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Abstract: Parts Kitting is a frequently adopted method to feed parts from a warehouse to an assembly line.
While kitting allows minimization of space occupation and Work In Process holding cost at the
workstations, also simplifying materials flow and supporting manual assembly, it is penalized by high
workforce cost for manual kits preparation. For this reason automated kitting systems have been also
proposed although their practical application is somewhat limited owing to the relevant capital investment
and scarce performances of robotized Kitting systems. Moreover, economic models allowing a quantitative
comparison of manual and automated kitting systems are not yet available in the literature. As a contribution
to fill this gap, in this paper a cost model useful to compare manual and automation-assisted parts retrieval
and kitting systems is presented. The model can be used as a decision making tool when planning and
justifying kitting systems. The model includes capital investment, workforce, space occupation and quality
costs. A case study as an application example is also included to demonstrate the model capabilities. Results
show that automation-assisted kitting systems can be competitive in comparison to manual Kitting and that
break-even conditions can be also identified by the proposed method.

Keywords: Automated kitting, manual kitting, assembly line, parts feeding.

1. INTRODUCTION

In assembly lines parts kitting is a frequently adopted method to feed parts to workstations. In kitting
systems the different parts required to assemble one unit of an end item, or the specific set of parts to be
assembled at a workstation, are included in a kit container which is then moved to the assembly line
(Brynzér and Johansson 1995; Bozer and McGinnis 1992; Caputo and Pelagagge, 2011; Caputo et al.,
2015a; Hanson, 2012; Sellers and Nof, 1986). This method is radically different from continuous parts
supply systems, such as line storage or just in time feeding, where individual containers holding a stock of
each part type are permanently stored at the workstations and periodically replenished when parts have
been consumed. As compared to continuous parts supply, Kitting has some notable advantages (Brynzér
and Johansson 1995; Bozer and McGinnis 1992; Hanson, 2012; Sellers and Nof, 1986). In fact, space
occupation and Work In Process holding cost at the workstations is reduced, materials flow is simplified,
and assembly operations are more efficient thanks to improved ergonomics and the fact that all parts are
already checked, prepositioned, and easily grasped. Moreover, the operator does not spend time walking
around to reach the individual parts containers. Kitting is especially suited to mixed model production
where end items including parts variants are assembled on the same workstations. Kitting operations can
be done at the supplier, at a third party logistics provider or at the original equipment manufacturer (Limere
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and Van Landeghem, 2009). However, whoever be the actor in charge of kit preparation, the problem arises
of deciding how the Kitting process should be accomplished.

In this respect two categories of approaches could be identified, namely traditional kitting and direct kitting.
Traditional Kitting implies that a proper set of parts made available in a warehouse are picked by human
operators and/or automated equipment to be placed in kit containers. This is the most frequently used
approach for kit preparation. Direct Kitting, instead, is an innovative approach where direct digital
manufacturing, i.e. resorting to additive manufacturing equipment and digitally controlled machines, are
used for the preparation of customized assembly kits (Holmstrom and Partanen, 2014) by simultaneous
fabrication of the set of parts to be kitted. In this manner different parts of an assembly may be produced in
one build envelope as easily as manufacturing a batch of identical parts (Khajavi et al., 2013) and the
number of handling activities required for kits preparation is strongly reduced. However, pursuit of direct
kitting still suffers from the limitation of current additive manufacturing technologies and their limited
diffusion on the workplace. It also implies that the logistic provider or the assembler of the end product
becomes a manufacturing actor as well. Therefore direct kitting currently represents a niche application and
few examples are reported in the literature (Lyly-Yrjandinen et al., 2016). For the above reason this work
will only focus on traditional kitting, where batch-produced and conventionally manufactured parts are
kitted and kitting is a separate activity from manufacturing. Nevertheless, manual kit preparation is work-
intensive and human error-prone, thus penalizing this feeding option owing to high workforce and quality
cost. In order to reduce reliance on workforce, fully automated kitting systems have been also proposed in
the literature (Sellers and Nof, 1989; Tamaki and Nof, 1991) but are scarcely adopted in practice (Sellers
and Nof, 1986) either for the high capital investment and because parts kitting remains a complex task for
robots systems (Balakirsky et a., 2013; Polydoros et al., 2016). Hybrid systems have been also adopted
(Boudella et al., 2016, 2017, 2018), where picking of parts is shared between robots and human operators.
While models for system planning and cost estimation have been developed for manual kitting (Caputo and
Pelagagge, 2011; Caputo et al., 2015a,b; Limere et al., 2012; Sali et al., 2015) works or robotic systems
design and performance estimation is much scarcer (Boudella et al., 2017; Tamaki and Nof, 1991). To the
best of our knowledge, the only available economic model dealing with kitting automation is that of Caputo
et al. (2018a) who compare automated retrieval systems with fully manual solutions. Moreover, no cost
estimating model is available for robotized kitting. This prevents from properly comparing different
alternative Kitting systems in order to select the right option for any given application. As a contribution to
fill this gap, this paper a) develops resources planning and costing models for fully or partially automated
and manual kitting systems; b) performs an economic comparison and capacity analysis of manual and
automated kitting systems; c) investigates the economic convenience of error-avoidance systems. The
model can be used as a decision making tool when planning and justifying traditional kitting systems. This
paper substantially extends the work of Caputo et al. (2018a) by including a thorough state of the art and
classification on the topic, also developing a novel resources planning and costing model for robotic kitting
solutions, as well extending the comparison with other automation-assisted or manual systems by carrying
out a sensitivity analysis. The paper is organized as follows. After a literature review, and a classification
of traditional kitting systems, the considered alternative Kitting systems are described at first. Then an
economic model is developed to estimate daily equivalent operational cost including capital investment,
workforce, space occupation and quality costs, based on production rate. Finally, a sensitivity and risk
analysis is carried out in the framework of a case study representing a numerical application example, used
to show the model capabilities and point out the existence of break-even conditions. Comments on the
obtained results and directions for future research conclude the paper.

2. LITERATURE REVIEW AND CLASSIFICATION OF KITTING SYSTEMS

Parts feeding to assembly lines stations is an important design and management problem in production
systems (Boysen et al., 2015; Kilic and Durmusoglu, 2015). The main alternatives include using mixed
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parts containers, holding the specific assortment of parts required to assemble assigned variants of the
finished product (this include stationary and travelling kits, as well as sequencing), or dedicated containers
holding the same part type, to be permanently held at assembly workstations and periodically replenished
(continuous parts supply systems including line storage and just in time delivery). The various parts feeding
methods have both advantages and disadvantages, so that choosing the right method for a specific
application, or even planning a hybrid parts feeding system simultaneously using several methods for
specific subsets of parts, can be challenging. In the literature the influence of parts features and scenario
condition on the choice of feeding method have been analysed (Caputo et al., 2018b) and empirical methods
have been suggested to develop hybrid parts feeding policies (Caputo and Pelagagge, 2011; Usta et al.,
2017). Mathematical programming techniques to optimally assign parts to multiple feeding policies have
been also developed (Caputo et al., 2015b; Limeére et al., 2012; Schmid et al., 2018), while several authors
developed costing and performance models to compare two or more polices as reviewed by Caputo et al.
(2018b). Kitting is recognized to be superior to continuous supply policies as far as material flow
simplification and work efficiency of the assembler are concerned. Kitting also offers lower space
occupation and WIP at the assembly station, thus resulting particularly suited to mixed model production.
Nevertheless, Kitting is penalized owing to the cost and manual effort required for Kits preparation in the
warehouse. Therefore, when circumstances suggest the adoption of kitting, a decision has to be made about
how to carry out the kitting process, as this may be performed by human operator or automated resources.

However, it should be pointed out that this work is only focused on comparing alternatives for traditional
Kitting systems, while it does not consider the problems of selecting kitting as a parts feeding method in
comparison to alternative methods. Therefore, we assume that a plant manager has already decided to
implement parts Kitting and has to select the most cost effective implementation solution in a specific
assembly context.

