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Distribution networks often manage products with varying life cycles, where demand for some products is relatively
stable throughout the year (basic) and the demand for others is short-lived (fashion). Beyond the coordination of
inventory and transportation decisions, decisions at the warehouse must be considered as its resources are frequently
shared by both product classes simultaneously. For this two-product class distribution planning problem, we focus on
characterising three real-world distribution strategies observed in industry and evaluating them based on total distribution
cost and warehouse measures (e.g. workforce plan and workload variation) against a benchmark ILS-based heuristic.
Experimental results suggest that there are in fact strategies in industry that under specific system configurations may
provide competitive solutions compared to the benchmark heuristic on large problem instances (e.g. 200 stores, 1000
products, and 28 days). Several managerial insights are derived to compare such distinct warehouse strategies and the
corresponding impact on the network.
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1. Introduction

Real-world distribution networks frequently manage distributing not just one, but multiple products, each with a distinct
life cycle. While the demand for some set of products may be steady throughout the year, the demand for others may
only exist for a short amount of time (e.g. months, weeks). Based on their life cycles, such products can be categorised
into two main product classes: long (often referred to as basic products) and short (also known as fashion products)
(USOTA 1987), with each product class comprising a fairly large set of stock keeping units (SKUs); e.g. cell phones
and trend apparel (short life cycle), and sugar and jeans (long life cycle).

For basic products, relatively low variance in demand makes it amenable for the distribution network to focus on
developing cost-effective plans. In contrast, for fashion products, distribution plans are often aimed at providing maxi-
mum availability of products to consumers with focus on due date. In general, no matter which product class, it is vital
that the supply chain fits the product (Fisher 1997).

This research was motivated by the operations at our industry partner, a US-based apparel distributor. They sell
a wide variety of apparel products (basic and fashion) through their network of retail outlets and e-commerce
channels. Their senior director of distribution informed us that the simultaneous flows of both basic and fashion
products causes frequent operational challenges at their warehouse as both product classes utilise similar resources
(e.g. workers, loading docks, material handling equipment). The inherent nature of the two products classes (i.e. one
class exhibits a relatively stable flow, while the other arrives in bursts) thus leads to substantial workload variation
throughout the planning horizon. This has been a big concern when hiring temporary workers on a daily basis (over
the already hired permanent workers) and dealing with their low productivity, and sometimes even adopting
expensive transportation modes to avoid missing the due date. These have negatively impacted the warehouse
operating costs.

To address such challenges, many distribution networks (including our industry partner) have developed their own
solution strategies that tend to be simple, quick, implementable and robust, all of which have been implied in the litera-
ture as important criteria for successful industry implementation (e.g. Barr et al. 1995; Viana, Sousa, and Matos 2005;
Bartz-Beielstein and Preu8 2014). However, there has not been much consensus on which strategy is better and under
what circumstances.
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This real-world observation motivated the following questions: Which industry-deployed warehouse strategy is the
best to solve the two-product class distribution problem? How close is it to the known best solution for this problem?
We attempt to address these questions by making the following contributions:

* characterise, for the first time in academic literature, several real-world distribution strategies that attempt to solve
the two-product class distribution problem in a multi-period, multi-echelon setting;

e evaluate their performance against a benchmark metaheuristic on several measures (e.g. distribution cost,
warehouse workforce plan and workload variation);

* identify problem attributes, which may suggest if and when one strategy is better than the others under specific
conditions; and

» provide managerial insights to assist industry practitioners to appreciate the complex relationship between
warehouse, inventory and transportation decisions.

We strongly believe our research will help bridge a perceived gap between academic research and industry practice.

2. Relevant literature

Although the role of warehouses in overall distribution planning has been acknowledged (Lambert, Stock, and Ellram
1998; De Koster, Le-Duc, and Roodbergen 2007), they have often not been integrated in the corresponding decision-
making models. Most distribution models assume the warchouse as a node; e.g. the inventory-routing problem
(Campbell et al. 1998), the integrated inventory-distribution problem (Abdelmaguid and Dessouky 2006), when consid-
ering inventory and transportation decisions (Cetinkaya, Tekin, and Lee 2006; Lei et al. 2006; Zhao, Chen, and Zang
2008). Only recently have models been proposed that integrate warehouse decisions alongside inventory and transporta-
tion; e.g. the warehouse-inventory-transportation problem (Sainathuni et al. 2014). Such integrated approaches have
shown substantial benefits in not only total distribution cost savings, but also obtaining a relatively balanced workload
at the warehouse allowing warehouse managers to plan and manage their workforce effectively. Note that almost all of
the above distribution planning models considered only one class of products (typically, basic).

