Modern Applied Science; Vol. 11, No. 1; 2017
ISSN 1913-1844 E-ISSN 1913-1852
Published by Canadian Center of Science and Education

Application of Dynamic Value Stream Mapping in Warehousing
Context
Shiva Abdoli1, Sami Kara1 & Bernard Kornfeld1
1

University of New South Wales, School of Mechanical & Manufacturing Engineering, Australia

Correspondence: Shiva Abdoli, University of New South Wales, Sydney, NSW, Australia. E-mail:
s.abdoli@student.unsw.edu.au
Received: August 15, 2016

Accepted: September 11, 2016

Online Published: October 14, 2016

doi:10.5539/mas.v11n1p76

URL: http://dx.doi.org/10.5539/mas.v11n1p76

Abstract
Uncertainty within supply chains increases the risk of not meeting objectives. Warehouses can absorb some of
these uncertainties, by accumulating inventory. This accumulation has led many to consider warehouses as a
source of waste in supply chains. Hence, there is limited research that seeks improving intrinsic warehouse
efficiency; particularly in the context of Lean concepts and Value Stream Mapping (VSM). Since, warehouses
seek to absorb uncertainty in supply chain by holding inventory; this uncertainty absorption may introduce
variability to warehousing function itself. Therefore a methodology is required, which can capture the embodied
dynamic within warehousing function. This paper reflects Lean concepts and, in particular, VSM to warehousing
context and introduces some methods and guidelines to assure the proper application of VSM in what is an
uncertain and dynamic system. In this paper, warehousing function is formulated based on some abstract
processes which vary on their output status. This formulation facilitates identifying value-adding activities as one
of the most substantial steps, yet confusing in application of VSM in warehousing context. The suggested
methods enable fundamental statistical/mathematical analysis, which leverage VSM to a more dynamic
evaluation tool. Application of the introduced approach will facilitate the decision making process for warehouse
systems evaluation and improvement. The resultant methodology is applied to a factual case and this serves to
demonstrate its practical application. It is worth mentioning that the findings applications, which can be termed
‘dynamic VSM’, are not limited to warehouses but can also be applied to any dynamic environment with
non-deterministic processes.
Keywords: logistics, warehousing, variable process parameters, vale stream mapping
1. Introduction
If supply chains are considered as distribution networks, then warehouses represent the main nodes of those
networks. Hence, warehouses can exert a substantial leverage on supply chain service quality(Gray, Karmarkar,
& Seidmann, 1992). This crucial role emphasizes the importance of study in the field of warehouse performance
evaluation. Since warehouses like other industrial facilities perform series of coupled processes, the evaluation
method should also fit this complex structure. Thus, an approach is necessary which can capture the holistic
dynamic interaction among processes while also analysis them individually.
There is a close alignment between performance evaluation and improvement and Lean tools and methods. In
short, ‘Lean’ seeks to improve the performance of operations by eliminating waste (Detty & Yingling, 2000;
Hofer, Eroglu, & Rossiter Hofer, 2012; Liker & Convis, 2011; Pavnaskar, Gershenson, & Jambekar, 2003;
Womack & Jones 2003).VSM is one of the better known Lean tools in the implementation of Lean concepts to
production and more recently service industries. VSM is useful in the visualization of core value chain processes,
which assists managers in identifying opportunities to achieve required objective. This map provides a high level
view of the interdependencies and interactions across different processes as resources, products, or information
passes each stage of the stream. This comprehensive illustration enables analysis and evaluation of process chain
with respect to desired key performance indicators (KPIs). These VSM properties, and also the promising results
that have been achieved by VSM implementation in manufacturing industries, make VSM a promising candidate
for warehouse performance evaluation, too. Therefore, this research aims to investigate the application of VSM
in a warehousing context, as well as the modifications that might be necessary.
2. Literature Review
76