A Kitting process, conceptually includes three different steps, namely retrieval of parts from the storage
area, picking the right number of parts to be inserted into the kit, and actual parts kitting. The latter kitting
operation does not merely implies only placing the picked parts into the kit container but it generally
includes a number of possible sub-tasks, namely counting/weighting of parts to ensure that the right number
is included in the Kit; preparation of components before insertion in the Kit (i.e. cutting to measure, package
removal, cleaning and quality control); kit preparation (insertion of parts in the right sequence and in the
proper housing slot, including correct positioning control); compilation of missing component list for
subsequent kit completion. It should be noted that the three above cited phases can either be carried out by
the same type of resources (i.e. manual or automated) or assigned to different types, and can be even be
combined. For instance, in a picker to parts system the operator walks along warehouse aisle and picks the
individual parts, so that the retrieval and picking phases part are merged into a single one. As an extreme
case the three steps can be merged into a single one when an operator or a robot picks and simultaneously
Kits the parts. This gives rise to a combinatorial explosion of different possible systems configurations,
including fully automated, fully manual and hybrid ones. Overall, the distinction between parts retrieval
and picking is only meaningful when the two steps are carried out by different kinds of resources. Therefore,
in a simplified manner one can say that the Kitting process generally includes a picking operation and a
kitting operation. This allows to refer to the ample literature on order picking systems (OPS) to attempt a
classification of kitting systems (excluding direct kitting).

Standard order picking classification (Dallari et al., 2009, De Koster et al., 2007) usually distinguishes
between machine-based and human-based OPS. The former perform fully automated order picking
resorting to robots or automatic dispensers (i.e. A-frames). This is an unfrequent solution only adopted for
small sized parts with regular shapes (i.e order fulfilment in pharmaceutical distribution centres) or high
value items. Human-based OPS are subdivided in picker-to-parts (i.e. fully manual OPS or automated man-
on-board systems), parts-to-pickers systems, and put systems. The latter employ an automated system to
retrieve parts containers and present them to manual pickers. Among the automation technologies used in
parts to picker systems the following can, for instance, be cited, namely Vertical lift Modules (VLM),
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horizontal or vertical carousels, Automated Storage and retrieval cranes (AS/RS), miniload systems, multi-
shuttle systems (SBS/R, Shuttle Based Storage/Retrieval, or Automated Vehicle Based Storage/Retrieval,
AVS/RS), compact storage systems such as Swisslog’s Autostore, robot based systems, including Robotic
Mobile Fulfillment Systems (RMFS) such as the Kiva system. A general procedure for design order pick
systems was provided by Yoon and Sharp (1996), while Dallari et al. (2009) map the most suitable
technologies according to OPS characteristics and Van Gils et al. (2018) review planning problems in OPS.
As far as automation technologies in OPS are concerned, an earlier review of the literature on automated
storage and retrieval systems has been carried out by Roodbergen and Vis (2009), while Sellers and Nof
(1986) focus on reviewing automated kitting systems. A recent classification and overview of robotized
warehousing system is instead carried out by Azadeh et al. (2017) and Boysen et al. (2018). However, for
the sake of this paper, a classification shown in Figure 1 based on the type of resource and the phases of
the Kitting process has been preferred. Figure 1 also shows the particular architectures chosen for the four

systems compared in this paper, namely Type I, Il, Il and IV as described in the following Section.
AUTOMATED MANUAL
(Parts to picker) (Picker to parts)
= Carousels :
= SBS/R and AVS/R High level man
RETRIEVAL VLM onboard aisle picking

+ AS/RS & Miniload

* Low level aisle pickin,
* Robots P &

= Autostore L ] ®
* RMFS
* Dispensers
* A frames * Manual @ ®
PICKING « Robots ®
KITTING * Robots ® * Manual @ ®
Type IV Typel Typell &l

Figure 1. Classification scheme for generating kitting systems architectures.

Several design and performance estimation model are available for automated warehousing systems, also
allowing comparison between alternative systems. For instance Bozer and White (1990) model automated
end-of-aisle OPS, Bozer and Aldarondo (2018) compare miniload and RMFS. Vasili et al. (2012) review
AS/RS design and control criteria, while Lehrer and Srami (2012) provide a design procedure for AS/RS,
Khojasteh and Son model single cranes AS/RS serving multiple aisles, Sari et al. (2005) analyse flow-rack
based AS/RS, Liu et al. (2018) model split-platform, AS/RS. Lerher et al. (2016) model shuttle-based
storage and retrieval systems. Foley and Frazelle (1991) and Foley et al. (2004) model miniload systems.
Fukunari and Malborg (2009), Kuo et al. (2007), Heragu at al. (2011), Roy et al. (2012), Kai et al. (2014),
Ekren et al. (2014) and Marchet et al. (2012, 2013) use queueing network to model performances of AVS/R
systems even providing design guidelines and trade-off analyses. Hanson et al., 2018 give a practical
overview RMFS, while Lamballais et al. (2017) and Yuan and Gong (2017) analyse performances of RMFS
and provide design guidelines, whilst Xiang et al. (2018) and Zou et al. (2017) discuss management issues
of RMFS. Boysen et al. (2018) survey research on automated sortation conveyors. Hwang et al. (2002)
consider automated end-of-aisle OPS combined with Automated Guided Vehicles, Zijm et al. use queueing
theory to analyse performances of an automated kit transportation system. Carousel and VLM systems have
been instead modeled by Hwang and Ha (1991), Meller and Klote (2004), Park et al. (2003), while Litvak
and Vlasious (2009) perform a general in depth review of such systems. Tappia et al. (2019) discuss design
and performance assessment of Integrated storage-order picking systems. Nevertheless, all of the above
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references do not address specifically the use of the above cited technologies in the context of automation-
assisted Kitting systems, nor provide guidelines for architecting a kit preparation system.

As already mentioned fully robotic kitting systems are seldom utilized, owing to technical difficulties robots
encounter in performing complex tasks such as picking single parts in bulk containers, orienting parts to
place in kit containers, removing packaging and interleaving cardboard sheets and dividers in parts
containers, although experimental applications have been described (Liang et al., 2015; Polydoros et al.,
2016). Tamaki and Nof (1991) discuss issues in robotic kitting systems also exploring configuration of
robots integrated with Automated Guided Vehicles, carousels or AS/RS performing retrieval tasks. Selers
and Nof (1989) perform a preliminary quantitative performance analysis of robotic kitting systems
including a simplified model for estimating cycle time. Finally, Boudella et al. (2016, 2017) develop
performance model allowing to estimate in detail the cycle time in hybrid kitting systems where parts
picking and Kitting is shared between robots and operators. Their model is subsequently used to optimize
parts allocation between resources in order to meet a cycle time constraint imposed by an assembly line to
be fed in just in time manner (Boudella et al., 2018). Costing issues of robot systems, instead, has been
discussed by Landscheidt and Kans, 2016).

Overall, the above review shows that although detailed modelling and analysis approaches have been
developed for each specific warehouse automation piece of equipment, general resources requirements
computation criteria, as well as cost evaluation methods for design of kitting systems, either manual or
automated, are still lacking in the literature.

3. DESCRIPTION OF EXAMINED KITTING SYSTEMS

Owing to high capital investment and technical limitations of fully automated Kitting approaches, in this
work we focus our attention on fully manual and automation-assisted “hybrid” Kitting systems. The latter
include either automation in the parts retrieval, and or picking phases, or the use of automated error proofing
systems. A robotized kitting system, where the robots performs parts picking and kitting, is included in the
hybrid systems category because owing to technical difficulties in picking or kitting of some parts, more
often, the robot will kit a subset of parts while the remainder parts will be kitted manually. Then the ratio
of robotic to manually kitted parts will be the parameter chacterizing this system alternative. In particular
we examine the following alternatives.

Type |. Automated Retrieval - Manual picking and Kkitting.

