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ABSTRACT

C 1 ME R Whxirtual warehouse (VW) in Kigali, Rwanda, supports thegongtive dispatch of product
toward the epicentre of its demand for delivered cement. This practice gialty benefits. Expansion
both in terms of the number of VWs and vehicles dispatched te WaVild increase these positive effects.
However,this exercisas also fraught with uncertainty, as customer order behavioariable If a truck
arrives at a VW location, it must await an ordgwmetimes overnightvhich may result in a demurrage
chage being incurred. CIMERWA requs@ stronger understanding of the risk of demurrage associated
with each type and extent of expansion of its VW maquliglr to implementation

A mathematical model was developegtovide this insight by botteterminng the optimal locations for

VWs if more were to beaddedto the network, as well as test the designs under different degrees of
aggressionwhen numbeng trucks to be dispatched nfoptimization model was built using #&udvanced

Planning System to pdiin VWSs such that the market reach of the network was maximized. It was found
that 50.94% of ClI MERWAOGs demand could be sati sfi

of its total demand coulblereached premptively via the network if five V\WWwere used.

An ExcelMonte Carlo simulation modetlas subsequentlyised to test the five optimal networks using
different planning methods. A planning method was defined as the combination of the strength grade of
cement used to load VAlound vehicles ahtwo variableghat accounéd for how the moving average
forecastmight beused by thdogistics office to decide on theumber truckgo dispatch. Relationships
between each of the planning method parameetd the number of demurrage charges incurred annually
were determined for each network. Other system performance metrics, includiedubtion ofwaiting

days spent by custongewere also calculated for each scenario and usathigsahe dynamicgoverning

the behaviour of the operatiamd the merits of each scenario

Simulation data was then used to develop recommendadimradingto postulated minimunannual
improvements in lead time days savikdvas found that a saving of 500 days pemrygauld come at an
average cost of nine demurrage charges if a single VW and forecast factor of safetyasfus@d.Using

the same network, a factor of safety of 0.4 would satisfgvdngthreshold of 1000 days while incurring
51 charge®n averageThe threeVW network would require a factor of safety of 0.6 to be used to reach
the threshold performance of 2000 days savilla mean 0220 demurrage charges. A factor of 0.8 would
be needed in conjunction witlodr VWsto achieve the threshold of 30@ays, whichwould incur an
average of 645 charges annuathhould management require more than 3810 days itthggdime to be
saved, 32.5N strength cement would have to be substituted with 42.5N cement so tbhatiniMrucks
could deliver to customera/ho order either variant. The usetbfs strongecementin conjunction with

five VWs would achieve a saving of over 4000 dayish 1367 charges incurred
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1. INTRODUCTION

1.1 Research Background/Context

CIMERWAiIsRwandadés onl y c¢ e mesaggrepsivadydvithcregional cdment immortepse t e
for its share in a growing market in a country experiencing rapid economic growth and urbanisation [1].
CIMERWA alsoexportscement to the Demaocratic Republic of Congo.

The Rwandan cement marketplaisehighly sensitive to customer service levels, especially etaer
delivery time. Construction companies rarely employ forecasting methods or robust processes that ensure
that materials were ordered before tlaegimmediately required. A high proportion of thesamnpanies

alsodo not have credit facilities with their cement suppliers. Order placeiséin¢refore often delayed

until the products urgently needed and the cash for the purclseseailable. This order behaviour, coupled

with the fact that cemens viewed as a commodity, ofteesultsin a supplier being selected solely on its
ability to deliver its product quickly.

Service delivenyispar ti cul arly i mportant to ClI MERWAOGs valu
that manufacturests cement win Rwanda, itis uniquely limited to importing raw materials such as

gypsum, whichincreasesransport costs and henemkesit difficult to compete on the basis of price [2].

Physical positioning ofthe product close to centres of demand is criticaligproving logistical
performance cycle time when transportation methods are limited [3] and road transportation in Bwanda
slow'. CIMERWA elected to position its factory as close as possible to supply of its raw materials and
chose the relatively remotown of Muganza near the sowtlestern border of the country as the location

for the plant. It thereforenanufacturedts product in an area of little demand. However, CIMERWb&Ss

not makeuse of warehouses to-pasition its product closer to demandc® its routdo-market strategy
mitigated the effect of the large distances between its plant and centres of demiaad time. By selling

to cement distributers operating within the Rwa
receive thi#& cement from a local source without CIMERWA operating a secondary distribution network.

Distributers also provided a buffer between supply and demand [4].

Al t hough water transport ov e rwettankregiorkandthe DRCareostirangpdrt t o
within Rwanda was done using trucks on the countryos
2The factory is 262 kilometres from Kigali, where app
and speeding lins resulted in an average inciddrge driving time of 12 hours between these two locations.
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This strategy achieved geographic specialisation of the product while transferring the inventory cost to the
distributer, as well as the residual risk implicit withogsice orders when long delivery lead times are
experienced [5]. Some pitfalls, howeveren experienced.

Distributers represented an external intermediate link in the supply chain and thereby eroded the profit
margin CIMERWA made on its products. Selling to distributers rather tharuserd resulted in a
consolidation of customers. A didtuter had the ability to negotiate lower prices than an individual
customet, whi ch weakened ClI MERWAG6s business position
cash flow and did not adhere to volume and exclusively agreements, which reswitéatiie demand.
CIMERWA also did not own the relationship with the arger of their product, which hindered customer

relationship management and destabilised sales prices.

These disadvantages led CIMERWA to implement a direct delivery modedtece its reliance on
distributers. The use of outsourced transport to deliver truckloads of cement to customéydrdine¢he
production plant was added to ClI MERWAGs | ogi sti
operations planning befits were felt by disintermediating the distributers, so too was the disadvantage of
losing the geographic specialisation they provided. The delivery to the origin of the final transport leg to
the customer was, in most cases, significantly further andottierto-delivery time was therefore

increased.

One operational mechanism used to combat this worsened delivery time involved the use of a virtual
warehouse (VW). This warehousgistsonl y on ClI MERWAG6s enterprise re:
as a theretical storage location in Kigali. Transactions for the actual transfer of cement to this warehouse
canbe initiated and managed even though the fadlitgsnot physically exist. This capabilityupports

the IT and business processes for aggmptivedispatch of stock to Kigali as a stock transfer order (STO)

before an order for the truckload of cemisreceived.

If a sales order (SQ3 received and allocated to the truckload while it was in transit to the VW, the vehicle
is diverted to the custoan enroute. If not, the vehiclarrivesin Kigali and the driveawaitsfurther routing
instructions. In either case, the orderdelivery time experienced by a customer in Kigalreduced,

although the | atter coul dciosdwsrdo demunrmhaga seharfged

3 This manifested in a rebate table that provided discounts for$aale purchases. A consortium of distributers
achieved significant savings by placing bulk¢hases as single customers.
2



stock while waiting for demand to be secured. The s®ttleoretically sold to the customer from the VW
andreflectsas such on the ERBeeFigurel).

@®Sales Order @Stock Transfer Order

D
Goma (To) SICUMBI
. ®
(To) RU o
e—
Lak | ;
To) KIGALI
@

(To) BUGESERA
~ 2

Kirundo

Figurel: STO legs to the Kigali VW and SO legs to customer locations

This process therefommulateghe use of a warehouse to improve customer service levels, with the same
vehicle used for the transport to and from the warehouse without arriving, offloading or loading at such a
facility. Stockis thereby positioned closer to the predicted demand wiihoutring the material handling

cost$ associated with storing product in an actual warehouse. Thissdfisghcreased inventory holding

cost associated with the use of a truck for storage instead of a warehouse when demurragareharges
incurred [3]and the cost of inventory obsolesce incurred when celmyeinatesn the vehicle. The reduced

lead times achieved by this mechanigrorease<C 1| MERWAG6s mar ket share as ¢
require cement and woul d h asywmdudt fyomia distributey at @ higher h a s ¢
pricecannow receive their required material directly from the CIMERWA production plant without waiting

longer to receive their stock.

4 CIMERWA profit margin was especially sensitive to material handling costs. In addition to traditional handling
costs, rebagging damaged bagged cement was often required when multiple handling was performed.
3



The benefits of premptively sending inventory to Kigadrenot limited to hose associated with reduced
lead times. Greater urgentgyplaced on the CIMERWA sales team to secure demand-toansit stock
to prevent demurrage. Thiscreasesales.

The VW buffersuncertainty regarding fleet sizing, whigivesrise to logistial benefits. When available
paid-for dedicated trucks exceed secured orders for delivery, directing the surplus trucks toghslvgé
utilization of the transport equipment. Thisducesthe risk associated with aggressive sizing and
contracting of dediated vehicles, whicenablesnanagement to further leverage the lower cost associated
with the use of such fleets.

This buffer alsdncrease®pportunity to use backhaul transport. The production plant became a preferred
loading destination for vehiclea the area before returning to their domicile locations in Kigali. This
transporis typically provided at reduced rates aallbws carriers to recover the cost of bringing vehicles
back to their depots. The VW conceptreaseshe likelihood of such #&uck receiving a backhaul load
from CIMERWA within the required timeframe, as an open oigleot a prerequisite to load and dispatch

a vehicle.

Invoices for cement received via the Vakedelivered to customers by the CIMERWA sales office. This

is cited as the most operationally problematic aspect of the VW operation. The additional complexity in
executing this function for export loadenderspreemptive dispatching of cement to cross border
customers impractical. The relative operational effigjegained by delivering this documentation to

Cl MERWAGs cross border cust omer s ioutwdighdshe sbaReGic on t

advantages associated withgrmaptively exporting cement using a VW.

1.2 Motivation and Problem Statement

TheVW operationinvolves movingstock toward the market before demand or an exact final destiigtion
finalized. It can therefore be said that this tactic involves deeisigking under a fair degree of uncertainty.
Uncertainty gives rise to opportunity ansk [6]. Predictive routingrovidesthe opportunity to achieve a
positive outcome (i.e. reduced delivery time, a sale that rhigégotherwise been given to a competitor

or a transportostsaving), but alsintroduceghe risk of a negative outcomeg(i demurrage charges).

The opportunity and risk associated with this operating miglgéndn some strategic and operational
parametersthaireu nder ClI MERWAO®Gs control . Strategic consi
of VWs used. Operationals pect s i nclude the tsoft bk mplarausaddbyh g me

the logistics office to determine the number of trucks to dispatch toward each VW daily. The supporting

4



sales forecast method used, the strength grade of the cement loadedbmu®\rucks and the degree of

freedom assigned to the planner to deviate from thearaldso aspects of how the uncertainty is managed.

Defining the current CIMERWA model inn@as of these parametehngghlightsthe riskaverseness of its
design, as well as the opportunity for its expansion. The model currentlguppgprigpre-emptive routing

to the densest and most consistent area of demand. The operation, hswetdimited tothe use obne

VW andcan beupscaled to include premptive routing to other centres of demand. Rskso avoided

by the high degree of discretion afforded to the planner to elect to not use the VW and thereby avoid a

negative result.

Anal ysis of Cl ME Rrevaassow tentatively theo/WHasbebrutilized (seeFigure?).
A total of 207 loads (2.45% of all deliveries) were dispatctedguthe VW mechanism from March 2018
to March 2019 with a decreasing trend exhibited from June 2018. Fewer than three percent of such loads

were executed in the final six months of the year analysed.

85
76
70
60
21
15
I I

2018 March 2018 April 2018 Mav 2018 June 2018 July 2018 August 2018 September 2018 December 2019 March

Figure2: Number of truckgslirected to CIMERWA's Kigali VW

Number of VW Loads
[ (=) [*5) = o
(=) (=) (=] (=] (=]

<

Furthermore, 75% of these VW loads represented the use of the VW to support sales to confirmed customers
that did not have a CIMERWA credit facility. In such a case, the truck was dispatched before the credit or
receipt ofcash payment had been approved, but the demand had been established within a reasonable degree
of certainty when the VW load was planned. The descriisd andbenefitsassociated with premptive
routingtherefore did not apply in these cases andyéls, $t could be said that only approximately 50 loads

had been executed according to the intende@mgive routing process during this period.

SDatawas genart ed t hrough use of ClI MERWAGs TMS. Aup @dteg s i s W
between 25 March 2018 to 24 March 2019.



The infrequency of premptive dispatching of vehicles using the Kigali VW resuited falling away of
thepractice of carriergvoicing CIMERWA for demurrageThe risk of additional utilization for standing
time was implicitly included in the single transport rate quoted to CIMERWA.

Production shortagesi ue t o Rwandadés ficonstruction boomd an
and Burundi markets [2] did acaoiufor many periods when the VW was rightfully not used. If existing
ordered stock exceeded-band stock, that product should be have been allocated to a processed order on
the order book and prmptive routing should not have taken place. However,aWwenumber of VW

loads dispatched after the order backlog was cleared reflected the tentativeness that underpinned
Cl MERWAG s -emsptve odtingp r e

Problem Statement
Expansion of CI MERWAGOGs VW operati on wedfdcidontheev er a

business. Such expansion cobEimplemented along two dimensions.

Figure 3 shows»pansion along the first dimensiowhich would involvean increase in the number of
VWs used within the distribution network (i.e. increasing thecstati target destinations for pgmptively
dispatched trucks). This woutdquirethe modification of the strategic design of the VW network on an ad
hoc basis.

@Sales Order @Stock Transfer Order

Goma_ %
®
(From) RUTSIRO

@\

(FromJKIGALI

Kirundo

(From) NYAw—.O

Figure3: Map showing an expanded VW operation with an additianvirtual warehouses

6278 loads (3.34% of all deliveries) were loaded late during the analysis period of 25 March 2018 to 24 March 2019
due to prduction shortfall. Carriers reported production shortfall as the reason for 1810 (20%) late deliveries.
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The second dimension along which the VW operation cbeldxpandeds the degree of speculation
evident in the way the logistics office deternsm@w many vehicles to dispatch to each \éily. This
applied logic is referred to asd planning method and adjusting these rofethumb such that the number

of trucks preemptively dispatched toward VWs was reliably increased would represent an expansion of
Cl MERWAGs use of VWs.

A stronger quantitative understanding of the risk assediwith preemptive routing of vehicles would
have assisted in overcoming the risk aversion that hindered expansion along these dimensions. However,

CIMERWA had no data or analytical tools to provide this insight.

1.3 Critical Research Question
Whatist he r el ati onship between the stratv&gpemtiomnd o

and the risk of incurring demurrage charges?

1.4 ResearchObjectives

The primary objective of the study is as follows:

To develop and demonstrate a quantitative method for generating alternative exgavideetwork

designs for CIMERWA and determining the risk of demurrage associated with each design. The method
must incorporate the planning method as an input, includmtytie of cement dispatched, the forecasting
method used and the level of appetite for risk evident in the manner in which the forecast is used to number
the trucks dispatched to each VW.

The supporting objectives are

1. Develop and use an analytical nebdor determining the most desirabMW positions (i.e. the
network design) when different numbers of VWSs are used.

2. Develop and use a predictive simulation model for determining the relationship between the
number of VWs and the risk of incurring denage charges. Each network design must be
simulated using different planning methods. Each method must prescribe which strength grade of
cement is loaded on VMound vehicles and how the daily forecast is translated into the planned

number of trucks sent ®ach VW such that different levels of appetite for risk are mimicked.

"VWs should be positioned in such a way that the satisfiable demand in their collective catchment areas would be
maximized while minimizing the travelistance required to meet this demand from the VW.



1.5 Limitations
Thefollowing limitations of this study were identified:

1 Data collected and used for the modelling of the expanded VW operagiehistorical in nature.
Future changes irdemand patterns could not be reliably anticipated. Prediction of or
accommodation foiuturemo di f i cati ons to ClI MERWAOGs sales a
closure of current or establishmentraw production plants, changes to the output capacife
these plants, the establishment and subsequent redesigmed or rentegbhysical warehouse
networks and introduction of new modes of transpimteforeresidel outside the scope of this
study.The models were therefore developed and run undeasthenption that tise parameters
would remain unchangeghen any VW operatioaxpansionsvould be implemented

1 The models that were central to this study represented logistical systems that had never existed.
Learningsxtracted throughnalysis of the auent VW operation were used to model the expanded
operationsand care was taken to ensure that the modelling assumptbahd bevalid under the
new conditions that were modelled. Nonethel#ss,ncreased activity and expansion of the VW
network into ®w geographic areas of Rwanda may introduce new constraints anthatdgsern
interactions between vehicles, customers, plaogsstical infrastructureproducts, etc. that were
not anticipated by the modeller.

1 The logistical systemthat weremoddled involved human rokplayers and many aspects of the
inherent unpredictability oftheir behaviour were not modelled. The model results and, by
extension, the interpretation thereof therefticenot consider many aspects of human behaviour

1 The dynamis of the apply chainweremodelled using transactidavel operational datasethat
comprised of thousands of entries. Data validation techniques thereforedacugdentifying
outliers. Ay verification ofdata points that were not identified as muihad to beselectedas a

random samplenvhich meant thananytransactios werenot individuallyverified.



2. LITERATURE REVIEW

The literature review covered four topics which were used as inputs to the stated supporting objectives: (a)
virtual warehousing and t heVWincarpnates géneral VM pricciplesC|1 ME
and (b) vehicle routing, (c) network desigrddd) simulation modelling techniques and their applicability

to the CIMERWA VW operation. Further reference is made to literature elsewhere in the document where
the literature applies directly to the topic being discussed.

2.1 Virtual Warehousing

The VW is a concept developed by Global Concepts, Inc. to improve supply chain respongijeiiess
was presented as a hardware and software framework to support de@iog and operational processes
by consolidating redime data from several sources.eBk typically include stock inventory levels and
geographic positioning of vehicles [8].

The most common use of a VW is to pool inventory from physical inventory locations into a single
theoretical location. This aggregation facilitates the use of #hgoesi that link points of supply and
consumption [9]seeFigure4). As such, the VW serves to replace a network of physical warehouses with
policies and processes tlogdtimally respond to existing demand given the current positioning of inventory

in the supply <chain. A VW i mplementation thereb
demand point rather than an ant n[8] Thia tesultsyin lofivgru s h 0

levels of inventory and associated capital, insurance, obsolescence and storage costs [3].

Material

[ Virtual Warehouse ]
Supplier A [N

(Inventory) 4
Information

Supplier B H—_ (Inventory)
Information
only

Supplier C \ )

No Physical Distance

Manufacturer

= Suppliers share the virtual space of
the joint virtual warehouse to record
the inventory information

## Suppliers provide materials when the
manufacturer orders them to deliver

Figure4: The virtual warehouse concept [9]



The CI MERWA model appeared at odds with the dApul
VW in Kigali enabled a predictive push of material towards demand. The trigger for transport was not the
customer os order, but ithhsea practice mare ipdedtive @fran anticipatory o r
business model than that of a responsi vpeocessesd el [
however, aided its reconciliation to the more general VW concept. The initial dispatch of cemigiatito K
represented a fApusho, whioue et hepdiegsens iedartime fi puh
transport and sales data tcaalinate the linkage of supply (i.e. the truck) and demand (i.e. the customer)
during the diversion representtite application of a key tenet of the VW concept [8].

The projectds primary objective, however, focus
operating model used by CIMERWA. Sales and Operations Planning (S&OP) techniques (e.g. vehicle
routing methods, network design, simulation etc.) were therefore more applicable than those usually

associated with the use of a VW (e.g. +&@le, cloudbased tracking and stock visibility systems).

2.2 Vehicle Routing Techniques

Cl MERWAOGs ant i c icegmert towayd th&\W oosld ave dden described as a Stochastic
Vehicle Routing Problem (SVRP) as trucks were dispatched under a high degree of uncertainty. This is
observed in any distribution system where deliveries must satisfy orders receivedtimeeauch as

flower or fast food delivery, repair of electrical or transport infrastructure or retailer replenishment [10].
Since CIl MERWAG6s customers may or may not have or
the problem could have been mopedfically classified as a Vehicle Routing Problem with Stochastic
Customers and Demands (VRPSCD) [11].

The VRPSCD is a specific example ofCapacitatedvehicle Routing ProblemGQVRP). Solving these
problems usually involves compiling a set of vehidetes of minimum total cost, with each vehicle
starting and ending at its domicile location [12]. The VRPSCD is considered a particularly diffig

to solve with a variety of approaches that can be used [11].

Arguably the most welknown approach as proposed by Bertsimas (1992), in which the problem was
solved as a standard SVRP using clefeeth expressions and algorithms. The assumption was made that
all possible customers would have had to be visited, but the solution allowsofttimézationin reattime

once the demand was known [13]. This istep process is also evident in the tabu search method developed
by Gendreawt al.(1994) [12]. While the delayed confirmation of demand was a feature of the CIMERWA
operation, this approach is moreplpable to multidrop routes [11]. CIMERWA only delivered full

truckloads.
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Ulmer et al. (2018) developed an approach to solving the VRPSCD using Markov decision processes to
allow for anticipatory preemptive depot returns. These allow delivery vehi¢tesestock during the
planning period [14]. This approach can be used to model the delivery of full truckloads, but it is of little
use if the vehicle cannot return on the same day to reload. A return trip to a CIMERWA customer usually
required more thanne day to fulfil. Trucks also might not have returned to the CIMERWA production
plant, as they could have been routed to provide transport for other companies. This revealed the implicit
pitfall in applyingCVRP concepts to the CIMERWA VW model. The sauatto aCVRP is the optimal
sequencing of vehicle stops, but a CIMERWA delivery route could only consist of one planned delivery

stop per planning cycle.

Markov decision processes are an application of probabilistic dynamic programming, which is used to
model situations in which the state of the environment changes from one stage to the next [15]. This
transition depends on the action made by the decision maker and other probabilistic events. -Tineemulti
period nature of the CIMERWA problem and thecstastic nature of its demand and vehicle performance

made this technique attractive for modelling the operation.

A dynamic programming recursion is defined in t
operating days couldedefined as stages, vihithe number of vehicles stationed at andarie to each

VW could bemodelled as states. The probability distribution of the number of orders being planned for
delivery to each of Cl MieRpdased iotd theitransitiom dieh stadetca n d ¢
the next, although some simplifying assumptions would have to be made and built into the model. This
disadvantagés shared by most network design techniques that coeld ppl i ed t o meet t

primary objective.

2.3 Analytical Network D esign Techniques

The CIMERWAVW operation simulated the use of a physical warehouse. Analytic methods that support
physical warehouse network desiganthereforebeapplied to the upscaling of its VW model. Good design

of physical networks is underpinned by the systems concept, whiphasises the understanding and
guantification of relationships between components in order to maximise performance of the entire system.
Locational modification was recognized by Bowersbxal. (2013) as a key influencer of total logistics
performance at the effect that positioning of facilities has on other network design elements was noted
[3]. If this principleis applied to the CIMERWA operation, these facilities wandy Ws , whi |l e t he
el e me nt lgethevmumbedof trucks dispatched dailyocation analysis techniques were therefore

applicable.
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Location analysis has played a crucial role in the development of operational research and the problem of
determining optimal locations has been well researched [17]. Several established anhhiticiésare

available for optimally numbering and positioning facilities. Sirrlofvi et al. (1997) presented an
algorithm for the pMedian problem, in which a set of facilities are positioned optimally when customers

are serviced by only one warehouse tiremaximum distance of the customer from the warehouse is fixed
[17]. These featuresreappl i cabl e to ClI MERWAGs positioning o
feasibly diverted to delivery locations located within a certain area around the VW.

The pMedian algorithm was then expanded by Sirdatwi et al. (1997) to address the Singbource
Capacitated Facility Location Problem (SSCFLP). This formulation allows the number of warehouses to
be optimally determined while constrained by the capacity df emrehouse. An alternative distribution
system design formulation was also presented to incorporate product variety and customer order volumes
into the opti mal net work [17]. This all owed for

on the weifpted geographic spread of demand for its product.

Sebbahet al. (2011) demonstrated how analytical network modelling can also provide insight into the
relationship between network design parameters.
bases was modelled and optimized repeatedly as the modéjiested the values of certain input variables,
such as the demand for tactical supplies [18]. Such a methodlmuded to investigate the relationships
between parameters of the CIMERWA VW operation, such as the number of VWs and the risk of

demurrage

These formulations provided insight into the nature of the algorithms utilized by algebraic modelling
systems (e.g. LINGO) and Advanced Planning Systems (APS), such as Rivér Eoggeprise Optimizer

(EO). The former allows users to formulate andadihear, integer, quadratic, general nonlinear or global
optimization problems using an easyuse syntax and programming interface andverdied solvers that

are automatically selected prior to optimizatifd®]. The ability to define systems by dir principles

provide the LINGO user with the flexibility to solve almost any simple problem.

An APS also provides a method of employing linear optimization techniques to optimization problems, but
more specifically within sales and operation planning@®) contexts. It simplifies the formulation of
complex supply chains by allowing modellers to define a supply chain network usingeasdyconcepts

such as plants, warehouses and customers. It thereby provides a quicker, less mathematicallyndigorous a
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pre-verified method for generating suggested answers to questions such as the optimal number, size and
location of facilities [3].

EO is one such APS, although it is more commonly referred to as an Integrated Business Planning (IBP)
software toal EOprovides a simple diagram style interface that can be used to model the business processes
that create value within the organisation. Four basic object types, namely purchase, conversion, inventory
and sales, are used to graphically model the supply cBaice a minimum amount of information is
specified for each model, the algorithm optimizes for profit on any unconstrained variable [32].

The use of APSs such as EO, however, regtiire skilful aggregation of data and appropriate definition
of warehousg and transport costs, service level requirements and future demand to obtain feasible results.
This often proves problematic. Furthermore, difficulties arise when mathematically modelligprizhl

complexities such as variation in travel time and meey shrinkage [17].