mas.ccsenet.org

Modern Applied Science

Vol. 11, No. 1; 2017

Generally the research in warehousing can be divided to two fields; design and performance evaluation, with the
former topic commanding a broader foundation of research. In this context, design refers to physical design,
equipment selection, as well as operational design. Evaluation refers the assessment of the performance of
existing designs with respect to various key performance metrics. Since this current research focuses on
performance evaluation, only the literature in that area is reviewed. However complexity of warehousing
systems made researchers, in either topic, to narrow down the scope of research, and study warehouse design or
evaluation topics partially, such as individual analysis of layout or operational policies. Interested readers can
find design topics in related literatures (Berg & Zijm, 1999; J. Gu, Goetschalckx, & McGinnis, 2007; J. X. Gu,
Goetschalckx, & McGinnis, 2010; Rouwenhorst et al., 2000a)
One of the very first studies in warehouse evaluation proposes the application of ‘zero-based analysis. This
approach suggests to divide resource consumption to three parts; necessary work, losses and cost. The former
refers to required resources in ideal case, losses are expressed as a percentage of the necessary work and the later
are monetary units. So, ‘zero based analysis develops a reference system in the form of utopian loss-free system
such that the reference point is only dependent on the product. The main drawback of this approach is inability to
evaluate time-based or quality of service parameters. In addition, the scope of mentioned study is limited to the
manual processes. Thus, this approach may have shortcomings on its application to those warehousing processes
which require multiple resource type (Henrik, Mats, & Lars, 1994)
As mentioned, this research aims to investigate the application of VSM in warehousing context for the purpose
of warehouse evaluation. Hence, the literatures regarding VSM application in warehousing is critically reviewed.
There is a large volume of literature concerning Lean and specifically the application of VSM in manufacturing
industries and more recently supply chain, but limited and scarce in warehousing(Ben Naylor, Naim, & Berry,
1999; Bozer, 2012). When VSM is applied to supply chains, warehouses are generally represented as an
inventory ‘black box’. This approach neglects to reflect any detailed information in regards to warehouse
performance. However, in order to have a lean supply chain, warehouses, as one of the main entities in logistic
networks, should be lean as well (Jones, Hines & Rich, 1997) (Bozer, 2012)
In context of applying lean concepts in logistics management, Myerson suggests considering warehouse function
as assembly line constituting several activities. Thus, warehouse efficiency can be improved by some general
guidelines such as improving tools and equipment availability (Myerson, 2012).
Mustafa introduces a framework to apply Lean concepts in warehouses. The proposed framework is limited to
some theoretical guidelines without providing enough details regarding implementation of Lean tools and
techniques. Moreover the guidelines are not generic enough without formal representation which makes it hard
to apply them in different situations (Mustafa, 2015).
Garcia carried out one of the earliest applications of VSM in warehousing(Frank C. Garcia, 2013). In the
mentioned paper, the scope is limited to unit-load warehouses, however a significant proportion of industrial
warehouses operate under-unit-load, which actually requires more considerations in VSM application due to
changing the unit of operation in warehousing processes. Moreover, some inconsistencies exist in the published
VSM, such as different work in progress units among different stages. The importance of unit consistency in
evaluation of process chains and how to achieve it in warehousing context is well discussed in section 2.
In another work, Dotoli advocates analyzing warehouse operations in three steps with different methods (Dotoli,
Epicoco, Falagario, Costantino, & Turchiano, 2015). In first step, the Unified Modelling Language (UML) is
used to describe the warehouse logistics. Then in the next step, VSM is applied to identify non value-adding
tasks. In the final step, a mathematical formulation assists on ranking all identified types of wastes which were
termed in that paper anomaly. The paper more focuses on ranking anomalies and hence it does not map KPI
values as a basis for comparison. Additionally, the research scope is limited to production warehouses, and other
types of warehouses are shown as work-in-progress (WIP) boxes without including detailed information about
their operational performance.
Bozer attempted to analysis the reflection of some lean concepts in warehousing after investigating lean
application in couple of case studies(Bozer, 2012). However the analysis and discussion of value-adding and
non-value-adding activities, in the mentioned report, is one of the most important works in this area, but it is not
easy to generalize some of the concluded results to all warehouse types. For example, Bozer defines any
increment of inventory above a determined minimum level, as warehouse inefficiency. If the study scope is
narrowed down to the warehouse, and not whole supply chain, this argument cannot be true for warehouses
which their inbound and outbound activities are dictated from the supply chain. Consider, if customer order
reduces considerably after receiving new supply consignment, inventory level will exceed the determined
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minimum level. On thee other hand, consider if tthe demand inncreases and consequently inventory level in
warehousee decreases. This
T
reductionn does not refflect any improvement in w
warehouse effficiency. Henc
ce, if
supplier or customer chhanges their beehavioral patteern, which leaad to incremennt in inventorry level, this is not
warehousee inefficiency, but can be ineefficiency in ssupply chain planning or pooor demand forrecasting. Although
the mentiooned report puuts forward a uuseful theoreticcal frameworkk, it does not ppropose guideliines to utilize Lean
concept w
with applicationn of VSM in warehousing. Due to the coomplexity of w
warehouse operations, the paper
p
suggested that processees should be evaluated inndividually. M
Moreover, in tthe mentionedd report suggested
considerinng value addinng activities, aas which, theyy help to achhieve the objecctives of the next process. This
approach contradicts wiith Lean conccept, because with this appproach, any tyype of waste, inventory or extra
transportattion can be connsidered as vallue adding actiivity because tthey support thhe next processs.
Reviewingg the current literature showss the critical laack of an integrated approachh for warehousse evaluation. Most
of the currrent literature and practicess are ad-hoc oor not generic enough to bee applicable too a broad rang
ge of
different ccases (Gagliarddi, Renaud & Ruiz, 2007) (R
Rouwenhorst et al., 2000b) (Baker & Cannessa, 2009). Since
S
VSM has demonstrated promising ressults by its appplication in maanufacturing inndustry, this reesearch attemp
pts to
analysis hoow to apply VSM in warehousing context.
3. Method
d
Since a coonsiderable VS
SM study founndation exists iin the literaturre, the fundam
mentals of VSM
M are not expla
ained
in detail inn this paper, but
b the interessted readers arre referred to related literatture (Rother, S
Shook, Womac
ck &
Jones, 19999).
Generally, Lean divides activities into two classes; tthose that add value and those that do not.. Value added work
can simplyy be defined as; “those activvities that channge the physicaal shape or asssembly of a prroduct”. Due to the
nature of warehousing,, generally w
warehousing acctivities do nnot change thee shape or aassembly of ittems.
Nevertheleess, in warehoouses, changees do occur w
with regards tto the item unnit type. Reviiewing the cu
urrent
literature, warehousing processes
p
can be divided innto five abstraact classes; recceiving, storingg, picking, sorrting,
and shipping(de Kosterr, Le-Duc, & Roodbergen, 2007) (Abdooli & Kara, 2016). An oveerview and a brief
descriptionn of each proccess class and ttheir objectivees are given respectively in F
Figure 1 and T
Table 1. In Figu
ure 1
and Table 1, SKU refers to Stock Keepping Unit.

