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ABSTRACT

The paper describes main features of a strategydmaging complexity of the global market
and real-time scheduling multi-agent system desidoethe LEGO Company. The design is
based on Multi-Agent Technology Group (MATech) ostrategy blueprint and multi-agent
platform, which provide real-time adaptive evenisn scheduling to replenish products to
LEGO Branded Retail stores.

The prototype system has been used to schedul&zatasled LEGO retail outlets for a yearlong
trial period and has achieved the following results

* Reduction of lost sale from 40% to 16%;

* Increase in service level from 66% to 86%;

* Increase in profitability 56% to 81%.

The results show a considerable potential valuéulbscale LEGO supply chain multi-agent
solution which would be able to dynamically and@deely re-schedule deliveries in real time.
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INTRODUCTION

LEGO is known worldwide for its famous LEGO brichksEGO web-site, 2012). In addition to
supplying over 50,000 retailers worldwide, LEGQOoatgs about 100 own branded retail outlets,
which provide the LEGO brand experience. As thigif@peration is built to provide a unique
shopping experience for consumers, lost sales emvits level are considered of paramount
importance.
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Since the conception of the LEGO Brand Retail (LBRlets, the process of ordering
stock to the retail outlets has been managed byE®@O System, the organizational unit that
purchases stock from the sole supplier. To creaters, the LBR inventory management team
uses an in-house developed Visual Basic / ExcéMbah is loaded with point-of-sales data
summaries for the past four weeks of sale, invgmosition and buying budget for each store.
Based on this the LBR inventory management teaateseorders for each outlet for each stock
keeping unit (SKU), which are submitted to LEGO t8ys.

As the molding process of LEGO bricks is of vergthguality, constraints on the lead-
time of molds for special plastic bricks propagate product packaging and subsequently
provide constraints on supply. As some productsraree popular than others LEGO System has
to make a decision on how to allocate the stockreysioits retail customers, and this also
determines how large or small will be a share oGEBrand Retail.

In this paper we shall consider characteristicghefinternet-based global market within
which LEGO System operates (section 1), key protdevith the LEGO as-is business processes
(section lll), a strategy for managing global mars@mplexity for LEGO supply chain (section
IV), the selection of technology for meeting thguigements specification (section V), the
architecture of the prototype solution (section, e results of the prototype evaluation using
data from 20 US-based outlets (section VII), amdally, the conclusion (section VIII).

LEGO AND THE INTERNET-BASED GLOBAL MARKET

LEGO is a global business that sells LEGO brictesdilly all over the world. The Company
operates within the Global Market, which is chagaezed by a high level of complexity
(Beinhocker, 2007) with prominent 7 key featuregg®ski, 2011):

(2) INTERACTION — The Market consists of an excegtly large number of participants,
i.e., suppliers, consumers, service providers amdee consumers, who make and change
previously agreed deals with a high frequency tjerserating disruptive events that affect all
participants.

(2) AUTONOMY - Global Market players have considdemautonomy, since they are not
subject to a central control, which makes any ptexh of demand and supply unreliable.

3) EMERGENCE - The global market behavior emefgas the interaction of market
participants and is therefore unpredictable butrantiom — it follows discernable patterns.
4) NONEQUILIBRIUM - The Global Market operates faom equilibrium because the
frequency of disruptive events is too high for tharket to return to equilibrium between two
consequent disruptions.

(5) NONLINEARITY - The relations between market figpants are nonlinear and even an
insignificant disturbance may be occasionally afigalito cause an extreme event, such as a
global financial crisis.

(6) SELFORGANIZATION - the dynamics of the marketvery high as it self-organizes in
response to disruptive events.

(7 COEVOLUTION - The Market irreversibly coevolvesth political, social and
technological systems.

The steep increase in complexity of the InternsedaGlobal Market is a new
phenomenon attributed to the genuine explosiongitfad technology by the end of the 20th and
beginning of the 21-st century. Our century hasitreeently described as the “age of
complexity”.