The shortcomings of such analytical modelling methiselsomemore pertinent when considering that
variation in demandspar ti cul arly key to any analysis of C
operation supported a relatively lovamnsaction volume when compared to most modelled supply &hains
maki ng fismoothingod of natural variation through

difficulties of modelling stochastic relationships.

2.4 Simulation Modelling Techniques

Stochastic relationships are particularly prevalent in logistical systems [19]. The use of analytical methods
to model environments governed by these types of relationships usually requires so many simplifying
assumptions that generated answers cannotfflemented. It is therefore often more effective to improve
logistical performance by imitating the behaviour of the operation by replicating the relationships and then

analysing Awhat ifd scenarios [15].

This replication can be achieved through psetaimlom number generation, an application of simulation
modelling known as Monte Carlo simulation [20] that has been used to gain insight into the dynamics of
many supply chains. Simehevi et al.(1997) recognized that the assumption of known or condéamand
necessary for analytical inventory modelling is often inappropriate and presented algorithms for single and

multiple timeperiod stochastic inventory problems with an extension to +aciftelon supply chains [17].

8An average of 23.55 truckloads of cement were dispatched per day from the CIMERWA production plant between
25 March 2018 and 24 March 2019.
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Albright et al. (2005) presemtd mehods for using Microsoft Excel as a tool for developing Monte Carlo
simulation models, including an example of its use for determining the economic order quantity (EOQ)
under conditions of uncertainty [21]. Excel was also used by Zabealg2007)to@ vel op an Ai nv
management business gameo that demonstrated the
inventory policies on logistical key performance indicators (KPIs) [22].

Monte Carlo simulation is particularly useful fatargeed study of the sensitivity of one logistical system
parameter to another. Klug (2011) demonstrated the use of Monte Carlo methods to generate a graph
depicting the relationship between the standard deviation of circulation time of returnable automotive
containers and the standard deviation of their demand [23]. De @&to#ie(2011) showed the use of
stochastic modelling to investigate the effect of increasing product variety on product availability and
replenishment lead times in an integrated produactind distribution system [24]. The latter relationship

was of particular interest to the CIMERWAN operation, as the limited product variety associated with

the cement market and the relatively low importance of product assortment to cement distribution

performance were key positive contributing factors to the feasibility eémgive vehicle routing.

These stochastic techniques do not carry the discussed disadvantages of analytical methods. They were
therefore wellsuited to modelling the CIMERWAW operation and could have been applied to investigate

the relationships between its strategic and operational parameters and the risk of demurrage. Winston
(2004), however, noted that the use of simulatiopfoduce specific output to enhance operatisrstow

[15]. The need for scenarios to be tested through simulation means it is better suited to investigating the

effect of changes to systems than the generation of suggested answers to questions.

Simulation modelling could have been used to effectively test changes to the CIMERWA VW operation
and operational parameters, but these changes had to be developed first. This requiremgenerakieg
solutionausing simulation a slow process if thedatier uses the simulation model to test the entire solution
space. It is therefore preferable to first use some form of analytical technique with simplifying assumptions

to produce a smaller set of feasible solutions that are later simulated using tiee@ddo model. These
techniques can be simple spreadsheet analyses and subsequent elimination of clearly infeasible or insensible
alternatives, or more rigorous optimization technigues such as dynamic or linear progrg#®himbis

can be an iterativeparoach, with the findings of the simulation exercise informing the analytic techniques

(seeFigureb).
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Figureb5: Iterative approach tthe combined use of analytic and simulation techniques [43]

This method of simplification by first optimizing using analytical methods and then simulating binary
options has a successfully track record in supply chain integration [3]. An example cfgptestion of
this technique was presented by Wang (2012), who demonstrated the method while modelling perishable

goods within a grocery retail chain in the United Kingdom in order to optimize pricing [29].

It is clear both that both analytic and simtidbn modelling techniques have their advantages and
disadvantages that render each more applicable to some problems than others. The CIMERWA VW
expansion exercise, being both solutdiven (i.e. supporting objectivd) and investigative (i.e.
supportingobjective 2)in nature, would be well served by the selective and iterative use of both techniques.
An iterative process by which the output of one technique is fed into the otherifmreasing improved

VW expanded model woulde beneficial.
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3. RESEARCH METHOD

3.1 Technique Selection

The literature review served as a broad study of theory that had been applied in contexts of varying degrees
of similarity to problem presented isection 1.1. While the applicability of each area of theory to the
problem satementwas discussed, it had to be processed further immdelling approachthat would

achieve therimary objective.

3.1.1 Mathematical Modelling

The primary objective focused on the provision of quantitative insight into the risk associated with the
expansion of a speculative operation. This insight cdédained by simply changing the real system and
observing the operational data that was forthcoming. This approach, however, would introduce numerous

costs and risks.

Although many of the systems aptbcesses for premptively dispatching trucks to V\Wasealready in
place, actual expansion of the operationinvestigative purposesould requiresignificant rework on
these systems and processes. An example of such reworklvedhielestablishment of new VW locations
on CIl MERWAG® s and th&ransp8riat®n management systeiMg), BluJay Transportation

Management.

Significant change manament wouldbe required. This wouldncl ude tr ai ning of C
carriers6 transportati on ptomanagehed preeaiptive digpatchinggnd f
of vehicles tanultiple VW locations Commercial terms with carriers would alseaffected, as more stable
volumes dispatched to various regions of Rwanda would provide CIMERWA the opportunity to renegotiate
transport rates. The higher risk of demurrageoducedcould also prompt renegotiation of standing

charges. These would harasulted in new contractual terms.

The abovementioned implementation activities would incur significant cost in the form of monetary
investment, implementation time and effort and disruption to the business. This cosbherepldated with
every changeo the parameters to test the various scenarios (i.e. combinations of VW networks and planning

methods) and collect the necessary data.

However, the most significant disadvantage associated with the use of actual implementation of different
scenarios tgain the required insight woulikthe actual introduction of the risk under investigation. If an
experimenis conducted using many VWSs and an aggressive planning method, this operating model would

introduce a high risk of demurrage charges for which GRVMEA would be liable. This would add to the
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cost of the investigation. The repeated dispatch of vehicles in anticipation of demand that did not materialize
and requiring vehicles to stand overnight without accurately explaining the risk to the carriezbdredo

could alsdbei nt er preted as ClI MERWAG6s | ack of control 0
This would result in a loss of ClI MERWAOGs reputat

It follows that a virtual method of testing different expanded operatiores preferable meansf
investigatingthe risk of demurrage associated operational expansion, provided that this method could
provide a sufficiently reliable set of results for eacenario. Mathematical modellivgas identified as

such a method. The literature review highlighted the advantages and disadvantages of two popular
mathematical modelling methods, namely analytical and simulation modelling. However, the methods
required sme sharper review through the lens of the primary objective of the project before a technique
or hybrid of techniquesould be selected.

3.1.2 Simulation Modelling

Bowersox et al. (2013) recognized two criteria used to evaluate alternative modelling methods:
generalizability and accuracy. These criteria often compete. Generalizability refers to the ease with which

t he model can be adapted and scaled to cater f ot
to closely replicate performance chaeaistics and the degree to which the results represent the true optimal
solution [3]. Both criteria were considered when determinvhgther analytical or simulation modelling
methodsvoul d be used to address t he plexitypfehe CINERWAT ob |l e
virtual warehouse VW operation and the various ways in which its parameters could be changed to expand

it, generalizability received more consideration as the modelling approach was developed.

The deliberate emphasis placed on galiwbility favoured the selection of simulation astéehniquéor

modelling the operatiorirhe ease with which complex reabrld heuristics and stochastic processes can

be modell ed using Monte Carl o si muloadaptthbenmodeletd h o d s

cater for new scenarios or additional complexity. Monte Carlo methods are therefouiteell to

providing insight into the dynamics that govern predictive logistical operations within an environment as

fraught with uncertainty as ¢hRwandan cement market. Simulation modelling was therefore deemed a

better suited technique to address the projectéo
e

met hods as the underpinning virtual noperation.d of t

A significant limitation of Monte Carlo methods, however, is the slow speed at which they can be used to
find the opti mal solution to a problem [15]. E X

revealed that the essence of theestigation was not the determination of a best possible operation, but
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rather the understanding of the relationships b
along which the existing operation colddexpanded.

The manner in which théW modelwould be expanded along these dimensions, however, was not defined
in the projectds primary objective. 1 f different
have to be formulateds part of the studylhis requirement could beaséd in more general terms: if the
primary objective required insight into a future state that was not defined, the future state first had to be
developedby giving answers to two important questions. Firstly, if CIMERWA decides to increase the
number of is VWSs, to what extent would it attempt to optimize the locations of these VWs? Secondly, if
CIMERWA employed a more aggressive planning method, how would it define the planning method and
how sophisticated would it be?

Thetechniquesy whicheach of thee questions were to be answeanad subject to some discretion, as a
tradeoff existed between theptimality each solutiorand the feasibility of CIMERWA developing,
implementing, operating and maintaining it. These questions are addressed sepasattigns3.1.3and
3.1.4

3.1.3 Optimization

As the number of VW to beincreased, the placement of these VWs wouldhabe determined before

any simulations could be run. CIMWERWA®@eliverscement to 57 Rwandan cities. The difference in

hi storical annual demand rangefrom®heNrGcROAN O 2196pruckiogdds c t s
with a standard deviation of 34Bvidently, thereaaredelivery cities that introduce significantly more risk

of incurring demurrage charges than others. The number of orders placed in adjacent cities that could
fulfilled by a truck that was standing at its Vid/another factor thaiffectsthe risk of demurrage. It could
therefore be assumed that the simulation results would be significantly sensitive to the placement of the
VWs.

The decision regarding where to place Vo complex to optimize intuitively. A network of five VWs
provides 502 452 720 different possible combinations of VW network arrangenigmesplacement of

VWs wouldbe a strategic decision and would rim# changed daily. The optimization of VW networks
could thereforebe conducted asd hocstudies, the resultsf avhich computed by skilled modellers and

implemented and reviewed periodically with no need for sophisticated operational systems and training.

These considerations suggest that CIMERWA would attempt to optimize the positioning of additional VWs

shouldit expand the operation along this dimension. Furthermore, this prdbtataitself to analytic
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optimization techniques asoanbe reasonably solved as a deterministic model if the assumption was made
that demand in each Rwandan city would renzainstat [15]. This was evident in the literature review,

as LP was the overarching analytical method of the various network design algorithms presented by Simchi
Levi et al. (1997). It enjoys an extensive record of successful application in the area of lalcation
modification, especially when an APS is used to model the supply chain prior to optimization using an LP
engine [3]. LP was therefore selected as the analytical technique for generating the VW locations for the
future states to be simulated.

3.1.4 Simple Heuristics

Anal ytical optimization of the operationds expa
would beless feasible. While the decision regarding the number of trucks to dispatch Wastalso

complex and the risk of demurrage cob&highly sensitive to the quality @nyrulesof-thumb thatvould

guide such decisions, the feasibility of replacing these heuristics with optimization techniques that

computed the number of VW trucks to dispatch disilyuestionable.

The frequency with which these decisidra/eto be optimized would necessitate thglementation of

an operational system that would require data feeds from SAP and the TMS to generate meaningful results,
as wel |l as a skilled operator to run the algor.i
somewhat low transactional volemvould limit the benefit of developing and implementing sophisticated
machine learning and/or optimization techniques, such as a probabilistic dynamic programming algorithm,

rather than a simpler intuitive rutd-thumb informed by a basic forecast.

As such, the chosen technique for simulating the planning method did not include any optimization
techniques. Rather than wutilize machine | earning
prediction of the followthgVWwagyg 6 s athedadmovingr e d ¢
average forecast wasmulated Instead of utilizing probabilistic algorithms to determine how to use the
forecast values to determine the number of trucks to dispatch, basiofrtiesnb were developed and

their use simulated. The parameters of the rofahumb were adjusted to reflect a greater degree of
speculation used by the logistics office and thereby simulate the expansion of the VW operation along this

particular dimension.

3.1.5 Modelling Approach
These three technique selections, namely simulation modelling for investigating expatideddels,
linear programming (LPfor determiring the VW locationsfor these expanded VW models and rebés

thumb forsimulating the planning methpdave ise to two different modelling exercises that would be
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conducted sequentially as a hybrid modelling appr¢sebFigure6). This pair of exercises served as the
supporing objectives of the project (see section 1.4):
1. Network optimization modelling: An LP model of the CIMERWA distribution network was
modelled. The optimization engine determined the optimal positions of the VWs. The key input to
t his exer ci s e histodcal dethandd Bb&HWNMAtérms of volumes by product type and
customer geography. The key output of this exercise was the optimal cities in which VWs should
be located for each number of VWSs used (i.e. optimal VW networks).
2. Operation simulation modelitn The VW operation was simulated using Monte Carlo methods.
The model was run to simulate the implementation of differing degrees of expansion of the
operation, both in the number of VWs used and the planning method. The planning method was
simulated witln the Monte Carlo model, which entailed a moving average forecast calculation
using the simulated sal es vol uofithanbihat gogeanedch V Wi
how the forecast was converted into the number of trucks to dispatch to eachilyW iz key
i nputs to this exercise were ClIMERWAG6s histo
(i.e. the output of the network optimization exercise). The key output of this exercise was the
number of daysd demur r ag e pea year fogmltple simulated y&dEsR WA

of operation under different levels of expansion, which would be interpreted as risk of demurrage.

River Logidd &nterprise Optimizer (EO) was selected as the advanced planning system (APS) for the
network optimizabn exercise due to its extensive use for supply chain modelling and its powerful LP
optimization engine. Microsoft Excel was selected as the Monte Carlo modelling tool. Excel was also used
for data preparation, cleansing and validation, as well as medétation and analysis of the results of

both individual modelling exercises and the hybrid model @whole. Microsoft Power Bl was also used

for validation and analysis of input data to and output from the models.
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CIMERWA Expanded VW Operation Hybrid Mathematical Model

Supporting Objective 1 Supporting Objective 2

Moving average forecasting method

Planning method

T . T I
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. . . '
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>
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Assumptions/logic for
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Figure6: CIMERWA hybrid mathematical model concept

The pimary objective stipulatethatthe optimal VW networks are a required output of the method. This

data therefore represents both an input to the second component of the hybrid mathematical model and an
output of the hybrid model as a whole. Some activities performed on this data edor¢hbe classified
differently andarediscussed in different sections of this document depending on the model in focus. For
example, validation of this data could either be viewed as a data cleansing and preparation exercise and
therefore be discussedsection 3.3.5 or a model verification activity and hence be discussed in $ection

It was decided to discuss this data as an output of the hybrid model.

3.2 Research Procedure

3.2.1 Research Phases

Albright et al. (2005) [21] presented a modelling framework tteat be used to execute both analytical and
simulation modelling exercises. It consists of sestps that, when followed correctly, guide the
development of a mathematical model and implementation of the recommendations it generates to address
the problenthat initiated the exercigeeeFigure?). This process was selected as the modelling framework

for developing the hybrid mathematical model that idelli both the LP model that proddaihe VW

network designs and the Monte Carlo simulation model thadédst designs when different planning

methods were used.

Optimization Model
Problem Data Model Model +——> and decision ——» communication —— Model

definition collection development verification N implementation
making to management

t I N |

Figure7: The severstep modelling process [21]
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While some aspé¢s of the two modelling exercises overlapped and informed each other, the models were,
for the most part, developed and run sequentially. It follows that many of the modelling steps were executed
twice for this project at different times, once for theifuiént of each supporting objective. However, the
sevenstep framework was used to describe the modelling of the execution of approach for the hybrid model
holistically. As such, the sequence of steps is described once, but the explanation of eacludesp inc
detail regarding of how it was followed for each component of the hybrid model.

The sixth step ofthe Albrigletal ( 2005) model |l ing framewor k, @ Mode
was deemed to lie inside the scope of the prdjmivever,a large component of this step typically involves

the analysis and interpretation of data, whistaddressech s par t of the AResult
ADi scussi onoO s ecThese two sedtions daretherkfore bersensidered tantanootg

sixth step. The process alstakes provision for solution actualization [21]. The scope of this project,
however, excluded any operational implementation of recommendations that may have stemmed from the
operational insights gained from the exegcids such, a streamlined adaptation of that framework was

used, which excluded the seventh and final step of the process.

Much of step one of the framewor k, iProbl em Defi
research questions, problem statement and project objectives. The details related to the execution of this
step of the process are included in the intréidnoof this document, resulting in this step of the modelling

process being excluded from the AResearch Met hod

Bowersoxet al. (2013) [3] also provided a more granular framework for executing operations analysis
exercises and made provisian the use of analytical and simulation methods as part of those exercises.
There is a large degree of overlap between this methodology and that presented by &llatidR005)

and, as such, many of the concepts presented can be incorporated iet@tistep modelling process.

These were included in the research procedure for the hybrid model where deemed appropriate. Examples
of such inclusions were the business, management and analysis assumptions that were noted, documentec

and incl uded Gonl ltehcet ifiobnad st ep of each model |l ing

3.2.2 Ethical Considerations
Only demand for delivered cement is relevant to
generated from ClI MERWAOGs wuse of a Trané&yBuday at i ot

Solutions,couldbe used to model the operation. The TMS is clbased and access to the dassgiven
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by CIMERWA. Express consent to use the daaspr ovi ded by the office o
Executive Officer, Bhekizitha W. Mthembu.

Fullethi c al clearance was provided by the Ethics C
School of Mechanical, Industrial and Aeronautical Engineering. The ethics clearance number for this study
is MIAEC 178/19

3.3 Data Collection

Good quality, approjaite input data is essential to the success of a quantitative[48]dyhe fulfilment

of the primary objective of the project required a highly quantitative analysis of the CIMERWA
operation using both an analytical and simulation model. It folldwas rieliable data had to be sourced,

cleansed and prepared in such a way that the conceptual model could be run as intended

3.3.1 Assumptions

The two models that were developed did not aim to fully represent the environment in which CIMERWA
operatesor the eypanded operation. Rather, the distribution network @ logistics operation were
modelled intentionally to address the objective. This allowed for certain simplifying assumptions to be
made, which mitigated the risk of introducing computational diffiesllor modelling parameters that were

not fully understood, or developing a model that would produce extraneous output that would only serve to

pull the focus of the analysis from the aspects that were of relevance to the objective [25].

Simplifying assmptions were especially important to the development of the first component of the hybrid
model. This component involved modelling the CIMERWA distribution network &3 model using an
APS, an analytical technique that presents significant difficultiberwattempting to model complex

systems without a set of simplifying assumptions that are strictly enforced [30].

This consideration, coupled with appreciation of the inherent complexity of the underlying dynamics and
sources of variation within the Rwaand cement market and peenptive routing methods, resulted in the
optimization component of the hybrid mathemati ca
the second component of the hybrid model was a Monte Carlo simulation model, antinreasier

method for modelling complexity, many simplifying assumptions were also deemed appropriate for

inclusion in its underlying logic.

Assumptions were also necessary to construct a stronger experiment for investigating the relationship to

which thepr oj ect 6s primary objective referred. An e
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mechani sms could have i mpinged on the hybrid mo
between the expansion of the VW operation and risk of demurfage example, the CIMERWA
production plant often had established demand for its cement in the form of sales orders (SOs) well before
the cement was produced and ready for dispatch. This would have often prevented the logistics office from
speculatively dipatching cement toward VWs if an aggressive planning method were employed. If this
limitation on the logistics team was modelled, the data would have understated the risk associated with
highly speculative rulesf thumb for dispatching VW loads becauseit implementation would have

seldom resulted in more VW trucks being dispatched than if more moderate heuristics had been used.
Assumptions were therefore used to explore vifwtenarios that may not have been feasible, but would
contribute to the achvement of the primary objective.

An additional benefit of simplifying assumpti ons
With each simplification, the extent to which the inner workings of the system must be modelled reduces.
This resuts in a highetevel representation of the system and the modelled components being aggregations

of the subcomponents of which they are comprised. The data that describes the behaviour of these
aggregated components is therefore also aggregated. Feasstdatre then required to model the system

and, as these datasets represent aggregations of others, the sample sizes increase [27], which increases tf
confidence associated with inferences made using the data. Outliers in larger datasets are diso easier

detect and failure to detect them have less effect on the validity of the data [41].

For exampl e, i f Cl MERWAG6s demand patterns were
individual customers, the sales volumes per grouping would havegbeser, showed less variation and
provided more reliable representations of the demand in each node of consumption. Failure to identify an

erroneous sales datum would al so have had a | ess

It follows that the modelling assumptions should inform the manner in which the data is collected and
prepared for the modelling exercise and should therefore be established as an initial task of the data

collection step of the modelling process.

Bowersoxet al. (2013) described three types of assumptions that should be documented during the data
collection step of an operations analysis exercise.
0 Business assumptions define the business environment in which the modelled system operates,
including opportunies and constraints introduced by external entities such as suppliers, customers
and regulating bodies. Business environments are typically dynamic and complex and are therefore

difficult to define in their entirety. It is therefore critical to use themess assumptions to define
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the elements of the system that are necessary to include in the model. This activity therefore serves
the modeller by stripping complexity from the model without detracting from the usefulness of the
model to answer questionsat the environment [28].
0 Management assumptions outline the character
management 6s control, such as internal polici
0 Analysis assumptions state the coaistis and limitations that must be adhered to in order to protect
the feasibility of using the analysis technique to address the objective [3].

All three classes of assumptions improve the validity the model output by providing a base, agreed with
managenent,uponwhich the modeller can develop the underlying logic of the model. They can also serve
to simplify the model, the benefits of which are described above. Of the three classes, analysis assumptions

typically haveagreater simplifying effect on the model than the remaining two assumption classes.

The assumptions that informed the data collection and model development procedure are daescribed
Appendix 1 Some justification is given where an assumption was madsgfisply to simplify the
environment and opeiah that was to be modelled. The learnings that informed a justification may have
been found after the data collection step of the setegm process and then included with the other
assumptions in this seati. Assumptions that were found to be unjustified and thereby triggered rework on

the data and model were omitted from the list below.

Some assumptions required some validation. This validation is includgxgbendix las it was performed
at this pointof the exercise for both components of the hybrid model, althoughatiwation of themodel

as a wholes discussed in detail in sectién

Many assumptions made regarding the expanded CIMERAW VW operation linked across these three
assumption types. Thican occur when an assumption of one type gives rise to an assumption of another

type. Reference is made to these associativAppendix 1.

3.3.2 Data Sources

The analysis techniques were intentionally defined before the formal data collection process began
according to the recommendation given by Boweetcad. (2013) so that the datmuldbe matched to the
technique (see section 3.1). The documented business, management and analysis assumptions similarly
informed the choice of data sources [3]. Howetlar,converse can also be said to be true, as the availability

and quality of data sources also justified and thereby gave rise to simplifying assumptions.
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The developed hybrid modelling technique and the documented assumptions gave rise to the éatawing
requirements:
1. Hi st oric number of orders placed, including e
1.1.Shipto address cify(i.e. demand city or node)
1.2.Product type (i.e. 32.5N or 42.5N)
1.3.Package type (in order to exclude bulk cement orders from the dataset as per analysis
assumptn 2)
2. Straightline distances from the production plant to each-shipddress city and between each
shipto address city (as per analysis assumption 17).
3. Agreed lead times as per CIMERWA/carrier service level agreements (SLAs) (as per analysis

assumption 4).

The following were notable exclusions from the data requirements that were allowed by the documented
analysis assumptions:

The customer of each order (as per analysis assumption 13)

[@]3

The creation date of each order (as per analysis assundtio

[@]3

The planned and actual loading and offloading dates of each order (as per analysis assumptions 3

and 9)
0 Actual road network distances between cities (as per analysis assumption 10)

[@]3

Attempts to define the c anrspecpalyinddveloping@auntries/soch as(Rwandae p
where the boundaries of metropolitan, rural settlements and general regions are often misunderstood and not correctly
considered when geographic information is entered on systems. Furthermore, thaf kneglalarity of address data

(i.e. differentiation between street number and name, suburb, city, district, province and country) are often not
correctly used when data is captured. The data available and consideration of the primary objective jeicthe pro

provided the basis for only modelling the demand for delivered cement at a city level of granularity.

The cities were defined according to how they existed on the TMS dataset. This resulted in some defined areas of
demand being suburbs of othersiTh was especially evident with respect
entered as the delivery city for most orders dispatc

existed on the TMS as drayf location city values.

It was assumed that this additional granularity would only serve to increase the validity of the model, as it allowed
more accurate distances between the demand points to be calculated. However, it was also assumed that the absenc
of this granularitywold not i nvalidate the results and no exercis
to the names of the suburbs in which the delivery points were positioned.
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3.3.2.1 BluJay TMS

Data generated f r oThS ddvalbhdd ByABDay Salutoas, was thegprimary dataset
used to model the operation. This cldumbed systeisi nt egr at ed wERPSAR; onMEdR WA 6 s
sales orders for customers and stock transfer ordeiVibtoads are entered. The entry of an order for
delivered cement on SAHggersthe upload of a transport order to the TMS via electronic data interchange
(EDI) in reattime. Cancellation of an order on SAP atdggersan order deletion message to the TMS
whichvoidsthe TMS order. Orders for collection were excluded from integration to the TMS as the logistics

office is not responsible for arranging transport for these orders.

These three features of the i nt effcesuppertdtheslairhthat i o n
TMS data represented demand for delivered cement to a high degree of accuracy. Asisléigargly

order shipping type relevant to the CIMERWAV operation (see business assumption 5) and was the only
shipping type in scap for the modelling exercise (see management assumption 6), it follows that this

integration ensured that the TM&sa viable data source for the hybrid mathematical model.