Figgure 1.Warehouusing processees objectives
Table 1. W
Warehousing Prrocesses Descrription
Process naame
Receiving
Storing
Order pickking
Sorting
Shipping

Descrription
Acquuisition of inboound goods, annd converting tthem into articles that are in the appropriate
condiition for being stored or adm
mitted in warehhouse. The valuue created is trransforming
inbouunds items intoo ‘warehouse-aable’ items.
Alloccates inbound iitems to warehhouse storage, being availablle for such tim
me as a custome
er
orderr triggers them for dispatchinng. availabilityy
Retrieeving customeer requested iteems from storaage
Qualiifies the pickedd items to satissfy order requiirements to be shipped.
Enables dispatchingg of orders from the warehouuse, such as loading the ordeers to truck (no
ot
transsshipment

To identiffy the value-aadding activitiies within waarehousing, thiis paper sugggests reconsideering the role that
warehousees play in the supply
s
chain leevel at first.
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Then, it is recommended that the warehousing objectives should be defined with respect to the introduced
enabler abstract processes. This is an important step for utilizing Lean concepts by application of VSM in
warehousing. Considering a pool of possible processes and sub-processes, the warehousing function, , can be
represented as it shown in (1) and (2).
= {( ,

)}; є{1, … ,5}

(1)

1; if P is the enabler process for warehousing function
i
0 ; otherwise


α =
i

=

,

; є{1, … , }

(2)

1; if sub - process k is needed in P
i
0 ; otherwise


β =
k

Where:
K: number of all sub-processes
: Process i
: Sub-process k
For example; Warehouse A is assigned (from supply chain level) to change the status of items as follows;
warehouse-able items, stored items, picked items, dispatched items, while warehouse B is assigned only the first
and last of these activities. If
is assumed as the membership value of storing process, it will be 1 and 0
respectively for warehouse A and warehouse B.
To distinguish value-adding from non-value adding activities within in each abstract process class, here, it is
suggested to define those activities as non-value adding, if they perform after the item transits to the required
status from that abstract process class. So, each sub-process of a process should be analyzed with respect to its
abstract process and thus a value-adding activity in one process can be non-value-adding in another.
Value-adding activities are generally recognizable, but sometimes non value-adding activities and waste are
intertwined with value-added activities, making it difficult to clearly distinguish them from each other. Therefore
some of these ambiguities will be discussed further.
Because of the long history of considering inventory as source of waste in Lean, it may seem bizarre not to
consider warehouse inventory as waste. Basically, in finished goods warehouses, storing the items and carrying
some inventory levels, let’s term it dedicated capacity, is the main role of warehouse, such that inventory assists
to absorb the risk of demand variation in the supply chain. Hence, it can’t be so true to consider any level of
inventory, even equal or less than dedicated capacity, as warehouse waste or inefficiency. Moreover, as explained,
if warehouse does not have control over its inbound or outbound flows, changes in these flows may lead to
inventory accumulation which exceeds the warehouse dedicated capacity. However, in the context of supply
chain analysis, this exceeded inventory is waste and could happen due to inefficiency in so many forms such as
poor supply planning. But, in the context of warehousing, the mentioned case of exceeded inventory from
dedicated capacity is not due to warehouse inefficiency. In other word, the inventory accumulation, as waste in
lean concept, can be in two forms; warehouse waste or supply chain waste. Warehouse waste is generated due to
in-efficiency in warehousing operations whereas supply chain ones generated due to in-efficiency in supply
chain planning level. However the supply chain waste could accumulate in warehouse, but these wastes should
not be considered as warehouse waste. This research aims to apply Lean concepts by application of VSM in
warehouse which its role is well defined in supply chain level. Hence, only that level of inventory, which occurs
due to internal warehousing processes inefficiency, is suggested to be considered as warehouse waste.
As with manufacturing systems, most transportation between processes can be considered to be
non-value-adding activity. In the current literature, picking and storing are considered to be the most time and
cost consuming processes in warehousing, as a function of travel distance. Since, this paper suggests defining
value-adding activities as those which directly change the item status, the travel of a picker from its dwell point
to a storage module to pick items can be considered non-value-adding. Some examples of different
picking/storing policies support this argument. Consider double command storing/picking process; the operator
in first part of travel, stores the items in storage modules and in the way back to dwell point, picks the orders
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items from
m the storage modules.
m
Doub
uble command process remooves two emptyy travel of opperator, back empty
travel of operator to dweell point in storring process annd empty traveel of picker froom dwell pointt to storage mo
odule.
By operatiing on doublee-command moode, the itemss still achieve their intendedd status (beingg stored and being
b
picked), thhrough these two warehouusing processees but with shhorter transporrtation. This reasoning stro
ongly
supports thhe above menttioned novel aargument regarrding consideriing the item sttatus as the criiteria to disting
guish
the value-aadding and nonn-value-addingg activities in w
warehousing pprocess.
3.1 Analyzzing Warehousing Processes Operational U
Units
In generall, the applicatiion of VSM sseeks to measuure an entire vvalue stream w
with respect too the final pro
ocess
objective(ss). In manuffacturing systeems, finishedd goods are the ultimate goal of prooduction and their
specifications are knownn in advance; thus inbound rraw materials are easily trannslated into a nnumber of posssible
finished gooods. In warehhousing, the uultimate objecttive is fulfillinng customer orrders, the specifications of which
w
are not-knnown in advannce. Nonetheleess, in order tto develop a hholistic analyssis for warehoousing, definin
ng an
identical sscale for all prrocesses is crittical which ennables a consisstent comparisson. Thereforee, this research
h sets
out to annalyze the exiisting operatioonal unit(s) oof warehousinng processes aand then exaamine the posssible
approaches for dealing with
w this issue for proper appplication of VS
SM in warehouusing context, iin section 2.2.
monstrated in F
Figure 2. Receiving
The transfformation in iteem unit happenns through waarehousing proocesses, as dem
and shipping are the warehouse
w
interfaces with other networkk nodes, relattive to supplieers and custo
omers
respectivelly. Hence, theese processes deal with diffferent units ffor the same item type; resspectively sup
pplier
consignmeent units and cuustomer order units.

