect of LT DM Criteria on WH

Proceedings of the 2016 IEEE IEEM

methodology is flexible and can be used for other sectors
with some sector specific characteristics changes and
decision criteria. Structure of the proposed framework
will be shown in figure 3.

Short-term (ST) Decision Criteria
Ci
C:

C.

ffect of ST DM Criteria on LT DM

Criteria using Fuzzy-AHP

Long-term (LT) Decision Criteria
Ci
C2

C.II

Performance

Overall WH Performance

Fig.3. WH PM System Structure

Step 4: Determination of each short-term and long-term
criteria weights using AHP

In this step, local weights of identified short-term
decisions criteria will be calculated. Pair-wise matrices
will be formed and expert’s (evaluation team) will be
asked to perform pair-wise comparison using Saaty scale.

Step 5: Determine the fuzzy evaluation scale and rules
Expert’s (evaluation team) developed fuzzy knowledge-
base ( if- then rules) and fuzzy membership function scale
(Low, Medium, High) based on their experience and
logic.

Step 6: Calculate the effect of short-term decisions
criteria on long-term decision criteria using Fuzzy
Inference System (FIS)

In this step, we will develop fuzzy inference system to run
the fuzzy steps mentioned in figure 1. Experts will define
if-then rules, range and type of membership function.
Figure 4 shows Integrated FIS to measure overall WH
performance.

‘ Fuzzification of short-term and long-term DM Variables

Input ST DM Value - Input ST DM Wt.—> l
Ex.pérts —P{ Knowledge Base “If-Then” Rules (Inference) ‘

Opinions l
‘Defuziﬁcation of long-term DM Variable to get crisp‘

Long-term DM Variable—b&

Fuzzification of long-term DM Variables and Overall WH
Performance

Input LT DM Value - Input LT DM Wt.

Step 7: Determine warehouse performance using FIS

In this step we will measure overall warehouse
performance using value of long-term decision criteria
that we got in step 6 and importance weight of each
long-term criteria from step 4.

III. RESULTS

In order to demonstrate how our proposed methodology in
previous section works, we used numerical example from
a case company which are expert in injection molding part
manufacturer) by following the steps as mentioned in
figure 2.

Step 1: Establishment of the evaluation team

In this step team of experts were formed in a case
company. All members have experience between 5-10
years in the field of warehouse management and system.

Step 2: Identify the long-term (LT) and short-term
(ST) DM criteria

From literature we identified performance measurement
criteria to measure overall warehouse performance.
Experts were asked to validate those criteria and
categorize them as short-term and long-term decision
criteria. Table 1 shows the finalized long-term and short-
term criteria and its definitions.

TABLE 1
WAREHOUSE PERFORMANCE CRITERIA AND ITS DEFINATIONS
Decision Decision
Decisions Making | Performance Definition
Level Criteria
Short- Cost / Order Cost that required to
term (C/0) handle an order
Transportation Short- Damaged % of inventory
term Inventory (DI) damaged
Management On time
Short- Delive % of orders delivered
term (OTDI;Y on time
Short- Order Fill % of order fully
Order term Rate (OFR) dispatch
Management Short- A((:)crudrzrc % of order delivered
term (OA) y correctly
Inventory Short- I,F::[?;sg No. of times inventory
Managment term (ITO) replenish
Size of Long- U?itl(i);:%izn % of space fully
Warehouse term (SU) utilized
Inventory o .
Inventory Long- Count acc:;aocf H\i:/ifl? tsorsytem
Management term Accuracy v y
(ICA) and physical count
Customer Long- Fu(l)ffﬁi Zn " % of order fulfil for a
Service term Rate(OFR) customer
Capital Long- Inventory % of inventory
Investment term Level (IL) available in WH

Experts

Opinions
Defuzification get crisp _’L

‘ Overall WH Performance ‘

Knowledge Base “If-Then” Rules (Main Inference) ‘

Fig.4. Integrated FIS to Measure Overall WH Performance

Step 3: Structure the WH PM System

Once we have approved LT and ST criteria, we will
develop a WHPM system using FIS. FIS is the process of
formulating the mapping from a given input to an output
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using fuzzy logic. The mapping then provides a basis
from which decision can be made.

Step 4: Determine the importance of each short-term
criteria using AHP

In this step, experts were asked to perform pair-wise
comparison using Saaty scale. Table 2 shows the weights
for ST and LT criteria.

TABLE 2

ST AND LT CRITERIA WEIGHTS USING AHP

PERFORMANCE CRITERIA WEIGHTS
Cost / Order (C/0) 0.5
Damaged Inventory (DI) 0.1
On time Delivery (OTD) 0.1
Order Fill Rate (OFR) 0.1
Order Accuracy (OA) 0.1
Inventory Turnover (ITO) 0.1
Storage Utilization (SU) 0.1
Inventory Count Accuracy (ICA) 0.3
Order Fulfilment Rate(OFR) 0.3
Inventory Level (IL) 0.3

Step 5: Determine the fuzzy evaluation scale and rules

In this step, experts were asked to develop fuzzy
knowledge-base (if- then rules) and fuzzy membership (in
this case we used triangular membership function) and
scale [Low (L), Medium (M), and High (H)] based on
their experience and logic. Table 3 shows the example of
If-then rules (knowledge-base).