A parallel stream of research has emerged that primarily focuses on fashion products. Fisher, Rajaram, and Raman
(2001) offer a heuristic that focuses on minimising lost sales, backorders and out-of-date inventory by determining
fashion product replenishment order quantities. Weng and McClurg (2003) discuss the effect of coordination between
suppliers and buyers when considering uncertain demand and delivery time. Patil, Avittathur, and Shah (2010) examine
quantity discounts and transportation costs with respect to procurement, pricing and transportation decision-making.
Caro and Gallien (2010) design a mixed-integer programme considering inventory and transportation decisions to max-
imise overall predicted sales across all Zara (Spain-based leader in fast fashion) stores. Recently, Mehrjoo and Pasek
(2016) discuss risks in a quantitative manner that come natural to fast fashion distribution networks.

While it is implied in the literature that distribution networks must accommodate the unique life cycles of their prod-
ucts (Aitken, Childerhouse, and Towill 2003), we have not found any research that considers flows of both product
classes, as well as the resulting complexities that emerge at the warehouse level. Further, while real-world distribution
networks we have interacted with have employed various strategies at their warehouses based on insights from a combi-
nation of their prior experience and internal analysis, it remains unclear to decision-makers in industry the quality of
solutions from such strategies. It then becomes critical to benchmark these industry strategies against optimal or near-
optimal approaches.

Realising this gap between the academic literature and industry practice, we reiterate the focus of this research as
follows: characterise real-world warehouse strategies for a two-product class distribution problem, evaluate them against
a benchmark heuristic, identify network attributes for which a certain strategy performs better than the others, and derive
managerial insights.

3. Distribution network representation

We now provide details of how we model the features and decisions in the two-product class distribution planning prob-
lem discussed above.

3.1 Product class and planning horizon

Let P and Q be the sets of basic and fashion products (each composed of distinct quantities), respectively. Each product
(prEProrgE@)risndeliveredrbyrasspecific vendor, and shipped to a store s € S. The planning horizon during which all
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processes occur at the warehouse is denoted as t =1, 2, ... T, where T is the length of the planning horizon in days. We
refer to the portion of the planning horizon during which fashion products arrive, are handled and eventually shipped
out of the warehouse as the fashion horizon. The beginning of this horizon is designated as tg, and the end is
represented by the due date (t{q) of fashion product ¢ at store s. We denote the final day for which fashion products can
arrive at the warehouse as #, which is calculated by the due date (#,) minus the maximum lead time across all stores
(Max{L,}), minus the processing time of fashion products in the warehouse (p7). Within the fashion horizon, there are
distinct windows that designate the feasible range for inbound and outbound shipments. We will discuss these with
respect to each strategy individually later in this section. Further, the expected demand for basic and fashion products at
each store during each day is assumed to be known in advance.

3.2 Warehouse activities

While the activities at the warchouse are quite complex and interleaved, we take an aggregate approach given the
relative focus of the distribution planning we consider; more towards tactical and less operational. With this idea, we
use ‘putaway’ to represent all the activities that are involved from unloading, staging, and eventual putaway to the
appropriate storage location. Similarly, we use ‘picking’ to include actual picking, sorting, staging and loading. Figure 1
illustrates a simplistic representation of a product’s flow through the warehouse over time.

Further, we assume inbound (outbound) trailers can be gradually unloaded (loaded) as practised by our industry
partner. Because, as we have observed, it is difficult to frequently reschedule inbound shipments from vendors, gradually
unloading trailers is one way our partner’s warechouse has been able to delay decisions to avoid excessive costs. Based
on the receipt of inbound shipments on a given day, the warechouse unloads inbound trailers gradually over several days
(typically, 3—4 days) in an effort to spread the workload and balance warehouse workforce to some extent. A similar sit-
uation occurs on the outbound side where the committed due date to the retail store must not be altered. Consequently,
the picking and loading of the outbound trailers are often performed gradually over a few days to balance workload at
the warehouse. Not treating the warchouse as a node in the distribution network (similar to previous work) and account-
ing for several operational details (albeit at some aggregate level) enables us to evaluate the interaction between ware-
house, transportation and inventory decisions, simultaneously for both basic and fashion products.

3.3 Warehouse workforce

Based on the common theme derived from our interactions with several warehouse managers, two worker types (at the
minimum) can be noticed; permanent and temporary. Permanent workers are similar to full-time workers with a 40-h
work week, fairly skilled at performing various activities at the warehouse, and are often salaried (with or without addi-
tional benefits). Temporary workers are typically hired on a daily basis for no more than 8 h, may not have the same
productivity as permanent workers (as they often are unfamiliar with the layout, processes, and material handling equip-
ment), and are paid hourly. These workers are frequently utilised as a way to manage variations in worker hours at the
warehouse, more often during the fashion horizon.