Figure 2. Different unnits in warehousing processees
pplier
Receiving process mayy include subb-processes, suuch as de-pallletizing, whicch aim to chhange the sup
KUs. Once iteem units havee been transferrred to SKUs,, the remaininng sub-processes in
consignmeent units to SK
receiving operate on ann SKU base, as illustrated inn Figure 2. Ass explained inn table 1, storiing process utiilizes
SKUs (waarehouse-able items
i
from receiving) withouut changing thee item unit.
When the warehouse receives an ordeer from a custtomer, dependiing on its operational policyy, pick lists wiill be
assigned tto order pickeers. Thus the ppicking proceess operates onn SKUs but iis also based on customer order
o
definitionss. Depending on
o the processs design, the ppicking processs can be carrieed out from eiither an SKU or
o an
order basiss. The sorting process qualiffies the picked SKUs to meett the order speecification. Hennce it also ope
erates
on dual baasis; SKU andd order. Finallyy, the shippingg process dispaatches orders aand this generaally operates on
o an
order basiss but may also include some sub-processess that operate oon SKU basis aas well.
3.2 Formuulating Warehoousing Processs to Identical O
Operational Baase
As shownn in Figure 2, SKU footprinnt can be obseerved in all w
warehousing pprocesses. In aaddition, SKUs are
utilized ass an indicator for warehousse inventory leevels as well as for both innbound and ooutbound activ
vities.
Moreover,, since the SK
KU represents the most aggregated level of planning uunit in warehoousing context it is
feasible too conduct process evaluationn by using SKU
U as the scale unit. This reseearch introducces some guide
elines
for the measurement of different
d
typess of warehousinng processes w
with respect to SKUs.
At a very high level, prrocesses can be categorized in to two cateegories, SKU-based and nott SKU-based. Each
category ccan also be subbdivided, basedd on the proceess parameter ttype, into three sub-categoriies; fixed, consstant,
and variabble. In the fixedd sub-categoryy, process paraameters such aas process timee, are direct/deetermined func
ctions
of the num
mber of operatiional units. Foor example, in the labelling pprocess, the acctivity time or consumables are a
direct funnction of the number
n
of labbelled SKUs. In the constant sub-categoory, the proceess parameters are
independent from the nuumber of operrational units. Finally, in thee variable sub--category, the pprocess param
meters
may vary from one process
p
to anoother. An exaample of a vvariable param
meter might bbe travel disttance
(consequenntly process tiime) in the piccking process, which may vvary for differeent orders depeending on required
80
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items in customer order.
As an initial step to formulate different process types on SKU base, warehousing processes should be
decomposed into all possible sub-processes. Utilization of given representation in (1) and (2) can facilitate this
step considerably.
The second step is to categorize all warehousing sub-processes into SKU-based/fixed, SKU-based/variable,
SKU-based/ constant, not-SKU-based/ fixed, not SKU-based/variable, not SKU-based/constant.
For SKU-based processes, since they already operate based on SKU, there is no need to convert the process
operational unit. In regards to not SKU-based processes, these may operate in three general conditions as
follows;
1-Input SKU, output not-SKU: In this case, the number of inputs can be used to formulate process parameters as
a function of SKU.
2-Input not SKU, output SKU: In this case, output number can be used to formulate process parameters as a
function of SKU.
3-Input not SKU, output not-SKU: Here either ‘expected’ or ‘Min-Max frontier’ strategies can be utilized to
estimate the average or a range for the number of SKUs in the process. The explanation of these strategies is
given in section 2.2.1.
Up to this point all processes types could be converted to SKU base. It is worth noting that process parameters
can vary from one operation to another. For example, the process parameters which are employed to measure
typical process outcomes in VSMs are operation time, failure rate, resource and required consumables.
Sometimes, the process parameter is a standalone KPI itself, such as process time. But, generally process KPIs
are functions of process parameters. As shown in a generic representation in (4), is a function which maps the
process parameter
to a KPI. In general, each specific KPI can be calculated based on a specific function and
specific process parameter(s).
KPI = (