Since complexity of the Global Market is increaswith time, the survival and
prosperity of all Global Market players, includibgBGO, depends on their capability to
recognize the need and develop a Strategy for Mag&pmplexity. Multi-Agent Technology
Ltd (MATech) has created a blueprint for such atetgy and is making it available to its
customers, including LEGO.

PROBLEMS WITH THE LEGO AS-IS BUSINESS PROCESSES

Lack of Transparency & Validity of Ordered Quantities

LBR does not revise orders after the stocks haee b#ocated to them, as the allocation is
forwarded automatically to LEGO Systems for pickipgcking and dispatch. What determines
the stock allocation is the sequence in which LEHERP system (a SAP ECC 6.0) receives the
orders from LBR. The common procedure is that fideis of “the most important outlets” are
processed early in the week, and “the less impbdathets” later, therefore the queue by which
stock is assigned generates the self-fulfillinggbrecy that well performing outlets always will
perform well as they are assigned stock early,svpiborer performing outlets are assigned
stock later

What makes the problem worse is that the queuedefr® is not being processed until
week-end whereby the outlets which were assigrek dirst have longer time-lag from the
latest demand signal, than those outlets whoseate processed just before week-end
processing.

The constraints of supply, aggregated usage otjobisale information, transfer of
unresolved problems to suppliers and usage of usédeveloped spreadsheets to overcome
workload are, by experience, typical for human gersupply chain scheduling processes. The
positive perspective is that LBR is aware of them know that change is required to deliver its
promise to the consumers.

Physical Bottlenecks

LBR does not revise orders after the stocks haee béocated to them, as the allocation is
forwarded automatically to LEGO Systems for pickipgcking and dispatch. What determines
the stock allocation is the sequence in which LEHERP system (a SAP ECC 6.0) receives the
orders from LBR. The common procedure is that tloers of “the most important outlets” are
processed early in the week, and “the less impbdathets” later, therefore the queue by which
stock is assigned generates the self-fulfillinggbrecy that well performing outlets always will
perform well as they are assigned stock early,s¥piborer performing outlets are assigned
stock later.

This storage is costly and accounts for ~ 12% efdistribution cost. If LEGO Systems
warehouse operation would be flexible, so that dméyreceivable quantities would be
dispatched on a day to day basis, for examplepallat-network, this would not significantly
increase the total logistic cost.

A STRATEGY FOR MANAGING COMPLEXITY OF THE GLOBAL MARKET FOR

LEGO

The Complexity Management Strategy developed by Biilis based on concepts and methods
of Complexity Science (Prigogine, 1997; Holland98) and it has been tested in a very large
number of commercial implementations (Rzevski, 20R08zvski, 2010; Glaschenko &



Ivaschenko & Rzevski & Skobelev, 2009; Andreev 8&eRzki & Shveykin & Skobelev &
Yankov, 2009; Rzevski & Skobelev & Andreev, 200 hdéeev & Rzevski & Skobelev &
Shveykin & Tsarev, 2007).

The key idea behind this strategy is that to senaad prosper under conditions of
complexity it is necessary to ensure, in the firstance, that critical business processes are
Adaptive. Once Adaptability is in place it is nes&y to improve security under conditions of
uncertainty created by complex Global Market byueing) that critical business processes are
Resilient.

Adaptability requires distributed and rapid deaisinaking to enable the business
process to react positively to an unpredictableugisve event before the next event occurs. The
appropriate distribution and speed of decision mgkian be realized in practice only by real-
time scheduling systems incorporating multi-agenohhology.

Resilience requires distributed and rapid dynamata dnining of critical data sources in
order to discover a malicious attack or fraud al/ee practical. Dynamic data mining systems
are much more advanced and are usually developbe isecond phase of the Complexity
Management Strategy.

The requirement specification for a Real-Time Scitedfor LEGO Supply Chain,
developed using principles elaborated in MATeclat8gy for Managing Complexity, was as
follows:

* The system must be capable of dealing with 100tetsuthousands of SKUs and
weekly, monthly and annual fluctuations in demandiuding merger of belief-
based long-term forecast with data-driven shortatErecasting.

» The system must be able to scale up (and down)tivlsize of the business as it
evolves with time.