In this case picking is performed by an Automated Storage/Retrieval System (AS/RS) such as a mini-load
system. Retrieved parts container are moved to the AS/RS output bay and placed on a buffer conveyor.
After manual picking the container are stored in the warehouse while the operator places the required parts
in the kit containers. The buffer conveyor allows to avoid interferences between manual operators and the
automated storage/retrieval cycles. Ready kits are temporarily stored in the Kitting area before
transportation towards the line. In the order picking literature this architecture may be considered a put
system (De Koster et al., 2007). Figure 2a depicts the system layout.

Type Il. Manual Picking - Manual Kitting.

In this case a traditional warehouse is used where the operator manually picks the required amount of parts
from their storage containers and delivers them to the kitting area where manual Kitting takes place, as
shown in Figure2b. Please note that this figure only shows the arrangement of the storage and picking area
and not the separate kitting station. In this system the arrangement of kitting stations is assumed to be
similar to Type I systems with the difference that picked parts instead of parts containers are delivered to
the Kitting station. However, the alternative very common approach where the kitting station is fed with
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manually retrieved containers from the warehouse, and the human kitting operator moves and picks parts
from the container and places them in kits can be accounted as well by this model as described in Section
4. Moreover, in this system the picker uses a paper pick list to get information about parts to be picked.

Type 1. Automation-assisted Picking - Manual Kitting.

This is the same of Type Il exception made for the adoption of pick-to-light warehouse racks and RFID
systems used to help parts identification and reduce errors in manual operations.
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Figure 2. Warehouse conceptual layout, a) for Systems Model | and b) for Systems Model 11 & 111
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Type IV Hybrid Robotized/manual picking and Kitting.

This is a totally automated Kitting systems where robots moving through storage aisles, like the cranes in
an AS/RS, pick parts and kit them. In case some parts cannot be picked or kitted by the robot, then a
traditional manual Kitting system (Type 1) is used to supplement the robotic kitting system to complete kit
preparation with the missing parts (see Figure 3).

P — |
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Figure 3. Conceptual scheme for Systems Model IV

4. RESOURCE PLANNINGAND COSTING MODEL
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For each system type at first the resources requirements are computed based on the demand of end products.
Then investment and operational costs are computed. A yearly equivalent total cost is thus evaluated for
economic comparison purposes including capital investment (AS/RS cranes, storage racks, other automated
equipment), workforce cost, energy consumption, space occupation cost based on the surface area of the
warehouse and kitting zone, and quality cost deriving from errors correction. In Type | systems resources
to be planned are number of AS/RS cranes, volume of storage racks, number of operators. In Type Il only
storage racks volume and number of operators for retrieval, picking, kitting and warehouse replenishment
have to be computed. In Type I11 systems, as compared to Type Il, the RFID and pick-to-light systems costs
are included. In Type IV systems resources requirements to be computed are number of picking/kitting
robots, volume of storage racks, number of operators for auxiliary parts kitting and storage racks
replenishment. Transportation cost of kits to workstations, WIP holding cost at the line and kits containers
cost are neglected being common to all alternatives.

Resources planning models

Let us assume that M types of End Products (EP) are assembled, with j=1,..,M subscript denoting the type
of end product. N distinct part types are used, with i=1,..,N denoting the i-th part type. D;j is the daily average
demand of j-th end product, and njj is the multiplicity of i-th part type in one unit of the j-th product (nj; =
0 in case the product does not use the part). Furthermore, let us assume that aij = 1 when nj; = 1 and oij =0
in case nij = 1, while Bi; = 1 when njj > 1 and Bi; = 0 if nj; < 1. VCi is the volume of the storage container
holding the i-th part type, while A; = Z}‘il D; nj; is the total daily consumption of the i-th part type. As far
as robotic Kitting is concerned, we also define yij = 1 in case the i-th part type, required for the j-th kit type
allows robotic picking/kitting, while yij = 0 when technical reasons prevent robotic picking/kitting of that
part type. The ratio @ = number robotically Kitted part types/overall number of part types is a system
parameter. In case w = 1 a fully robotic Kitting system is obtained, while when o = 0 a system Type Il is
obtained.

The required number of workers in the kitting department NopK, may be computed as

NOpK:P(I;E-:—‘ 1)

where [ ] is the ceiling function representing rounding to next integer, with OpT (h/day) the daily
available work hours of a worker (i.e. the daily contract work hours time the worker's efficiency nop) and
TKT (h/day) the total work man-hours required for manual operations, expressed as

M
TKT =) D, TK, )

j=1

being TK; (hr) the time to prepare one kit of a type j product.

N
TK,; =>"(Tps; +Tin, + Trepl, +Tck)+Trl ©)

i=1
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where Tps; (h) is the time required to pick the i-th part from storage containers. In case of Type | systems,
being Tp the unit picking time Tpsi = njj T, because the container is brought to the picker by the AS/RS
system. In case of Type Il and 111 systems Tps; = Nti (2Li/vtp) + njj T because the picker has to reach the
storage location before picking the part and come back. In the above equation Nt; is the number of trips to
pick items of type i needed for one kit from the storage area, Li (m) is the picking distance (it depends from
the warehouse layout and parts storage policy) and vtp (m/h) is the picker’s walking speed. The number of
trips necessary to retrieve the required number of parts of type i to prepare one kit is

n. n.P n.V.
Nti:{max( ! ;PIJ ';\; : H (4)
n

max max max

where Pj is the weight of one item of type i, Vei = Vi/(1-&) is the equivalent part volume based on the part
physical volume Vi and the filling coefficient & of the container, Nmax, Pmax, Vmax are respectively the
maximum number, weight and volume of parts that a picker can transport at once in a single trip. In case
Nti < 1 it means that in a single trip the operator can retrieve a number of parts of type i enough to prepare
more than one kit or will pick multiple part types during the same trip.

Please note that in case the picker moves an entire parts container, having capacity CC;, to the kitting station,
then Nt; = n;; /CCi.

Tini = njj tyit (h) is the time required to insert the items of type i into the Kit. Average time txit required to kit
one unit of a part type can be measured or computed resorting to traditional time studies methods. It includes
all required operations (i.e. parts counting and preparation, positioning and cheking). Tck (h) = njj tex (h) is
the time required to check each part type in a kit before delivery, Trl (h) is the time required to stow away
the ready kit before delivery. Trepli (h) = Tcr (nij Vei/ Vci) is the equivalent warehouse replenishment time
deriving from the amount of of i-th part type consumed for each EP; kit, being Tcr the time required to
substitute an empty part container with a full one.

In Type IV systems the number of required operators is computed in the same manner as in Type Il and 111
systems with the exception that TK;j is computed according to Equation (3) only for parts requiring manual
picking/kitting (i.e. yij = 0), while for parts allowing robotic picking/kitting (i.e. yij = 1) TKj only includes
the empty box replenishment term for the robotized kitting area.

In order to assess storage area requirements the warehouse must be sized as described below. For Type |
systems (automated retrieval and manual picking and kitting) an automated warehouse has to be used,
whereas for Type Il and Il systems (manual retrieval, picking and Kitting) a traditional warehouse is
adopted as shown in Figure 2b. In both cases, to determine the warehouse dimensions the volume VC (m?3)
of SKUs and the maximum rack height Hmax (m) are imposed. VC and Hmax may differ for Type I, 1l and
I11 systems. For Type IV systems the kitting area floor space, KAS, includes both the (possible) manual
warehouse area, sized as in case of Type Il and Ill but limited to part types not allowing robotic
picking/kitting, and the area occupied by robotized aisles.

However, the arrangement of the racks in the robotic area is somewhat different as compared to the manual
picking area. In fact, to allow the robotic arm and the vision system to properly interface with the containers,
only racks with three vertical storage levels are used, a fixed storage location is assigned to each part type,
gravity flow racks are used so that when an empty container is removed by the robot it is immediately
substituted by a new full container. A conceptual scheme for one aisle of robotized warehouse is shown in
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figure 4, where WR is the single gravity flow rack width, RA is the robot aisle width, OL the replenishment
operator walkway width and WAR the full width for each aisle.