)

(4)

Depending on the process parameter type (fixed, constant, variable), some further manipulation is required in
order to formulating process parameters to SKU base, which is explained in section 2.2.1, 2.2.2 and 2.2.3.
3.2.1 Processes with Variable Parameters
For this process type, two methods are suggested; ‘expected’ and ‘Min-Max frontier’. These approaches, as
mentioned, can also be utilized when the number of operational units in a process is not determined.

Expected: Sometimes upon close examination of the historical data, a pattern can be observed and thus it may be
possible to map the variable parameter to a probabilistic distribution function. The process parameter may then
be represented as a function of some other variables as shown in (5).
PP: Process parameter defined as random variable
PP ~ D; PP has the probability distribution D
P(PP = pp): Probability that the PP has a particular value of pp.

)

= ( ,.,.,

(5)

In the ‘expected’ approach, it is suggested to use an ‘expected value’ of the variable process parameter to
estimate the related KPIs as shown in (6) to (10).
refers to the set of all possible values for
.
^ and
^ are respectively the estimated values for
and
.
(

)= ∑

є

(

× (

(

)=

)) ;

:∀
( ,.,.,

є

^= (
(

)=

(6)

(

)

) =

^= (

)× (

(7)
(8)

(
^)

)

)

(9)
(10)

It is worth noting that the benefits of this approach are not limited to the estimation of variable process
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parameters. This approach enables broad range of statistical analysis of KPIs. For example, if the modal value of
a process parameter is more desirable than its expected value, KPIs can be easily interpreted with respect to the
probability distribution function of the parameter.
Another advantage of this approach is that it enables one to analysis the occurrence chance of an acceptable KPI.
For example, sometimes smaller values of PP guarantee meeting the desirable KPI. In this case, by utilizing the
probability cumulative function(F(a)), the probability of meeting the desired KPI can be formulated as shown in
(11).
If PP ≤ a → KPI = g(pp ≤ a) ≤ b → KPI is acceptable,

F(a) = P(PP ≤ a)

F(a) = P(KPI ≤ b); the probability of meeting KPI

(11)

Thus, this approach enables one to capture the dynamic nature of a process, such that, scenarios may be
developed and tested based upon different possible process outcomes. As mentioned, the order picking process is
a good example of a process with variable process time and many researches have formulated the picking time as
a function of travel distance (de Koster et al., 2007) By adjusting these generic formulas to warehouse specific
conditions, the expected travel distance (accordingly process time) can be formulated. Generally, the picking
time,
, can be a function of many parameters, such as; : picking aisles length,
: picking aisles width ,
: picking aisles height , T: number of aisles, dw: dwell point position, D: dock position, s: demand
skewness, : order size,
: order diversity. Hence, the picking time and its estimated value can be presented as
follows:
= ( ,

,

, ,

, , ,

,

) ,

≈

(

)

The abovementioned parameters for the picking process can be divided into two general categories; deterministic
and non-deterministic. Some parameters are fixed, such as the number of aisles whereas some parameters, such
as order diversity or order size, may vary from one order to another. These non-deterministic parameters
introduce variability to the process time. As mentioned, observing historical data can reveal order profile patterns,
which can then be mapped to a probability distribution function. Hence, the chance of receiving different order
sizes with different diversity can be formulated. As shown in (12), the expected value is formulated based on two
elements. First element is the probability of receiving orders with specific size and diversity as a function of
non-deterministic parameters. The second element is the accordance picking time with respect to the received
specific order and deterministic parameters. The order diversity can range from one to maximum order size. The
former represents a single order line, whilst the later indicates one single item per SKU in the order.
(

)=

=1

∑

=
=1

( ,

)× ( ,

,

ℎ,

,

, , ,

,

)

(12)

Min- Max frontier: If the explained ‘expected’ approach is not applicable, or for ease of calculation, Min-Max
frontier approach is suggested. In this approach the possible minimum and maximum values of variable process
parameters should be estimated. These thresholds constitute a feasible range for the variable parameters and
accordingly for the process KPIs, as represented in a generic form in (13) and (14).
<

<

<

<

(13)
(14)

Recalling the picking process, considering the furthest and closest storage modules, the longest and shortest
travel distances (consequently process times), can be obtained. Although this approach determines some
thresholds and not one specific value for the variable parameter, it nevertheless provides an acceptable insight
from variable process parameter to interpret the related KPI.
3.2.2 Processes with Fixed Parameters
Since in this process type, process parameters are a direct function of the number of operational units, , it is
quite straight forward to formulate KPIs when a process is aligned to a SKU base. The generic form of this
approach is shown in (15) and (16).
= ℎ( )

(15)

= (ℎ( ))

(16)

3.2.3 Processes with Constant Parameters
If the number of operational units is constant,
constant process parameter; as shown in (17) and (18).