» The system must be able to optimally exploit alegimoment in assigning the
limit supply of stock to outlets, so that lost sadé@e minimized, and service level
& profit are maximized.

» The system must propose replenishment orders atitathaand respond to any
change in data. This is to be both interactivetandove away from batch
processing of information, which is consideredrambitor of transparency of the
business.

* The system must allow users to override its desssiwhen required. However
whenever users override the system they must beniefd of the consequences to
the rest of the business.

As LEGO Brand Retail has no experience with thpetgf systems the leadership team
decided to initiate a pilot project under the maragnt of an internal researcher. The pilot
project revealed additional problems. LBR and LES@3tems usage of enterprise wide
applications are batch-based, which means thdtahsition to real-time information processing
is a large development step. Other alternatived) as SAP Forecasting & Replenishment
(F&R) was evaluated, but due to SAP F&R'’s architegtwhich generates orders under the
assumption that the supplier has infinite capabittrespond, the orders which SAP F&R
creates are not revised after it has been decioeduch stock is available, whereby the
problem persists. In addition SAP F&R is based atchbinformation processing, which inhibits
learning as all interactions require a batch ruioteethe user may learn the consequences of
his/her action



To minimize the risks in the development procestaad-alone proof-of-concept model
was developed over 6 months, with outlook for thiedcale ERP integration in the following 6
months.

SELECTING TECHNOLOGY FOR LEGO SUPPLY CHAIN SOLUTION

As mentioned the main challenge was to respondyahanges in demand based on point of
sales data and compute the optimal solution taithe-variant sequential multiple knapsack
problem created by constraints of movement (inbdormlitlets, outbound from supplier), costs
of all activities, lack of knowledge about futurendand, present rate of sale and utilization of the
inventory in the outlets.

This requires a continuously ongoing optimizaggwacess, which is evolutionary (as
events take place and data is added) and permits e efficient adaptive method of identifying
solutions in the solution landscape, so that tiséesy does not have to compute every solution
top-down, whenever a minor update is made to tlee skt.

The above requirement eliminates methods suchjesdnmteger programming and
similar other methods (Leung, 2004; Vos, 2000; R&ddidaee, 2005), up front as inefficient,
and points to a preference for multi-agent systevhgre number of orders and resources is not
known in advance and decisions are need to be oratkr conditions of uncertainty and high
dynamics.

In the category of multi-agent systems (Bonabealh&raulaz, 2000; Wooldridge,

2002; Brussel & Wyns & Valckenaers & Bongaert98) ontology based optimizers were
preferred ahead of generic particle swarm optirsizas ontology based systems attempt to
assess the consequence of mutation of the exsbingon, prior to mutating, whilst generic
PSO’s mutate and then assess the fitness of themoin the solution landscape. For
practitioners this means that ontology based systeawme fewer mutations though the run-time is
comparable with PSO’s. Finally amongst the diff¢éictegories of ontology based systems,
negotiating resource-demand-networks have showe taost efficient (Rzevski & Skobelev,
2007; Skobelev, 2011; Multi-Agent Technology wete $2012).

MULTI-AGENT SOLUTION
To replicate the environment in which data is tdraesformed into allocation and order
decisions the following architecture was developedhe Microsoft .Net-platform in which four
conceptual elements are present (Fig. 1).
The “Real World” is captured in a Microsoft SQL werr 2008 R2, with import through.
The “Data” is imported to the multi-agent virtuabrd by “day-end” with all point-of-
sale records (location, material sold, quantitg).¢dowever the architecture permits that the
data from the point-of-sales database could bedated to the MAS in real-time, if needed.
The “Virtual World” contains agents as autonomobgcts triggered by events or
messages from other agents.
The “Ontology” contains a XML-based construct obtithe supply chain world works”. Visual
representation of ontology for LEGO supply chaitweek is given in Fig. 2.
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Figure 1. Conceptual architecture of multi-agent solution for LEGO
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The examples of classes, relations, attributegaled are presented in Tab. 1.