We refer to a and S, to denote the number of permanent (required throughout the planning horizon) and temporary
workers (required during a specific day, 7), respectively. The associated costs are denoted as C* and C”, in $/hr. Worker
rates in items/hr are specified based on warehouse activity, with A, referring to an aggregate rate for all putaway
activities, and Apci for picking. Because in real-world settings, most warchouse managers prefer to use a mix of perma-
nent (higher skilled, but higher cost) and temporary (lower skill, but lower cost) workers, we use y = 0 to represent the
maximum allowable proportion of permanent workers that can be employed as temporary workers. Further, because the
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Figure 1. Pictorial representation of product flow through the warehouse.
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hired temporary workers may not be identical across days when needed (depending on the availability at the third party
that provides such workers), we can attach a productivity rate (0 < ¢ < 1) for the temporary workers.

3.4 Inventory and transportation

Holding time at the warehouse begins once a product arrives on an inbound shipment at the warehouse until that pro-
duct departs on an outbound shipment. Holding time at a store begins once an outbound shipment arrives at a store, and
ends on the day of demand for that product (basic) or the due date (fashion). We let C”W (C’”) represent the holding
cost of basic product p at the warehouse (store s) in $/item/day, and similarly C”W (C’”) for fash1on product g.

To model inbound transportation, we consider an inbound network with des1gnated vendors supplying either basic
or fashion products. On the outbound side, however, each store is expected to have demand for both product classes,
which may cause consolidation of the two product classes on a shipment to a specific store when possible. We utilise a
cost structure proposed in Sainathuni et al. (2014), which is composed of a fixed cost of a shipment and variable costs
based on both distance (between source and destination) and weight of the shipment.

3.5 Decisions, objective function and constraints

The joint decisions to be made across both product classes include warechouse workforce (permanent and temporary),
inbound shipment schedule from vendors, outbound shipment schedule to stores, and inventory levels at the warehouse
and stores. The objective function is to minimise total distribution cost, which includes warehouse (picking + putaway),
inventory (stores + warehouse) and transportation (outbound + inbound). Key constraints include meeting the store
demand for basic products each day, not violating the fashion product due date, ensuring temporary workers are no
more than the allowable limit, and non-splitting of fashion shipments.

4. Characterising real-world warehouse operational strategies

Having discussed how we characterise the distribution network and model the warehouse operations, we now briefly
describe the four strategies to be compared in our experiments. More details about the algorithm and the moves are pre-
sented in Appendix 1.

4.1 Fashion Release

A specific version of the Fashion Release (FR) strategy is currently in practice at our industry partner. Essentially, their
FR strategy is set up such that as soon as a fashion product ¢ arrives from the vendor to the warehouse, and after incur-
ring some processing time (pf) at the warehouse, all quantities of g will be shipped to each store with associated
demand in the following day. While the company leadership projected that in so doing they may possibly avoid spikes
in workload at the stores which otherwise would arrive just before the due date, it has possible drawbacks such as
increased inventory cost at the stores and possible opportunity loss during outbound shipment consolidation to stores.

We generalise their strategy by introducing a parameter R, which denotes the number of days (beyond processing
time) after which fashion product g must be shipped from the warehouse to the corresponding stores;
O <R, < (tV — tb — pt — Ly), the length of the Fashion Window (FW). Note # is the due date for product g at store s,

is the begmmng of the fashion horizon, pt is the processing time at the Warehouse and L is the lead time to store s.
The outbound day of product ¢ can then be determined by tO = tI -+ pt + Ry, with the inbound day (tl ) constrained as
tb < t’ <t, — R. If the warehouse manager chooses to use a s1ngle value for each fashion product ¢, then R = R,Vq. See
Flgure 2 for an illustration of this strategy.

In short, the FR strategy schedules the outbound day of fashion products based on their inbound day at the
warehouse; the smaller value of R, the quicker the release from the warehouse (accounting for processing time).

4.2 Fashion Holding

A specific version of the Fashion Holding (FH) strategy was in practice prior to the industry partner adopting the FR
strategy. In their version of FH, the arriving fashion products are held at the warehouse until the latest possible day of
shipment to their corresponding stores (accounting for the lead time). The core concept was to change the look of the
stores overnight, in sync with the beginning of a new fashion season. The implications of this was that holding fashion
productsruntilvclosertortherduerdaterinereased the number of opportunities for consolidation on outbound shipments, as
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Figure 2. [Illustration of the FR strategy.

well as lowered inventory levels at stores. However, sudden spikes in scheduled outbound shipments from the ware-
house led to greater difficulties in managing workforce, and higher costs at the stores in terms of receiving all fashion
shipments on one day and remodelling the store overnight.

We generalise this strategy by incorporating a parameter H,, which represents the number of days prior to its due
date (considering lead time) that product ¢ must be shipped outbound; 0 < H, < (t;fq — tfl’ —pt—L,) and H=H,, Vq if
need be. The outbound day of product ¢ going to store s is determined by tg=t{q — Ly — H. Similar to FR,
tfl’ < té <t, — H. See Figure 3 for an illustration of this strategy.

In short, the FH strategy schedules the outbound day of fashion products based on their due date at stores; small
values of H schedule the outbound day closer to the due date (minus lead time).