The TMS is not the source system for customer or order data. As per standangsbupractice,

Cl ME R WA 6 is theBpRiary system for order management. It could therefore be argued that SAP, not
the TMS, should have been selected as the primary data source for this modelling project. However, the
TMSb6s focused umiag, exacutian marragemenipaondrsettlempentglatform produced data

t hat was, in some respects, a better representa
SAP.

While some data, such as carrier payment amounts, was transmitted back @ &R, much of the
operational data thig captured on the TMS anqfovidet he vi ew of ClI MERWAG&s out
not reflected on SAP. The most pertinent example of suchsthtashipto addresses, both on the customer

master data (see daeguirement 2) and historical transactional data (see data requirement 1.1).

First, a Cl| MERWA sal es agent coul do addnessets AP a n 0
incorrectly, either by entering the incorrect city for the dbipddress, capturirthe incorrect province for

the city, misspelling the city or failing to capture the address at the required level of detail (e.g. entering the
geographic region as the city). This informatisnalidated by the TMS upon order entry via EDI and by

the logstics planners as part of their order management process. Any corrections made at this point of the
orderto-delivery processremade directly on the TMS and might not hdnereplicated on SAP, which

resulted in the TMS containing the most accuratedet Cl1| MERWA 6 s -to addréssdata.r s hi p
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Second, the destination of an ordanbe changed through direct communication with the logistics office
after order transmission from SAP to the TMS. The delivery loc&isabsequently changed on the TMS

to ensure that the carrier was paid according to the actual, not planned, destination and the driver was
informed of the new address. Again, this information maybeafpdated on SAP. Thigsultsin the TMS

being a more accurate record of the actual gebjrdocations to which CIMERWA delivered cement

The TMS was therefore preferred to SAP as the primary source of data for modelling the CIMERWA

distribution network.

The quality of the TMS data was ensured by its central role in the transportatiemsettprocess. The

TMS is used as the mastewcordof ClI| MERWA®Gs agreed contract trans
of record of rates for planned,-@xecution and completed deliveries. Carrier payment vaieserived

from the TMS to supporttheerat i on of purchase orders (POs) by (
by the carriers. Inaccurate data therefasa financial impact for CIMERWA and supplier alike and TMS
transactional dates subject to a high degree of continued scrutiny and cobjraperators representing

both parties.

3.3.2.2 Google Maps

Cl MERWAGs full truckl oad s al e sprecladdstd plafnisigeod loadsa n a g ¢
that involve dropoffs at more than one destination. This greatgucesthe opportunity for route
optimization, and, by extension, the level of sophistication required of the logistics office in terms of load

planning. This, in turn, shaped the data tiebeen accumulated through use of ThéS.

Rates for full truckloads transported over ladigancesaretypically defined as flat values per lane (i.e.
combination of origin and destination cit@IMERWA follow this rating model. Optimization of outbound
transport therefore conssso f selection of the best carrier to
transport rates for the |l ane of the | otalbdefilkd suc
in order to optimize transportation cost and the longitudedatitddes of the delivery locatiorae not
required. Cl MERWAG s Teicidenletal that is oftdrartcladed irhthe masteiodata

of other deployed TMS$ that being the GPS coordinates of stop locat{eee data requirement 2).

10 ogistics operations that support lekantruckload deliveries over short distasaypically require exact positions
of delivery points in order to optimize order consolidation and stop sequencing.
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It follows that an alternative data source was required for delivery location longitude and latitudes. Such a
dataset did not exist at the time of collecting data for the hybrid modelling exercise. As such, a geocoding
exercise had to be undertaken. Due tostmall number of shijpo cities and the inhibitive cost of bulk
geocoding software, this exercise was performed manually using the Google Maps web application.

3.3.3 Data Time Range

Integration of the BluJayMSwi t h ClI MERWAOGs product iveom58atcRP20E88n vi r o
This deployment was subject to a thveeek post gdive stabilization period. This entailed detailed daily
validation of transmitted SAP orders and modification of the SAP and the TMS configurations, as well as
the code that controlletthe interface between these two systems. Changes were also made to the designed
workflow during this period to better align the business process to the integration rhythm. These activities
resulted in some manual intervention on the systems. While k#haisthis intervention compromised the

validity of the data was considered to be low, especially considering that carrier payment for loads, a process
dependent on good quality SAP and TMS data, staxessfullycompleted after this period, it was
recogrized that the quality of TMS data generated after stabilization would be higher than that generated

during stabilization.

Furthermore, one of the two cement mills at the production plant was under scheduled maintenance during
this system stabilization ged, which resulted imd hocunderproduction and a severe backlog of orders
awaiting stock allocation and delivery. Inclusion of data for this period would have therefore introduced an
outlier that would have to be managed, which would have been prdlleroasidering the modelling
decision to exclude periodic fluctuations in demand for transport from the hybrid mathematical model (see

analysis assumption 9).

Consideration of the unusual business conditions that existed during this time, couplée withdribed

concern regarding the effect of stabilization activities on the validity of TMS data generated during this
period, meant that historic data for this period was excluded from any analysis. As the time period of the
simulation was chosen to baeyear, TMS data generated over a period of one year was utilized. As such,
the historic TMS data used for developing the hy
from 1 April 2018 to 31 March 2019. This was retrieved directly from the eAlMS platform by means

of anad hocExcel spreadsheet report.

3.3.4 Data Retrieval
TMS data for ClI MERWAOGs | ogistics operatiahocdur i n
Excel spreadsheet report. The TMS provides a reporting portal on whichepaets can be built by the
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user. This process involves selection of a system data mart, selection of fields to be included in the report,

reordering and renaming columns, configuration of filters and advanced sorting of the data. These steps

were followel to produce a load performanteeport that included the following columns:

O O« O« O« O« O« O« O« O« O«

[@]3

TMS load ID

Order number for the original SAP order on the load

Order number for the SAP order to which the load was diverted
Package type

Carrier name

Load group

Load status

Order origination date

Last drop? location reference

Last drop location name

Last drop location city

This consolidated report was not only used as a direct input to the two individual models, but to also

generated the list of cities for whitdngitudes and latitudes were sourced using Google Maps.

3.3.5 Data Preparation and Cleansing

The modelling technique developed for the simulation of the expanded operation included two separate

models linked by the output of one (i.e. the optiM&l locationsgenerated by the network optimization

model) that was used as the input to another (i.e. the Monte Carlo simulation model of the VW operation).

It follows that the output of the optimization model required preparation for input to the Monte Carlo model.

This data was validated as a verification activity of the optimization modelling exercise and required little

transformation to fit it to the purposes of the second modelling exercise. This activity is addressed in section

5. The interpretation and transfoation of this data sudhat it could be used by the operation simulation

model is discussed as an optimization activity as it constitutes an output of the model as a whole. Cleansing

and preparation of this data as an input to the simulation model is therefore discisestidn6.

11 An order is built into a load on the TMS when stock is confirmed as available and the transportation planning proesss initiat

It follows that analysis of load data only encompasses fulfiled demand. Demand patterns were derived from TMS load data, not

order data, which addressed the production capacity constraint (see analysis assumption 14). While the variation dnghe plant

production rate and order backlogs were not modelled, characterising the placement of orders using load data ensured that the

number VW warehouse loads dispatched over the year did not reflect a volume of cement that could not be feasibly produced.

12 The last dropocation could be assumed to be the only customer delivery location of the load, as analysis assumption 11 states

that only full truckloads are delivered by CIMERWA. If follows that only one drop stop would exist for each load.
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Externally sourced input data (i.e. TMS data and city longitudes and latitudes) was required for both
components of the hybrid model (see section 3.3.2). The bulk of this data was generated by the use of an
operational system (i.e. the TMS) for a dfie purpose. The condition of TMS data, while being
appropriate for the purposes of managing ClI MERW
developed mathematical modelling technique. Some preparation (i.e. filtering transactions thabfre out
scope for the exercise, etc.) and cleansing (i.e. removal or correction of outliers) of this dataset was therefore
required.

The TMSad hocreport, including the product per order looked up from an order extract, was prepared as
the primary input dataet for the hybrid mathematical model. The data preparation and scrubbing actions
taken were sequential and differed for each data requirement. These sequences of steps are therefore

presented separataly Appendix 2

3.3.6 Data Validation

Data that is inputttto a model to define the characteristics of the system should be validated prior to the
devel opment of a mathemati cal model . The technigq
VW network consisted of two separate mathematical models linkdtebgsults of the first being used as

an input to the second. It follows that the second component of the hybrid model, namely the Monte Carlo
simulation model, required data that was generated viltbimybrid model (i.e. the optimal VW networks).

This data could therefore be classified as both output and input data for the mathematical model and the
verification and validation of the optimization model simultaneously validated the VW networks fed to the
Monte Carlo model. It was decided to address tlidation of this data as a set of results, not as an input

datasetThis section therefore only addresses the validation of datasets external to the hybrid model.

Bowersoxet al. (2013)recommendethat sensitivity analysis be conducted once the anabaimique is
complete to evaluate the impact of data accuracy on the results. This is a powerful method of validating the
data quality relative to the requirements of the technique. If the analysis shows the technique to be highly
sensitive to a certain sef the input data, additional focused effort can be expended on improving that input
data [3]. This validation activity, however, was not undertaken due to a high degree of confidence in the

inherent quality of the TMS data used and the other validatienks that were followed.

3.3.6.1 Validating Transactional Volumes
As discussed, thdransactional data ofMS was preexisting and considered pverified by the
transportation planning and, more importantly, settlement process. Nonetheless, checks weredommduct

the cleansed consolidatedl hocTMS report to validate this data. These involved a comparison of the
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number of tons reflected on the spreadsheet per month to those reported by the business using data drawn
directly fr &P CI MERWAOGS

While differences did occur between the TMS and ERP volumes per month, this was due to the movement
of ordersd | oading dates performed on the TMS th
This resulted in the same orders reflecting for differentimbns on each syst em. The
values for the total volume of delivered cement over the seven mamahssed however, showed only

differed by 0.569%. The small degree of variation was deenmesignificant enough to validate the

transactionbvolumes.
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Figure8: Deliveries and tonnages planned from August 2018 to February 2019

13 A total of 185 276 tonsfaement were delivered from 1 August 2018 to 28 February 2019 according to SAP. The
TMS showed a total of 184 240 tons delivered during this same period.
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Total Tons Delivered
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Deliverad Tons 25,774 29,060 33,453 28,078 25477 23905 19.539
Cwn Collect Tons 6,176 3,819 2,282 4,476 2,871 1,486 6,434

Figure9: Excerpt from a CIMERWASAP report showing ERP generated delivery volumes from August
2018 to February 2019

3.3.6.2 Validating City Co-ordinates

The shipto address city values were extracted from TMS and verified during the city master data

preparation steps. The longitude and latitwdlues per city, however, had been collected manually as part

of the data collection process. This dataset was therefore more susceptible to errors than the transactional

data and required a more intensive validation process.

The following checks werexecuted on the city eordinates:

1.
2.
3.

The province values for existing stop locations on TMS with each city value were retrieved.

The province for each stop location city value was deterrffined

The city locations were then visualized using the capturedtiafes and latitudes onMicrosoft

Power Bl map, on which the boundaries of the Rwandan provinces are visible. Each city was

i sol ated to verify that -ordmaes gpecHiediaiocation iaine c i f
correctprovince(seeFigure 10a).

The city |l ocations were visual i ze éuilgeocadingdi f f e
function that retrieves the location cifies based on their nameseéFigure 10b).

Each cityds positions on each visual were col

Y There were cases in which there were TMS stop locations with the same city value but different province

values. These were investigated further and corrected as needed.
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6. The cities for which the positions on the two PowemB[s differed significantly were investigated
further and errors were corrected on the gbipddress city master data.

2) b)
<3
S
i [ BURERA

Figure 10: CIMERWA's delivery cities visualized with a) the manual Google Maps method and b) the

automaticPower Bl method for obtaining longitudes and latitudes

Any corrections made to the city coordinates would invalid the distances calculated and fed to the city
master data and the transactional data. The linkage between these datasets using Excerhoalaep f

ensured that these datasets were automatically updated when city names and coordinates and were modified

3.3.6.3 Validating Distances

Visual inspection using Power Bl was also used to valitfealistance calculationfor the linkages
between each deiery city. The distances were calculated as straligiat distanes (sed€quationl) as a
simplifying assumption (see analysis assumption AdJow map visualisation was used to graphically
depictvehicle movements from the CIMERWA production plant to every delivery city as well as linkages

between the cities.

The data validation exercises were intentionally sequenced such that the disermecgsecked after these
recalculations were performed. This type of Power Bl visualization accommodates the representation of an
additional variable as the thickness of the line connection between two geographic points. This was used to
incorporate the stightline distance value calculated for the distance matrix to every corresponding link
on the flow map. A random sample of links were selected for analysis. The relative width and length of

each link was considered. If a short link was represented amithnduly thick line, this represented a
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possible miscalculation that resulted in an overstated distance. Conversely, if a long link was relatively thin,
the distance may have been understated on the distance matrix.

ConsiderFigure 11 The flow map for a random sample of cities shows no obvious candidates for
investigation as the thickness of the lines correspond to their lengths. For example, tlireshetiveen

Butaro and Burera is thin, indicating that the calculated stréiightdistance on the distance matrix is
relatively small. The link between Muganza and Gabiro, however, is represented by a much longer line.
This line is also thicker, indicaig a larger calculated distance on the matrix. This is the expected result
and neither of these distanges therecords on the distance matrix were investigated.

A view of the distance matrix data further validhtike conclusion that these two distances are valid. The
straightline distance value for Butaro to Burera is 9.60 kilometres, while the value for Muganza to Gabiro
is 206.16 kilometres.
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Figurell: Flow map of a sample of CIMERW®delivery cities showing linkages with widths proportional

to the calculated distance
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4, Model Development

The technique developed to address the primary objective included the separate development of two
mathematical models, linked by the optinv& networks that would be generated by the first model and

used as an input to the second (see section 3.1). The development of each of the models are addressec
separately in this section.

4.1 Network Optimization Model

The first component of the hybrid mathematimodel was an optimization model. The placemeMWws

within CIMERWA delivered cement distribution network was optimized for increasing degrees of
expansion of the VW network.

The modelasexecutednultiple times to determine the optinmadtwork for different numbers of VWs
introduced to CI MERWAOGsSs VW operation. Modi ficati
needed to incorporate a change in the number VWs to be optimally positioned by the model. The number
of network VWs waslefined as a single constraint parameter that could be changed before each run of the
optimization algorithm. The rules that governed the behaviour of the algorithm therefore remained
consistent and the following descriptions thereof were equally apm@italelach run of the model, despite

the difference in the positions and number of VWs observable in the results for each run.

LP was the technique used to achieve the optimization. The LP calculations were performed by the
optimization engine of aAPS The APS frontendwas used to model the relevant segment of the supply

chain in which CIMERWA operates and thereby define the parameters of the problem solved by the engine.

4.1.1 Linear Programming Formulation

Winston (2004) descrildethree components that acemmon to all optimization models, nhamely the
objective function, decision variables and constraints [15]. If fully and correctly defined, these three
components provide the necessary model parameters for an optimization algorithm to determine the optimal
values required. Each component is typically represented as a set of mathematical equations. These
eguations can be used manually in conjunction with the simplex algorithm to solve the optimization
problem’or transl ated into sucecimdaes |iingGO,y sg weoend st lsatnt

can solve the problem.

15 Manual use of the simplex method is a slow process and is only feasible for enalgptsmall optimization
problems.
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An APS does not require a user to define the optimization model using such mathematical expressions. It
leverages off the commonality of certain concepts present in many supplyrdiegrration problems and
provides the user with a more intuitive method of defining the three components of an optimization model
using concepts such as shipment costs, production rates and sales prices. As the modeller graphically
constructs the enterprisen the uselinterface anddescribes each supply chain echelon with data, the
objective function, decision variables and constraints are automatically and invisibly defined for the
optimization engine as a set of equations that can be interpreted by $1é APa |l gor i t h m. A
optimization problem can thereby be modelled and solved without the user being aware that these three
model components were defined or, indeed, that the concepts of decision variables, objective functions or

constraints exist.

The CIMERWA distribution system was modelled directly using an APS and mathematical equations were
therefore not required of the modeller to define the objective function, decision variables and constraints of
the optimization model componentdowever thesethree concepts provided a framework #oralysing

the problem to be solved. The three components were defined in words, not equations, such that the method
for incorporating the assumptions defined for the hybrid model into the network optimizationweoelel
established. This formulation clearly stated the principles by which the model would be governed and
thereby informed the construction of the APS mod
purchase, conversion, inventory and salgieas).The formulation of the three components of the model

are described in Appendix 3.

4.1.2 Supply Chain Model

The objective function, decision variables and constraints were developed as a conceptual model to clarify
the basic principle of the network optimization model. Thaye not programmed as an optimization
problem as described Appendix 3 An APSwas usd to model the distribution network as a supply chain
such that the abovementioned three model compon
solution space and objectiweere thusly defined for the APS optimization engine, which was used to

geneate the optimal business model for the modelled supply chain.
River Logic EO was selected as the APS for developing the network optimization nfgusendix 4

discusses the use of EO supply chain modelling framework to model the CIMBRW@Aperation and

define the objective function, decision variables and constraints.
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4.2 Operation Simulation Model

The output of the CIMERWA/W network optimization model described above constituted an important
input to the Monte Carlo model used to simulate the expandeapahation. It follows that the network
optimization model was first verified, and its reswdtsmlysedand prepared as collected data before the

simulation model was run.

However, the sequence of this document follows the sstemprocess as presciibey Winston (2004)
(seeFigure7), as opposed ttihe order that describes chronological performance of the modelling activities.
The network optimization model and the operations simulation model both formed components of the
hybrid mathematical model and, as such, the development of both these mmddtirassed in this section

even though their development was separated by a substantial amount of model verification and data

analysis and preparation.

Nonetheless, the VW networks generated by the optimization model did directly inform some simulation
modelling decisions. As such, although effads made to describe the development of the operations
simulation in terms of a framewaork that was independent of the resultse®thmodel, some reference is
made to the candidate VWSs and their catchmerdasarecommended by the optimization model for each

increment of the number of VWSs utilized.

The Monte Carlo simulation method is predicated on the generation of pseudo random numbers and random
variates that replicate the stochastic parameters that affetem performance [20]. These numbers are

first generated according to probabilistic distributions and then used by the modelgeneedted input.

This data, combined with other static input quantities, some of which represent the independeas variabl

of the simulation model experiment, defines the temporary state of the system for the following stage of the
optimized time period. The logic built into the model then interprets this state and simulates a course of
action taken by decision makers, eitlpeople or systems. The decision affects the state of the system for
the next stage, which when combined with a newly generated set of random variates and static input data,
describes the state of the stage that is again interpreted by the model fotlics gycle repeats, output
guantities are collected per time period and metrics of interest calculated such that repetition of the model
using different values for the independent variables reveals the values for the changeable parameter that

optimize sytem performance.

A simplified graphic representation of this principle is given by Cordgral. (2012) which divides a

Monte Carlo simulation model into three distinct components, namely input quantities, the model (i.e.
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decision logic) and the outpwuantity. The development of the VW operation simulation model is
described in terms of these three conceptsppendices 5, 6 and 7

The CIMERWA VW operation was simulated as a multiple time period (MTP) model. The output quantities
of this model compsed of the running totals calculated values that were updated after each time period
(i.e. simulated day of operation). The output quantities produced for each time period had an influence on
the state to which the system transitioned for the subsetjoenperiod. The output of time peridatan
therefore be said to be an input quantity of petied1l. There was therefore a feedback loop from the
output quantity to thiagic thatwasnot shown irthe schematic presented Gprderoet al, but was added

to giveFigurel2.

Input quantities

I
I
I
I
IL :
- :' Output quantity
I
|
I
I

I
. ’
| Estimate

&
&

Figurel2: Monte Carlebased technique adapted to show feedback of output quantities into the model
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5. Model Verification and Validation

The hybrid mathematical model that was developed to support the primary objective of the project was
verified™® prior to the collection of results. As the hybrid models comprised of two separate models,

with the output of the first providing an input to the second, the verification of each model took place at
different stages of entire modelling process. Itdiok that the model was verified by two different
activities, one for the verification of the network optimization model and one for the operation simulation
model, separated by a substantial amount of model development. These activities are jointigdpiresent
this section, however, as the document is structured to replicate thessewegorocess presented by
Albright et al (2005) [21] for the mathematical model as a whole (see section 3.2).

Sargent (2013) identiftefour distinct types of verificatiomhat can be performed during the simulation
modelling process (se€igure 13), namely theory validation, conceptual model validation, computerized
modé verification (i.e. specification and implementation verification) and operational validation [37].
These classifications provide the framework for the discussion of the verification of the hybrid CIMERWA
mathematical model. Some of the verification toickhSargent (2013) refesd wasdiscussed in

Appendices 5, 6 and 7.

16 While the termwerificationandvalidation have distinct meanings, these modelling activities are often performed
in unison to prove the model to be valid. The term verification is used in this document when réfelrath
verification and validation in order to aligothe terminology used the sevenstep modelling process [21].
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Figurel13: Real world and simulation world relationships with verification and validation [37]

5.1 Theory Validation

System theorieBdescribe theharacteristics and the causal relationships of the system (or problem entity)

and possibly its behaviour (including dat§}7]. Manipulation of the real system and observation of the

effects of these modifications is required to validate the theorigghar the conceptual model is based

[37]. However, such manipulation was beyond the control of the modeller for the modelling of the

CIMERWA VW operation.

Sargent (20133pecifiedt h a t

be modified for experimentation due to the nature of the system or the cost associated with such changes,

then the theories remain as proposed system theories [37]. The assumptions, modelling decisions and coded

f

system

t heories

c a n n o wbility ®

v al

logic of the hybrid mathematicahodel were therefore classified as such. The set of system theories used
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for the VW operation conceptual model, however, corresponded closely to the concepts that were validated
as part of the conceptual model validation using the described techniquetosemess of the association
between the theories and concepts for this project meant that the validity of the results was not endangered
by the use of proposed system theories.

5.2 Conceptual Model Validation

Conceptual model validity refers to the correcens and reasonabl eness of o6t
underlying the conceptual model and the model 0s
structur e, l ogi c, and mat hemati cal and cahesal r
CIMERWA VW modelling exercise, this refers to the validity of the business, management and analysis
assumptions documented for the project and by extension the modelling decisions made based -on the real

worl d operati on bei n gputsguantity,decisiencandautpdit quahtity logico d el & s

Each of these concepts was validated before being modelled. This type of validation was therefore
performed during the model development step of the sstegn process and each instance of such
validationis discussed in the section in which the concept itself is discussed. Validation techniques included
historical data validation (see business assumptions 3, 10 and 15 and analysis assumptions 18 and 19) anc
data plotting (see business assumptions 6 apdrhé modelled transit time per VW was validated using

both these techniques.

Face validation with CIMERWA logistics experts was used as the primary method of validating these
concepts if they did not lend themselves to numerical analysis. Each expepresented with the
documented assumptions, which were confirmed as valid. Face validation of each assumption, modelling

decision and coded logic can therefore be assumed and is not explicitly mentioned for each concept.

5.2.1 Computerized Model Verification
The CIMERWAVW operation was modelled using two software packages, namely River EQdiar
the network optimization components and Microsoft Excel for the operation simulation component. The

manner in which the conceptual model was built into the EO andl Ehodel had to be verified.

Sargent (2013) classiflecomputerized model verification approaches as either static or dynamic [37].
Static approaches such as correctness proofs and review of the structure of each model were exercised for
each modelledacet of the two components of the hybrid mathematical model. Static verification of each
computerized calculation describedAppendices 5, 6 and §hould therefore be assumed. The selected

dynamic approaches used for each model, however, are discessed b
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5.2.2 Network Optimization Model Verification

The software used for modelling the network optimization model (i.e. EO)-igepifeed by the software

provider (i.e. River Logic) and the user interface used by the modeller does not provide access te the back
end code used for calculating the optin@ltons for the various scenarios (i.e. numbev\dfs) that were

run. Nonetheless, a dynamic approach, namely checking for data relationship correctness, was used to
verify the network optimizati on modeHe@ranularitybfput t
the accessible modgkenerated data.

The EO objects (i.e. purchase, inventory, conversion and sales objects) used to build the supply chain
optimization model are associated with data tables. Data is entered on these tables toedefme th
parameters of the object and drive the desired behaviour of the modéipfserdix 4. These tables,
however, also include columns that are not populated by the modeller but rather by the optimization
algorithm after each run. These constitute dieeision variable values selected by the algorithm that

influenced the value of the objective function.

While the set of output columns differs between tables, there are two such columns which are common to
all tables:
0 The fATot al S o | y whicl indicales thé rsudmbercob units wfrmaterial purchased,
moved, converted, stored or sold as chosen by the optimization engine.
0 The ATotal Costo or ATotal Gross Saleso col un

Sol uti on Unstdrgrice per anit valuenset byctlee modeller prior to the run.

The multiplication of the fATot al Solution Units¢
using Excel. The purchase activity table on the purchase object, the sort vieldrighe purchase-

inventory link, the inventory activity table on the inventory object, the distribution yield table on the
inventoryto-sales link and the sales activity table on the sales object were exported to Excel after two test
scenarios were timized by the optimization engine. An Excel formula was used to multiply the two
columns and a subtraction formula was used to detect errors made by EO when calculating the costs and

revenues associated its generated solution. No errors were found.