Figure 4. Conceptual cross-section of a single warehouse robotized aisle for Type IV system.
The required warehouse capacity WV (SKU) and the required throughput rate TR (SKU/h) are dictated by

demand D and are computed as follows. The gross volume VDD (m®/day) of all parts needed to satisfy the
daily demand of end products is

VDD =¥ SN nj - Dy Ve %)
The total number of parts of type i required to satisfy the daily production volume is
Ay = XiLin; - D; (6)

In Type I system assuming that each time the container holding the i-th part is retrieved, the operator, picks
an amount Q; of parts, then the daily number of retrievals of the i-th container is R; = Ni/Qi, so that the
warehouse required throughput is

TR =53] @

The whole warehouse capacity is computed as
RI
WV =[VDD - (1+ fss) - o (8)

where RI (day) is the time between replenishments, assumed the same for all items type, fss (%) accounts
for safety stock and VC is the container volume. To determine the AS/RS configuration, the method by
Bozer and White (1984) is adopted which computes the mean duration of both single command tmsc (S)
and dual command tmpc (s) storage/retrieval cycle duration once the horizontal vx and vertical vy velocities
of miniload cranes have been chosen. The length of aisles La (m) is then chosen to minimize cycles duration
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(Caron et al., 1997). Assuming that fec (%) is the percentage of single command cycles, the average cycle
time Tm (h) for each miniload crane is

Tm = tmgc - fgc + tmee - (1 — fgc) ©

The warehouse aisles number (Na) is then computed as

N, = [TR - Tp,] (10)
Finally, the automated warehouse floor surface AWS (m?) and the rack volume ARV (m?) are computed as
AWS =L, - Maw - N, + BS (11)

ARV = (Ly - Hypgy - TW) - 2 N, (12)
where BS (m?) is the buffer area occupied by the closed loop conveyor whose order of magnitude is

BS = (N, - Maw) - Maw (13)
being Maw = (2 rw + aw) the aisle module width, with rw the rack width (m) and aw the aisle width (m).

For manually operated warehouse (systems Type I, 111 and a possible portion of the storage area for Type
IV) racks length rl (m) and rack width rw (m) are chosen based on the container size. The warehouse floor
surface area is then defined imposing the required capacity WV

rl-2:vW Hpax
wWv = [nr “mr - T] (14)

and the minimization of average path length
(nr-grl) =2-(mr-grw) (15)

The number of parallel racks along the warehouse mr and across the warehouse nr are computed from the
system of Eq (14) and (15). Then manual warehouse space occupation MWS (m?) and MRV(mq) result

MWS = (glr - nr + aw) - (grw - mr + aw) (16)
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MRV =mr-nr-(rl-2-rw-Hpg,y) a7

where glr and grw are the gross rack dimensions augmented to consider one half aisle width per side.

In Type IV system, the number of robots (and storage aisles) Na and length of each aisle L are evaluated
by an iterative procedure, since the time consumed by a robot to produce a generic single kit depends on
aisle length.

Let us define RAM=Hs Ns Ar the daily robot work hours, being Hs the hours per shift, Ns the number of
daily shifts and Ar the robot availability, whereas RWH is the time required to perform the robotic picking
and kitting operations for the daily kits demand

RWH = %L, D; Try; (18)

being Trk;j the time a robot consumes to produce one unit of the j-th kit type, in the following referred to as
cycle time. RWH depends on Trk;j which, in turn, depends on aisle length L, as detailed in the following.

The warehouse aisle number Na is the minimum number allowing

N, - RAM > RWH (157) (19)

where L’ is a first trial length determined as follows.

The required robotized warehouse capacity, for Type IV, in terms of flow gravity rack ramps humber (RN)
IS

RN = ¥ Fskut (20)

nsl

being Nskui the number of required stock keeping unit (SKU) for component i, and nsl the number of stock
keeping unit in a single rack ramp. Nskui is computed as

Nk = |Ai - (1 + fis) - o= (21)

Once RN is known, it is possible to estimate the robotized warehouse first trial length L’ as

=2 w (22)

2:nsv

where nsv is the number of vertical level in a gravity flow racks on each opposite sides of picking robot
aisle, assuming that for each flow rack ramp only one component type is allowed, and Ws is the stock
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keeping unit dimension parallel to aisle (xSKUg) increased by a factor eps to consider the flow rack
structure dimension (Ws = xSKUpg - (1 + eps)).

The robotized warehouse is designed using the iterative procedure depicted in Figure 5.

Compute

Compute

RWH(L'/NA)

aisle number NA
length L’/NA

Figure 5: Robotized warehouse design procedure.

To obtain the warehouse design the amount of time spent in robotic picking and kitting operations for the
daily production volume (RWH) is required.

In order to compute RWH, the evaluation of Trk; is mandatory. We must at first describe the components
of the cycle time, and this will be made in a simplified manner partially inspired to the more detailed
modeling approach of Boudella et al. (2016, 2017, 2018).

Trkj=TepTotj + TvTotj + TTTotj + TTCTotj + TBRTotj + TPR Tot (23)

where Tpp 1ot IS the total picking and placing time of all parts types allowing robotic Kitting to be included
in the j-th Kit type,

Toprot j = Mieq Yij NijTep: (1 + f7) (24)
being Tepi the pick and place time for each unit of i-th part type and f; the the pick failure rate.

Tv Totj IS the total image acquisition and processing time by the robot vision system for the j-th kit type

Tyrot j = 2wt ¥ij NijTy (1 — htp) (25)
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being Tv the unit image capture and processing time pick and place time for each unit and htp the percentage
of Tv which can be carried out as a background task (i.e. in hidden time) while the robot is performing
another task.

Tt 1otj IS the total travel times along the picking aisle to reach the locations of the part types to be picked to
prepare one kit of j-th type

Trrotj = v (L + Ts) (26)

1N Np \dvg

being L the aisle length, vr the robot advancement speed, Ts the stopping time in front of a storage location,
N the number of vertical levels in the storage racks reachable by the robot, and N the number of different
facades from which the robot can pick at once. In equation (26) the summation over yij/NiNt represents the
net number of robot repositioning moves to reach all required part types, while L/4 is the average trip length.
Please note that the aisle length depends on Ni, Ny, the number of different part types to be stored in the
aisle (depending on the mix of Kits types assigned to the robot moving within the aisle) and the width along
the aisle axis of the parts containers. Here we assume that N; = 3 and that N = 2.

Trc Totj IS the total tool change time to prepare one kit of j-th type provided that Trc is the unit tool change
time and each different part type requires a tool change in the robot end effector.

Trerotj = Z?’=1 Yij Trc (27)

Ter 1ot IS the time to remove empty bins and place them on the evacuation ramp of the aisle, referred to the
equivalent number of bins removal implied by the parts consumed to prepare one unit of the j-th kit type.
Given that the gravity shelf makes available a new full bin to the robotic arm as soon as an empty bin is
removed, we assume that the robot does not leave the position to reach the evacuation ramp during the
picking cycle but disposes the empty bin only before reaching a new picking position.

Vei L
Tarrot j = Lieq Vij Tij Ve, (TTC + 2Tgr + Zi + Ts) (28)

being Vei the equivalent part volume, VC; the parts container volume, T+c the tool changing time, Tgr the
time required to remove the empty bin from the shelf or the time to place the bin on the evacuation ramp,
Lr the average distance to be covered to reach the aisle evacuation ramp. In Eq. (28) nij Vei/VC;i is the
equivalent number of containers of i-th part type consumed when preparing one unit of the j-th kit type.

TrrT0tj IS the total time required to remove cardboard interlayers sheet and dividers from the parts containers
while parts are being picked, being DD;i the number of interlayer sheets and dividers included in each
container of i-th part type and Ter the time to remove the divider.