4.3 Basic—Fashion Split

Another strategy that was discussed with our industry partner, but not implemented yet, was to separate the flow of
basic and fashion products along the horizon; we refer to the strategy as the Basic—Fashion Split (BFS) strategy. That
is, depending on the anticipated number of fashion products (and the associated product quantities), the warehouse may
manage the flow of all the basic products earlier in the horizon and dedicate its efforts towards managing the flow of
fashion products later along the horizon. The idea is that if an appropriate split of the horizon were found, then the
warehouse workload variation could be mitigated to some extent, possibly reducing warehouse worker cost. However,
this reduction was thought to have negative implications via increased inventory levels of basic products at stores.

To evaluate the BFS strategy, we let f;; represent the day that splits the planning horizon into two sub-horizons,
one for basic and one for fashion. We determine the value of #y,; using the demand proportion of the basic products to
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product p (q) at store s in time ¢, and tg < fspiit < 1 (split day cannot be outside of the fashion horizon). Figure 4

the total demand; i.e. fgpi = T * T, where Dy, (D) refers to the demand of basic (fashion)

graphically shows how #g; determines the division of basic and fashion horizons.
In short, as opposed to structuring the flow of fashion products as in FR and FH, the BFS strategy focuses on modi-

fving the feasible windows for basic and fashion products with respect to associated product quantities.
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Figure 3. Illustration of the FH strategy.
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Figure 4. Illustration of the Basic—Fashion Split strategy.

4.4 Fashion Window

In order to adequately benchmark the three strategies discussed above, we devised the FW strategy at the warehouse.
This strategy is based on an enhanced version of the ILS-based heuristic proposed recently in Sainathuni et al. (2014).
Key enhancements include (i) generalisation via two parameters (R and H) and (ii) additional internal variables to allow
flexibility in loading (unloading) trailers.

Figure 5 shows a schematic of the FW strategy. Let th and tfqo represent the earliest and latest outbound days for
product ¢. Accordingly, £;° = (¢} 4 pt) + R and £ = (#, — L) — H; the outbound window for fashion products then

becomes [tfo

ts < té < t; — H — R. Individually, and as a sum, both R and H are both bounded by tgq — trl; — pt — Lvax. Intuitively,

R =H =0 would provide the widest window for fashion outbound, and is expected to return lowest cost solutions. In
short, the FW strategy structures the flow of fashion products through the warehouse by modifying their feasible
inbound and outbound windows, based on product inbound days and due dates at stores.

, tfqo ]. Similar to FR and FH, the fashion inbound window must adjust accordingly with R and H, where

5. Experimental evaluation of the strategies

We conducted a detailed experimental study to compare the three strategies against the benchmark FW strategy. We do
not claim that the benchmark strategy provides an optimal strategy as it is a heuristic-based solution. However, a perfor-
mance study in Sainathuni et al. (2016) revealed that our heuristic solutions were within 3% of the optimal solutions on
small problem instances. Each of the above four strategies was simulated using a unique set of local search and pertur-
bation moves that modify the quantity of product p (¢) on day ¢ scheduled for inbound, putaway, picking, and out-
bound. We used C# programming language for this using an Intel-i7 Quad-Core Desktop with 16 GB of RAM; please
see Appendix 2 for run times.

All problem instances are industry-sized, comprising 20 vendors (10 for fashion and 10 for basic), 200 stores, 1000
products and 28-day planning horizon. Table 1 presents parameters that are fixed throughout our experiments.

5.1 Warehouse cost contribution

We first evaluated the warehouse cost as a percentage of the total distribution cost for each policy in 10 test instances,
by varying the product mix ratio (proportion of basic to fashion products) and worker cost (permanent and temporary);
see Figure 6. The fashion horizon was assumed to be two weeks for a four-week planning horizon.
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Figure 5. Illustration of the FW strategy.
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Table 1. Parameters used in the experiments.

Parameter Value
pt 1 day
L 0-2 days
by Day 28
I Day 25
y 1
@ .8
Aput 1200 items/hr
Apick 200 items/hr
C"™ and C"" .01 $/item/day V p, ¢
7 and Cffj .05 $/item/day Vp,q,s
R,H (FR,FH,FW) 0

40% A
WC: $15($10)  WC: $25 ($20)

----- FR FR
() 4

35% -« FH FH

- — = BFS BFS

30% A FW W

25% H

20% 4

15% +

10% +

5% A

Warehouse Cost % of Total Cost

0%

9:1 2:1 1:1 1:2 1:9

Product Mix Ratio (Basic:Fashion)

Figure 6. Comparison of warehouse cost contribution to total cost.