5.2.3 Operation Simulation Model Verification
Like EO, Excel is a preerified software package. It differs, however, in the closeness it provides the
modeller to the model logic. While EO executed calculations in a back end, the Excel formulae that perform

the calclations that represent the model logic are written by the modeller. This both necessitated and
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facilitated more extensive verification of the operation simulation model than the network optimization

model.

5.2.3.1 Logic Verification (Trace Testing)

While the inerpretation of formulae and processing of data usingdefered formulae is preerified, the

way in which the formulae are written by the modeller is original and unigue to the concept being modelled,
unlike the formulae used by EO. The high degreenatrol enjoyed by the modeller when utilizing Excel

for simulation modelling meant that the output of each intermediate step and each time period was available
for verification purposes. This allowed for the use of trace testing to verify the operatidatEimmodel.

Trace testingvasdescr i bed by Sargent (2013) as a verifi
specific type of entity in a model is traced (fo
logiciscorrectandiftheneges ar y accuracy i s obtainedd (Sargent
the operation simulation model, tv&V was chosen as the entity. The activity associated with randomly
selected VWs for randomly selected time peribdas tracked from the geration of random variates for

the sales per city within the VWs catchment through to the calculation of the number orders fulfilled by the
VWés trucks an divettdd gucks temdinng at thbefVWu n

Tablel includesdata from two trace tests, which were intentionally selected for inclusion as they represent
relatively complex scenarios that had to be simulated by the Excel model:

1. The Kicukiro VW when only 32.5N strength grade cement was dispatched with a factor of safety
of 0.9. Note that trucks standing overnight for each pdneals added to the trucks arriving at the
VW at periodt + 1. Note also the lag in the arrival of the vehicjmstdispatch to account for
transit time.

2. The Burera VW when 42.5N strength grade cement was dispatched with a downward adjustment
value of 2, but only the forecast or 32.5N strength grade cement is used to determine the estimated
number of trucked redped to dispatch. Note that the solitary vehicle present at the VW on 2 May
was diverted to fulfil the 42.5N order. The five orders for 32.5N cement remained unfulfilled and
were satisfied using sales order loads of 32.5N dispatched from the factorgn3ied that the
loss in margin resulting from using higher strength cement than necessary to meet demand was

avoided.

17 The lag between the dispatch and arrival of vehicles to and at a traced VW meant that an analysed time period had
to be defined as theumber of days required for dispatched vehicles to arrive at the VW.
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Tablel: Trace test data

Trace Test 1

Trace Test 2

Date 1May | 2May | 3May | 1 May | 2May | 3 May | 4 May
2017 2017 2017 2017 2017 2017 2017

Un-Diverted Trucks at VW 0 0 3 0 0 0 1
32.5N Orders Forecasted 9.5 9.77 9.63 1.73 1.71 1.81 1.76
42.5N Orders Forecasted - - - 0.33 0.32 0.34 0.33
Est. Req. Trucks to Dispatch 8.55 8.78 8.66 2.07 2.03 2.16 2.09
TrucksDispatched 8 8 5 1 1 1 0
Trucks Arrived 8 8 1 1 1 1
Trucks Present 8 8 11 1 1 1 2
32.5N Orders Placed 18 5 7 1 5 0 0
42.5N Orders Placed - - - 0 1 0 0
32.5N Orders Not Fulfilled 10 3 0 0 5 0 0
42.5N Orders Not Fulfilled - - - 0 0 0 0
OrdersFulfilled from Other
VWs 0 0 0 - - -
Trucks Diverted to Overlapping 1 0 0 ] ] ] ]
Demand
Trucks Diverted for Alternate
Strength Orders ) ) - ! 0 0 0
Trucks Standing Overnight 0 3 4 0 0 1 2
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5.2.3.2 Random Variate Verification (Historical Data Validation)

As arguably the most important input data to either component of the hybrid mathematical model, the output
of the random variates had to be verified. While trace validation provided an effective method by which the
model logic could be testednalysis of randomly selected time periods did not provide the modeller with
the required view of the statistical distribution of the random variate values generated by the model.
Aggregations of these values for multiple runs of the model were therelteeted and compared to the
historical data that provided the probability distributions that were coded for the generation of the random

variateg?.

If a high degree of correlation between the model and historical data per combination of delivery city o
VW and cement strength grade (i.e. category), the random variate generation for the category was deemed
verified. Due the high number of categories by which the random variate values could be aggregated,
random samples of categories were selected fdysinal0 sample values were collected per category and
compared to the value observed for the category in the historiealTédie 2 includes such wvification

data for three example categories that were used

Table2: Random variate verification

Historical Random Variate Deliveries per Annum
Category Deliveries per (10 Sample Values)
Annum Minimum Maximum Average

Demand node: Bugesera City

318 278 350 312
Strength grade: 32N
Demand node: All

987 801 1048 955
Strength grade: 42N
Demand node: Huye VW

704 620 732 681
Strength grade: All

18 Although analysis of large quantities of output data is more commonly considered a validation technique, exercise
was focussed on checking the code responsible for generating vaahiae. As a pseudo random number generator
or random variate generator produces different values for each iteration of the model, this typéesthiyhalysis
was the only dynamic method by which the random variates could be verified.
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5.3 Operational Validity

Theverification of the computations involved a both #®vel inspection of the modelled parameters, rules

and formulae defined for the two components of the hybrid mathematical model themselves as well as the
data they produced. Analysis at this level ohgttarity thusly tested that the proposed system theories and
conceptual model in code was specified and implemented correctly in code by checking if each individual
calculation produced the correct restilts

Due to the high number of time periods sinietband hence the large number of calculations performed as
each model was run, a random sample of calculations often had to be selected for analysis, which meant a
full picture of the behaviour of the model was difficult for the modeller to construcigiverification. As

such, highetevel analyses were required after the computerized models were verified to validate the

models.

Winston (2004) descrilbey al i dati on as the process of checking
of r e alstort 2008, p%).\Sargent (2013) recogdizeh at most of t he model 6s
during this step and that is generally used to detect errors made in previous steps of the modelling and
verification process. Validation was therefore conductechadast step before each component of the

hybrid mathematical model was run and results collected for analysis. The nature of each component of the
hybrid model and the questions they were intended to answer were considered when each validation

technique was selected.

Sargent (2013) classifieperational validation approaches as either objective or subjective and provides
guidance in terms of the set of techniques to be used for each of these approaches for both observable and
norrobservable systems. Kaém (1960) descriltkan observable system as one for which the input variable
values can be determined from a oO0limited set of
modelled CIMERWAVW system can therefore be described as an obserwatsrs For such systems,
Sargent (2013) recommesdl comparison using graphic displays and exploring model behaviour as

subjective approaches and comparison using statistical tests and procedures as the objective approach.

Sargent (2013) recognidehat he use of objective approaches is often not possible due to the statistical

assumptions required for hypothesis testing that sometimes cannot be satisfied [37]. The assumption of

19 The only verifcation activity that did not involve the checking of individual calculations was the random variate
verification, which, due to the stochastic nature of the output, could only be checked by comparing large samples of
the model 6s o0 ut ghadhat the model Wwas inthndesd tooeplicatea | d
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normality is given as an example of such a statistical assumption which remtubee satisfied for the
CIMERWA VW system. Daily delivery volumes were known to not follow a normal distribution.

Due to the abovementioned and other cited difficulties in conducting objective validation techniques,
Sargent (2013) identified graphicalaysis, a subjective method, as the most widely utilized method of
validating operational results. As such, historical data comparisons and parameter vagabsitivity

analysis was used to explore both the network optimization and operation inmulatimo d el s 0 o0
behaviours. Vi sual i nspection of graphic displ a
parameters was used to subjectively assess the validity of each of these components of the hybrid model.

5.3.1 Network Optimization Model Validation

The optimization of th&W placement was deterministic in nature. The absence of any stochastic variables
defined for the linear programming model meant that results of the validation runs of the optimization
engine did not gnificantly differ from those performed to collect the data that would constitute the final
results of the project unless input parameters were deliberately modified for parameter variability
sensitivity analysis or the scenario that was optimized forvtielation run did not form part of the
scenarios used to generate the final results. Some of the results that were generated for validation and

discussed below were therefore identical to the final results discussed in section 4.

5.3.1.1 Catchment Area Validation (Historical Data Validation)

Before any of the network optimizati onisensitditg!| 6s i
analysis, the optimization algorithm was run using the final input parameters for the optimal position of
one, two, thee, four and five VWSs. The geographic positioning of the VWSs was graphically represented on
Power Bl map visualizations alongside a heat map showing the geographic distribution of historical
demand. The modell erds di s cr dettionoal VWvpositions syetde t o

optimization algorithm was sensible for each scenario.

Figure 14 shows two examples of the graphical comparisons made of the optimizationl e | 6 s out pu
the historical data. shows the cities located within the catchment area of the solitary VW activated by the
optimization algorithm when the model was constrained to activating only one VW, shown as blue circles
on the plot maplt alsoshows these citiesverlap the geographic area of Rwanda with the highest density

of demand for delivered CIMERWA cement, shown as dark blue on the heat map. The output of the model

for that scenario was therefore deemed valid.
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A similar comparison is demonstrated Figure 14 for the fiveVW scenario However, the plot map
represents the catchment areas of the VWs activated for when the model was run to optimize the placement
of five VWSs. Each colour on the plot map represents a different VWs catcHeaehl/W was positioned
such that the its catchment overlapped a demand hotspot. The optimal placement of VWSs by the model for

this scenario was therefore deemed valid.

5.3.1.2 Arbitrary Value Validation (Extreme Condition Testing)

The LP framework provided by the River LogiEO necessitates the selection of values for certain
mandatory fields on the tables associated with the supply chain modelling objects used to build a model.
Arbitrarily large or small values must therefore often beseim when a model is not intended to be sensitive

to the parameter. The selection of such values for the VW network optimization model is discussed in

Appendix 4.

The boundaries of the EO model excluded the actual purchase of raw materialsiaeds assumption

17 meant that the supply chain could be modelled such that the model would always attempt to fulfil an
order via a VW as long as it was within the reach of the candidate VW. The purchase price was therefore
selected as an arbitrarily atfhnumber and the sales price was chosen to be arbitrarily high to ensure the
profitability of the delivery and drive the optimization algorithm towards fulfiling as much demand as
possible. However, the sales price could not be larger than the dgphigh transport cost assigned to

legs that represented movement of VW vehicles to outside their VWs catchment areas, lest the algorithm
be incentivized to elect to fulfil demand from a VW that is out of reach of the VW and thereby maximize

the objectivefunction value.

These values were subjected to extreme condition testing, which not only validated the selection of the
values themsel ves, but al so the behaviour of the
run using various configuratin s of Al owo, ihi gho and fAvery higho
transport cost for legs beyond VW catchment areas and sales price and the results collected. The results
were compared to those that would be logically expected. The actuéd resrd found to correspond with

the expected esul ts and the model ds arbitrary values a

(see

Table3). All validation runs were performed for the fiv&V scenario.
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Table3: Extreme condition testing sample data

Purchase Beyond _ _ _
_ Selling Price Units _ Expected
) Price (RWF | Catchment Cost Units
Scenario (RWF per | Purchased Result
per (RWF per Sold
truckload) (Y/N)
truckload) truckload)
Actual
1 10t 10'°
Model _ _ 4907 4907 Y
(Low) (Very High) (High)
Values
o 10t 10%° 1
Validation 1 _ ) 0 0 Y
(Very High) (High) (Low)
o 1 10%° 10"
Validation 2 ) ) 8544 8544 Y
(Low) (High) (Very High)
o 1 10" 1
Validation 3 _ 0 0 Y
(Low) (Very High) (Low)
o 10° 10% 10"
Validation 4 _ ) ) 4907 4907 Y
(High) (High) (Very High)

5.3.2 Operation Simulation Model Validation

The operation simulation model component of the hybrid mathematical model was validated by graphical
representationf the simulated activity at eadAV and examination of the sensitivity of output values to
modifications made to input values. The stodkasature of the operation simulation model meant that
increasing the number of runs of the model for each test would always further validate the model. The

model |l erb6s discretion was therefore appldvelid to d

Due to the wide range of combinations of entities and scenarios that could be tested, the use of a broad set
of combinations for the validation activity was preferred to repeated runs of the model using a single
combination. An extensive numbef runs of the model was therefore performed, although the parameters
were often unique for each run. As such, much of the validation of this component of the hybrid model did
not involve analysis of the statistical distribution of the results, even thitvegresults were subject to

variation.
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5.3.2.1 Logic Validation (Operational Graphics)

The interpretation of the trace testing data in the manner described was onerous and therefore had to be
performed selectively. The trace testing could therefore be saidawdfication of the logic, but not a
validation of the output of the logic. As such, a streamlined method of reviewing bulk logic output was
required to validate the logic.

The graphics of the operational activity at each VW provided for a morevetoiatnual checking method

and thereby allowed for the logic to be checked for all time periods for a run of the model for a VW. An
example of logic that was checked using this method was the modelled lag of the arrival of vehicles at VWs
after being dispahed.

Figurel6representa sample of simulation data that was validated using an operational graphic. The graph
shows the number of trucks dispatdhe the Butamwa VW per day as well as the number of trucks arriving

at the VW daily for the month of July 2018. The number of trucks dispatched visibly corresponds to the
number that arrived two days later. This corresponds to the modelled transit ttithe feg from the
CIMERWA production plant in Muganza to Butamwa (see Table 4). The application of transit time for that

VW for that month was therefore deemed valid.

Number of Vehicles
ey

0
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Date

32.5 VW Trucks Dispatched BUTAMWA VWH 32,5 VW Trucks Arrived BUTAMWA VWH

Figurel6: Validation oftransittime
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Figure17 demonstratean additional aspect of the simulation model that was validated using operational
graphics. The number of trucks present at the Butamwa VW wastafuntthe number of trucks arriving
from the production plant and number of trucks that parked overnight in the city. This graphic provided an

efficient method of simultaneously checking the application of this logic for many periods.
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Figurel7: Validation oftruckspresent

5.3.2.2 Expansion Effects Validation (Parameter Variabilityi Sensitivity Analysis)

The intention of the operation simulation model was to adjust the strategic and operational parameters of
the CIMERWA VW opeation such that the expansion of this operation was simulated and then observe
the effect of these adjustments on the performance of the system. Prior to running the model repeatedly for
selected scenarios for the collection of this data such that cam@usigarding the relationships of interest
could be reliably made, the model 6s outputsbd se

individual test runs of the model such that these relationships were validated.

The unavailability of reasystem values that would precisely describe the tested relationships meant that
only the direction of the relationships could be examined to validate the modelled effects of the expansion
of the VW operation on the risk of demurrage and auxiliary systetricsieéThe parameter variability

sensitivity analysis performed on the simulation model could therefore be described as qualitative [37].
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An example of a relationship validated using this technique was that between the number VWs used,
optimally positioned by the network optimization model, and the total number of simulated orders placed
for delivery to locationsvithin the catchment areag the VWs during the simulated year of operation.
Point samples were collected for the numbers of each strength grade of cement ordered for delivery within
reach of each VW network. The graphic representations of these samples showed increasing psationshi
between these variables ($eégure 18). Thiswas the expected trend.
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Figure 18: Relationship between number of VWs and deliveideslifferent cement strength deliveries
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This combination of parameter variabili$gnsitivity analysis and graphical comparison of outputs was also
used to validate the modelled effect of the expansion of the VW operation along the planning method
dimensionFigurel9showsthe effect of a simulated increase of the factor of safety applied by the logistics
office to the estimated number of required trucks while determining the actual numieksftb dispatch

to an example VW. The measured effects were the number of trucks carrying 32.5N dispatched to the
Butamwa VW during the simulated year of operation and the total number of days spent by these trucks at
the VW throughout the year. Againnlyg point samples were used so that that as many different
combinations of input parameters could be tested as feasibly possible.
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Figure 19: Relationship between the factor of safety inverse and the number of trucks carnfhg 32.
cement dispatched to and standing overnight at the Butamwa VW
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6. Optimization and DecisiornrMaking

Step five of the sevestep modelling processdeFigure7) typically involves the actual running of the
mathematical model such that the data required to formulate recommendations for management is
generated. This usually requires the collection and analysis of a substantial amount the output data. Such
analysis aliged well with the Results section of a research reportveaskherefore included in section 4

and is not discussed in this section. The methodology followed when each component of the CIMERWA
VW hybrid mathematical model was run, however, is discussed below.

6.1 Network Optimization Model Runs

For an analytical model, step five involves runn
results for management. TR&V network optimization component of the hybrid mathematical model was

an example of such a model. The algorithm wasetbee run, but instead of only preparing the output data

for human interpretation, the results were also processed for input to the second component of the hybrid

model.

The optimal VW network was extracted from the inventory activity table oE@aventory object after

each run of the optimization algorithm. Due to the transport cost associated with the flow of material from
the purchase object to the inventory object, such flow would be detrimental to the objective function of the
model unless the aterial was subsequently directed from the inventory object to the sales object, where
revenue to offset the cost would be registered. A record on this table would therefore only sheagra non
value for the #fATot al V o | u mannell thraugh evioidh demand wduld bet  we
satisfied. As each record represented a candidate VW city, a record witkzaronoralue for this column

therefore represented a VW activated by the algorithm as part of the optimal network.

The EO model was run a tbwf five times, once for each number of allowable activated 3¥VWis set
of scenarios constituted a full analysis of the VW operation expansion along this dimension. The activated
VWs for manually extracted from the inventory activity table and inguttethe operation simulation

model. They were also listed, visualized and discussed as results of the project (se&.4gction

®The model lerds discretion was used to determine the
data visualized on a heat map (see Figure 48 and Figure 49) suggested that the geographicdspnead wfould
not justify networks of six or more VWSs. If the operation simulation model later showed that the risk of demurrage
was acceptable for a network of five VWSs, the network optimization model could be revisited and run for a scenario
of six VWs.
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6.2 Operation Simulation Model Runs

In the case of a simulation model, step five requires systematic adjustment of input variable values and the
collection of output data, which must then be analysed such that the optimal solution (i.e. the set of input
variable values that maximize the simelat sy st emés perf ormance) i s asc
objective of the project did not require the optimization of the system modelled, as the benefits associated
with each expandedW model (e.g. lead time days saved) could not be quantifie@ isatme terms as the
disadvantages (e.g. demurrage charges). The output data was therefore colledtesuchly waythat it

could be effectively presented to management to inform decisions regarding the extent of VW operation

expansion along each diméms simulated.

Detail regarding the manner in which the different runs of the simulation medelexecuted included
in Appendix 8.
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7. RESULTS AND ANALYSIS

The primary objective called for a demonstration of the full analysis method outlined imS6éti&uch

a demonstration required the generation and interpretation of two different sets of results that could inform
Cl MERWA management s deci si on r e W opmratiorgexparnsien, nat u
namely optimal VW network designsrfdifferent numbers of VWs introduced to the operation and the risk

of demurrage associated with each network when used with different degrees of speculation.

These two sets of output data were generated by the two different components of the hybrithticzth
model and are presented and analysed separately in this section.

7.1 Network Optimization Results

Due to the deterministic nature of th&V pl ac e me nt probl em, the net wc
optimization algorithm was run once for each number of \(3®e sectioB.l). The optimal solution found

by the Enterprise Optimizero6s optimization engi-
below in order of increasing number of VW. Althougheacan of t he model 6s al gor
of other runs (e.g. the results of the OA& optimization had no effect on the results when the-¥Wé

network was optimized), the discussion refers to the algorithm adding or removing warehouses between
runs sich that the expansion of the VW operation along the number of VWs dimension is described as a

progression.

The wutility of each network is discussed in ter
demand for delivered demand, both bagged and(sak analysis assumption 18), that would reside within

the combined catchment areas of the activated candidate VW cities.

7.1.1 One Virtual Warehouse

Theret wor k optimization model 6s algorithm selectec
of aVW if only one VW would be used by the CIMERWA logistics offimee Figure20). A vehicle en

route to or parked at Butamwa could be diverted to agywdthin Kigali province, which would result in

the 50.94% of the total national demand that resides within this province being satisfiable using VW trucks
preemptively dispatched to this city. This selection therefore corresponds closely to thedogisti€ f i c e s

current practice of using a solitary Kigali VW.

Four cities that lie outside Kigali province wouddsol i e wi t hin Butamwads cat
contribute significantly to the reach of this VW. Kamonyi in the southern province, Bugesera in the eastern

province, and Rulindo and Shyorongi in the northern province represent a further 527 annual deliveries
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according to the historical data analysed. This
market by an additional 6.12%.
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7.1.2 Two Virtual Warehouses

The resuk of oneVW scenario show that Butamwa would be the optimal position of a VW for reaching
the demand residing in the central region of Rwanda. This VW was retained by the network optimizer
algorithm for the tweVW scenario. The second VW available to thgodathm was utilized to draw as
much of the demand that resides in the southern

reach as possible.
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The southern province &wandais significantly larger than Kigali province and less denselyutaipd

with delivery cities. Many of the candidate VW cities represented the only demand node that would be
reachable by a VW truck en route to or parked there. The three cities Huye, Gisagaro and Ngoma, however,
all reside withineachot her 6 s ®aandcollectvely recaived 704 deliveries during the analysed
year . This cluster of delivery <cities therefore
delivered cement, which was added to the 57.10% of the demand that could be reachedutanitve B

VW when the algorithm selected Huye as the second VW locatiorfrigee=21). This resulted in a two

VW network having an optimized reach of 65.33% of the annual demand.

Al t hough the activation of any of the t hribetesl ci t i
the equal demand to the VW networkés <collectiywv
considerations. Huyeds position relative to the
result in the lowest modelled transport casseérvice the demand in this region via a VW, making it the
selection that maximized the value objective function o&®anodel.
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7.1.3 Three Virtual Warehouses

The provsion for a thirdVW to be added to the CIMERWA VW network by the network optimization
model represented the only instance in which the algorithm elected to remove a previously activated VW
such that more demand could be absorbed into the VW network ughttbe Huye VW was retained, the
algorithm elected to service the Kigali province via two different VWs, each less centrally located than the
previously used Butamwa VW (séggure 22). In so doing, these two VWSs, placed in Kamonyi and
Kicukiro, would cover a | arger geographic area a
region of Rwanda while sharing the demand previously covereaetButamwa VW.

Kamonyi, which represented the western boundary
used to deliver premptively dispatched cement to customers in Muhanga and Ngororero, which had been
out of reach of the Butamwa VW. Thiswd d add 607 historical orders

catchment area and thereby extend its reach by 7.10%.

Similarly, trucks en route to or parked at a VW at Kicukiro would be able to service demand in Rwamagana,
which lay outside the easternbbod ar y of But amwads catchment area.
truckloads had been delivered to Rwamagana during the year analysed. Inclusion of these orders to the VW
net workés reach by establishing a ntadeofudtal deroandVv W w ¢
serviceable by the VW network by a further 1.81%. The total reach of the\ftWeeetwork would

therefore be 74.48%.

Transport costs were used B@ to determine which VW would service each of cities that that were would
be overlappe by the Kamonyi or Kicukiro catchment areas. Although this assignment did not affect the
calculated utility of the thre®W network, it was required by the operation simulation model component
of the hybrid mathematical model as an input to the modelubugpgantity logic (seéppendix §. As
Kicukiro is positioned closer to the locus of the Kigali province demand, most of the cities within this
province were assigned tiois VW to reduce transport costs associated with diversions from the VW to the

delivery city.
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7.1.4 Four Virtual Warehouses

TheVWpositions selected by the net wor WWaeqenaiiomi s a't
namely Huye, Kamonyi and Kicukiro, were also selected for the remainder of the scenarios optimized. The
algorithm selected the northern province city of Burerthagourth VW position for the foeWW scenario

(seeFigure23).
The introduction of the Burera VW would draw an additional eight delivery citieg iftce VW net wor

collective reach. This set of cities would represent the largest geographic area covered by the VW network

due to the presenceafs i ngl e VW, which was partially due to
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radiug®. These cities repsented a further 650 annual orders and their inclusion to the VW network would
represent an additional 7.60% of the total demar
vehicles. The total demand coverage of the optimal¥irnetwork would therre be 82.08%.
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21 Of the six different selected VW cities for all scenarios optimized, the Burera VW was the furthest from the
CIMERWA production plant in Muganza. The catchment radius for each candidate VW city was a function of this
distance (see 3.4.1.1), which resdlte Burera having the largest geographic catchment area of the six VWs.
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7.1.5 Five Virtual Warehouses

The final scenario that was optimized by the network optimisation model involved the placement of five
VWs. Four of these Ws were positioned as per the optimized fgMv scenario. The optimization
algorithm selected Rubavu as the city in which the fifth VW should be establiSigede24).

The Rubavu VW, like that in Huye, would be fairly isolated, with only one other delivery city (i.e. Gisenyi)
that would be visited by trucks initially directed to the VW. Again, the model selected Rubavu rather than
Gisenyi as the VW city based on the efftheir positions relative to the CIMERWA production plant and
each other would have on transport costs.

Inclusion of these two cities to the VW network introduced an additional 458 orders to the set of historical
additional deliveries that would be exgable using VW trucks. The Rubavu VW thereby expanded the
demand coverage of the VW network by 5.35% to 87.43%.
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The optimized VW network demand coverage was espnted as a function of number of VWs and is
shown onFigure25. It can be seen that thereaigrend of diminishing return when VWs are added to the
distribution networf.
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Figure25: Number of deliveries within reach of each optimal VW network

7.2 Operation Simulation Results

The VW operation simulation component of the hybrid mathematical model was run with a focus on
investigating relationships between planning method parameter values (i.e. the forecast factor of safety, the
downward adjustment value and cement strength dispatahddystem performance for each optimal VW
network. System performance could have been analysed from a variety of perspectives. For example, a
simulated expanded VW model could have shown a relatively large saving in customer waiting time (i.e.
lead timesaving), but also reflect many days spent by vehicles at VWs waiting for orders (i.e. number of
demurrage charges).