Vei
Tprrot j = N1 Yij Nij V_Zl DD; (2Tr¢ + Tpgr) (29)



QOWoo~N O Ol b W DN P

e = S S A N S N T
0o N o DN W N R

NN DNDN P
WNPEF O oo

N NN
o O1 b

N DN
co

29

30

31
32
33
34
35
36
37

38
39

Cost models
The total equivalent kitting cost Ck (€/year) can be expressed as
Ck =Cwk + Cmk + Csk + TECCk (30)

where Cwk (€/yr) is the annual cost of personnel, Cmk (€/yr) is the equivalent annual cost of kitting
department equipment (i.e. materials storage racks, automated picking equipment, RFID system), Csk (€/yr)
is the annual cost of surface occupation of the kitting department, TECCk (€/yr) is the annual error
correction cost.

Cwk = NopK Ow (31)

where NopK is computed resorting to Eq. (1), and Ow is the annual operator wage.
The equivalent cost of kitting department equipment is Cmk (€/year) = Casirs + Cr + Csr + Crrip Where

Casirs = (Cc Na+ Cg+ Ccc) (t¢ + m) + Pc Nah W Ce (32)

is the equivalent annual AS/RS cranes cost being Cc (€) the unit AS/RS crane cost, Na the number of aisles,
Cg (€) the conveyor buffer capital investment, Ccc (€) the AS/RS control system capital investment, z the
capital recovery factor, m the annual maintenance cost expressed as percentage of capital investment, Pc
(kW) the crane power, Ce the unit energy cost (€/kWh), h the daily work hours and W the annual work
days.

For Type IV systems the term Cr is the equivalent annual cost of picking/kitting robots, expressed as in
Equation (32) with the exception that Cc is to be intended as the robot unit cost, Ccc the robots control
system capital investment, and Pc the robot installed power.

The equivalent annual cost of storage racks is

j=1 =1

M N
CsR :[ZZ nij DjVei Rl]RCK Track (33)

where RCK is the storage rack capital investment per unit volume (€/m?), which can change passing from
traditional to pick-to-light racks and to robotic picking racks, zrack IS the capital recovery factor computed
referring to the storage equipment life, and RI is the replenishment interval, deriving from the chosen
replenishment frequency of the racks. This under the assumption that storage racks volume must allow
enough space to store the amount of parts consumed during the replenishment interval RI. Please note that
in case of Type IV system Csr terms has to be computed separately for the manual kitting area, using Eq.
(33), and for the robotic kitting area.

Whereas, for RFID system, cost may be computed by Eq.34
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Crrip= CirFiD R + CtAc WV (34)

where Cirrip (€) is the RFID system capital investment (gantry reader, computer systems etc.), Ctac
(€/piece) the unit tag cost (each one of the WV reusable containers has attached one tag), and = is the
capital recovery factor.

Please note that in case of Type I system Crrip= Cr = 0; in case of Type Il system Casirs= Crrip= Cr = 0;
in case of Type Il system Casrs= Cr = 0. In case of Type IV system Casirs = Crrip = 0.

The annual cost of the floor area occupied for kit preparation is
Ck = (KAS) Cs (35)

where KAS (m?) is the overall kitting system floor space, while Cs (€/m? yr) is the specific annual unit cost
of floor space.

Computation of KAS depends from system Type. In case of Type | KAS = AWS + BS + KSS, where AWS
and BS are computed according to Eqgs. 11 and 13, while KSS is the surface area occupied by the kitting
workstations. In case of Type Il and 111 systems, KAS = MWS + KSS, being MWS computed according to
Eq. 16. In case of Type IV system KAS = MWS + AWS + KSS where evaluation of Na and L for the
robotized warehouse, as depicted in Figure 5, allows computation of AWS in a similar manner as for Type
| warehouse, while MWS is computed as shown for Type Il system referring to the residual part types not
amenable to robotic kitting. However, given that the surface KSS is roughly similar for the various systems
it can be neglected for the sake of cost comparison.

The annual error correction cost TECCk can be instead computed referring to the work of Caputo et al.
(2017a,b), using event trees to compute error probability. The procedure, detailed in the Appendix, at first
allows to identify the relevant quality problem (QP) types, namely QP1 = end of line correction of errors
from utilization of kits having undetected parts errors and QP2 = before assembly correction, at the
workstation, of detected parts errors within a kit. Then it allows to determine the QPs occurrence
probabilities (porikj and por2k;j) and, finally, enables to compute the corresponding quality costs QClkjand
QC2; for each kit type. Thus, in a Kitting system, the total expected annual error correction cost TECCk
(€/yr), referring to all components of all kits handled to produce the required number of assemblies per year
(each one requiring a Kit), is

M
TECC, =W YD, (Pees, QCLy, + Pees, QC2,) (36)
=t

5. NUMERICAL APPLICATION

In this section the above described model is applied to a realistic industrial example referring to a
manufacturer of electrical home appliances performing in-house kits preparation. Nevertheless, this case
study can be assumed as representative of any factory assembling small sized consumer products of
moderate complexity. In fact, we assume that individual parts volume ranges from 4.16 to 721 cm?®, whereas
weight ranges between 10 g and 3.8 kg. We also assume that the products range includes 15 different types
of end items each one assembled in up to 5 variants, for a total of 45 different end products. Overall, the
considered number of handled part types is 250 and the average number of parts types in each Kit,
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determining the end product variant, is 15. However, in order to show average results of a typical mixed or
multi-model production strategy, we consider a reference production mix, obtained as an average of
randomly generated production mixes.

In this numerical application we compare Type I, II, 11l and 1V systems on the basis of total equivalent
yearly kitting cost when changing the end items production volume of the reference average production
mix from 5000 to 40,000 units/year. Table 1 shows adopted numerical values of system parameters,
whereas, Table 2 shows adopted error probability values (as defined in the Appendix) necessary to evaluate
the Total Error Correction Cost. Numerical values indicated in Tables 1 and 2, although realistic and
representative, have a demonstrative purpose, and were assumed based on engineering judgment and
experience in actual assembly plants. Apart from changing the production volume, we also consider two
values of the percentage » of the number of part types amenable to robotic picking, in order to carry out a
parametric analysis in scenarios favourable or unfavourable to robotic picking applications. Obtained
results of this base case are shown in Figure 6. Furthermore, in order to assess the impact of quality costs,
we also compare the base case of Figure 6 to alternative cases where the Total Error Correction Cost (Eq.
36) is multiplied by a factor 10 (Figure 7) and a factor 100 (Figure 8) respectively. This allows considering
cases where the error correction cost is much higher than the base-case value owing to internal
organizational issues. Please note that in this model (see Appendix) we assume that all errors are corrected,
so that only conforming products are sold to the customer. Therefore, the error correction cost is basically
the internal workforce cost required for product disassembly and/or resupplying and substituting the proper
components (Figure 6). However, when a risk of selling non-conforming products exists, external quality
costs should be factored in, such as product recall and liability costs, costs to handle customers complaints
and returns, lost sales and customer ill-will due to defective outputs, and costs to restore reputation. Such
costs can be order of magnitude that the internal component substitution and reassembly cost.

Table 1. Parameters data for numerical application

Ar 0 0.95 Nf 0 2 Ter (min) 10

aw m) 1.9)(“ ey [N |0 3 Ta (min) 10

Cs © 30000 Nmax | () 50 Ti (min) 5

Cc © 80000 ow | (€/day) 110 kit (slitem) | 3

Cec € 50000 D (%) 20 Tp (slitem) | 5

Ce € | 012 Pe | (kw) g Efjégg) Topi s) 25

Cirrip | (€) 50000 poe @) 0.2 Trr () 5

Cs (€/m?yr) | 40 PEA () 0.02 Tn (s/KIT) 25

Crac (€/TAG) 0.25 Pmax (k) 25 Ts (s) 3

dag | (M) 50 RCK | (&m) 130(%] 3(;)6((;'2IV) Tre s) 10

DSi () 3 RI (day) 10 Tv (s) 0.5
0.025 (I);

fec (%) 70 rl (m) 5 (only for &) VC (m¥SKU) | 0.020 (1V)
0.007 (11&I11)

fi (%) 2 w (m) 0.7 Viax (m) 0.6

fss (%) 10 Ta (min) 10 vr (m/s) 1.8

h (h/day) 8 Ter (s) 15 vtp (m/s) 0.7

Hmax | (m) ig E:%&m) tek (s/part type) | 3 Tc, TR, Track ) 0.2

m (%lyr) 2

Legend: Roman numbers in parentheses denote System Type.
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Table 2. Error probability values

Probability | Typel) | Typell) | Typelll) | Type IV
n 0.95 0.97 0.98 0.97
0 0.99 0.85 0.99 0.85
y 0.5
1 0.05
K 0.02
A 0.04
U 0.95
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Figure 6. Yearly kitting cost comparison: a) ®=30% , b) ®=75%.
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Figure 7. Yearly kitting cost comparison: a) ®=30% , b) ®=75% [TECC cost increased 10 times].
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Figure 8 Yearly kitting cost comparison: a) ®=30% , b) ®=75% [TECC cost increased 100 times].