The two key takeaways here are the range and magnitude of warehouse cost contribution values. For each policy,
there is a general trend of increasing warehouse contribution as the product mix ratio shifts toward more fashion prod-
ucts. This can be partially attributed to the changing proportion of fashion products that are required to be processed
during the fashion horizon. For instance, with a product ratio of 1:9, the flow of 90% of the total product quantities (all
fashion) through the warehouse during only 50% (two out of four weeks) of the planning horizon causes a relatively
high variation in the workload, subsequently increasing the warehouse costs. Interestingly, with such a low product mix
ratio, there are fewer basic products in the distribution network, resulting in low inventory levels at the warechouse and
stores throughout the planning horizon, and reduced number of corresponding outbound shipments. The result is that
with FW, the warehousing costs are 8-27% and 13-35% of total distribution cost given worker costs of $15 and $25,
respectively, which are substantial.

5.2 Warehouse workforce plan

We then focused on analysing the workforce plan generated by the strategies. For this, we considered a product mix
ratio of 1:1, two-week fashion horizon, and cost of permanent (temporary) workers as $15/hr ($10/hr) to compare ware-
house workforce scheduling; see Figure 7. ‘Permanent’ and ‘temporary’ refer to the numbers of workers scheduled by
type. ‘Required’ represents the actual number of workers (equivalent of permanent workers) required during that day;
we further break it down by activity type (‘putaway’ and ‘picking’).

From the figure, it is evident that FW, FH and FR exhibit similar behaviour in workforce planning (i.e. temporary
workersponlypingthesfashionghorizon)spwhile the structure of BFS noticeably differs (i.e. temporary workers throughout
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Figure 7. Workforce plans generated by the four strategies.

the planning horizon). As predicted, BFS results in a relatively balanced required workload while maintaining an identi-
cal level of permanent workers (49) compared to FW. While FH is close behind (55), FR produces a considerably
higher level of permanent workers (97) due to its poor ability to balance worker hours. With respect to the utilisation of
temporary workers, we note that all four strategies take full advantage of temporary workers during peak days, limited
only by parameter y, as these workers are relatively inexpensive.

For each of the four strategies, the permanent worker line passes above the required worker line, which suggests idle
time for such workers. In our experiments, this effect is attributed to setting y = 1.0, which means that whenever tempo-
rary workers are required during a given day, their number is bounded by the level of the permanent workers (for the
entire planning horizon). A higher value of y, which may come at higher cost of training temporary workers and
increased errors, would lead to lowering the permanent worker line making it closer to the ‘required’ line (which repre-
sents permanent equivalent workers) and alleviating some idle time; a lower value of y has the opposite effect (results
not shown). Note that idle time of workers at a warehouse is often used to accomplish tasks such as cleaning of work
areas, reorganisation, and other supporting activities. Finally, we observed that the ‘required’ line is always below the
‘temporary’ worker line as the productivity ¢ = 0.8; the two lines would align when ¢ = 1.0.

5.3 Variation in total worker hours

We next analysed the variation in the worker hours, from which the above workforce plans were derived, to further
understand how the three strategies compared to the benchmark FW strategy. We represent workload variation by dis-
playing the range of %-difference of worker hours required during each day from the average warehouse hours (across
the planning horizon).
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Figure 8. Variation in total warehouse hours across various product mix ratios.

From Figure 8, we noticed that all strategies demonstrate an increasing trend of variation with a decreasing product
mix ratio. This is intuitive as the more the basic products, the more opportunities there are to effectively balance the
workload at the warehouse; an observation similar to Sainathuni et al. (2014). However, with the inclusion of fashion
products, which impose a strict due date and must be handled in a reasonable time frame, the variation in the workload
is expected to increase.

We noticed further that FR demonstrates considerably higher sensitivity to product mix ratio than the other strate-
gies, again due to fashion warehouse hours being constrained to their respective inbound and outbound days. With the
ratio of 1:9, FR results in an absolute difference of 267% from FW, compared to a difference of 63% with the 9:1 ratio.
Also, we note that none of FW, FH and BFS consistently provides the smallest range among the four strategies across
the considered product mix ratios. As stated earlier, a higher degree of workload variation at the warehouse greatly
deters the planning of workforce at the warehouse, often leading to underutilised worker hours or not enough workers,
both leading to higher costs and/or affecting service downstream.

6. Sensitivity to system parameters

We now discuss how sensitive the solutions generated in the above experiments are to changes in system parameters. We
first analysed the impact of varying product mix ratio, fashion horizon length, and worker costs for all strategies. In addi-
tion to the below, the sensitivity of FW, FR and FH strategies to values of R and H is presented in Appendices 3 and 4.

Table 2 presents the parameters, along with their associated number of levels and values. This resulted in 20 experi-
ments we evaluated using each of the four strategies; i.e. a total of 80 experiments. Figure 9 displays for each combina-
tion the ratio of each strategy’s total cost to that of FW. Also displayed is the total cost (in $) of FW for each parameter
combination.