2There is a |l arger improvement to the VW networkos de
the second VW is added. The model 6s behaviour in thi:
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These two KPlIs of the simulated system represent the primary benefit and disadvantage of VW operation
expansion and investigations intoetleffect of each planning parameter on both these metrics were
conducted. The sensitivity of the ratio of these KPIs, namely the number of lead time days saved per
demurrage charge, to changes to each planning method parameter was also performediomnbkipslat
between these parameters and other auxiliary metrics, such as the number of vehicles dispatched to each
VW, were also have investigated when any of the three abovementioned investigations prompted deeper
analysis of the syrstem6s simulated behaviou

7.2.1 Forecast Factor of Safety Relationships
The performance of théW operation was simulated aadalysedor the use of different factor of safety
values by the CIMERWA logistics office.

7.2.1.1 Relationship with Number of Demurrage Charges

The increase of theimulated factor of safety value applied to the delivery forecast for\@aAtchetwork

had an increasing effect on the risk of demurrage. As the factor of safety value was increased by increments
of 0.2, thereby simulating an increasingly aggressive ptgnmiethod, the number of demurrage charges

incurred during a year of operation increasgdonentially (se&igure26).

The average number of demureagharges aggregated across all simulated VW networks increased from
10.33 to 55.29 for the first increment, representing an increase in demurrage risk by a factor of 5.35 when
the factor of safety value was doubled from 0.2 to 0.4. This showed thagklod demurrage was highly
sensitive to the factor of safety value, although this sensitivity was less pronounced when higher factors of
safety were used. The final 0.2 increment increased the average number of demurrage charges from 673.73

to 1325.07, reqesenting an increase by a factor of 1.97.

The five VW network experienced the greatest sensitivity to the factor of safety value. It also exhibited a
high degree of variation between for the 100 simulated years of operation simulated. Fheairitker

range of the demurrage charges for this network was 227 and 208.25 when factors of safety of 0.8 and one
were used respectively. The third largest Hupeartile range was significantly lower (i.e. 156 for the-two

VW network when used with a factor of sigfef one). This variability would be difficult to manage and

therefore rendered the fiwdN network particularly undesirable for high factor of safety values.
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Figure26: Demurrage charges per VW network as a function of fafteafety

The risk of demurrage also showed an increasing trend along the number of VWs used, but only when the
simulated factor of safety value exceede®l This was due to the extremely low number of vehicles
dispatched to the VWs that were added wnbtwork for each increment (seigure27). When a factor

of safety value of 0.2 was used, no trucks were dispatch to the Huye, Kamonyi, Burera or Rubavu VWSs. In
the real and simulated system, demurrage charges could only have been incurred if vehicles were, in fact,
dispatched premptively. Sinulating the addition of these VWs to the network for this factor of safety

value therefore could not have increased risk of demurrage.

Simulated vehicles were dispatched to the abovementioned four VWs when a factor of safety of 0.4 was
used. However, thitranslated into relatively little additional risk of demurrage, with use of the/fiVe
network only resulting, on average, 9.80% more cases of demurrage than the use oVihermtaork.

This is partly due to the 62% of the 350 simulated trucks bdispatched to these VWSs being dieztt

toward the Kamonyi VW. The catchment area of the Kamonyi VW overlapped that of the Kicukiro VW,

67



which provided the opportunity to divert trucks that stood in Kamonyi to anotheassigned VW and
thereby reduced thesk of demurrage significantly (ségpendix §.
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Figure27: Vehicles dispatched to each VW in the V&V network as a function of factor of safety

The low simulated usage of the Huye, Kamonyi, Burera or Rubavu VWs latveactor of safety values

were used was due to the low values to which the moving average delivery forecasts converged for these
VW catchments. For example, if the forecasted number of deliveries for a VW catchment for a specific date
was 4.9, the applation of a factor of safety value of 0.2 would have reduced this value to 0.98. This value
would have been rounded down to zero and no trucks would be dispatched to that VW on that day.
Convergence of the moving average forecast to this value therefaree@nbat no trucks would be
dispatched to this VW.

Figure28 showsthe moving average forecast values of an example actual run of the simulatiorfanodel
the number of 32.5N cement strength deliveries t

values present the forecasted values before they were multiplied by any factor of safety value. The
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Afadj ustedo val ues r e paofsafetegof ®.2wadhapplied.drhewndjustedavdiue torthea  f
Butamwa VW forecast converged to a value above one, which meant the model could have dispatched
trucks to this VW when this factor of safety was used. The adjusted value for the Huye VW forecast
corverged to a value below one, which was always rounded down by the model to zero, resulting in the
VW not being used.
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Figure28: Actual and adjusted moving average forecast values per VW as a function of day of year using

a fore@st factor of safety value of 0.2 was used

7.2.1.2 Relationship with Lead Time Days Saved

The lack of simulated vehicles dispatched to the additional four VWs for 0.2 and 0.4 factor of safety values
also resulted in no significant difference in the lead time @aysp er i enced by CI MER W/
when different VW networks were usddowever, when factors of safety of 0.6 or greater were used, the
introduction of the third, fourth and fifth VWSs to the operation produced significant system performance
improvementswith respect to this KPI. This was partially due to the absorption of geographically distant
demand into the VW network. The transition from the-beé network to a tweVW network involved

the introduction of the Huye VW, which would have been close aoc0IMERWA production plant in
Muganza and only contributed one lead time day saved per delivery executed by a VW traplpésetix

7). All subsequent transitions along this dimension, however, involved simulated inclusion of delivery cities
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two or more daysodé travel ti me away from the plan

cities therefore had a more significant effect on this KPI.

The simulated effect of the number of VWs was most evident when a factor of safety fvaheeveas
used. The mean number of lead time days saved increased from 2707.86 to 3881.71 whel'\tfie one
network was replaced with the fix8WV network (seeFigure 29) Lead time days saved per demurrage
charge as a function of downward adjustment vale introduction of the four additional VWSs therefore
represented a 43.35% increase in the positive effect the VW operation had on customer waiting time.
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Figure29: Lead time days saved per VWétworkas a function of factor of safety

This relationship contributed to the simulated lead time saving being more sensitive to the number of VWs
utilized than the factor of safety valapplied to the forecast values. Figure 70 shows that the use of a five
VW network with a factor of safety of 0.8 produced more benefit than the use of one, two or three VWs in
conjunction with a factor of safety of one. The risk of demurrage associatethigitscenario, however,

was high and exceptionally variable. The f&W network, when used with 0.8 factor of safety, produced
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a mean lead time saving comparable to that of theMiescenario (i.e. 96.33% of the fiwW saving
value), while it achiev@ a significantly lower number of demurrage charges (i.e. 62.73% of the charges
incurred by the five/W network).

Figure29 also shows that when a fac of safety vale of 0.6 or greater was used and, by extension, when

the use of included second, third, fourth and fifth VWs was activated, the introduction of the third and
fourth VWSs produced a greater lead time saving than the establishment of tiek $&hen factor of safety

of 0.6 was used, the introduction of the Huye VW to simulate the use of two VWSs increased the mean
annual number of lead time days saved from 1922.43 to 1952.95. The subsequent simulated replacement
of the Butamwa VW with a Kamoiwand Kicukiro VW, however, increased the mean day saving of the
two-VW network to 2214.08, which represented an improvement of 261.13 days per year. The replacement
of the Butamwa VW with two VWSs therefore had more significant effect on customer waitieghan

the introduction of the Huye VW by a factor 8.56.

Analysis of the simulated individual VW contributions to the total lead time saving when tRéViive
network was used highlighted the relative ineffectiveness of the Huye VW in terms of recustiomper
waiting time. When its use was activated by the use of a forecast factor of safety value of 0.6 or greater, it

accounted for the least day saving in each scenarid-(gee=30).
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Figure30: Lead time days saved per VW as a function of factor of safety
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Most outliers onFigure 30 lie below their associated b@ndwhisker plots, which indicates that the
simulated system performed unusually poorly in terms of lead time days saved more often than it performed
exceptiondly well in this regard.

7.2.1.3 Relationship with Lead Time Days Saved per Demurrage Charge

Figure31shows that the simulated lead time saving per demurraggechchieved by the system improved
as the factor of safety value was reduced. The mean saving per charge aggregated ¥gvosstalbrks
decreased from 70.64 to 2.65 days per charge when the factor of safety was increased from 0.2 to one.

This indicded that the simulated increase in the negative effect (i.e. number of demurrage charges) of the
expansion using the factor of safety value would have been more keenly experienced than the increase in
the benefit (i.e. lead time saving). This was partidile to the exponential and linear natures of the

relationships between the factor of saf¢tye demurrage charges and lead time savings respectively.
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7.2.2 Downward Adjustment Value Relationships

Similar to the analysis of the relationships bet
use, the same performance metrics were analysed in terms of their sensitivity to thelanwalich the
CIMERWA logistics office decreased the forecast value before determining the number of trucks to
dispatch.

7.2.2.1 Relationship with Number of Demurrage Charges

The increase in the downward adjustment value used by the CIMERWA logisticsnasfilterepresent a
simulated shift toward a more conservative planning methodology. The behaviour of the 100 simulated
years of operation showed that this change would produce the desired result. The number of demurrage
charges incurred by the use @fce VW network decreased with each increment of this planning method
parameter (se€igure 32). The effect of each increment on this metric, however, decre@bediirst
increment of the downward adjustment value from zero to 0.2 decreased the mean number of demurrage
charges, aggregated across all optimal VW networks, by 39.63%, while the last increment from 0.8 to one
only decreased this mean value by 16.65%.
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Figure32 Demurrage charges per VW network as a function of downward adjustment value
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Isolation of the on&/W network prior to a secondary analysis showed, however, that the observed tapering
of the risk of demurrage was sifjpantly more prominent for this scenario than when the use of the
remaining four networksvere simulated. When the use of the éW@/ network was simulated, the first
increment of the downward adjustment value from zero to 0.2 decreased the mean nuaberraige

charges by 54.74%, while the last increment from 0.8 to one decreased the mean value by 14.19%. This
showed that, when the use of Butamwa VW was simulated, the initial transition from an aggressive to a
moderately conservative planning method laatess marked effect on the risk of demurrage than the
transition from a moderately conservative method to a highly conservative one.

This was not the case for the remaining four networks. The first increment of the downward adjustment
value from zerod 0.2 decreased the mean number of demurrage charges aggregated across the remain four
VW networks by 36.57%, while the last increment from 0.8 to one only decreased this mean value by
24.88%.

This phenomenon was due to the stabilizing effect the relatively smaller delivery volume VW catchments
had on thenumber of demurrage charges incurred by the simulated use of the VW networks in which they
were includedFigure 33 refersto the use of the fivwW scenario and shows that the mean numbers of
days spent by trucks parked overnight at the Huye, Burera and Rubavu VWSs remained relatively stable a
the downward adjustment value was increased, unlike the significant decline experienced for the Kicukiro
VW. It could therefore be seen that as the number of VWs were increased, the introduction of the three
smaller volume VWSs decreased the sensitivitthe five VW network to the downward adjustment value

by introducing scope to the operation that was not affected by this planning method parameter.
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Figure33: Demurrage charges per VW as a function of downwadidstment value

The independence of the demurrage charges incurred by the use of the Huye, Burera and Rubavu VWs
from the downward adjustment value was due to the relatively low volumes of simulated orders placed for
delivery t o t he sseThemdebdecisiartlagibh prevanted tlee inevaiable deactivation of
these VWs that would have resulted when their downward adjusted moving average delivery forecasts
converged to a value less than one. The rounding down step of the decision logic weulgshiied in

the failure of the model to ever trigger the dispatch of vehicles to VW in such cases.

The rule that prevented the abovementioned deactivation efdbwmme VWs by triggering the dispatch of

a vehicle to such a VW, on the condition thatrthwere no vehicle already standing at the VW, was
activated for these VWs regardless of the number by which the forecast was reduced. This decoupled the
l ogistic officebdbs simulated denptivayidespatsh tateesgead®d i n g
from the downward adjustment value, which resulted in this parameter having no effect on the risk of

demurrage associated with these VWs.
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The abovementioned logic also meant that the simulated inclusion of the Huye, Burera and Rubavu VWs
introduced a elatively high degree of risk of demurrage that could not be mitigated by the downward
adjustment value in the same way that the forecast factor of safety did.

Figure 33 shows that the mean total number of demurrage charges associated with the use of any VW
network that included any of the three lealume VWs started to converge when a downward adjustment
value of eight was used. This was due to themmaimbers of demurrage charges for the other VWs, namely
Kamonyi and Kicukiro, tending to zero. These values for the Kamonyi and Kicukiro VWs equalled only 6
and 13 respectively when this downward adjustment value was used. The values to which the total
simulated number of charges for each VW network converged were the sum of the relatively constant

charge totals for the Huye, Burera and Rubavu VWs that were included in the network.

7.2.2.2 Relationship with Lead Time Days Saved

The lead time savings achievey the simulated use of eadhW decreased with each increment of the
downward adjustment valuEigure34 shows that system performance with respect to this metric was also
highly sensitive to the number of VWs introduced to the network. The average number of days by which
total customer waitingirne was reduced when the eW@/ network was used, without any downward
adjustment, was 2708.86, which was comparable to that achieved when th@\fowetwork was used

with a downward adjustment value of six, which was 2674.31.

This sensitivity became m® pronounced when the use of larger downward adjustment values was
simulated. The use of the fRéWV network when no downward adjustment was simulated produced a
40.71% improvement in the mean number of lead tayssaved of that achieved when a eAé&/ network

was used. When a downward adjustment value of 8 was used, however, this mean value increased from
708.41 days for the oRéW network to 2011.73 for the fiv&W network. This increase represented a
183.98% improvement. This was partially due tordgmlience of the number of trucks dispatched to the

introduced VWs to the downward adjustment value discussed above.
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Figure34: Lead time days saved per VW network as a function of downward adjustment value

7.2.2.3 Relationship with Lead Time Days Saved per Demurrage Charge

The lead time savings per demurrage charge for each scenario indicated that system performed better with
respect to this KPI if the downward adjustment value was conservatively selected when the use of the one
VW network was simulated. The mean saving per charge for this network increased exponentially with the
downward adjustment value. However, so too did the interquartile range. The exhibited interquartile range
increased from 1.42 to 6.52 when a downward adjustmalue was increased from four to six. This
represented an increase of 5.10 days per charge. The subsequent increment of the downward adjustment

value from six to eight, however, increased the interquartile range by 25.54 days per charge.

This degree bvariability exhibited in terms of lead time savings per demurrage charge was such that the
Awhi sker so o fVWeaieshf badndwhhi es kcere pl ot s overl apped a
high downward adjustment values were used. This indicatedthbagdame level of performance was
achieved by the system during different simulated years of operation when the use of different downward

adjustment values and the evi&/ network was simulated.
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This increasing effect of each increment of the downwardsadent value on the lead time savings per
demurrage charge was less pronounced or, in some casexistamt when the use of other VW networks

was simulated.

The system performance with respect to this KPI increased with the firsirtbresments of the downward
adjustment value when the use of two, three or four VWs was simulated. However, the degree to which
they increased, 1.88, 2.16 and 2.53 per increment for thettwee and fourVW networks respectively,

was small relative tthe rate at whichtheoné W6 s saving per charge increa
The final downward adjustment value increment produced no significant change in this metric for these

three networks.

These values remained relatively unchanged weHittal increments of the downward adjustment values
for the two, three and fourVW networks. None of the downward adjustment value increments for the
simulated use of the fiveW network produced a significant effect on the lead time days savings per

demurrage charge.

This significantly lower sensitivity of the lead time savings per demurrage charge to the downward
adjustment value when the use of more than one VW was simidaglkdwn in se€igure35. It waswas
due to the simultaneous convergence of the number of demurrage charges to constant values and the stead\

decline of lead time saving as the downward adjustment values were increased.
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Figure35: Lead time days saved per demage charge as a function of downward adjustment value
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7.2.3 Dispatched Cement Strength Relationships

The cement strength grade used for loading virtual wareHmused vehicles could be easily overlooked
as an element of the planning method, as it couldkes tior granted that 42.5N strength cement could be
used instead of the higheelling 32.5N cement. The fact that the higeieength cement could be delivered
to a customer that had ordered 32.5N cement, but not vice versa, mean that the system dynagarav

to the cement strength loaded required analysis.

7.2.3.1 Relationship with Number of Demurrage Charges

The 32.5N cement strength grade was used as the default dispatched cement used for the investigations into
the relationships between the planning moet parameters and system performance was selected. The
simulated replacement of this grade of cement with 42.5N strength cement showed significant decreases in
the risk of demurrage associated with the use of each opfMiaietwork (sed-igure36). This reduction

in risk, however, was only achieved when the 42.5N cement delivery fovemssot added to the forecast

of 32.5N deliveries when simulated aildons regarding the numbering of trucks for each VW was

determined.
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When the use of this cement strength grade was simulated usinggNeoB@er forecast values, the mean
number of demurrage charges incurred, aggregated across all five optimal VW networks, was 28.12% less
than the KPI observed when the 32.5N strength cement was used to leaduid/vehicles. This was due

to the flexibility the 42.5N cement provided in terms of the types of deliveries that could have been executed
by a VW truck after being committed to the VW. The logistics offiesable to use the orders for 32.5N
strength cement as a buffer by first using the vehicte®ete to or stationed at the VW to satisfy orders

for 42.5N strength cement in the catchment area and then, if surplus trucks were present at the VW,
diverting them to deliver cement to customers that had ordered 32.5N strength cement. This increased the
probability of securing demand for a vehicle en route to or stationed at a VW and thereby decreased the

risk of demurrage.

This improvement in demurrage risk was only achieved if the use of the moving average forecasts was
retained when thproduct loaded was substituted with 42.5N cement. If the decision made by the logistics
office regarding the number of trucks to dispatchergtively to each VW was simulated to include the
forecasted number of 42.5N strength cement, the total numibercké dispatched to VWs increased in

every scenario. The variance value for the demand for 42.5N strength cement was 3621.79, while the
variance of the 38N demand was 18857.5. Demand for 42.5N strength cement was therefore significantly
more variable imature. It follows that the additional vehicles dispatched to satisfy this demand exposed
the operation to more risk of demurrage, which was observed in a 10.34% increase in the mean number of

demurrage charges, aggregated across all VW networks, whgrahhing method was simulated.

7.2.3.2 Relationship with Lead Time Days Saved

When the use of 32.5N strength grade cement tovdd/ehicles in conjunction with a forecast factor of
safety of one and a downward adjustment value of zero was simulated, ageavER697.84 deliveries

were fulfilled via the aggregated VW network. Under the same conditions and using only the forecast value
for 32.5N deliveries, the use of 42.5N cement for VW vehicles achieved a mean value of 2966.55 for this
metric (seeFigure 37). Thisi ncr ease which represented a 9. 96%
aggregated reach. This translated into an average lead time saving imprpvagecegated across all
optimal VW networks, from 3277.77 to 3601.58 when 42.5N cement was used to ledub\Whd vehicles

instead of 32.5N cement.

If the orders for 32.5N cement were isolated for the comparison of the above two scenarios, it could be seen
that the use of 32.5N strength cement to load VW vehicles resulted in an average of 285.14 more deliveries
executed by VW trucks, aggregated acalb¥'W networks, than when they were simulated to carry 42.5N

cement. This, however, was due to the prioritization of 42.5N strength cement orders for delivery, which
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meant that there were fewer trucks available to fulfil demand for 32.5N cement whihcé2@nt was

load on VW vehicles. The VW trucks carrying 42.5N strength cement were able to satisfy an average of
553.83 orders for 42.5N cement, which resulted in the use of 42.5N cement vehicles having a larger overall
impact on the supply chain than BR. trucks. These orders for 42.5N cement represented demand could
not have been satisfied by vehicles loaded with 32.5N cement, even if they were unutilized and had to park
in the VW city overnight. The use of 42.5N strength cement to loadbdwhd truckghereby increased

the benefit gained by each VW network, while adding no additional risk of demurrage.

The simulated consideration of the order forecast values of both 32.5N and 42.5N strength grades of cement
further increased the lead time days savisgpaiated with the use of each VW network. The average lead
time saving, aggregated across all optimal VW networks, increased from 3601.58 to 3902.33 days when
the forecasted values for 42.5N orders were assimilated into the values that drove the silecilsitats
regarding the number of trucks to dispatch to each VW.
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Figure37: Lead time days saved per VW network as a function of cement strength dispatched
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Figure 38 shows that a high degree of alignment between the simulated lead time savings and the
percentages of orders satisfied via the VW network between corresponding sets of parameters, which
confirmed that it was prinmdy this increased market reach of the VW networks that produced the lead time
savings. The addition of the fouthW for each scenario, however, produced a gain in lead time savings
that was relatively larger than the improvement the percentage ordigesateby VW trucks. This was

due to the greater modelled transit time to the Burera VW catchment.
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7.2.3.3 Relationship with Lead Time Days Saved per Demurrage Charge

Figure 39 showsthat the simulated number of days of lead time saved per demurrage cleargedimy

each VW network decreased with the addition of eddhto the network for every strengtf cement

used. This indicated that the risk of demurrage associated with each introduced VW outweighed the number

of days of customer waiting time they sdwegardless of the cement strength used.
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The simulated performance of the system with respect to this KPI was greatly enhanced when the 42.5N
strength cement was used to load ¥aund vehicles as opposed to 32.5N cement. The mean number of
days saved paetemurrage charge, aggregated across all optimal VW networks, increased from 2.65 to 4.09
when the cement strength grade was substituted, which represented a 54.34% improvement in terms of this

metric.

Such an improvement was not achieved if the uséethigher strength cement was coupled with the
incorporation of the forecasted number of 42.5N strength cements orders into the figure used to inform the
simulated truck numbering decisions made by the logistics office. The use of a combined 32.5NNnd 42.5
forecast negated the benefit of the cement type substitution, lowering the aggregated mean value to 2.68.
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8. DISCUSSION

Although the output of the network optimization and operation simulation models are explained separately
in section?, the results of these two components of the hybrid mathematical model are discussed together
below. This was due to the highpmdency othemodek on each otheof modelling decisions and inputs

and outputs. However, the key points of discussion do, in general, follow the order in which the results

were presented.

8.1 Placement of the Butamwa VW

The network optimization model was primarily developed such that the risk of demurrage associated with
Cl MERWAOGs e x pvaVmstwodk would be minimized. Due the limitations of analytical methods

with respect to modelling probabilistic processeg #ystem theory and assumption that the risk of
demurrage was proportional to volume of CI MERWAS®S
satisfied by the VW network was used and the mo
V W6 s keanhm@each would be maximized (sAppendix 3. Figure 25 shaws that the model did, indeed,

aim to maximize this value, as each loosening of the numbé&Msf constraint resulted in an increase in

the optimal VW networko6s mar ket reach.

The model, however, could only improve the reach of the\dWenetwork by a further 52.7% when
allowed to utilize five VWSs. This diminishing return on the introductiondufisional VWs after the first
VW was expected, as the demand for delivered cefisenti ghl y concentrated in

province and coultheaccessed via a single VW.

The model 6s placement of woblekhavechiegedh e/ Wi lad w Bhua rmgnwma
of drawing Kigali and its immediate outlying areas into the VW network. It also validated the existing
practice of preemptively directing vehicles to Kigali, as these two citiemonly 14.1 kilometres apart and
Butamwais en routeo Kigali for a truck travelling from the CIMERWA production plant in Muganza (see
Figure40). A sale for delivery in Kigali would have therefore addedadditional travel for a truck diverted

from a VW at Butamwa.
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Figure40: Relative positions of the CIMERWA production plaotMuganza, Butamwa and Kigali

Although the inclusion of demand into the VW network was the most heavily weighted factor in the
optimization problembs objective functi &dsucht he d
that the optimization algorithm would favour a cantédeW city such as Butamwa over one like Kigali

due to this greater #®uting efficiency. Transportation costs directly proportional to strdigatdistance

were used to drive this behaviour of the algorithm fgg@endix 9.

The selection of Butamwrather than Kigalasthe first VW city could therefore be considered a successful

result of the use of costs to drive the model, while being built primarily to maximize revenue, to consider
the Adivertabilityo of | oa destionvohHuye astreelsecand VW gty, VW
however, was found to be a selection that was arguablgsirnal in terms of the business problem being

solved, in spite of it representing the opti mal

8.2 Selectionof Huye as the Second VW Location

Figure25 shows that the increase\fW network reach that would have been achieved by the introduction
of the Huye VWwould have been less than that associated with the replacement of the Butamwa VW by
the Kamonyi and Kicukiro VWSs. The latter option was only selected for theYWéescenario even though

it would have incorporated 8.1% more annual orders into the réach®@l MERWAG6s VWs t han
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would have added. This suggestat the tweVW network should have included Kamonyi and Kicukiro
VWs, with the Huye VW only to be introduced for the thx&& network.

The EO algorithm selected Huye as the second VW locatioe to its closer proximity to the CIMERWA
production plant and this positionbés effect on t
lower costs associated with the initial legs to the Huye VW and diversions from this VW resuhied in t
profit generated by the 704 deliveries within the catchment being, according to thegreateithan that

produced bythe 761 orders that could have been delivered via the joint Kamonyi and Kicukiro VWs.

This behaviour resulted in the optimizatioodelselectinga VW that was swoptimal in terms of risk of
demurrage when the system theory and assumption regarding the relationship between the market reach
and risk of demurrage associated with a VW network is considered. Itloeatdued that theveighting

of transport costs on the objective function was too great. However, the reduced transport cost associated
with the use of the Huye VW and other unmodelled factors such as geographic diversity, carrier capacity
and the nat ur e ketsstmayeraeaed have gustified thedsslectiormaf Huye as the second VW

location.