Table 1. Examples of classes, relations, attributes and rules

Class (node)

Relations (node)

Attributes

Rules

Customer (1)

Revenue (2),
Product (3),

Customer type
{unknown, club

Pays for products.
Gets refund when returns

Product (3),

{GBP, USD, EUR, ...

}

member} product.
Probable to select
alternative product if
wanted SKU is not there.
Revenue (2) Customer (1), currency Created when paid

Product (3) Customer (1), product id, Must be packed into a bo
Shelf (5), height, before shipping
Store Order (7), width,
Distribution Center (8), length,
Store Delivery (10), price,
Shipment (11), FMC-value,
DC order (14), theme,
Box (16), barcode

How the adaptive scheduling works. Though the final scheduler will contain all the

conceptual elements, the proof-of-concept incluoldgl essential elements for the autonomous
forecasting & scheduling, which could be managea $ngle swarm governing deliveries and
orders as a resource-demand network [18].

This permits incremental import of each event, Whitggers adapted forecasting and
repeated rescheduling following a plan/commit/exequotocol, which reflects the flexibility of
real-world conditions. For example if a deliveryshieen planned, it may be changed until such
point in time where it is necessary to commit theees to the warehouse operation for picking,
packing and subsequent dispatch, or for examplec& has to be booked a day in advance of

the warehouse operation (Fig. 3).
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Figure 3. Illustration of the incremental adaptive re-scheduling as events are imported



The scheduling process is based on two steps &y @vent. First the event signals that
a product has been consumed, through point-of-satesds. This triggers a revision of the
forecast for that particular product, based ornvitteal worlds current state, containing attributes
such as current inventory level, current rate ¢ aad stochastic variation. The computation
may show that an agent should be initialized tadioate the delivery of a product. The
“negotiation power” is determined by the agent pability based on a trade-off between value
of a lost-sale and profit of a sale at the poirtirime when the product is expected to be sold.

Virtual World of Agents. The whole processing of the initial scene and éadividual
event is performed by a community of agents cahedvirtual World (VW). Each event
represents a set of changes happened in real vemddriggers the activity of agents associated
with the changed objects. The deviation from tlablst result provoked by the changes is VW
and the propagating changes in the scene. In gysthe system reacts adaptively and in real
time while maintaining the optimal KPIs.

Agent types. The multi-agent world consists of several typeaggnts:

» Consumption Agent;

* Replenishment (Delivery) Agent;
» Stock Agent;

* Product Agent;

» Site (Location) Agent;

» Transportation Agent.

Consumption agent is a demand in the supply-andaddmetwork and responsible for
making the consumption of a specific product ghecgic moment of time possible. It can
represent a forecasted consumption or a consumgbtadrnas really happened. The consumption
demand is fully satisfied if there is enough stémkit at the scheduled time of consumption. If
there is not enough stock, the consumption demagdtiates with Replenishment agents to
deliver more product items by this time.

Replenishment agent is also a demand and repreakerdglivery of products to a
location. Replenishment agent negotiates with ttam3portation agent, Product agent, and Site
agent to get the restrictions and cost of deliferya specific volume of products. Replenishment
agents charge Consumption agents for putting theéyats into the delivery and for changing the
time of delivery. Replenishment agents producetantil stock levels. Stock agent represents
the main resource in the swarm. The Stock agemtsggelconsumption demands for keeping
product items in stock and provide information be &vailability. If the stock level changes
unexpectedly the Stock agent pushes the Produnt tmee-consider the forecast.

Product agent is mainly responsible for maintairtregforecast of consumptions up-to-
date. It knows the specifics of the Product andhgka the forecasted consumptions if the
situation changes (e.qg. if they are sold faster).

Site agent is responsible for tracking site restnis (storage size, delivery processing
power) and knows the cost of storage.

Transportation agent knows the limitations of acHfpetransportation channel (number
of pallets) and cost function.

Events. The solution supports the following list of events

» Expected Occurrence of Consumption;

* Unexpected occurrence of Consumption;
» Nonoccurrence of expected Consumption;
» Change in Consumption quantity;



» Unexpected change in Stock level,
* An occurrence of Replenishment;
» Change in current time.
Any event can produce a chain of negotiations engfiié@ VW. The length of the chain
depends very much on the situation and can leacctonplete rescheduling in the worst case.