Figure 6a shows the economic comparison of kitting systems when Table 1 and 2 parameters values are
used. The figure is obtained for 30% (w value) of component picked by robotic system. In this kind of
systems economies of scale effects are substantially absent. Therefore, cost increases fairly linearly with
capacity. In case of manual systems, capacity increase is more gradual as additional single operators are
added, while in automated system capacity increase is somewhat discontinuous each time a new aisle is
added. Given the roughly linear cost function a break-even point exists depending on the relevance of fixed
costs (higher in automated warehouses) and the rate of growth of variable costs (slower in case of automated
system owing to lower workforce requirement).

System Type 1V is not competitive for small values of parameter ®, showing the highest cost through the
entire demand variation range. However, increasing the percentage of components handled by robotic
picking systems (see Figure 6b Type 1V, where o grows up to 75% of total part types) cost become
comparable or lower as compared to other systems cost.

It should also be pointed out that manual retrieval is much less time consuming as compared to kitting
activities. For this reason workforce requirement of type Il and I11 systems is only slightly lower than Type
| system.

Therefore, the location of the break-even point between Type | and Types Il & 111 systems strongly depends
on the capital investment of AS/RS aisles and labor productivity. Small changes in such factors can
significantly affect the convenience of a system as compared to the others. The same consideration is valid
for system Type 1V, where the robot system determines high investment cost, but in this case even the o
parameter plays a relevant role.

In this case study, as expected, manual retrieval systems (Type Il and Il1) are convenient in case of very
small production rates, while automated retrieval system (i.e. Type 1) is superior when throughput is
increased, with a cost saving getting higher the greater is the production rate. System Type IV, having
relevant investment cost, is suitable if the number of component handled by robot is high. It can be
concluded that despite the widespread adoption of manual kitting, an automated solution is strongly
competitive and often superior, except in case of very low demand.

Passing from low to high error correction costs (i.e. from Figure 6 to 8) automation-assisted manual systems
(Type I11) become progressively more cost-effective, especially when the majority of parts requires manual
picking, thus becoming error-prone, up to the point of becoming the cheaper option in the case of Figure
8a.
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Therefore, although impact of error correction cost is relevant when comparing Kkitting systems to
alternative parts feeding methods (Caputo et al., 2017a), it plays a minor role, respect other cost items,
when comparing alternative options for kitting systems, unless the unit error correction cost is high. Overall,
even if picking and Kitting errors are a negative factor affecting kitting operations in general, an investment
in error avoidance automation-assisted kitting can be justified only when the unit error cost is high.
However, the use of automation-assisted manual picking in the form of pick-to-light or similar approaches,
instead of being aimed at reducing error rates, may be also useful to reduce picking time, thus increasing
workers productivity. This would increase the range of production volume where manual solutions are
lower cost as compared to automated ones. Finally, floor space occupation is significantly lower in Type |
systems, but given that shop floor cost is a minor contribution to total cost it does not affect significantly
the break-even conditions.

The above results point to the following conclusions.

Robotized systems (Type 1V), owing to the relevant investment, are not convenient in case only a small
fraction of part types are amenable to robotic picking, irrespective of the production volume and the unit
manual error correction cost. On the contrary, robotized picking may be convenient when the majority of
parts is amenable to robotic picking, and when manual error correction cost is high. In this case the robotic
system has similar or even lower costs as compared to both AS/RS systems (Type 1) and automation-
assisted manual systems (Type 111), exception made for low demand scenarios, where the burden of high
capital investment is more evident.

Automation- assisted system (Type Il1) is cost-effective when the majority of parts are only amenable to
manual handling, unit error correction cost is high, and demand is low, thanks to the lower investment
compared to automated solutions.

Manual systems (Type Il) are convenient when unit error correction cost is low and demand is low.

Automated retrieval with manual picking/kitting systems (Type 1) are convenient at high production
volumes and for medium to high unit error correction cost, and in cases where most parts can not be picked
by robots.

Overall, besides providing evidence that automated kitting systems can be competitive with manual
systems, it was also shown that the alternatives have similar economic performances, requiring fairly
detailed cost modeling, as carried out in this work, in order to decide the most cost-effective solution.

In order to provide a broader picture of the application scenarios where each system is more convenient, a
further mapping has been carried out to explore the combined effect of variation in investment cost, labor
rate, and percentage of parts suitable for robotic picking. Let us define IC factor a multiplier to the nominal
investment cost, in the range 0.2 < IC factor < 1.4; Ow factor a multiplier of the nominal labor cost, in the
range 0.2 < Ow factor < 1.4, and Omega () the fraction of parts types suitable for robotic picking. Here
nominal investment cost and labor cost are intended as the investment and labor cost of the base case
obtained by this model assuming the data of Tables 1 and 2. In Figures 9 to 13 a color-coded dot shows the
lowest cost system when changing values of IC, Ow and w factor, and for various values of the end product
production volume.
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Figure 9: Minimum cost Kitting system for D = 8.000 items/yr (Red = Type I, Blue = Type II, Green =
Type 111, Yellow = Type IV).
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Figure 10: Minimum cost kitting system for D = 12.000 items/yr (Red = Type I, Blue = Type Il, Green =
Type 11, Yellow = Type V).
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Figure 11: Minimum cost kitting system for D = 16.000 items/yr (Red = Type I, Blue = Type Il, Green =
Type 11, Yellow = Type V).

Figure 12: Minimum cost kitting system for D = 20.000 items/yr (Red = Type I, Blue = Type Il, Green =
Type 11, Yellow = Type 1V).
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Figure 13: Minimum cost Kitting system for D = 40.000 items/yr (Red = Type I, Blue = Type II, Green =
Type 11, Yellow = Type IV).

The above mapping shows that in case of low-to medium demand (Figure 9) manual systems are preferred
in case of low labor rate, but as labor rate increases and investment cost decreases Type | systems are more
convenient. Robotic picking systems are only viable for high o values. In case of lower demand values (not
shown here) the optimum system is always the fully manual one (Type II).
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When demand grows (Figures 10 to 13) the convenience area of Type IV robotized systems grows
significantly even when investment costs grow, labor cost reduces and the percentage of parts picked by
robot falls. For intermediate demand values (Figures 10 to 12) a break-even may be reached between
manual (Type Il) and automated retrieval systems (Type 1), as shown by the alternated switching between
Type | and Type |1 systems in Figures 10, 11 and 12. Nevertheless, when demand grows to higher values
the system of choice becomes an automated one irrespective of labor rate and variations of investment
costs, as shown in Figure 13. However, this mapping also demonstrates that it is not easy to generalize the
convenience area of each system, as it is highly influenced by demand value. Therefore, a detailed cost
modeling is necessary for each specific application case.

CONCLUSIONS

In this paper the problem of choosing the most cost-effective kitting system was investigated. In the paper
at first a classification framework was introduced to categorize alternative kitting systems, then a detailed
planning and costing model was developed able to compare fully manual with automated retrieval and or
automation assisted Kitting systems as well as robotic kitting. The two above cited topics represent the main
contribution of this paper to the existing kitting literature.