Focusing on the cost ratios for each strategy, we noticed that FH performs fairly well over all parameter combina-
tions, consistently within 10% (1.1 times) of the FW strategy. As previously indicated, the approach of holding all fash-
ion products until their last possible shipment date benefits both outbound consolidation and store inventory levels.
Meanwhile, the approach contributes to relatively low variation in warehouse hours. In contrast, the FR strategy behaves
much worse than FW (8—123%), more prominently as the product mix ratio reduces. This finding can be associated with
our earlier observations that FR provides little opportunity for consolidation of fashion products on the outbound side,
as well as a poorly balanced workload. Note that a tighter fashion horizon length (one vs. two weeks) has a positive
impact on the performance with the FR strategy, which is largely because both FR and FW strategies have limited
consolidation opportunities across a shorter horizon than longer.

Similar to FR, BFS also displays an increasing total cost ratio for a decreasing product mix ratio; ranging from 1.01
to 1.27 times of FW. We note that for BFS, at least two shipments must be sent from the warehouse to each store, one

Table 2. Parameters varied in experiment and their respective number of levels and values.

Parameter Levels Values

Product mix ratio (basic:fashion) 5 1:9, 2:1, 1:1, 1:2, 1:9
Fashion horizon length (weeks) 2 1,2
Permanent (temporary) worker cost ($/hr) 2 $15(810), $25(820)
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Figure 9. Sensitivity of total cost (relative to FW) to product mix ratio, length of fashion horizon, and worker cost.

carrying only basic products during the initial part of the planning horizon, and the other carrying only fashion products
during the latter part. For a larger proportion of basic products (e.g. 9:1), this constraint does not separate BFS too far
from FW (1.05-1.08). However, as the product mix ratio decreases, FW tends to schedule a declining number of out-
bound shipments (as low as one shipment per store), increasing the separation of BFS from FW up to 1.27. Further, it
is also for lower product mix ratios where increasing the length of the fashion horizon improves the performance of
BFS relative to FW (due to relatively lower warehouse costs). All six instances of a two-week fashion horizon with pro-
duct mix ratios varying from 1:1 through 1:9, resulted in improved performance over their respective one-week counter-
parts, with a range 0.3—11.4%.

Notice the decreasing nature of the total cost for FW (grey lines in Figure 9) as product mix ratio decreases (more
fashion). The intuition is that with more fashion products flowing through the warehouse, there is considerably more
variation in the warechouse workload (as illustrated in Section 5.3), thus increasing warchouse costs. Though found to be
true, per our discussion of warehouse cost contribution, lower product mix ratios also resulted in decreased store inven-
tory levels, as well as decreased outbound shipments, offsetting the warehouse cost increase; in fact, lowering the total
cost.

7. Conclusions and future research

Most distribution networks are challenged with effectively and efficiently managing flows of two or more classes of
products with differing life cycles. For a specific two-product class distribution problem, we focused on evaluating vari-
ous warehouse strategies that decision makers in the industry have implemented. We considered the case of apparel dis-
tribution given our close ties with one Midwest US distributor. For such multi-period, multi-echelon, distribution
networks, we characterised three warehouse strategies, Basic-Fashion Split (BFS), Fashion Release (FR), and Fashion
Holding (FH). We then compared them against our benchmark ILS-based heuristic (i.e. the FW strategy). Several mea-
sures were evaluated, including total distribution cost, warehouse workforce plan and workload variation. The following
managerial insights were drawn from our study:

» The FH strategy appears to generate distribution plans very close to the benchmark FW strategy (typically <5%)
even for higher percentage of fashion products.

» Both the BFS and FR strategies tend to become less competitive when the number of fashion products increase.

» The percent contribution of warehouse cost to the total distribution cost increases (up to 27-35% depending on
worker cost) with a higher proportion of fashion products.

* Both FH and BFS strategies generate competitive workforce plans compared to the FW strategy.

* Variation of total warechouse hours increases with a higher proportion of fashion products.

The implications of our findings can be significant. The quantification of how such strategies compare to benchmark
approaches proposed by academics (e.g. the FW strategy) can provide industry practitioners deeper understanding and
insights into the impact of their chosen strategy on warehouse, inventory, and transportation decisions. Of note, our
industryspartnershadwemployednthesFH strategy in the past, and is currently employing the FR strategy—two entirely
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distinct strategies. Our findings suggest that, purely from a distribution planning perspective, what they did in the past
seemed to be far better in terms of total cost than what they are doing currently. When we shared our findings with
them, they were intrigued as this was not what they expected, and are in discussions with us to further understand these
findings. As managing multiple product classes is becoming a norm for modern-day distribution networks, it is crucial
for industry and academics to work collaboratively in not only evaluating real-world strategies against optimisation-
based approaches, but also to leverage the insights generated from optimal solutions to devise simple, quick, robust
strategies that have a high probability of acceptance and implementation by industry.