A review session with CIMERWA management would have been required to assess the utility of each
option from the businessd per spe ctioriwowddhave, indeedh e du
been deemed more desirable, then somettinimg of the network optimization modekelling price for

a truckload of cement and transport costs to drive the model t@vaaite intuitively desible answer.

This approach would va somewhat undermined the purpose of the optimization model. It would have
been more beneficial to incorporate those additional factors that were considered by management during
this discussion directly into the model andrue the algorithm to determing new optimal solution.
However, the discussed limitations of analytical modelling with regard to modelling complex relationships

would have probably prevented their inclusion to the model.

The primary objective of the project focussed on risk reduction. However, an important factor of the
selection of Huye as the second VW location that was not considered by the network optimization model
was the benefit it provided in terms of lead timeuctibn. Being located considerably closer to the
CIMERWA production plant, the business case for establishing a VW in this region was significantly

weaker than for the joint Kamonyi and Kicukiro VWs.

The incorporation of this level of detalil into the ogt@n simulation model, however, did mean that lead

time reduction was accounted for by the hybrid mathematical model and reflected in theFigsut29

86



andFigure 30 highlight the relativly small contributiorthe Huye VWwould maketo improved customer

service.

The two deficiencies of the network optimization model dised above, namely the possibly undue
biasing effect transportation costs had on the network optimization model towards candidate VW cities that
were closer to the plant and the failure of the
to improve lead time savings, meant that the Huye VW was arguably the incorrect selection for a second
VW location both from a demurrage and lead time reduction perspective. The replacement of the Butamwa
VW with the Kamoyi and Kicukiro VWs would have mporated more demand into the VW network and

produced a greater improvement in customer service while exposing CIMERWA to less risk of demurrage.

This incorrect result was a consequence of the sequential solving of the problem that was introduced by the
linear use of both an analytical and a simulation moHeis observatiorsuppors the claims made by
Bowersox (2013) that S&OP should aimsiultaneouslyonsider as many resources and constraints as
possible so that the number of tremfés consideredduring optimizationwould bemaximized and the

overall performance of the system optimized [3]. Further investigation into the feasibility of either
optimizing the VW networks using the Monte Carlo simulation model or incorporating the stochastic
demand ad lead time days savings associated with each candidate VW city into the network optimization
model wouldoe needed to achieve this simultaneous consideration. If either option is implertentisd,

of the hybrid model failing to identify the traddfs between the demand volume, transport costs and the

lead time saved per delivery when the VW networks were optimipedd be reduced

Monte Carlo methods, however, provided a means to simulate the operation to the level at which the
network optimizatio model wasinable They therebyallowed for the manual identification of this trade

off, albeit after the VW networks had been calculated by the network optimization model. The simulation
of the implementation of the optimized VW networks within a vadaitvironment generated the data
necessary to highlight the questionability of the selection of Huye as the second VW location and thereby
inform the adjustment of model parameters for a second iteration of the investigation. The merits of

simulation modeing postoptimization were thereby demonstrated.

8.3 Selection of Burera and Rubavu as the Fourth and Fifth VW Locations

Unlike the transition from a oRéW to a twoe and three/W network using the Huye and
Kamonyi/Kicukiro VWSs, the transition to the feuand fiveeVW networks drew decreasing additional
demand into the VW networks6é collective catchmen

by theEO algorithm as the fourth VW location, introduced the fourth most demand to the network, while
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thefifth -selected location, Rubavu, was the fifth largest contributor of demand. These selections therefore
aligned closely with the focus placed on the objective function to maximize the demand within the collective
net worksod reaches.

Figure27 andFigure33 both show that each of these VW locations a&sald haventroduced more risk

of demurrage than the previously activated VW. The variability in the number of demurrage charge between
simulatel years was also increased by a larger degree when the Rubavu VW was introduced than when the
Burera VW was activated. This, unlike the Huye VW activation, aligned with the system theory and
assumption that by maximizing the reach of the network the fiskemurrage was reduced, which
underpinned the way the objective function of the network optimization model was developed (see
Appendix 3.

The relatively high degree of variation in the annual number of demurrage charges incurred by the Burera
VW was dueto the threalay transit time to this city. Under certain conditions that were brought about by
the randomness of the model, the dispatch of trucks would be simulated prior to a dearth of orders. Even
though the logistics office would have knowledge @ ttucks standing overnight in this VW, the trucks

were already dispatchgaiddng capacity in a catchment in which it was not needed. While this phenomenon
would alsobe experiencedt other VWSs, the longer transit time to Burera meant thereld bea Ionger

period for which trucks would arrive unneeded at the city.

The stochastic nature of the model meant that this-oildf trucks occurred more frequently during some
simulated years of operation than others, adding uncertainty to the expectedecotemplementation of

this VW. Figure41 shows the buildip occurring twice in one month of simulated operation. Note that prior

to each period of elevated vehicle sgace, the logistics offiogould steadily dispatch trucks to Burera.
Although the vehicles were not sent as soon as an excess was experienced, the previously dispatched

vehicleswould continugo arrive each day, thus worsening the issue of trucks standarnight.
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Figure41: Numbers of trucks dispatched to, present at and standing overnight in the Burera VW for the
simulated month of June 2018

8.4 Sensitivity of Performance to each Dimension of Expansion

CIMERWA could haveexpanded & VW operation along two different dimensions, namely the number of

VWs utilized and the use of more speculative planning methods. The results of the hybrid mathematical
model providevaluable insight into the relative sensitivity oftheoperatié s r i sk of demur r g
along eachdimension The multiple facets to expansion along the planning method dimension meant that
the comparison of the introduction of new VWSs to the use of more aggressive planningfthlasbs

had to be perfored for each modkld type of planning method expansion.

Figure 26 shows the simulated risk of demurrage was increased to a greater extent by thhigiserof
forecast factors of safety than the introduction of new warehouses. This was partly due {actheating

effect of low factors of safety on low volume VWs. If the factor of safety was low enough to prevent the
logistics office from ever dispatiiy trucks to an additional VW, activation of this VW would not have

resulted in anydditionaldemurrage charges.

Nonetheless, when safety of factor values were large enough such that these low volume VWSs were, in fact,
used, the use of one VW¢sulted in a mean number of charges after a single increment in the factor of
safety was always higher than the mean produced by the use of th&\fimetwork prior to the increment.

This suggestthat thereis more risk associated with a more aggressgiamning method than the use of
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more warehouses. However, the high degree of variation in the number of demurrage charges between
simulated years of operation using the fitd/ network and factors of safety of 0.8 and one meant that it

was possible thate introduction of the fifth VW would have incurred more demurrage charges than an
increase in the factor of safety value. This provided an example of the important recognition the results of
the stochastidMonte Carlo simulation gavie the uncertainty ofhe outcomes of implementing a specific
strategy i n Cl MERWAGOG s di st r i bewxtansvely uapackedr whenme n t
Cl MERWAGs management focussed in on smaller sets

The simulated performance of tisgstem with respect tassociatedead time day saving followed a
different trendwhen the model was expandduit only when the higher forecast factor of safety values
were used (seleigure29). The simulated savings achieved by increasing the number of VWs were greater
than those attained by increasing the factor of safety from 0.8 to one. This suggested that the factor of safety
had a greater impact dhe customer service advantages associated with VW use than the number of VWs
used. However, this was limited to low factor of safety values. When a threshold was reached, the saving

in customer waiting time was enhanced to a greater extent when VWadder to the network.

When the comparison between the sensitivity of the system to the number of VWs and the planning method
was repeated using the downward adjustment value, the relationship was more coRgjstex82 and
Figure34 show that the operation woud more sensitive to the downward adjustment value with respect

to both risk of demurrage and lead time day savings. Numerous instances occurred in which the simulated
decrease of the downward adjust ment v pérfarmanceo ul d
than ifeventwo furtherVWs were added to the network. Recognition should be given, however, to the fact
that the downward adjustment value was decreased by two for each run of the simulation model and,

therefore, this conclusion was somewdiagjineered by this modelling decision, albeit inadvertently.

There was, however, no such modelling decision to be made for the final facet for which the expansion
along the planning method di mensi onds edictiomoft on
additional VWs. The rangef scenarios tested using different strength grade of cement for loading onto
VW-bound vehicles was limited @] MERWA &6 s p r Figdira36 shows that theerisk of demurrage

would have been more sensitive to the number of VWs utilized than the type of cement usedrfgrtiye
dispatching Figure 39 shows, however, that the sysem per f or mance in terms o
demurrage chargevould have been more sensitive to the cement strength used than the number of

warehouses.
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8.5 Favouring Conservative CemehStrength Planning Methods

The high degree of sensitivity of tohumeercddesuragends s
charges and the number of VWs used somewhat masked the difference in the trends observed in the
relationships between 9gsn performance metrics and the strength grade of cement used to lebduid/
vehicles.Figure 36 and Figure 37 showthat the effecof cement strengtbn the number of demurrage
charges and lead time day savings did not align. The use of 42.5N cement strength usinga$tefdorec

32.5N cement sales would have introduced the lowest associated risk of demurrage. However, it would
have not produced a greater improvement in customer service than the use of 32.5N strength cement for
preemptive dispatching of vehicles.

This rehtionship was due to the unique way in which a direct substitution of the transported product for
one of a higher saleability influenced a truck©os
market. 42.5N strength grade cement could haeasold to customers who ordered either 32.5N or 42.5N
strength cement. This would increase the likelihood of a vehicle carrying this stock being able to satisfy an
order without parking in the VW city overnight, whietould simultaneously decrease thenmuoer of
demurrage charges that woudd incurred and increased the number of deliveries executed via the VW

network. The latter increased the number of days spent by customers awaiting their product.

Simulated use of this higher strength cement foreprptive transport to VWs while incorporating
anticipated 42.5N strength cement orders into the planning method achieved further improvements in lead
time day savings. However, it would not have done so through the swappability of the product alone. This
planning method would have involved the dispatch of more trucks which, in turn, increased the risk of

demurrage and the lead time saving.

The points above support the use of 42.5N strength cement while not adjusting the planning method to
consider 42.5N stingth cement orders over the remaining two simulated options. However, there are some
important considerations that CIMERWA management would have to take into account before adopting
this tactic. The sale of 42.5N cement to a customer who ordered weal@ntogould result in a loss of

margin made on the product sold. The production line would alssthde modified to support increased
manufacture of the stronger grade of cement. The hybrid mathematical model could be used to assist as a
decisionmakingtool in this regard and the inclusion of production capacity constraints per product type
into the model is an opportunity for further research. The model could be expanded to also calculate the

loss in margin associated with each scenario.
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Delivering 425N strength grade cement to customers that had ordered 32.5N strength cement would also
require ClI MERWAOGs S&OP function to shift focus
grade to also including the forecasted number of VW STOs predictettiebyogistics office. The
mathematical modelvould therefore be a key inpub production planning, which would represent an

i mportant advancement toward ClI MERWAGs | BP.

8.6 Favouring Conservative VW Operations

The tradeoff between cost and service is onettisafrequently addressed in logistics management [42].
Expansi on o fVYWOpeMitoRWIADdIsroduce a similar trad#, that being between the risk

of demurrage charges, which would have been an additional cost, and savings in the lead tiemeedperi

by CI MERWAGs customer s, which would have been a
statement required only an analysis of the risk associated with the expansion of the operation. However, as
the operation simulation model provided a medranby which this saving in waiting time could be

calculated, this beneficial aspect of expansion was also measured and analysed.

Simultaneous analysis of the effect of expansion of the VW model along the dimensions described by the
project ésbjsaptpiovds ngn ot hese two aspects of the s
into behaviour of the expanded system, but also highlighted the caution with whicbffsaldetween cost

and service should be considered. Selection of the best optiamplementation would require the
normalization of these two aspects of the systel
CIMERWA management. This could be achieved by taking the ratio of the number of lead time days saved
to the numbeof demurrage charges to reflect the number of days saved by the VW operation per charge
incurred.Application of this approach with the results of the Monte Carlo simulation modestnamg)ly

suggest that a conservative approach to the VW operationgaesion would add the most value, while

not considering many key benefits associated with more aggressive action.

Figure 26 and Figure 32 show the exponential relationships between the risk of demurrage and the
expansion of the operation along the number of VWs dimension and the planning dietbosion with

respect to both the forecast factor safety and downward adjustment \FElye® 29 and Figure 34,

however, show linear relationships between these aspects of operational expansion and the number of lead
time days saved. This meant that as the expansion of the VW operation was sirthgatiishdvantage
associated with each expansion step increased at an increasing rate, while the benefit, in general, increased
at a constant rate. This resulted in the quotient of these two KPls, namely the days saved per charge,

decreasing with each sitatied degree of expansion ($égure31 andFigure35).
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If CIMERWA management address the issue of VW operational expansion as an optimization problem
with the intention of maximizing the ratio of service improvement to cost, it would most likely interpret
Figure31 andFigure35 such that the most conservative option, specifically the usalpfthe Butamwa

VW with a factor of safety of 0.2 and a downward adjustment value of eight, was deemed the most desirable
option. Furthermore, analysis of the effect of the choice of cement strength to be loadedbmundV
vehicles (se€igure35) also favous the more conservative approach and management would conclude that
the use of 42.5N strength cement used with the 32.5N forecast would be the optimal seldctiespeitt

to this aspect of the planning method dimension.

The abovementioned conclusions fail to recognize the cost benefits associated Wit toecept that

are discussed in section 1.1 but were not incorporated into the hybrid mathematical model or the saving per
charge KPI. These included the facilitation of improved fleet sizing through thenptive dispatching of

trucks and the enhancedpmptunity to make use of backhaul transport. These aspects of VW use were not
model |l ed as they were strategic i mpheiocorponaton bfs t o
the effects ofstrategic improvemeniato operational modsican be problemiatand were not included in

the CIMERWA VW simulation model

Another critical shortcoming of sole consideration of the lead time days saving per demurrage charge metric
is that themeasurenly considerscustomer service benefits, while the VW concepsthot only benefit
CIMERWA from this perspective. It also advantatfge business from a sales perspective. The increased
revenue generated by the additional urgency that wimeifdaced on the sales office to secure deliveries

for more VWbound trucks aththe enhanced market share CIMERWA wdgenjoyed due to reaching

more customers before competitors would have also been difficult to quantify and were not modelled. The
approach of maximizing the lead time days saved per demurrage charge woulddlasefoeglect these

unquantified, saleeelated benefits of VW operation expansion.

Consideration of these strategic and qualitative benefits of VW should also be used to temper the use of the
number of lead time days saved as the single measure dieadatede x panded VW oper at.
This system performance metric should be interpreted in conjunction with other KPIsvhatdtenger

correlation with the unmodelled beneficial aspects of VW use.

For exampleFigure27 shows the number of vehicles dispatched to each VW whilé-gune 29 shows
the contribution of each VW to the lead time days saved by the VW network. The imenhetter measure
of the strategic cost and saledated benefits of VW expansion, while thedafts a better indicator of

customer service improvements. The simulated relative performance of the Burera VW with respect to these
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two metrics when 32.5N strength cement was used differed considerably. When viewed purely from a
customer service perspeati the Burera VWvould bemore beneficial than the Huye and Kamonyi VWs
when used with forecast factors of safety of 0.8 and one. Howeveruthieer of vehicles dispatched to

this VW under these conditions was lower than that to Huye and Kamonyi. dt tbeunéfore be said that

the Burera VW would have been less significant in terms of fleet sizing, backhaul benefits and market
penetration benefits even though it would have had a bigger influence on overall customer service levels.
The difficulties desclied above with respect to simultaneous consideration of cost and service to determine
a single optimized solution without management i
and objectives were stated to exclude the development of aniesgd@mmendation of an expanded VW
operation for implementation. Nonetheless, some recommendations in terms of how to use the data
generated by the exercise undertaken for the project are given in $&rtddn Reference source not f

ound..

8.7 Solution Selection and Implementation Considerations

Section8.6 cautions an analyst amst the sole use of the data produced byMehybrid mathematical
modelto makespecific recommendationsvith respect to the extent of expansion management should
implement along each dimensionn&lysis of cost versus performance for each dimensi@xgdnsion

that was simulatedn most casestrongly favoured conservative approach whikey benefits associated

with aggressive expansion were not considered by the model. The enhancement of the model to include
these benefits would arguably redube tanalysks ability to use the tool to make conclusions, as the
incorporation of saleselated and strategic benefits woidiginificantly increase the complexity of the

model and its dependency on highly accurate data and sound assumptions.

These additinal complexities would, most likely, reduce the validity of the model. The outcome of
attempting to capture every aspect of the VW operationld likely transform the hybrid model from
tool that provideu s e f u | insight into the syst e mo6-makidgton ami ¢

a model that produs@utput that was inherently questionable.

For examplegevery degree of expansion to the VW operation would increase the benefits assutiiated
dedicated fleet fixed and variable costing, but these were not moddthedtheless, the output of the
developed model would support decisions regarding the number of dedicated vehicles to contract. The cost
of demurrage auld therefore be weighed agairtlse cost benefit with each additional vehicle added to the

fleet outside of the modé@i the context of a management discussibthe concept of a fixed and variable

fleet were built into the model, new logic with associaedumptions regarding theeusf the dedicated

trucks and the waythey are costedwould have to b&levelopedand validatedFurthermore, contracting
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termsarevaried andflexible and thedevelopment of rules that could cater for all these terms, many of
which may never be implemented woul d i ncrease t he modhtetrodustiooc o mp |
of this complexitywould put the validity of the model at risk for other analyses for which CIMERWA

management might wish to use it.

The sole use of a model to provide recommendsitwould also requiréctional coss or revenusto be
associated with unquantifiable benefits and disadvantages associated with VW exfdnisiaould be a

highly subjective exercise, with many stakeholders deserving input. These stakeholders wolilkelsnost

not fully understand the sensitivity of the results of the hybrid model to the values and a highly iterative
modelling approach involving each rghayer in each cyclerould be needed

The stakeholder discussion regarding the unquantifiable@sspeV/W expansion would be more useful in

the context of analysing the output of a model that does not consider these aspects, rather than deciding on
values for input value® a model that does consider thdfigure20to Figure39shouldratherbe presented

to management, who can debate the merits and shortcomings of each sisudlaggb until a consensus

is reached in terms of whigxpanded operaticio implement.

Nonetheless he tradeoffs between cost and customer service that are evident in the analysis of the output
of the CIMERWA hybrid modelas well astte scope of operations that are affected by VW expansion may,
however, result in lengthy and ultimately unsuccessful attempts to settle on a single Soiution
implemenation Bowersox (2013) presented a method by whibkls difficulty experienced during
operations analysis exercismight be overcome By defining a minimum customer service threshold, an
analystcan focus on developing a solution focussed solely on minimizing cost while adhering to the
threshold as a constraint. This removestthdeoff and thesubjectinty associated with the benefits of
improved customer servicelhis approachshould be applied to analysis of the output datathef

CIMERWA VW expansion modellingxercise

CIMERWA managemerghouldstate the minimum number of lead tinfeys saved that should be achieved
by the expanded VW operati@md the output data should be used to determine the expanded operation

that would achieve that minimum with the fewest simulated instancesmfirragé€’. The number of

Z3The customer service threshold need not be defined in terms of reduced waiting time experienced by further
customers, but rather as the number of VW trucks dispatched annually or the percentage of demand fulfilled by VW
trucks. This may be deemed a preferabteshold measure of the organizational benefit CIMERWA would derive
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demurrage charges assed with the expansioshouldthen be considered by management and then the
customer service adjusted if the demurrage charges are deemed too many.

This analysis was performed for certain hypothetical values to demonstrate the methbd arslilts
presented in

Table4. It should be noted that there are three facets to each planning method, which results in 75 different
planning methods that could be tested per optimal VW networld(geendix §. Testing eeh combination

for each threshold value would begerly onerous and would typically only be performéCIMERWA
managemengxpresses an appetite for exhaustive exploration of the solution spaceoafiening the
threshold. The demonstration therefore only considered the planning methods tested and presented in

section7.2, which involvedadjustingone paameter value whiléhe remaining planningemained fixed

Determinationsvere based on mean values. Recogngimuld be given to the simulated variability of the

outcomes during management discussions when the number of éptianwed.

Table4: Recommended expanded VW operations for different customer service thresholds

Recommended Expanded VW Operation
Annual Customer i
Planning Method Mean Annual
Service Threshold
] Number | Forecast | Downward Demurrage
(Lead Time Days _ Cement Strength
of VWs | Factor of | Adjustment Charges
Saved) Grade
Safety Value
500 1 0.2 0 32.5N 9
1000 1 0.4 0 32.5N 51
2000 3 0.6 0 32.5N 220
3000 4 0.8 0 32.5N 645
42.5N
4000 5 1 0 1367
(32.5N Forecast)

Table4 shows that manipulation of the moving average forecast value using the factor ofesafited in

the customer service threshold being met with the fewest demurrage charges for all bhustomerc

from the VW concept as it is a more direct measure of the expansion of the VW concept, which yields benefits that

are not necessarily experienced by the customer, such as increasedlbzmbaunities.
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threshold value. It could be said that the adjustment of this facet of the planning method would be a better
mechanism for controlling demurrage charge tisinthe downward adjustment value

An exceptionto this trendwvas when the threshold wast to 4000. This number of lead time day savings
cannot, according to the simulation resuitis,achieved when 32.5N strength grade cement is loaded on
VW-bound vehicle€. As such, the use of 42.5N strength cemehiile using the default values for the
factor of safety and adjustment valpess the only option available if this level of waiting time reduction
were to be realized. There were only three scenarios that could have met this threstioipi(e8&). If

was found that, in this casthe use of the five/W network while usingonly the 32.5N forecast would

result in the fewest demurrage charges being incurred.

Table4 also shows the exponential increase in demurrage charges for equal increments in the customer
service thresholdlhis echoes the exponential nature of the demurrage risk relationships analysed in section
7.2

The VW operation could be easily expanded along each dimension as a phased approach until the desired
option is implementedrhe recommendation to CIMERWA managemerthereforeto first implement
theidentified lowest risksolution that would achieve thewestthresholdcustomer servicenprovement

that beingb00 lead time days saveficcording toTable4, this would comprise aetwork of asingle VW.

The solitary VW for this network was placed by the optimization model in Butamwa, which is close to
Kigali. The current VW used by the logit office is in Kigali Implementation of this solutiowould
thereforenot requirethe introduction of any new VW# would, however, include the implementation of

the moving average forecasted witha factor of safety value of 0.2 and downward adjgstt value ob.

After the operation stabilizewith the proposed planning methad,should be expanded in a stepwise
manner until the desired customer service improvement threshold is reached. The tingixigiatad the
threshold incrementshould bedecided by management while considering all S&OP factors that influence
and are influenced by the VW operatieuich as promotions, known future customer construction projects
and planned plant maintenancehe output of this exercise would be similar Table 4, except an

implementation date should be added for each threshold, which would serve to outline the expansion plan

24gtrictly from a mean perspectivVEhe upper whisker for the fiveW box plot when the forecast factor of safety
value is equal to one drigure30reaches the value of 4060 days saved. This shows that, for this expanded operation,
the 4000 threshold value could be reached, but not reliably achieved.
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for the VW operationThe solution that is implemented at each step should be identified by analysing the
hybrid model 6s memanpeuuseddagereratingbledt he s a

Should CIMERWA management prefer to seek the maximum customer service benefits of the VW
operation while stating a maximum demage charge threshold, the analyst can reverse the perspective of
the analysis demonstratbgl Table4. The number of lead time days saved would not be the constuatint, b
rather the value the analyst would be seeking to optimize and the combination of planning method parameter
values would be chosen such that this value is maximized while the number of demurrage charges incurred

by its implementation is not exceeded.
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9. CONCLUSIONS

9.1 Summations

The quantitative method that was developed for generating alternative expanded VW network designs for
CIMERWA and determining the risk of demurrage associated with each design was demonstrated and
produced a set of resultsatwasanaysed.

The optimal VW networks that weigeneratedvere analysed critically in terms of their utility from a
market reach and lead time day saving perspective. It was found that thedsakttiod, namely analytic
model I i ng usi ng E® predaced sensilge seldttoons AfR/W cities that aligned well with
thegeographid i st ri buti on of CI MERWAG6s national demand

As the numbey of VWs introduced intathe network were increased, the market reach obptienized

nework increased as expectédt was found that 50.94% of ClI MERWA
single VW, while 87.43% of its total demand could be deliveregeprptively if five VWs were used
according to the optimal networks calculated by Eke first supporting objective of the project, being the
development and use of a model for determining the most desirable VW positions for CIMERWA, was

thereforemet.

EO was not modelled to consider the difference in lead time day saving achigwackbysent to different
activated VWSs. The objective function was developed suctotitgimarket reach and, by extension, risk
of demurrage, was minimized. This retained the focus of the exercise on cost minimization, as opposed to

customer service enheement, as per the objective of the project.

The only anomalgxperienced during this first modelling activitias the activation of the Huye VVur

the twaVW scenario. It was found that thiévision of the Butamwa VW into the Kamonyi and Kicukiro
VWs would result in the market reach of the sM@V network beinggreaterthanthe placement of the
second VW at HuyeThis wascausedyy themodelledtransport costs, which were intendecdtdy drive

the model s consi der at i oadtoecdndidatd VW ctieStoraelfinefuriing gf 6 o f

the modelled costs would correct this issue.