, KPIs can be calculated on a SKU base by using the
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; μ: constant coefficient

(17)

)

= (μ ×

(18)

If the number of operational units is variable, the ‘expected’ or ‘min-max frontier’ approach can be applied to
estimate the number of operational units and from that, the relevant KPI can be calculated. In case of variable
number of operational units, the variable parameter is .
The generic representation of applying ‘Expected’ method to estimate KPI, when the operational unit is variable,
is shown in (19)-(22). Consider the case that fork lifts carry different SKU numbers from docks to a stacking
area with constant carrying time. If historical data reveals that carrying SKUs follows a uniform distribution with
definable minimum and maximum SKUs, using the distribution parameters the expected number of carrying
SKUs can be considered for estimating process parameters/KPIs.
PP ≈ E(h(x))

(19)

PP ≈ h(E(x))

(20)

PP^ ≈ h(x^)

(21)

KPI^ = g(h(x^ ))

(22)

As mentioned, ‘Min- Max frontier’ can also be utilized to estimate the variable number of operational unit, . In
this approach the maximum and minimum number of operational inputs is considered, which provides a range
for process parameters and accordingly KPIs as shown in (23)-(25).
<
= ℎ( )|∀ є{
(

=

)|∀

є{

<

(23)
} →{

,

} →{

,

,

}
,

(24)
}

(25)

If the ‘min-max frontier’ approach is applied to more than one process, the possible combination of min and max
values for all processes should be taken to account and the corresponding global min and max should be chosen
for the KPI. For example, consider that ‘min-max frontier’ approach is applied to estimate process time of
storing and picking process,
and
. The storing and picking process time ,
and
3 , can sit within
the ranges given below, by considering the effective parameters; such as furthest and closest storing/picking
modules, maximum and minimum order size and diversity.
4

<

2

< 12

, 5

<

3

< 12

Hence, by application of the ‘min-max’ strategy on these two processes, their total process time,
the below range.
= {9, 16, 17, 24} → 9

<

, results in

< 24

Utilizing explained methods in 2.2, all warehousing processes can be formulated in such a way that all types of
processes can be measured with an identical scale unit, the SKU.

3.3 Formulating Order-Based KPIs
Generally, it is more preferable to measure process KPIs with respect to the eventual objectives of a process
chain. In the application of VSM to manufacturing systems, everything should be measured with respect to
finished goods, for which specifications are predetermined. In the warehousing context customer order fulfilment
is the main objective which the orders specifications are not known in advance and can vary from one order to
another. This ambiguity was the main reason that the SKU was chosen as the common unit for process
evaluation in section 2.2.1. Nevertheless, it is still preferable to interpret warehousing KPIs with respect to
customer order profile. Hence, SKU-based KPIs must be transformed into order-based KPIs. It is again
suggested to utilize either the expected or min-max approach for order profile estimation. Estimation of order
profile is different to demand forecasting. In demand forecasting the total number of customer orders over a time
period are forecasted. Whereas, order profiling seeks to find patterns within orders, such as order size or item
diversity, respectively; , .
If ‘Expected’ approach is utilized, probability distribution functions, such as , , can be assigned to variable
parameters of orders, such as order size and diversity, , . By estimating these parameters, as shown in (26),
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the process KPIs can be converted froom SKU-basedd to order-baseed,
in (27)-(300).

, as shhown in the geeneric formula
ations

^ = ( ),

^= ( )

= (
= (
^≈ (

| ,

)

(27)

2 ))

(28)

|(

1

,

| (

1

), (

^≈ (

| ^,

(26)

2

))

(29)

^)

(30)

In a simplle example, if the process tiime for single SKU was callculated 5 minnutes and the eexpected orderr size
was 20 (asssuming singlee order line); thhen the expecteed process tim
me for order cann be approxim
mately 100 minu
utes.
As mentiooned, for simpplicity, ‘Min-M
Max’ approachh can also be utilized to convert SKU baased KPIs to order
o
based KPIIs. In this case,, the describedd logic regardinng the Min-Ma
Max strategy in 2.2.1 applies hhere too. Min-M
Max’
approach pprovides a rangge for order baased KPIs as shhown in (31)-((34).
<

<

<
={

|
=

<

<

,

(

)|∀

є{

(31)

<
<
,

(32)
<
} →{

} → {
,

}

,

}

(33)
(34)

In generall, if the ‘expeccted’ strategy is applied to eestimate a KP
PI, one should be more consservative abou
ut the
interpretattion of the KPII since there iss always the poossibility of errror due to the inherent uncerrtainty in estim
mated
parameterss. This issue may
m be resolveed by definingg an acceptablee significance level and conffidence interva
al for
the estimaated parameterrs. Sensitivity analysis can aalso assist in aanalyzing the eeffects of paraameter variatio
on on
the whole process chain..
3.4 Producct Families Crreation
Generally VSM is appllied to producct families, ratther than to inndividual prodducts(Nielsen, 2008). There
efore,
creating prroduct familiees in the warehhousing contexxt is discussedd in this sectioon. In manufaccturing contextt, the
product tyype specificatioon is usually thhe source of pproduct family differentiationn. However in warehousing there
are multipple sources of differentiationn; customer’s orders, suppliiers or item sppecifications. E
Each of these may
imply som
me effects in diifferent stages of warehousinng abstract funnction, as illusstrated in Figuure 3. It is worrth to
mention thhat the given illlustration in F
Figure 3 is baseed on a generaal warehousingg process confi
figuration and some
exceptionss may not exacctly follow thiss representationn.