There are many possibilities for future research. Splitting shipments (inbound and outbound) is often practised, and
thus the resulting impact on inventory levels (warehouse and stores) and corresponding workload (putaway and picking
activities) is intriguing. In addition, the length of exposure of fashion products at the store and product pricing are obvi-
ously key factors if the objective is total revenue. Accounting for these would provide for an even more comprehensive
understanding and comparison of these strategies.
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Appendix 1. Brief description of the algorithms that emulate the four strategies

We briefly explain how the FW strategy is simulated referencing Figure A1(d); the three other strategies are simulated in a similar
way. The algorithm for the FW strategy uses an initial solution similar to FH, where the basic solution is randomised and the fashion
solution schedules all fashion product SKUs to be shipped outbound to stores at the latest possible day considering lead time. The
algorithm begins by holding the schedule of all fashion products static, and only modifies the schedule of basic products, through

Initial Solution #3
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Fashion Putaway
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fmprove Basic Inbound
¢ Basic Putaway
{ Basic Inbound
Swap .
Basic Putaway
¢ Fashion Picking
Improve Basic Picking
i Basic Outbound
S Basic Picking
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Initial Solution #2
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'

vt
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.
L Swap {
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Terminate

Terminate

(a) Fashion Release

Initial Solution #2

(b) Fashion Holding
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I Basic Inbound
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Terminate
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Fashion Putaway
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Basic Putaway
¢ Fashion Picking
Improve Fashion Outbound
P Basic Picking
i Basic Outbound
Swap Basic Picking
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(c) Basic-Fashion Split

Terminate

(d) Fashion Window (Benchmark)

Complete set of moves and initial solutions required to simulation the four strategies.

www.manaraa.com



Downloaded by [EP- IPSWICH] at 03:30 21 September 2017

6482 B. Guthrie et al.

local search (improve) and perturbation (swap) moves, until convergence. The algorithm then freely alters both basic and fashion
solutions, and terminates upon a second convergence. The convergence factor was set at 5 x 107° in order to successfully provide a

benchmark solution; for all other strategies a value of 0.0025 was found sufficient.
Table A1 summarises the moves used in the algorithms. Each description provides the source day (SD) of the move (day that pro-
duct quantities are moved from), the destination day (DD) of the move (day that product quantities are moved to), and also the type

of move employed.

Table A1l. Descriptions of moves and initial solutions required to simulation the four strategies.

Initial Solution Name

Description of the Initial Solution

Initial Solution #1
Initial Solution #2
Initial Solution #3

Random Solution, Feasible to Basic-Fashion Split Calculation
Random Solution, Feasible to Fashion Holding Outbound Constraint
Random Solution, Feasible to Fashion Release Outbound Constraint

Move Name

Description of the Move

Improve Fashion Inbound
Improve Fashion Putaway
Improve Fashion Picking
Improve Fashion Outbound
Improve Basic Inbound
Improve Basic Putaway

Improve Basic Picking

Improve Basic Outbound
Swap Basic Inbound

Swap Basic Putaway
Swap Basic Picking

Swap Basic Outbound

SD: Random; DD: Random; Type: Advance & delay shipments; putaway, picking, outbound moves
to obtain feasibility

SD: Maximum required putaway workers; DD: Minimum required putaway workers; Type: Advance
& delay putaway hours; picking move to obtain feasibility

SD: Random; DD: Minimum required picking workers; Type: Advance & delay picking hours

SD: Random; DD: Random; Type: Consolidate Shipments

SD: Random; DD: Random; Type: Consolidate Shipments

SD: Maximum required putaway workers; DD: Minimum required putaway workers; Type: Split
basic putaway hours

SD: Maximum required putaway workers; DD: Minimum required putaway workers; Type: Split
basic picking hours

SD: Random; DD: Random; Type: Consolidate Shipments

SD: Random; DD: Random; Type: Swap all basic inbound shipments between days for a random
number of vendors

SD: Random; DD: Random; Type: Swap all basic putaway hours between days for a random
number of vendors

SD: Random; DD: Random; Type: Swap all basic picking hours between days for a random number
of stores

SD: Random; DD: Random; Type: Swap all basic outbound shipments between days for a random
number of stores

Appendix 2. Average run times

Run times associated with each strategy were recorded in the experiments from Section 5.1. Table A2 shows the average run times
(hh:mm:ss) across four instances (varying worker cost and fashion horizon length) for the extreme product mix ratios we considered
in this study (i.e. 1:9 and 9:1). Run times for all other ratios fell within these ranges.

While the FH and FR strategies alternate in producing the lowest average times for the product mix ratios analysed, the average
values for BFS are considerably longer. This makes sense considering BFS has no structured fashion solution as in FR and FH. Note
that the distribution planning problem is usually tactical in nature, such run times are fairly reasonable in industry; typically, such
decisions are made once every few months and the algorithms are allowed to run overnight to achieve the best possible solution.

Also note that in order to obtain the best possible (near-optimal, if not optimal) solution from the FW strategy, the stopping
criterion (tolerance based) was kept very small, and so the higher run times.

Table A2. Average run times (hh:mm:ss) of strategies for product mix ratios of 1:9 and 9:1.