While the network optimization model adepsiynultaneoushconsidered the entire set of constraints and
decision variables and produced an optitagiout for eachnumberof VWs, it did not consider the
stochastic nature of the order patterns in different candidateacited t he | ogi st i cs of fi
to changing conditions due to differences in transit times to eachTtity was a shortcoming thais

anticipated when an analytic technique was selected for the first supporting objective of the project.
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The second component of the hybrid mathematical model, namely the Monte Carlo simulation model,
addressed this shortcomirmytonly to alimited extent.The use of sequential modelling of the CIMERWA

VW network meant that the advantages of analytic and simulation techniques could both be leveraged
However,it alsomeant thathe simulation modelling activity used, as inputs, network desfgataright

have been subptimalin terms of the additional business conditions and rules that were being simulated
In order for the VW networks to be optimized according to these additional considerations, a method of
transforming the results of the simulatimodel into EO parameter valuies iterative running of the model

would have to belevelopedIt may be necessary to redesign the EO model struitseitto support this
feedback loop.

The simulation model wasonethelessiun for each of the five ophized VW networks while each
planning method parameter wiasremented byiscrete constant amountsith the other parameters fixed

at their default valus. The sensitivity of the performance of the systems therebyinvestigated per
planning method pameter in isolation, which provided insight into the relationships betweaeh
dimension of VW expansioand risk of demurrag&raphical representation of the generated data showed
both linear and exponential relationships between VW expansion paraawederamber of demurrage
charges while highlighting scenarios for which the results were highly varidiile second supporting
objective of the project, being the development and use of a model for determining the relationship between

expansion of the VW operation and the risk of incurring demurrage chargehenefsremet.

The simulation model was expatito provide insight intospecificaspect of the customer service benefits
each expanded VW operation would yide, namely the lead time days saved by VW trucks. The
relationships between this KPI and the expanded aspects of the operation was stig@aiagde The model

was thereby able to simultaneously indicatpositive and negative effect of the use of VWs for each

scenario tested.

The ratio of the lead time day saving and number of demurrage charges was calculated to give an indication
of the kenefit versus cost per scenario in a single metric. Further investigation was made into the feasibility
of using the generated datnd possibly the saving per charge metdajot only provide insight into the
relationshipsunderpinning the VW operatipnbut to also provide apecific recommendation to

managemenbf a scenario for implementation

Upon closer consideration of the modelliamgproachit was found that the use of tbatputdata to make

specific recommendations tmanagementithout their further input would be problematic. Firghe
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optimal solution may have existed for a parameter value that lay between or outside the range the tested
values, as two of the three planning metipadangters were continuous in nature, namely the forecast
factor of safety and the downward adjustment ValBzcond the optimal expandeaperationmay have

been at an intersection of two or all of the planning method facets that would not have been tested due to
only one value being adjusted while the othgese controlledFor example, the best solution may have

been when a forecast factor of safety of 0.6 and a downward adjustment valuesifmultaneouslysed.

This scenario was not testesb testing of all combinations of all three planning methodnpeter values

would have been overly onerous. This highlighted the shortcoming of simulation modelling tareterm
solutions when theolution space is large

Input from management woultiereforebe required to use the simulation modekimulatedtargeted
scenario@r ound t he area of the solution space that a
and analysts shoulderatively work together in this waytoward a VW operatioml design for

implementation with which all stakeholders are conaiole.

To expedite the process, the concept of a customer service threshold was introduced, and recommendations
were generated for different threshold values to demonstrate the concept. It was fotiretithanhward
adjustment of the calculatedimber & trucks for dispatcho control the level of aggression in the planning
methodintroduced more risk of demurrage than the usbeforecast factor of safety. The factor of safety

value and VW network thatdhered to the stated minimliead time dayhatminimizeddemurrage charges

was determined for each hypothetical threshvalidie For example, a saving of 500 days per year would

come at an average cost of nine demurrage charges if a single VW and forecast factor of safetgsof 0.2

used Four VWSs and a factor of safety of 0.8 would be required to achieve a saving of 300Wkiays

incuran average of 645 demurrage chaayasualy. This highlighted the exponentiatlationship between

of demurrage risland waiting time reduction

To achieve annual lead time savings greater thaf, 3gilvever, VW-bound trucks would requiré2.5N
cement strength grade increase the number of ¢osers to which they can be divertédvas found that
loading this grade of cemenivhile using the 32.5N forecast would result 4828 days saved by
Cl MERWAG& s c uteg forroenrerst, buw encur 1367 cases of trucks standing overnight in the

networkawaiting orders.

25 Although the downward adjustment value is an integer value and not strictly continuous in natpezatheter
was adjusted in increments of two, which meant that there was a value for each increment that was not tested.
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9.2 Recommendations for Future Work

The hybrid modelling approach that was developed to address the primary objective of this study comprised
of two components, each with multiple sabmponents and governed by numerous rules all modelled
acording to the discretion of the modeller. It follows that for each of these facets of the completed model,
both the technique selection and specific modelling decisions utilized could be scrutinized and alternatives
researched further.

9.2.1 Optimization of the Planning Method

Only one aspect of the hybrid model utilized analytical optimization methods. It was decided that only the
positioning of the VW locations for various networks would be optimized, as it was the only dimension of
future xpansion that was deemed practical to optimize on an ongoing basis. However, it should be noted
that another key decision that was simulated could have been optimized even though therdekisipn

process was not modelled as one that uses analyticaldael.

The daily decision made by the logistics office of how many vehicles to dispatch to each VW using forecast
was simulated as a simple heuristic decision for this study. However, that decision could be made such that
the risk of demurrage would bminimized or customer benefit would be maximized by using more
sophisticated techniques. The best method of determining the optimal solution to this problem would have
to be investigated, but candidate techniques would include linear programming, pstibadbjinamic
programming or the use or Markov chaiNgt only should the applicability each optimization method be

assessed, but the feasibility of implementing its use should also be considered.

If an analytical method of numbering the trucks for V\&faditch is indeed identified, its use by the logistics

office would have to be replicated as part of the operating simulation model. The mechanism by which this
can be achieved would have to be researched and Microsoft Excel as a Monte Carlo simulatioudool

have to be reassessed if the chosen optimize technique must be incorporated. Other simulation software

may therefore need to be researched.

9.2.2 Advanced Forecasting Methods

There is also considerable opportunity to enhance the calculation method ef mpkit to the
abovementioned truck numbering decision that was simulated. The method used by the developed model
to generate the forecasted number of cement sales in each demand city was rudimentary. Further research
into other, more sophisticated foretiag methods that could be employed by the logistics office could

undertaken. These would include exponential smoothing and machine learning.
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The forecasting method could be added as a parameter of the planning method. The Monte Carlo simulation
model @n then be run using the identified feasible forecasting methods and the suitability of each method
can be investigated. The simulation model can also be used tmifie¢he forecasting input parameters,

such as smoothing factors, as well.

9.2.3 Modelling Assumptions

Many simplifying assumptions were made to allow the simulation model to make use of deterministic
computations, which are simpler to model and less demanding in terms of computing power than
probabilistic calculations, to govern stochastic proegsReplacement of these deterministic calculations
with formulae that incorporation pseudandom variables could result in more accurate modelling of
variable processes within the CIMERWA VW operation. For example, using a probability distribution
instea of single value for modelled vehicle transit times could increase the validity of the results. Whether
this would indeed do so would have to be investigated. The effect this would have on the time it takes for

the model to generate results would neebetinvestigated as well.

Other assumptions that were used to model the CIMERWA VW operation gave rise to constraints. Whether
each of these assumptions are indeed Ahardod con.
some may greatly influee the level of optimization that could be implemented into an expanded VW
operation. For example, if the assumptions that supported the development of a set of VW locations that
cannot be changed dynamical ly arnts, therd s bnlopportugtgd a n c
for the logistics office to optimize the VW network configuration and truck numbering simultaneously. The
model would be able to consider changes in demand patterns and numbers of trucking standing at various
VW cities when datrmining where the next set of VWs should position while simultaneously considering

how many vehicles to dispatch to each candidate VW city. This would preferable to the sequential solving

of the optimization problem, as this method of optimization ofteldy suboptimal solutions [3].

The Monte Carlo simulation model could be used to generate data to support the business case for using a
dynamic VW network that changes one day to the next. The dyna#ijggireg of the network could be
used as an addbhal parameter of the planning method and thereby be deemed another dimension along

which the VW operation could be expanded.
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11.

APPENDICES

The assumptions regarding the CIMERWA VW operation that were made while modelling the environment

are detailed in this section. Where simyphfy assumptions were made, some justification is given. Some

validation of assumptions is also included.

11.1

Appendix 1: Modelling Assumptions

11.1.1 Business Assumptions

1.

A customer that orders 32.5N/mstrength cement can accept 42.5N/msinength cement if the

agreed invoiced price for the purchased 32.5Nfrstrength cement is retained for the stronger
cement.

Bul k cement sales volumes comprise a relati
delivered cemeft

Bulk cement can only be transported using bulk tanker vehicles. The transport industry is less
equipped with this type of asset. Tankers can therefore only be secured by CIMERWA as dedicated
fleets.

An order for bulk cement cannot be converted into aerdi@ bagged cement by delivering the
product using & W truck. A customer that orders bulk cement is usually equipped with a silo at

its site of consumption into which the dry cement is pump upon delivery. These customers often
do not have dry, safe fdities at the shigo address for the storage of bags of cement. Furthermore,
bulk cement is sold at a lower price per ton than bagged cement. A customer that orders bulk cement
would most likely insist on the bulk cement price being retained if the isrfidfilled using bagged
cement. The loss in margin incurred by the fulfilment of bulk orders with bagged cement would
render the use of VW trucks for this purpose infeasible.

An order for collected cement can be converted into an order for delivereshtcbyndelivering

the product using a VW truck.

The statistical distributions of transit times to VW cities for trucks transporting VW STOs are the
same as those experienced by trucks transporting customer SOs. This can be seen visually when
graphically r@resenting the transit times observed from 1 April 2018 to 31 March 2019 for SOs
and STOs from the production plant in Muganza to Kigali as histogramBi(gee42 andFigure

43). The mean transit times are 1.03 and 0.90 days for sales orders and stock transfer orders

respectively, which both roundéal a value of one day.

26 7.04% of CIMWERA sales for delivery placed between 1 April 2018 and 31 March 2019 were for bulk cement.

The remaining 92.96% wererfbagged cement.
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Figure42: Transit times from Muganza to Kigali for sales orders
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Figure43: Transit times from Muganza to Kigali for stock transfer orders

The further a VW is located frorthe production plant, the wider the radius of surrounding
customers to which a VW truck in the city <co
area). Carriers typically charge a higher rate for providing a longer transport leg and, as such, are
less likely to claim for further compensation for the same additional distance travelled for a
diversion if the initial leg is further. A carrier would typically object to a diversion that would
require more than one day of additional utilization of a vehicl

Transport rates to different cities differ between carriers. It follows that transport rates for different

loads to different VWSs also differ between carriers.
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9. Most customers are receptive to orders that were delivered using VW trucks despite temerguir

to wait for the separate delivery of their invoices.

10.Li ttl e seasonality exists in the

number

of ¢

althoughad hocspikes in demand do occur due to major construction projects (e.g. CIMERWA

was the primary supplier of cement for the construction of the international airport built in

Bugesera). This consistency in demand per delivery province can be sEmuri@44. The

relatively low volume of deliveries planned during April 2017 was due to a lack of available product

caused by maintenance conducted on
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Figure44: Deliveries planned by CIMERWAfer month

Mar

of

2019

11. The factor by which actual travelled distances were greater than siiagllistances due to

Rwandaés road network varies negligibly

t he

bet we

and destination cities). The road network distafor a sample of six different customer cities were

obtained using Google Maps and plotted against the calculated stiaggtitstance (seEigure

45). The relationship was found to be linear, thus validating this assumption.
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12. The Rwandan market for leisantruckload cement is saturated aingdpenetrable due to the
entrenchment of distributers in that particular market.

13. The costto-serve of fulfilment of demand for leskantruckload cement directly from the
production plant is relatively high due to the geographic distance pfdideiction plant from the
major centres of demand. This cost is inhibitive to-tessttruckload delivery of cement by
CIMERWA in the absence of a physical warehouse network.

14. Few Rwandan carriers @ use of GPS tracking service providerggoordstop arival times.
Those carriers thato use GPS trackindo not integrate these systems with CIMERWA systems
for reliable ontime collection and delivery performance reporting. While actudiroa collection
dataiscapt ured by t he p ridgedthedagisticsmfficp telgon thécarrievseoi g h b r
manually insert the actual times of arrival at customers td M@ The accuracy of these carrier
entered actual timas questionable.

15. The CIMERWA production plant and sales office operate-yaaind,including weekends, except
on Christmas Day and cahbeigsueddranr tleplanDang ordeddibeo d u c t
placed by customers on all days of the year, except on these two public holidays. This was validated

by analysis of historical datadeFigure46).
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16. A customer invoicenustbe with the cementdlivery vehicle for cross border transport.

17. The fulfilment of an orders always profitable. There exgsho reasonably likely circumstance
under which the dispatch of a vehicle to deliver an order would incur more cost to the business than
the revenue itvould gainthrough the sale of the stock.

18. The transport markels s uf f i ci ently equipped with assets
transportation requirements. This capastyot affected by how the trucks were originally routed.
For example, ClIMERWAG6s transport supAwhsingr bas:c
hindered by the practice of first directing vehicles to a VW atR#yd diverting them to cith at
a later stage.

19. Demurrage chargesrenot invoiced by carriers. However, expansion of the VW operatimh
that vehicles would be regularly parkesternight awaiting orders would require a structured

demurrage policyo beincluded in carrier contracts.

11.1.2 Management Assumptions
1. Bulk cementis delivered using th&W concept, but the relatively low sales volumes for this
package type and specializedigte equipment required for its transport meant that VW laagls
planned to enhance bulk tanker utilization. Thisrtherefore no decision made by the logistics
office to source more bulk tankers for fptively dispatching bulk cement to VWs (thiidwvs

business assumption 1).
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2. A VW truck that arrive at its destination citgamot be diverted to a sales order to which another
truck ha already been assigned and dispatched from the production plant. The latter would be
carrying an invoice for the ctemer that placed the order. Should the customer receive its cement
from the VW truck, its invoice would have been on a vehicle that would, in turn, be diverted to a
different customer. Delivery of this invoice woudd cumbersome and the risk of a driv&suing
an invoice to the wrong customer would be significant.

3. A VW truck that arrived at its destinationcitgnonl y be di verted to cust
catchment area. A carriés selected to transport a load to a particular VW based on itamdte
performance | evel associat ed wslhusiness hssumgtiens t i n
8) . Diverting a VW truck to a | ocation outsi
would incur a sulpptimal payable rate for the fulfilment the SO. ltis therefore preferable to
instruct the VW vehicle to remain in the VW city and await a closer order to be placed and assign
another vehicle at the plant to the existing sales order using a carrier that ptiogidest rate for
t he S @atencidye st

4. The likelihood of secondary movements of VW trucks due to diversions to customers within the
VWb6s cat c areerplained t anel anderstood by carriers arefactored into the agreed
transport rate. Carrier contracts stipulate the mari additional distance by which their trucks
could be diverted.

5. Only full truckloads of cemerdaredispatched for delivery from the production plant to customers
or VWSs. The routdéo-market for lesghantruckload orders of cememustcontinue to relyon
distributers and wholesalers (this follstmsiness assumptions 12 and 13)

6. CIMERWA doesnot and vill not rent, own or operate physical warehouses. External distributers
fulfil the customefacing warehousing function in the CIMERWA supply chain.

7. No cusbmers receive special priority or expedited service. Tieetieerefore no differentiation
between customers in terms of preferential allocation of product or agreed delivery lead times.

8. Only orders for delivery within the borders of Rwaratafulfilled by VW trucks (this followed
business assumption 16).

9. VWs canonly be established in cities in which demand existed according to historical data.

10. Many driversdo not have a GPS navigation device. It would therdfargifficult to communicate
the position ® which a truck driver should drive and for the driver to navigate to the VW if the
destinatiorcamot be defined using a city name.

11. Definition of transport lanes and subsequent rate negotiations with careeasier if the

destinations of loads wedefined in terms of welknown Rwandan cities.

2T The typical agreed allowable diversion distanced range between 65 to 170 kilometres.
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12.

13.

14.

11.1.3

New ratesnustbe sourced from the transport industry ifnewcities nt r oduced t o CI |
logistics network.

An attempt was made to fulfil every order placed. An order was never rejeclétMBRWA

based on a profitability assessment after entry to SAP (this ®boginess assumption 17).

Invoicing of demurrage charges, when included in carrier contracts, would be on a per day basis,
the values of which are independent of the number of @lagady spent by the vehicle waiting to

offload its cargo (i.e. a flat per day rate was used).

Analysis Assumptions

All VW trucks carrying 45.5/ strength cemertanbe diverted to fulfil orders for 35.5N strength
cement, which would be accepted by tiistomer (this followbusiness assumption 1).

Il nclusion of bul k cement i n t he isdantepsibla, Pothon o f
from the perspective of dispatching bulk tanker vehicles to VW cities and the use of bagged cement
on VW trucks to sasify demand for bulk cement (this folleWusiness assumptions 2, 3 and 4 and
management assumption 1). Sales order placement for and delivery of bulk isghrerefore out

of scope for the expansion of the VW operation and was not modelled.

Transit times for transport legs from the production plant to Val¥sconstant and predictable to

within an accuracy of one day. Thisa si mpl i fying assumpti on mac
dependence on reliable carrier performance data (this ®bosiness assumpti 14§°. While

road transport transit times in Africa generally experience high degrees of variation and delays were
frequent, incorporating this variation to the model would achieve little in terms of establishing the
relationship between VW operation pansion and risk of demurrage. The assumption was
therefore justifiable when the following points were considered.

o Cl MERWAG6s |l ogistics office was modell ed t
located at VW cities when determining how many to simulatelispatch and not to
anticipate the arrival of en route vehicles when making this decision. Transit time was
therefore not an input to the planning method ardansit delays would not have affected
the dispatch of VW vehicles.

ZANO

was a ¢ o m#and represemtationdof the lurot ofimeasurement for cement strength.

29While some quality control was exercised by &, the volume of deliveries that had to be checked and the time

required to perform a thorough check of the entered times meant that only random checks could be conducted. As

such, there was no existing system of record that provided reliable datathéthave indicated the probability and

extent of intransit delays per geographic area.
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0 The logistics office wasnodelled to only divert trucks that had arrived at the VW city.
Modelling transit time variation would therefore neither favour nor disadvantage the
feasibility of implementation of a more aggressive planning method.

0 Atruck en route to a VW5 as likelyto experience a delay as a truck en route to a customer
in the same city (see business assumption 6). This fairness of comparison meant the validity
of the simulation results with respect to the improvement in lead times due to VW operation
expansion wasnaffected by transit time variation.

Transit times were modelled according to the SLAs entered with all carriers by CIMERWA.

The time of day at which a sales order was platmesn ot af fect the | ogi sti
diverta VW trucktotheoelr 6 s del i very | ocati on.

Only sales orders for delivered cemean be fulfilled by VW trucks (this followed business
assumption 5). Order placement for collected cersemit of scope for the expansion of the VW
operation and was not modelled.

No customes refuse orders of the cement, even if they were delivered on VW trucks, provided it
was of a strength equal to or higher than that ordaneldthe package type was in line with that
ordered This was a simplification of business assumption 9, as dataotasvailable to show

which or what percentage of customers required their invoices on the truck that delivered the
ordered cement.

The utility of VW placement was defined in terms of the number of orders that could be fulfilled

by a truck in the VW city(this follows management assumption 3). Optimal VW placement was

not defined in terms of the distance of secondary movements of trucks from VW cities to fulfil
orders, as these legs didbuld noti ncur addi ti onal cost i f they
area (this followed management assumption 4). However, reduction of the distance travelled for
these secondary movements was considered asdeetiker if the market reach of two candidate

VW cities was identical.

Continued upward or downward trends aeasonality in demand would have a negligible effect

on the risk of demurrage incurred by the exg
inherent variation of demand was modelled, steady movement in the average demand and defined
periods of higher oolwer than average demand was excluded from the scope for the expansion of
the VW operation and was not modelled. This was a simplification of business assumption 10,
which allowed monthly or weekly demand variations to be ignored when historical dataetas u

to define the demand experienced in each city. This assumption was deemed justifiable when the
following points were considered:

0 Modelling different sales volumes for different individual time segments of the simulated

year of operation instead of teatire year holisticallyvould drastically reduce the sample
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10.

11.

12.

size of historical data wused to define th
order patterns per time period. Tinieuld haveeduced the confidence intervals associated
with the inferences made and used to define the characteristics of the modelled system [27].

0 Analysis of the demand on a provincial level showed that the spikes observed in some cities
due to unusually active customers during certain periods were often balautcéeg
depressed demand in others.

0 The real implemented forecast method that would have informed the planning method
would have had the ability to respond to a trend. The forecasting method would also have
been adjusted continually to better respond aediy if it had been detected after
deployment.

Each candidate VW cityds cat cilimdisianceaThswaasawas ¢
simplifying assumption made to remove the dependency of the model on road network distance
data, which isisually introduced to the model at a high cost of development [3]. Although straight

line distances were not fully accurate predictions of the distance of secondary motions made by
diverted trucks, the consistency of the error factor for all lanes mestntdmparisons between

di fferent cities and their respective feasib
could be assumed as fair. Furthermore, use of road network distances to model the movement of
VW trucks would have introduced ahet assumption, that being that the driver would have always
selected the route used by the modeller to determine the distance between the origin and destination.
This assumption would have compromised the fairness of comparisons between cities when
deternining catchment areas, which would have been more detrimental to the validity of the model
than the use of straighine distances for this purpose.

Only orders for full truckloads of cemeaanfulfilled by VW trucks (this follows management
assumption b The number of sales units (i.e. tons) sold and dispatched peisttugform. Order
placement for lesthantruckload cements therefore out of scope for the expansion of the VW
operation and was not to be modelled.

All orders that were delivered b€IMERWA originate from the production plant arade

transported to the customer directly or via a VW. Stock that was dispatched and reached its

39 The chosen forecasting method, namely moving average, is slow to respond to sustained fluctuations or trends [3].

This method was chosen based on the simplifyingragton that there were no significant sudden spikes in demand.

If an expanded VW operation was implemented, this forecasting method would have been replaced by exponential

smoothing which overcomes the above mentioned deficiency of moving average fiogef@sit can be said that

while exponential smoothing would have been a preferable method for theorkdlenvironment, the moving

average method was better suited to the simplified modelled environment as it was a simpler method to replicate and

fluctuations were not modelled.
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13.

14.

15.

16.

17.

destination without a confirmed sales order had to remain on the vehicle, which incurred a standing
(i.e. demurage) charge (this follosumanagement assumption 6).

Demand for delivered cement, from a logistics perspecisseustomer agnostic (this follav
business assumption 9 and management assumption 7). As such, only the geography (i.e. city) of
t he or dieaddresss elbavanp to logistics decisions such as carrier selection or modelled
variables such as transit time.

CIMERWA sustaiisan invenbry of every grade of cement such that theedways stock available

to ful fil sales orders and VW warehouse st ock

planning method. This known to be untrue. However, this simplifying assumptios mecessary

to ensure the simulation experiment addressed the primary objective by intentionally investigating
the relationship between VW operation expansion and risk of demurrage. This expansion of the
operation would have depended on the productionrénmeaining ahead of the order book. If the

hi storical variation of the production | inebo
VW loads were held back due to unavailable stock, this constraint would have masked the
relationship under investitjan. However, a higtevel consideration was given to the production
capacity of the plant in order to ensure that the model did not simulate more orders being fulfilled
by trucks than what could have been fulfilled by the production line. The histdatabnalysed

to define the demand patterns for the model only included fulfilled orders and thereby took
production capacity into account. However, the accumulation of sales orders when demand
exceeded supply was not modelled, as this would have impimged t he si mul at ed
ability to dispatch trucks premptively and allow the modeller to fully explore the risk of
demurrage.

VW fulfilment of cross border orders were out of scope for the expansion of the VW operation and
was not modelled (this flaws management assumption 8).

Candidate VW cities had to be derived from
follows management assumptions 10, 11 and 12).

Transportation cos@rea function of the straigHine distance travelled from theigin of the leg

to the destination. The relationship between transport cost and distance traviatlear. While

this contradicts the widely applied principle of economy of distance, which states that the rate of
increase in transport cost decreasafisiance increases [3], a number of factors other than distance
af fect Cl MERWA©OG s transport contract rat es,
depended on volume promises to carriers. Thessubject to constant renegotiation and would
haveben sensitive to the changes to ClI MERWAOGS
VW operation would have introduced. The assumption of linearity therefore simplified the model

significantly. Sectionl1.3.1describes the function of transport costs within the VW network
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optimization model as a tiereaker for VW selection when two candidate VW cities would have
serviced similar volumes of demanthe modelling of dinear relationship between cost and
distance sufficed to favour cities that were better positioned from a distance and cost perspective,
which justified this simplifying assumption.