Figure 3. Impaact range of diifferentiation ssources in wareehousing
As shown in Figure 3, thhree main souurces; supplier,, SKU and cusstomer order can cause diffeerentiation in SKUs
S
SKU differenttiation source has the higheest impact rannge. Because, each
required pprocesses in a warehouse. S
specific item may vary in required ooperations in eeach of the fiive mentionedd abstract proccess classes, which
w
affects the whole life cyccle of an item in its warehouusing journey.
Different ssuppliers can affect the requuired processees for a single SKU up to piicking processs, in order to make
m
warehousee-able and stoored items froom supplier cconsignment. IIn other wordd, the impact range of sup
pplier
differentiaation source is upstream proocesses of ordeer picking. Forr example, connsider a warehhouse that receives
SKU001 ffrom two supppliers. Supplieer A provides this SKU typee in cartons w
whilst B providdes the produc
ct on
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pallets. Hence the receeiving process may change depending onn the supplierr; whether thee inbound pro
oduct
requires dee-palletizing suub-process or nnot.
As soon ass the items aree stored, their status will chaange to SKU, aand generally, any other proocess afterward
d will
be appliedd because of cuustomer order. Any stored SK
KU that meets the customer order specificaation can be piicked
and any hhistory of upsttream processees is not conssidered. In othher word, the impact range of customer order
o
differentiaation source is downstream pprocesses from
m order pickingg. As an exampple, in dispatchhing the mentiioned
SKU001, oone customer needs standardd packaging w
whilst the otherr requires speccial packagingg. Here the pac
cking
process w
will vary for the same SK
KU. In this siimple case foor one specifi
fic SKU, fourr different pro
ocess
configurattions exist whiich should be aadded to the variation in proocess configuraation due to diifferent SKU ty
ypes.
Since wareehouses generally deal with numerous item
m types, supplliers and custoomers, it wouldd be much easiier to
follow thee causes of differentiation
d
in order to ddevelop produuct families. T
The suggestedd approach ca
an be
demonstraated hierarchicaally, as shown in Figure 4. T
The arrows indiicate the sourcces of differenttiation.

Figure 4. Schemaatic view of maaking item fam
mily for warehoousing items
4. Case Sttudy
The studieed warehouse is a distributioon center for an internationnal healthcare company. It rreceives 70% of
o its
SKUs from
m a domestic factory
f
replenishment center and these connstitute the fastt moving itemss of the distribution
center. Thee items receiveed from the repplenishment center can be grouped in one family, since tthey have the same
supplier annd share same processes andd resources andd these have been chosen forr this study. Thhis warehouse runs
all five m
main warehousing processes and so it is a good candiddate for a com
mprehensive sstudy. In this case,
item-unit cchanges from supplier
s
consiggnment to palllet, from pallett to SKU and ffrom SKU to ccustomer order. The
receiving process includdes two sub-pprocesses; unlooading and sttacking;
,
. Storing, piicking, sorting
g and
shipping aare respectivelly shown 2 , 3 , 4 and 5 . Using (1), thhe warehouse processes cann be formulate
ed as
follows:
= {((1,

11 ), (1,

12 )), (1,

2 ), (1,

3 ), (1,

1,
4 ), (1

5 )}

automatic sub-pprocess, whichh receives 5 looads each weekkday morning,, each containiing 33 pallets of
o 10
1 is an a
SKUs andd is followed by
b stacking proocess. Consideering the givenn objectives foor receiving prrocesses in Tab
ble.1,
both the receiving sub-pprocesses are considered as value addingg, since they cconvert supplieer consignmen
nts to
warehousee-able items. For
F the sake off brevity, it is ssufficient to prrovide some exxample calculaations with the
e rest
are shownn as results in Figure.5. Sinnce the SKU qquantity is connstant in each load, the receiving processs can
easily be fformulated to a SKU basis ass follows;
11 -time

ffor truck load=
=30 minutes,

1
11 -time

per SK
KU=30/33×10=
= 0.091 minutee.

In the storring process, thhe forklift drivver first drivess to the stackinng area, then ppicks pallets, ddrives to the sto
oring
area, puts the pallets inn the racks annd then comess back. As expplained earlierr, the driving component off this
process caan be considereed as non-valuue-added but nnecessary activvities, whilst thhe positioning of items in rac
cks is
consideredd as the main storing processs. The transpoortation and 2 have variabble run time deepending on ittem’s
position inn the storage area,
a
aisle posittion, and shelff height. Obserrving historicaal data, a Paretto-distribution with
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2 ~Pr(t)→
2^

2^
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2.