Sometimes several events are processed at onceo$hible negotiation relations and protocols
between agents are presented in Fig. 4.

The processing of events can affect: time of dejivallocation of consumptions to
replenishments; consolidations of products in @glas; size of consumptions; size of deliveries;
cost of product storage and transportation; anciorpany profit.

Channel

Product

Replenishment

Consumption

Figure 4. Basic Proptocols of Agents Negotiations

Logic of forecasting mechanism is presented in ¥ifhe main idea here is that each

new sale can trigger re-scheduling of delivery wiith goal to support service level or make
more profit.
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Figure 5. Example of forecast recalculations

THE KEY RESULTS
We designed and implement multi-agent solutiorréat time adaptive re-scheduling of
deliveries in LEGO supply chain.

User interface of solutions is presented on Figvlich represents current sales,
forecasts, etc.

As the results were produced using the point-aéssdhta (to represent the demand
signal) the key decision was to apply LBRs exispingcesses (i.e. current practice) once more
on the same data. This does not give the full pechwt provides an indication of the effect of
relaxing the constraints, which the business fatgsesent on real data (Fig.7). In addition
profit (of potential based on the assumption thatROS data is the real demand) was calculated
for the relaxation of each constraint. The constsaivere relaxed as follows, starting from the
ideal case, then added layers of constraints tehhmatrrent practice. The combinations were:

A. Real-time scheduling with flexible business meses (idealistic future).

B. Real-time scheduling with fixed business proesgsealistic future).

C. Fixed scheduling scheme & rigid business praseg&surrent practice).

We have also considered the following different haaisms of forecasts:

1. “Perfect forecast” — in case if we fully knovatigy in advance.

2. Stochastic forecasting — in case we know hisaoy adaptively changed probabilities
of next sales.

3. Trendline based forecasting (current practice).
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The results are summarized in Tab. 2. The oramge(bottom) indicates current practice,
which is contrasted with the green line (third rdtat indicates an achievable state with real-
time scheduling. Using the designed multi-agenttsmhs for selected US-based 20 outlets for
one-year trial period time LEGO has achieved tiselts:

* Reduction of lost sale from 40% to 16%;
* Increase in service level from 66% to 86%;
* Increase in profitability 56% to 81%.

The achieved results are exceptionally positivestrav the value of a full scale LEGO
supply chain multi-agent solution, which will bel@lo dynamically and adaptively re-schedule
not only outlets transportation deliveries but atsmnufacturing and managing cross-docs
inbound and outbound in real time.

Table 2. Results achieved by the prototype schedul er

Scenario Profit Service Levd L ost Revenue Cost
Theoretical Ideal 100% 100% 0% 100%
(A1) Real-time scheduling with 88% 90% 10% 102%

flexible business processes +
“perfect forecast”

(A3) Real-time scheduling with 76% 86% 20% 105%
flexible business processes +
Trendline based forecasting

(B1) Real-time scheduling with 82% 83% 17% 96%
fixed business processes + “perfeft

forecast”

(B2) Real-time scheduling with 76% 79% 22% 96%

fixed business processes +
Stochastic forecasting

(B3) Real-time scheduling with 61% 71% 35% 96%
fixed business processes +
Trendline based forecasting

(C1) Fixed scheduling scheme & 81% 82% 17% 96%
rigid business processes + “perfeqt

forecast”

(C2) Fixed scheduling scheme & 66% 69% 31% 95%

rigid business processes +
Stochastic forecasting




Trendline based forecasting

CONCLUSIONS

The results of the first stage of designing Adatiitgbnto LEGO supply chain, as described
above, confirm the value of MATech Strategy for Mgimg Complexity and its multi-agent
platform for building real-time schedulers.

Next step will be focused on integrating LEGO Bré&tetail with existing SAP system.
Future improvements will include the support fooguct lifecycle, removing non-selling
products, merging with belief-based forecast redlideliveries and further expansion of the
real-time scheduling.
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