TABLE 3
RULES EXAMPLE
Storage Utilization
Cost / Order Wt.
L M H
L H H M
Cost / Order
M M M
H L L L

Step 6: Calculate the effect of short-term decisions criteria
on long-term decision criteria using Fuzzy Inference
System (FIS)

In order to measure the effect of ST decision criteria
on LT decision criteria, we need to develop FIS in Matlab
software. We need value (actual value from case
company) and weight of ST criteria (set in step 4). FIS
system run all the rules developed in step 5 and gives
value of long-term criteria based on fuzzy rules (if-then)
and scale of membership functions set by
expert’s(evaluation team) in step 5. Figure 5 shows the
effect of ST decision criteria on LT.
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C/O=5
C/O Wt. =0.5

DI=0.9
DI Wt. = 0.1
SU=0.38
OTD =025 Fuzzy
OTD Wt. =0.1 Inference
System ICA =0.339
(Knowledge
OFR =0.3 base)

OFR Wt. = 0.1 OFR = 0.51

OA =03

OA Wt.=0.1 IL=0.52

Tk

IT=6
IT Wt. = 0.1

Fig.5. Values of ST DM on LT DM (Matlab)

Step 7: Determine warehouse performance using FIS

To calculate overall warechouse performance, we need
value (actual value) and weight of long-term criteria
(calculated in step 6 by FIS). FIS system run all the rules
developed in step 5 and calculate warehouse performance
based on fuzzy rules (if-then) and scale of membership
functions set by expert’s (evaluation team) in step 5.
Figure 6 shows the warehouse performance based on LT
decision criteria.

SU =0.38
SU Wt. = 0.1
ICA = 0339 Fuzzy
ICA Wt.=0.3 Inference v
System WH
(an)\\'ledge Performance
OFR = 0.51 base) =0.36
OFR Wt. =0.3
IL = 0.52
OA Wt. = 0.3

Fig.6: Warehouse Performance
IV. DISCUSSION

Figure 6 shows the overall warehouse performance which
is 36%. In order to provide basis to decision makers to see
the impact of their ST decision on overall performance,
we conducted some scenario that shows how over
proposed methodology helps decision makers to see
impact of ST decision criteria on LT decision criteria and
on overall warehouse performance.

In first scenario, we choose three random values of
C/O and experts adjusted the other parameter (DI, OTD,
OFR, and OA) on linguistic scale (Low, Medium and
High). It can be seen from the graph (figure 7, figure 8,
and figure 9) that C/O has an impact on IL and it
decreases (from 0.519 to 0.423) as C/O increases (from 5
to 75). Similarly, WH performance is increases (from
36.5% to 43.9 %) as C/O increases from 5 to 75). We
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gave maximum importance to the C / O which is 0.50 at
short-term DM.

100 75
w 51.9 44.8 423
25
5
0 - T T |
L M H
Cost / Order ($) % IL
Fig.7: Effect of C/ O on IL
100
W SO 565 448 416 423 439
0 - T T )
L M H
% IL % WH Performance
Fig.8: Effect of IL on WH Performance
100 75
41.6 43.9
36.5 25
5
0 - T T )
L M H
Cost / Order ($) % WH Performance

Fig.9: Effect of C / O on WH Performance

In second scenario, we choose three random values of
IT and experts adjusted the other parameter (DI, OTD,
OFR, and OA) on linguistic scale (Low, Medium and
High). It can be seen from the graph (figure 10, figure 11,
and figure 12) that IT has an impact on IL and it decreases
(from 50.03 to 37.90) as IT increases (from 6 to 15).
Similarly, WH performance is increases (from 36% to
46.8 %) as IT increases from 6 to 15). We gave maximum
importance to the C / O which is 0.50 at short-term DM.

100

50.03 40.00 37.90

0
L M H
Inventory Turn Ratio % IL
Fig.10: Effect of IT on IL

50.00 40.00 37.90
36.00 45.40 46.80

100.00

0.00 )

L M H
% IL % WH Performance

Fig.11: Effect of IL on WH Performance

50 36.00 45.40 46.80
6 10 15

L H
Inventory Turn Ratio % WH Performance

Fig.12: Effect of IT on WH Performance

V. CONCLUSION

This paper used fuzzy inference system to develop
integrated warehouse performance measurement system
that establishes a direct relation between strategic and

operational attributes. The main contribution of this paper
is that the proposed approach allows decision makers and
managers to know the impact of their long term decisions
on short term decision and the overall warehouse
performance. Moreover, it also helps managers and
decision makers in developing the right strategy by
simulating different scenarios. Our proposed methodology
is mainly based on experts who have to develop
knowledge-base and perform pairwise comparison for
short term and long term decision criteria weights. Since
every warehouse is different, therefore, for each industry
segment, we need to validate the criteria as well as
knowledge-base and pair-wise comparison.
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