= (Pr(t))

= 3 minutes/pallet
^ = 3/10=0.3 minutes

2−

The warehouse has a static time window in which to receive orders and after that 3 starts. Pickers pick
required items and sort them in sorting matrix in preparation for shipment. Pareto-distribution with proper shape
and scale parameters can also be a good estimator for picking process, by considering the storing policy, storage
area configuration and other related parameters.
3 ~Pr(t)
3−

^ = 0.5 minutes

As demonstrated in Figure 5, instead of showing a single value for the estimated parameters, these are
represented as distribution functions. For clarity, the adjusted Pareto diagrams are rotated 90 degrees and the
dashed-lines show the expected values of each distribution. One may consider each value in the distribution
function, for KPI estimation, by considering its corresponding probability.
Analyzing the order profile, the order size varies from 3 to 11 SKU per order with average of 9, which larger
orders are more common. Since the sorting area is small, hence arranging larger orders is not measurably longer
than smaller orders; sorting process is almost identical free from order size. The sorting process can be converted
to SKU base by considering its expected value of operational units.
PT4 = 5 minutes
PT4−SKU based ^= (PT4 |order size=9) ≈0.56 minutes
For the purpose of demonstration in this case study, the typical metrics in the VSM are primarily examined, such
as process time; however other KPIs can also be easily formulated. The current state map of the described
warehouse, with restructured SKU-based processes, is illustrated in Figure 5. In order to demonstrate
order-based KPIs, the process parameters are divided to 9 (average order size), shown as the bottom line in
Figure 5.

4.1 Discussion
As discussed earlier, the duration of stay of a SKU in the warehouse is not an indicator of warehouse inefficiency.
In this case study, from receiving to storing, all processes operate on push mode and only customer orders send a
pull signal to trigger picking process. This makes picking as the decoupling point, and the pacemaker of the
warehousing function. Hence, as illustrated in Figure.5, the stored items are shown in supermarket, instead of
wrongly showing them as work in progress (WIP). The lead time in the supermarket indicates the time interval
from receiving an order to picking it from the racks. In other words, lead times before the decoupling point
indicates the SKU’s waiting time to progress to successive process, whereas the cumulative values of lead times
after decoupling point represent the order lead-time.
The total process time of each single SKU is expected to be 1.906 minutes. However, depending on
non-deterministic process parameters, this value can vary. The variation of storing and picking process time and
their transportation sub processes have led to a non-smooth process chain as captured and shown in the dynamic
VSM representation in Figure.5. This variation sometimes results in either idle time or resource bottleneck.
Upon closer inspection, sorting and picking tend to be the most time consuming processes, which is reasonable
since the studied warehouse is a customer-facing warehouse. Moreover, since picking is the pacemaker it is a
good candidate for improvement. Combining the storing and picking processes as one process may help to
absorb some variation from both processes and providing the warehouse operates with greater stability. This
approach promises to increase process efficiency as discussed in the literature and to warehouse managers in the
exemplar organization concur that application of double command storing-picking process would improve
efficiency and also create smoother flow. Demonstrating such a future state map is not in the scope of this paper
but would follow the same procedures set out in this paper.
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Figure 55. Dynamic VS
SM applied in a real case stuudy
5. Conclussion
The appliccation of VSM
M in a warehouusing context w
was studied in this paper. As one of the maain contributions of
this paper,, a novel abstrract classificattion of warehoousing processses was given,, based on proocess output sttatus.
This abstrract classificattion enables thhe descriptionn of warehoussing functionss based on theeir processes. This
approach ssimplifies the distinction
d
of vvalue-adding, non-value-addding activities and waste, whhich are intertw
wined
in a warehhousing contexxt. In addition, this represenntation of item
m unit transform
mation in wareehousing processes
enables thhe developmennt of a comm
mon scale and unit for process chain evaaluation. ‘Min--Max frontier’ and
‘expected’ methods were proposed to deal with thee non-determinnistic or uncerttainty in wareehousing proce
esses.
These metthods represennt non-determ
ministic values (such as randdom process pparameters) w
with a probabiilistic
distribution function or a range, insteaad of demonstrrating one singgle value in VS
SM. This noveel approach hellps to
overcome the embodied uncertainty inn an entire valuue stream incluuding variationn in supply (suuch as consignment
size), variaation in processs parameters (such as travel distance in ppicking processs) and customeer order (orderr size
and type). It is worth mentioning
m
that the suggestedd approach in tthis paper cann be undertakenn to apply VSM in
any proceess chain conttaining variabble process paarameters and is not limiteed to warehouusing context. The
introducedd dynamic VSM
M, with emboodied statisticaal and mathem
matical analysiss, can reflect tthe dynamic nature
of processses and also give a comprehhensive and unnderstandable insight of a pprocess chain KPIs. All of these
results caan greatly suupport the deecision makinng process reegarding proccess design, configuration and
improvem
ment. At the endd, research reggarding the appplication of thhe proposed meethodology in systems which
h run
as processs chain in otheer domains cann be a potentiaal future reseaarch. Formalizzation of the inntroduced concepts
and methoods for the general applicatioon of the propoosed methodoloogy can be stuudied as well.
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