However, the analysis is carried out under the assumption that kitting has been already selected as the
preferred parts feeding method to supply assembly workstation, as compared to other supply alternatives
such as line stocking and just in time delivery. The choice of the parts feeding method, in fact, has been
dealt with elsewhere in the literature, including prior papers by the same authors. Moreover this paper only
considers traditional kitting operations, where batch-produced and conventionally manufactured parts are
kitted, with Kitting being a separate activity from manufacturing. In this respect this paper neglects the
promising, but today scarcely adopted, practice of direct kitting, where digital manufacturing technologies
are used to simultaneously manufacture the set of different parts to be kitted, thus avoiding individual parts
storage and picking. Moreover, this paper only considers four different Kitting systems implementation out
of the combinatorial explosion of possible technological alternatives. Namely one fully manual and three
automation-assisted “hybrid” systems are considered, including mini-load based automated retrieval with
manual picking and Kkitting, automation-assisted picking and manual kitting, hybrid robotized/manual
picking and Kitting.

Utilization of the model in a sample case study demonstrated the model capabilities and its usefulness as a
decision support tool. Results showed that automated retrieval solutions are cost effective and competitive
as compared to traditional manual retrieval kitting, except in case of low demand, and that breakeven
production volumes can be quickly identified by this model. Fully manual kitting is instead convenient the
lower the labor cost, and mostly in cases of intermediate to low production volume. The model also showed
that error-avoidance automated systems are only justified in case of high unit error cost. Error issues,
therefore, appear to be more relevant when comparing kitting with alternative parts feeding policies than
when comparing alternative solutions for kitting systems, unless external quality costs are much higher than
internal labor cost for error correction. In such cases error cost may be the ruling factor when choosing the
Kitting system. The above findings, even if obtained through a specific application example, can be
considered of general validity. In future work the model will be extended to account for further
configurations of automation assisted kitting, including fully automatic kitting, especially focusing on
alternative configurations of robotized kitting as well as further configurations of automated warehousing
equipment, such as those using robotic mobile fulfillment systems in conjunction with robotic or manual
picking. Moreover, the validity of findings will be tested considering in a parametric manner a wider range
of assembly sectors (from kitting of small electronic or mechanical components typical of consumer
products to Kitting of heavy and cumbersome parts as can be encountered in assembly of vehicles). The
role of parts features, i.e. weight and size, will be also explored. Finally, research will be also aimed at
developing suitable models for direct kitting applications.
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NOMENCLATURE
A (-) total daily consumption of each component type
Ar (-) robot availability
ARV (m3) automated warehouse rack volume
aw (m) warehouse aisle free pass width
AWS (m?) automated warehouse floor surface
BS (m?) buffer area surface for automated warehouse
C (€/yr) total annual cost
Ce (€) conveyor buffer capital investment
Cc (€) AS/RS crane cost
Ccc (€) AS/RS control system capital investment
CC (parts/container)  Storage capacity of parts container
CDEk (€/error) cost of kit correction in case of line operator detection
Ce (€/kWh) unit energy cost
CireiD (€) RFID capital investment
Con (€/h) operator hourly cost
CRQk (€/error) cost of off-line correction of undetected Kit error
Cs (€E/m? yr) specific annual floor space cost
Crac (€/piece) unit tag cost
D (item/day) daily average demand
Javg (m) average distance between Kkitting area and workstation
DD (-) number of interlayers sheet in one container
EP () end product
eps (-) numerical constant
fec (%) percentage of AS/RS single command cycle
fi (-) robotized picking failure rate
fss (%) safety sock as a percentage of daily volume of components
grl (m) gross rack length, per unit
grw (m) gross rack width, per unit
h (h/day) daily working hours
Hmax (m) maximum allowable warehouse height
Hs (h/shift) hours per shift
htp (%) percentage of hidden time for vision system
KAS (m?) kitting area floor space
L (m) picking distance or aisle length
L’ (m) AS/RS first trial length
La (m) aisle length
Lr (m) average distance storage location - evacuation bin ramp
M (-) total type of end product
m (%lyr) maintenance percentage cost
Maw (m) automated warehouse aisle full width
mr (-) rack number in cross section warehouse direction
MRV (m®) manual warehouse rack total volume
MWS (m?) manual warehouse floor area
n (-) multiplicity of a part type in one end item
N (-) total type of component
Na ) aisle number of AS/RS system
Naj (-) number of single unit part into a kit




N (-) number of part into a kit with multiplicity greater than one

Nex (-) total number of errors for each kit

Nexa (-) number of parts (multiplicity one) with one or more Kitting error

Nexs (-) number of parts (multiplicity greater than one) with one or more Kitting error

Nt (-) number different facades from which robot picks at once

N (-) number of vertical levels in storage racks for system IV

NopK (-) Kitting department required workers

nr (-) rack number in longitudinal warehouse direction

Ns (-) number of daily shift

Nsku (-) number of stock keeping unit

nsl (-) number of stock keeping unit in a single rack ramp

nsv (-) number of vertical levels in a single rack ramp

Nt (-) number of trips

OL (m) operator line width for case IV

OpT (h/day) daily work hours

Ow (€lyr) annual operator wages

P (kg) weight

Pc (kW) crane/robot power

Poe (%) probability that the line operator detects a Kitting error for one component

Pe (%) probability of kitting error presence

Pea (%) probability of kitting error presence for parts with multiplicity one

Pes (%) probability of Kitting error presence for parts with multiplicity greater than one

Pc (%) probability of Kitting error absence

Pca (%) probability of Kitting error absence, for parts with multiplicity one

PcB (%) probability of Kitting error absence, for parts with multiplicity greater than one

Popik (%) probability of having an end of line error correction cost in case of undetected parts error

Pop2k (%) probability of having an end of line error correction cost in case of detected parts error at
workstation

Q (-) number of parts picked at a time

QClk; (€E/piece) cost of end of line error correction for Kits having undetected parts error

QC2%; (€E/piece) cost for correcting detected parts error at workstation

QCk (€/piece) quality cost due to Kitting errors

R (trip/day) daily number of retrievals

RA (m) robot aisle width for case 1V

RAM (h/day) daily robot available hours

RCK (€/m°®) storage rack cost per unit volume

RI (day) replenishment interval

rl (m) rack length

RN (-) gravity rack ramps number

rw (m) rack width

RWH (h) time to perform robotic picking and Kitting

t (h) time

Ta (h/piece) time to reassemble a defective end item

Ter (s) unit time to remove and evacuate one empty hin

TeR Tot (s) total time to remove and evacuate empty bins

Tck (h) time to check all part in a Kit

te (s) time to check one unit of a part type

Tcr (-) substitution time of an empty part container

Ty (h/piece) time to disassemble one end product

TECCk  (€/yr) total expected annual error correction cost

Ti (h/piece) inspection time

Tin (h) time to insert items into a kit

TK (h) time to prepare one kit

tyit (s) time to kit one unit of a part type

TKT (h/day) total work man-hours for manual operations

m (h) average miniload cycle time

tmpc (s) time duration of dual command AS/RS cycle

tmsc (s) time duration of single command AS/RS cycle




Tp (h) unit picking time

Tep (s) robotized picking and placing time for each component
Tpp Tot (s) total robotized picking and placing time

Ter (s) time to remove each interlayers /divider of a container
TPR Tot (s) total time to remove interlayers sheet in part container
Tps (h) time to pick parts

TR (SKU/h) required warehouse throughput

Trepl (h) warehouse replenishment time

Trk (h) robot time to produce one kit

Trl (h) time to stow away ready Kit before delivery

Ts (s) robot stopping time in front of a storage location

T 1ot (s) total travel time along picking aisle for system IV

Trc (s) unit tool change time for robot

T1c Tot (s) total tool change time to prepare one Kit

Ty (s) image capture and processing time for each component
Tv Tot (s) total image acquisition and processing time for vision system
V (m3) volume

VC (m3) volume of stock keeping unit

VDD (m®/day) gross volume of daily needed components

VR (m/s) robot advancement speed

Vip (m/s) operator walking velocity

Vx (m/s) velocity in x direction for miniload and AS/RS cranes
Vy (m/s) velocity in y direction for miniload and AS/RS cranes
W (day/yr) annual work days