Strategy Product mix ratio — 1:9 Product mix ratio — 9:1
FH 00:41:47 04:47:51
FR 00:34:55 07:34:40
BFS 00:50:36 14:56:01
FW 17:51:35 72:13:16

Appendix 3. Sensitivity of FW strategy to R and H

Since the FW strategy can result in a number of variations based on the specific values of R and H, we analysed 10 additional
instancesy and,compared themgagainst,the.benchmark (i.e. R = H = 0). For five different product mix ratios, we calculated the ratio of
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Figure A2. Total cost sensitivity of FW to the two parameters: (a) R and (b) H.

the total cost for each combination of R and H to that obtained for R = H = 0. The length of the fashion horizon was two weeks and
worker cost was set to $15/hr for permanent and $10/hr for temporary.

Figure A2 presents total cost ratios (five different product mix ratios) for combinations of R and H where H is held constant at 0
(a) and R is held constant at 0 (b). The solid black line (in both figures) with total cost ratio equal to 1.0 represents the ratio of
R = H = 0 variation to itself. Two key observations should be noted. First, the FW strategy is substantially more sensitive to increases
in the value of H (which shrinks the fashion horizon from the tail end) than increasing R (which shrinks it from the front end). For
instance, in the case of a product mix ratio of 1:1, increasing R from 0 to 10 with /= 0 increases the cost ratio to 1.05 (5%) while
increasing H from 0 to 10 with R =0 generates an increase to 1.52 (52%). This finding can be explained by realising that when
H =10, the inbound window for fashion products is now limited to just 1 day (day 15) and the outbound window is limited to three
days (days 16, 17, 18). As a result, warehouse costs are substantially affected (due to the lack of days to distribute worker hours),
along with store inventory costs (i.e. fashion products arrive 10 days prior to their due date (day 28)).

Second, the magnitude of trends in total cost ratio for an increasing R and H differs for each product mix ratio. Consider the
R =0 and H= 10 combination in Figure A2(b). While the total cost for a product mix of 9:1 (more basic, less fashion) is only 1.08
times as much as that of R = H =0, this ratio is 2.42 for a product mix of 1:9 (less basic, more fashion). This finding is intuitive
because both R and H determine the boundaries for the fashion inbound and outbound windows. Shrinking these windows (by either
increasing R or H or both) will have a substantial impact on the total cost ratio for product mixes with a larger proportion of fashion
products than smaller.

Appendix 4. Sensitivity of FH and FR strategies to R and H

The Fashion Holding (FH) and Fashion Release (FR) strategies each have a single parameter that can generate multiple variations of
each strategy. For FH, the parameter H specifies how many days before a fashion product’s due date at a store it is to be shipped
outbound. For FR, R indicates how many days following inbound a fashion product is to be shipped outbound. Although it would be
possible to assign a unique parameter value to each fashion product type, we retain simplicity for our model. Thus, R =R, and
H = H,Vq, and both are constrained from 0 to 77 — tf; . Figure A3 displays the generated total cost values of FH and FR for 5 differ-
ent product mix ratios (1:9-9:1) and 6 different values of R and A (0 to 10 in steps of 2). The length of the fashion horizon was two
weeks and worker cost was set to $15/hr for permanent and $10/hr for temporary.

Fashion Holding: it H RTIINLT 12 e=c=]] ece=- 2:1
Fashion Release 1:9 1:2 1:1 2:1 9:1
$3,000,000 +

$2,500,000 +

$2,000,000 +

$1,500,000 -

Total Cost

$1,000,000 -

$500,000 -
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0 2 4 6 8 10
Parameter Value (R for FR and H for FH)

Figure A3. Sensitivity of FR strategy to R and FH strategy to H.
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We first note the obvious trends for FH (increasing) and FR (decreasing) as R and H increase to 10 for their respective strategies.
For FH, this finding suggests that holding fashion products at the warechouse as close to their due dates as possible (i.e. H=0) is
indeed the most favourable option. However, in practice, lead times to stores are by nature variable, and thus it is usually practical to
provide a cushion in the outbound transportation strategy. Observing the trends of FH further, we note that for high product mixes
(e.g. 9:1; more basic than fashion), the total cost is less affected by R and H values. However, for low product mixes (e.g. 1:9; more
fashion than basic), the total cost increases with increasing values of H. The latter is because of the substantial increases in the cost
due to sending fashion products earlier to the stores (impacting inventory holding costs; store holding is higher than warehouse hold-
ing) and the shorter time in which the warehouse has to turn around these fashion products (impacting warechouse worker costs).

A reverse trend is observed with FR where the total cost is much higher for low values of R, but gradually decreases as R
increases. We also observe that all product ratio instances intersect with their respective FH instances around R = H = 6. In other
words, after this point, it is now more favourable to schedule the outbound shipment of fashion products based on their inbound day
rather than their due date at stores. That is, after R = H =6, FR appears to be more favourable for all product mixes than FH.
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