WAR (m) full aisle width for case IV

WR (m) flow rack width for case IV

Ws (m) stock keeping unit dimension parallel to the aisle

A (SKU) required warehouse capacity

xSKUr (-) stock keeping unit axis parallel to the aisle

1

2 SUBSCRIPT

AS/RS automated storage and retrieval system
C container

ck check

e equivalent

i component type

j end product type

K kitting

max maximum

mK kitting department

R picking/Kitting robot

RFID radio frequency identification system
sK sufrace of kitting department

SR storage racks

wK personnel

3

4 GREEK SYMBOLS

o (-) binary variable

B (-) binary variable

v (-) binary variable

5 (-) probability of having an error free kit

€ (-) overall probability of kitting error detection by line operator
n (-) probability of part presence into a kit
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Nop (-)  operator efficiency
0 (-)  probability of error in a kitted part selection
! (-)  probability of a kitted part quantity error
K (-) probability of a kitted part damage
A (-) probability of a kitted part positional mistake
u (-) probability of a kitted error detection
3 (-) filling coefficient of a container
TC (-) capital recovery factor
Tr (-) capital recovery factor for RFID system
track (-)  capital recovery factor for rack system
® (-)  numerical parameter
Appendix

In order to compute the Total Error Correction Cost a mapping of possible error conditions is required. This
may be accomplished by using binary event trees. A binary event tree depicts a sequence of possible events
(nodes) having only two outcomes (event occurring or not), represented by branches departing from nodes.
Each branch has an assigned probability of occurrence. Each sequence of events (paths through the tree)
determines a possible final outcome, having as a probability the product of probabilities associated to the
branches describing the path from the tree root to the considered final outcome. Figure A.1 depicts the
occurrences of logic errors in a kitting process.

No (1-)
No (1-7) e E ]

=

Ne (1-,
GenericKIT No (1-6)
vestd 5]

multiple Yes (1)

G
part N 17/1
R

No (1-x)

No (1
ves() vestr) [
| No (1-1) ! Yes (1)
Yes(6) !
‘:=N° (2
| Yes(1) Yes (1) =

Part included H Part quantity <
inta the kit?

Part
Right part? necessary?  Damaged positional Erm‘r
parts? mistake ? Detection?

Figure A.1. Kitting errors event tree.

According to the tree in Figure A.1, the overall probability pc of not having a kitting error for the generic
part is the sum of probabilities associated with a Good (G) outcome

Pe =1 Pe = p+70L-1)1-x)1-2)(L- 1) (A1)

However, it is convenient to distinguish between two parts typologies, namely parts of Type A where a
single unit of that part type has to be included into the kit, and parts of Type B, where a given multiplicity
of items of the same type has to be included. In the latter case a counting error may occur resulting in the
kit containing a multiplicity lower that the required one (in fact, a multiplicity higher than the required one
does not result in parts shortage and is not accounted as an error given that extra parts can be returned to
the warehouse). Therefore, probability pc g of not having a kitting error for the generic part of Type B can
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be directly computed according to Equation (A.1), while probability pe,a of not having a kitting error for
the generic part of Type A is computed using the same Equation (A.1) but imposing = 0.

Considering that a kit for the j-th end product contains Naj = Y.\, a;; part types of Type A and Ngj =
>N, pi; part types of Type B, and assuming for simplicity that error probabilities do not depend on specific
parts attributes (i.e the error probability is independent from the type of part being handled) the overall

probability §; of having a mistake-free kit is the product of probabilities pc of not having errors for all parts
of Type A and Type B included into the kit.

5 = (pes’) (ves’) (A2)

Moreover, in average a generic kit will contain Nekaj = pea Naj parts types of Type A with one or more
errors, and Nexsj = pes Ng;j parts types of Type B with one or more errors, being pea =1 - pea and pes=1 -
Pcs respectively.

The event tree for assessing errors in the kits usage process is instead depicted in Figure A.2. Please note
that errors in kit delivery are not considered here because do not depend on the way kitting is performed.
In this case the events to be tracked are that the kit is error-free (yes/no), and that the line operator detects

all parts errors within the kit (yes/no).
No(1-g)

No(1-8) -

Kit Yes (&) o2
delivery -

order

Yes (3)

Correct
assembly

Line operator
detects all
kitting errors?

Right kit
preparation?

Figure A.2. Kitting process errors event tree.
Referring to Figure A.2 defining poe as the probability that the line operator detects an error in a generic

part included into the kit, then the probability ¢;j that the operator detects all potential errors in a j-th kit type
is the product of error detection probabilities for all expected non conforming part types (Nekaj + Neks;j)

& = pDE(NEKAj'HVEKBj) (A_3)

Therefore, the following Quality Problems (QP) may arise which bear a corresponding correction or quality
cost.

QP1 =end of line correction of errors from utilization of kits having undetected parts errors.
QP2 = before-assembly correction, at the workstation, of detected parts errors within a Kit.

Based on the event tree of Figure A.2 the probabilities for the possible QPs, for each utilized kit, are.
Pop1y; = (1- 5]')(1 - EJ') (A.4)

Popr2y; = ej(l - 6]') (A5)
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Error correction cost includes correction of kitting errors detected by the line assembler (i.e. replacement
of wrong or damaged components inserted in the kit, or picking of missing components, which implies a
jolly operator to return to the kitting area and pick a substitute part), bearing a unit cost CDEk (€/error).

2d
CDE, =[Tp il Jcoh (A.6)
th

Otherwise the off-line correction of undetected errors is required. In the latter case a unit cost CRQk
(€/error) occurs,

CRQk = CDEk + (Tg + Ti + Ta) Con (A7)

where Ty (h) is the time to pick the replacement component in the kitting area, davg the average distance
between the Kitting area and workstations, vy the walking velocity of the operator or the speed of the
material handling vehicle, Con (€/h) the operator's hourly cost, Tq (h) the time to disassemble the end product
to replace a component, T; (h) the inspection time needed to identify the component to be replaced, Ta (h)
the time to reassemble the end item. We also assume that all errors in a kit will be corrected, either on line
or off line, so that only conforming products are sold to customers.

Therefore, the following possible quality costs expressions (QCk) can be associated to the previously
identified QPs outcomes for each kit handled.

QCl1k;: Cost for end of line correction of errors from assembly of kits having undetected parts errors. This
includes three separate contributions, namely the end of line correction of the expected number of
undetected errors in both Type A and Type B parts, the end of line correction of assembly errors related to
error-free parts contained in the kit (accounted for by the error probability pea when assembling a part),
and the before-assembly correction of detected parts errors, as shown in Equation (A.8) where Nexj = Nekaj
+ Nekgj and Nj = Npj + Ng;.

QClyg; = CRQx(1 — pDE)(NEKAj + NEKBj) + CRQk PEa [(NAj - NEKAj) + (NB]' - NEKBj)] +
[(pDE NEKAj)(CDEK + DEa CRQK)] + [(pDE NEKBj)(CDEK + DEa CRQK)] = CRQK[NEKj 1-
Ppe)(1 — ppa) + ijEA] + ppr Npkj CDEk (A.8)

QC2;: Cost for correcting at workstation detected parts errors within a kit for EP; before assembly
QCZKj = CDEk NEKj (A.9)

Obviously the type of adopted kitting system (i.e. manual, hybrid, automation-assisted or robotic) will affect
number of manual operations to be carried out and their error rate, impacting on the values of pea, pes, pca,
and pee Which, in turn, will affect j, €j, Nk, Nexs, Popikj, Popkj, QClkj, QC2;. Please note that = 0 for
Type A parts irrespective of the adopted Kitting system, while probabilities 1, «, A, u do not depend from
the chosen kitting system (see Table 2). For Type IV system, picking errors are related to a subset of
components for which robotic Kitting is technically not feasible (yij = 0) and kit preparation is performed
by human operators. This is why system error probability values in Table 1 for Type Il and Type 1V are the
same.
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