18. While a customer that ordebulk cement would not aept an order of bagged cement and vice
versa, relative geographic demand for censgpéickage type agnostic. For example, if demand for
all types of cement in city As twice as great in city B, the demand é&achtype of cement in city
A could be assued to be twice as great for each corresponding type of cement in city B. While
historical data showed that differences in t
(seeFigure4?), this simplifying assumption allowed the historical sales volumes per package type
in each geographic area to be aggregated. This gave rise to greater confidence in the demand
patterns per geographic point of delielescribed by the historical data, which was considered
more beneficial to the model 6s accuracy thar

package type.
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Figure47: Percentage of orders for each cement package typelivery province from 1 April 2018 to

31 March 2019

19. Although the ordered cement strength and grade of product dispatched on a VW vehicle affected

the feasibility of diverting the truck to the customer, the relative demand for cement pethaity
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sane per cement strength grade. For example, if the number of orders placed for cealent of
gradeds twice as great city A as in city B, the demand for each corresponding grade of cement in
city A istwice as great foeachcement grade in city B. While¢gh mar ket sdé pref er en
strength grades may have variegdgFigure 48), ignoring the strength grade specified on the
historical sales orders meant this data was aggregated. This produced greater confidence in the
relative demand patterns per geographic poirtetivery described by the historical data, which

was deemed more beneficial than the greater degree of granularity modelled by incorporating
cement strength into the analysis.
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Figure48: Percentage of orders for each cemennsgttegrade by delivery province from 1 April 2018 to
31 March 2019

20. Vehiclesarealways available for the dispatch of cement, regardless of the date, day of week and
destination of the order. Temporary shortages of trdoksot occur and were not modelléthis
followed business assumption 18).

21. Productis never required to stand on a VW truck for such extensive time periods that hydration of

the cement occurred.
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11.2

Appendix 2: Data Preparation Steps

The following steps were executed to prepare and clehastata for data requirement 1.:

1.

If a SAP order number existed for a load, the original SAP order number was replaced by the
diverted order number. The diverted SAP order number was therefore used as the reference to
actual order fulfilled by the truck, ¢hshipto address of which being the true representation of the
geographic position of the demand for the product.

Package type values that were not ABAGO or A
such record existed, fThisvaludresolted from tee figldanhappgng wa s
used prior to integration between the TMS and SAP and provided an example of a data error that
was not corrected as it was not critical to the transportation management process. The TMS product
name also indicats whet her the ordered cement is bagge
therefore used to determine the actual package type and the value was corrected. Records with a
package type value of ABULKO wer e tassemptiom e mov
2).

Product values were aligned where different naming conventions resulted in the same product
having different text descriptions on iffer
32.5 N Bagso-PamB@ . ®CHBM BIAIG GiEEsEnd samehtyipe dil praduectp would

be managed by a model as different products if not modified to use a single value.

Time values were removed from the order origination date values. This simplification followed
analysis assumption 5 and allowed the datathis field to be managed as date values and
aggregated as such.

Records with a |l oad status value of AVOlI DED
represented orders that were cancelled by the customer or VW loads that were replaced by sales
orderloads and therefore did not represent actual demand for delivered cement.

Records with a | oad status value of AMONTHLY
entered on the TMS in order to capture fixed contractual amounts payable to carriberefiode

did not represent demand for ClI MERWAGs pr oduc
Records with a | oad group value of AVWH_STOCK
of AACCEPTEDO or ACOMPLETEDO were removed. Su
the dispatch of truckto the Kigali and are usually voided when the truck is diverted. These loads
therefore represent VW loads for which a new sales order load was built on the TMS, which would

be included elsewhere in the dataset, without following the correct diversiemssteps.

Last drop location city values that did not correspond to the last drop location reference were

investigated and the city values may have been modified subject to the outcome of the investigation.
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9. Records with last drop location city values thepresent locations outside of Rwanda were

removed.

The following steps are executed to prepare and cleanse the data for data requirement 2:

1. A list of the unique delivery city names was derived from the last drop location city Vainebe
consolidatd ad hoc TMS report.

2. The city in which the CIMERWA production plant is located (i.e. Muganza) was inserted to the list
of city names.

Longitudes and latitudes were obtained for each city name using Google Maps.
The collected longitudes and latitudes wesgresented visually on a map of Rwanda using Power
BI.

5. City locations wereanalysedto identify the city names that represented the same geographic
location. If values represented the same’githe city names on the master and transactional data
were nodified such that only one name existed for all locations. These duplications were caused
by the use of alternative names for the same city or spelling errors upon data entry to SAP or the
TMS. An example of such a duptliilcad i @amd wf@aGa tt sh
values, which represented the same city. These were identified for further investigation using
inspection of the Power Bl visualization (de&gure49) . I't was found that A
conventional spelling of the city hame, which was used to replace all instances of the value

fiGatsi boo on the master and transactional dat

38The |l ocation city field on the TMS is popul at-®sd on t
address city value. If the stop location does not already exist on the TMS, the TMS inserts the stop doitsition t
master data using this value on the order file, which is then returned as the last drop location city whenever that ship
to address is entered on a SAP order transmitted to the TMS and built into a load.
32 This determination was subject to the modefes di scr et i on. Proximity between
considered with the distance of the cluster of locations from other delivery cities to determine whether the locations
were indeed recognized as distinct cities or the same location wiastkgon the TMS using different names.

120



Lutiba

KISORQ KABALE NYAGATARE \\

GAKENKE IR
G@ SR Ruuinoo

Kagera NP. 7

i(

RUBAVU !
(m KAYONZA J

@ QGIKONDO t N f

KABARONDO
&

(

RUTSIRO . L
BUTAMWA !
JEZTE Kibuye Kamony! (@ N = KIGALI

Y=
GAHANGA (@ NDERA
@@ RUBENGERA @
08 -« ARONGI 3

KICUKIRO )
o ruanco JR voesers it/
¥ ol ity & |
7 Nvamacas: DA ("™ - N W
LS S~
Cyangugu \
Bukae HUYEgsmARA Kirundo | KIRUNDO 7
\ = NYARUGURU \ /
) ‘ -~ 5 w ‘ = Nyal
N < ) / );
ek, 1 £ j gt
'\‘ /\ / E s
= 3 TN MUYINGA/" ¢

4 3
)
{ Ve >

e V& - P >, /"

Figure49: CIMERWA's delivery cities showing a city naming error

The visualized city locations wesnalysedo identify the any cities that were not successfully
previously excluded from the dataset for lying outside the borders of Rwandxample of such

a cross border location was Namoya, which could be seen lying in the Democratic Republic of
Congo on the Power Bl visualization (deigure50). Orders for delivery to this city were out of
scope and should have been removed from the data prior to the collection of city longitudes and

latitudes. However, the collected-oadinates of the city revealed the error, which was corrected.
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Figure50: CIMERWA's delivery cities showing a cross border location

1. The city in which the CIMERWA production plant is located, Muganza, was inserted to the
cleansed list of delivery cities to produce a list of network cities.

2. A distance matrix was constructed using the list of network cities.

3. The straighfine distance, measured in degrees, between each pairing of cities was calculated using
the longitudes and latitudes of each city as inputs to the stiaightistance formla (see Equation

1). The output of the straighine formula was multiplied by a factor to convert the distance from
degrees to kilometres.

Equationl: Straightline distance formula used to determine distances between deodesl n
Q 0w 0 PPPOo W (@H)
where
‘Qis distance between cityand citywin kilometres
w is the longitude of cityoin degrees
w is the longitude of citgoin degrees

w is the longitude of citgoin degrees

= =4 =4 =

w is the longitude of citgoin degrees
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4. The calculated distances were inserted to the distance matrix.
5. The distance travelled to execute each order in the transactional dataset was inserted as an
additional column to the cleansed consolidated ad hoc Bd&t:

The following steps are executed to prepare and cleanse the data for data requirement 3:
1. The contractual SLA transit times per delivery province were obtained from the transit time profile

on the TMS? (see analysis assumption 4) and tabul&edTable5).

Table5: Transit times from the CIMERWA production plant as per carrier SLAs

Province Transit Time (d)
Eastern Province 3
Kigali Province 2
Northern Province 3
Southern Province 2
Western Province 2

2. The province in which each demand city is located was obtained from the consolidated ad hoc TMS
report and added to the demand city master data.
3. Thetransit time for the execution of each order in the transactional dataset was inserted as an

additional column to the cleansed consolidated ad hoc TMS report.

33 The transit time profile is used by the TMS to calculate the planned delivery date for each etk @elivery is
calculated using this date as the latest acceptable date by which the vehicle must agigasibmer.
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11.3 Appendix 3: Network Optimization Model Formulation
11.3.1 Objective Function

An optimization model sks to maximize or minimize a specific system performance metric [3]. A

mathematical expression is required to define the relationships that affect this value.

The CIMERWA network optimization model aimed to establish the best possible place®ks.ofhe

objective function was required to define fAibesto
the optimization algorithm toward the best possible answer to the problem modelled.

The primary purpose of a VW is to reduce the lead timdferl i ver ed cement experi e
immediate customers. The most significant disadvantage of VW use is the risk of demurrage charges
incurred if demand for cement on a {amptively dispatched truck is not secured by the time the truck
arrives atie VW city. It could therefore be inferred that the best placement of VWs would maximize the

benef it to ClIl MERWAGs customers in the form of re

An optimization problem, however, cannot simultaneously meed and minimize different values. The
manner in which the objective function defines the calculation of the value of interest must cater for the
simultaneous consideration of competing objectives such as service level maximization and cost
minimization. For this project, this limitation translated into the L.P. technique not being able to both
maximize the number lead days saved by each VW network and minimize the demurrage charges incurred

through its use.

Al t hough review of tiveadicpteddahe enimimidason of demoreageyrisk askihe e ¢ t
focus of the investigation, as opposed to the maximization of customer benefit, the network optimization
model simultaneously catered for both these objectives. This was achieved by defining ttieeobjec
function such that the market reach of all VWs in the network was maximized. By maximizing the amount
of demand that could be serviced by trucks directed to VWs (i.e. the number of orders for delivered cement
placed annually that lie within VW catchmteareas), both the number of order lead time days saved
annually and the proportion of orders eligible for VW truck delivery were, in turn, optimized. The latter
maximized the probability of an order being placed for a truck en route to a VW, which imihimized

risk of demurrage charges.

Management assumption 7 states that no customer s
follows that the placement of a VW such that a customer was included in a VW catchment area should have

only congdered the volume of cement that could be sold to the customer, not the nature of the customer.
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The demand could therefore be aggregated and cities, not customers, were used to define the market reach
of the VW network on the objective function. This alsinplified the model in terms of how the
relationships that governed interactions were defined and the computational requirements for calculating

solutions.

A third consideration made by the optimization model in terms of what constituted the optimal VW
networks was the cost of transport associated with the use of the VWs as positioned. While the benefit of
reducing the transport cost incurred by servicing customers using the VW network is outweighed by the
avoidance of the cost and other negative intdagibplications associated with an instance of demurrage,

a relatively small weighting of the objective function was allocated to the transport cost associated with
satisfying demand from each candidate VW city. A city was to only be selected by the foroithel
establishment of a VW over a neighboring city due to transport cost considerations only if the difference in
the volume of demand that resides within both ci

The catchment areas of Huye, Ngoma and Gisagaradprawn apt example of three candidate cities in
which transport cost would be the deciding factor for the model when determining the best location for a
VW. The catchment areas for all three cities are identical (i.e. the total demand that can bebulfilled

VW in Huye, Ngoma or Gisagara is the sum of the demand of all three cities) and a VW in any of these
cities would contribute equally to market reach of the network as defined by the objective function.
However, Huyeds c¢ | os er pragductox plantintMuganizaomakeh iethe@iefdtiedRk WA
candidate for a VW as trucks diverted from Huye to Ngoma or Gisagara would not backtrack toward the

production plant during the secondary movemerd Fsgure51).
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Figure5: Movements made by a VW truck diverted from

catchment area
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This transport could be considered highly efficieien compared to the diversion of a truck at a VW in
Gisgara to meet demand in Ngoma or Huye. The diversion in this scenario would involve the truck
travelling back in the general direction of the production plant from which it was originally dispatebed (s
Figure52). This same form of inefficiency would be evident if a VW were positioned in Ngoma and a truck
were diverted from there to Huye. It followsh at Huyeds position in relatd.i
in its catchment area would result in fewer téildmetrestravelledto meet demand in the area if the VW

were established there as opposed to Gisagara or Ngoma.
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Figure52Movements made by a VW truck diverted from C

catchment area

Transport costs were incorporated to the objective function to ensure the less efficient scenario would result
in a lowerutility calculated by the model and thereby favour the placement of a VW at Huye over Ngoma
or Gisgara. The focus of the objective function was therefore directed from the volume of orders placed
within VW catchment areas to the profit made by fulfillimgpse orders. The formula therefore included

both the transport cost incurred and the revenue generated by fulfilling orders in VW catchment areas.
These transport costs, however, were small values relative to the sales price chosen for a truckload of
cemen, which ensured the algorithm strongly favouredfti@ment of demand using VW trucks over the

reduction of transport cost associated with VW use.

The transport cost associated with the fulfiment of demand using the VW network would be highly
depené nt on the city in which the demand resides.
position relative to the VW from which the truck is diverted as well as the position of the VW relative to

the production plant. A transport cost value wasdfore required for each link in the distribution network.
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Transport costs were modelled by multiplying the average cost per kilometer in Rwandan francs (RWF) of
all loads reflected on tHEMS transactional dataset and the straigig distance of the fees 6eeEquation

1). The cost values per link were therefore directly proportional to distance and ensured the effective use
of transport costs as aelireaker for VW placement when candidate city catchment areas serviced
comparable volumes of demand while maintaining the simplicity of the model. This consideration
supported analysis assumption 17, thus providing an example of the modelling methoidgfiooahelling
assumptions and a feedback loop from a step in the steprprocess to a previously executed step (se
Figure7).

The use of fictitios transport costs meant that that the optimized values of the objective function for each
number of VWs were not true representations of the margin made on orders fulfilled via the VW delivery
mechanism. The profit represented by the objective functioneva therefore best described as a
profitability indicator that incorporated the weighted costs and revenues that were chosen to drive the
behaviour of the model, not accurately calculate projected profits. It follows that any validation of the model
performed using the objective function values and historically reported profit would be meaningless and

were therefore excluded from the scope of the project.

The sales price per truckload of sold cement delivered by a VW vehicle was chosen as an gylhitgdbili
number. This ensured that that the model 6s al gor
and only consider transported costs when selecting one city as a VW location rather than another if the
amounts of cement delivered using eitki®V/ network was immaterially affected. A single sales price was
chosen for all orders to model the customer agonistic service methodology employed by CIMERWA and

described by management assumption 7.

The amount of revenue and cost associated with tlablisttment of a VW at a candidate city was

dependent on the amount of the demand within the
Thi s, in turn, was a function of the sets of d e
catchmaet area. The boundaries of each cityds catch

model 6s objective function.

Business assumption 7 is stated intentionally vagdedis is done sto reflect the looseness of the rule

that is typically aplied to determine the upper boundary of the additional distances carriers allow their
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vehicles to be diverted without invoicing CIMERWA for the additiokdbmetrestravelled®. This
assumption does, however, state that the carrier would typically éesdde to a diversion that requires a
day or less of further usage of his/her asset. This suggests that a fixed radius may be used to determine the

demand nodes that fall into each cityodos potenti a
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Figure53: Catchment areas of VWSs (blue) defined using a fixed radial distance independent of the VWSs

proximity the production plant (red)

Business assumption 7 also states, however, that carriers are more lenient regarding the extra distance that
their vehicles ca be diverted as the length of the initial leg (i.e. the movement for which CIMERWA is

invoiced for transport of the load) increases. It was therefore more appropriate to define each candidate

34 A total distance travelled by a vehicle to a customer is greater if it reaches the delivery location via a VW. If the
carrier does not invoice CIMERWA for these additional kilometres, these additional kilometres are executed free of
charge and the cest-serve is not affected by the indirect delivery. The extra distances travelled by vehicle due to the
position of VWSs are relevant, however, to the optimization model if the market reach of two or more candidate VW
locations differ insignificantly.
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VW6s catchment areas usi ng distance afdhe weuldd \Waftom thea s a
production plant. A vehicle that has travelled a greater distance to arrive at the VW could, according to the
optimization model, therefore be diverted further to fulfil an order. This simulated an increased reach of
candidate VWs that are positioned further from the plant and, by extension, the utility of these VWs
according to the objective function.
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Figure54: Catchment areas of VWSs (blue) defined using the distance of the VW frqmotthgction plant

(red)

The factor by which the initial |l eg distances we
area radius was determined using the model er 6s o
to reflect reasonableets of destinations to which a carrier would allow the logistics office to direct a VW

truck. These areas were visually represented using Power Bl for different factor values.

It was decided that the best results were produced when the distance of the candidate VW from the plant
was multiplied by a factor of 0.2 to determine the catchment area radius. Examples of the catchment areas

generated using this factor are showrF@ure54. Examples of results generated using other factor values
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and subsequently deemed less suitable are shown befeguire 55. Catchment areas generated using a
factor value of 0.1 were considered overly restrictive, while those generated using a value of 0.4 were
deemed too large to be reached bgkaiat VWs without incurring additional costs. The latter would result

in more payable kilometres travelled to customers that might have been reached using cheaper delivery
direct from the factory, as well as saptimal carrier selectioh
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Figure55: Catchment areas of VWs (blue) defined udliféerentinitial leg radius factors

35 The selection of a carrier for a load to a VW is made using the payable rates database on the TMS. Rates differ
between carriers and between destination cities. If a VW truck is diverted without incurring other costs, the original
selection ofthecheapges car ri er for the | oad remains valid. | f th
and attracts an additional cost, the parameters of t
carrier may not have been the chedpelection availablafter all.
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11.3.2 Decision Variables

Decision variables are those that are under the control of management and affect the performance of the
system [15]. The purpose of an optimization model is to assign values to the decision vsuictbldmt

the system is optimized (i.e. the maximum or minimum value for the objective function is obtained). These
assigned values constitute the solution to the modelled problem and, in a business context, can be thought

of as the modestdmanagamerds.mmendat i on

It was therefore necessary to consider the function of the CIMERWA network optimization model as a
component of the hybrid mathematical model when defining these decision variables. The optimization
model was developed to determine tiptirnal placement of VWs as the operation is expanded along the
dimension of number of VWSs, as these placement decisions affect the risk of demurrage. The decision
variables of the model had to be defined in such a way that their assigned values siimelafttt the

VW network design would have on the objective fu

the placement of VWs for different numbers of network VWs.

Management assumption 16 states that VWs can only be positioned in citiesheitiisting CIMERWA
distribution network. It follows that a network of VWs can be exclusively defined in terms of the existing
CIMERWA delivery cities. The cleansed and validated list of ¢hipddress cities was comprised of 57

records, each of whiclepresented a distinct node of demand and hence a candidate city for a VW.

Each of these candidate VW cities was formulated as a binary decision variable (i.e. the assigned value
could either be one or zero). The value for each decision variable denoted whether or not the optimization
mo d el selected t he ityasrarecommeridad VW @aosition.slfpthe rogimiragon ¢
algorithm model activated a candidate VW city, t
set to one and the revenue and cost associated with the establishment of the VW were aittiratee

objective function.

The effect of such toggling of these decision variables (i.e. activating and deactivating candidate VW cities)
on the objective function was considered by the optimization algorithm and produced a set of decision
variablesvalues (i.e. VW networks) that maximized the objective function value (i.e. the VW sales

profitability indicator).

Equation 2 describes how cities were defined as decision variables. This equation was not used directly by
the modeller to establish thedion variables for the optimization engine, as would have been the case if

a modelling system such as LINDO was used to solve the problem. However, the construction of the supply
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chain model using the chosen APS concepts produced such a set of vaithbldsch the APS backnd
algorithm could work to produce an optimal solution. The method by which the decision variables were
defined using the APS framework is discussed in sedtlod.2

Equation2: VW network optimization model decision variables
~ THEMB TEDIOOOAAEBEDAA )
PhEAB 7TEHOOAAEBEBMNA (2)

for every candidate VW cityin the CIMERWA distribution networkic 1, 2, é, 57)

11.3.3 Constraints

Defined rules were required to restrict the values of decision variables chosen by the optimization
algorithm. These bounded the VW network optimization model such that the generated decision variable
valuesfor each scenario (i.e. number of network VWSs) represented feasible solution that adhered to the

business, management and analysis assumptionaggpeeadix J.

The VW network optimization process i nvWidtebed t he
chosen by the algorithm to be established in the CIMERWA distribution network prior to each run of the

of the optimization model. By defining this parameter as a constraint, the modeller was pvathidan

efficient method of producing an optibhdW network for each degree of expansion along the dimension

of the number of VWs introduced to the operation.

Equation 3 shows how these degrees of expansion were formulated. By modelling the decision of whether
or not to activate a VW in each candiglaity as a binary variables, defining the abovementioned constraint
as an inequality allows the expansion ClI MERWAOGS
value prior to running the algorithm: the righdind side of the inequality. Similar to E&ion 2, Equation
3isincluded below for illustrative purposes only. The way this constraint was modelled using APS concepts

is addressed iAppendix 4

Equation3: Maximum VW number constraint

B o 0,0 wl® (3)
for every candidate VW cityin the CIMERWA distribution network€ 1, 2, é, 57)

where

T Vis the maximum number of VWs that can be est
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Failure to constrain the model in this regard would resulhe model recommending that a VW be
established in candidate city as the model would seek to maximize objective function by maximizing the
collective reach of the VWs while minimizing the number of secondary movements and their associated
transport cos. This would undermine the purpose of the network optimization model.

I't was also critical to define how to govern ho\
by satisfying demand through its assignment of decision variable vdlbisswas achieved by defining

which the delivery cities could be accessed from each candidate VW city. This restriction was not modelled
as a constraint but was rather enforced usingtata arbitrary high value, multiple degrees of magnitude

higher tha that chosen for the sales price of a truckload of cement, was selected for the cost associated
with all transport legs that did not represent feasible VW diversions (i.e. represented truck movements from
VWs to cities out si de hetfulfilmenvoitedand by the aigorithm usingthesea s ) .
infeasible channels thereby produced an extreme negative effect on the objective function such that model
would not consider the revenue available emn nod

determining the value of the cityds correspondin

Figure56 illustrates how transport costs were defined to restrict the optimzat al gor i t hmdés u
VW trucks to meet demand outside their citieso

shown on each citydéds | abel on the visualizati on.

3¢ The EO modelling framework and the structure of the prepared data informed this modelling decision, as opposed
to the elegance of the formulated solution.
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(To) BURERA
® NYAGATARE 1.0E+12
® HUYE 1.0E+12 °

(To) GABIRO
@ NYAGATARE 20038652.66
@® HUYE 1.0E+12

IBURASIRAZUBA

(From) HUYE

® BURERA 1.0E+12
@® GABIRO 1.0E+12
® GISAGARA 12072151.82

4 /

é & KIRUNDO

\ (To) GISAGARA
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® HUYE 12072151.82 MUYINGA
-~ -

Figure56: Modelled transport costs plmk

Huye, the southernmost city on the map as shown, and Nyagatare, the northernmost city shown, each have
one catchment city displayed. The easternmost ci
but outside of H u yspadt costcframt Kylagatera to. Gabifchveas determined by
multiplying the straightine distance between the two cities by the average cost per kilometre and was
found to be 20 038 652.66 RWF. This transport cost was small in comparison to the value oérhe ord
placed in Gabiro, due to the large sales price assigned to an order of delivered cement. The model was
therefore incentivized to fulfil the demand in Gabiro using VW trucks from Nyagatare if the Nyagatare
candidate VW was activated. This would resulthie objective function always increasing due to the value

of Gabirobés orders if Nyagatare was selected as

The transport cost for a leg from Huye to Gabiro, however, was not calculated, but rather assigned an
arbitrability high value (i.e10'%). This resulted in a decrease in the value of the objective function if Gabiro
orders were fulfilled by the model using trucks diverted from the Huye VW. This technique ensured that
only demand within a candi da heailtility da ¢W dstpblishedndhe c h me
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city. Although not modelled as a constraint, the model was thusly restricted to only consider the sale of
stock from a VW truck if delivered to a city wit

Figure 56 also shows how the transport costs from Nyagatere and Huye to Gisagara, which lies within
Huyeds catchment area, and to Burera,ymadelie h | i es
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11.4 Appendix 4: Enterprise Optimizer Model

Assumption 14 states that the rate of producti on
production line to remain ahead of its order book. The model was therefore required to assuméutiat pr

was always available to dispatch, whether to fulfil an existing sales order or to position the product closer
to the anticipated demand using a VW stock transfer order. It follows that any decisions regarding the
inbound logistics of raw materials dimanufacturing would therefore have no bearing on the VW
operation. Al activities upstream of the planto
transportation of raw materials such as gypsum, lime and pozzolana, and the userafithmaterials to

produce the cement were therefore not modelled.

Similarly, the activities downstream of the customer, such as the sale and delivery of CIMERWA products
to the customerds customer, were oureonlyinclusecdthpe. T
factory outbound transport to customer segment of the Rwandan cement supply chain in which CIMERWA

operates.

This leg was modelled using three different EO objects, namely a purchase, inventory and customer object,
which representedé distinct supply chain levels of relevance to the optimization problem. The three EO

objects were joined by fAsorto links. These were

Figure57 shows a screenshot of the full design view of the finished EO model. While only three objects
are represented (i.e. a purchase object called
andaal es object called ACustomer), this number di
which material was modelled to move. Multiple records were created on each object and link, which shaped
a supply chain consisting of multiple inventory holglifacilities and customers. The creation and
modification of these object records could be executed using linked Excel spreadsheets, which expedited
the modelling process by removing the requirement for the modeller to graphically create and join large

numbers of VWs and demand nodes individually.

Virtual
Factory Warehouse Customer

w - -9

Figure57: EO design view of the CIMERWA VW network optimization model
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The most notable absentee from the model was a conversion object. These are typically used to specify the
parameters of different resources (i.e. machines, people, etc.) that convert raw materials into finished goods
[32]. The exclusion of the manufactugiprocess from the bounds EO model made the use of such an object
redundant.

An early decision made by an EO modeller is the period definitions used to define objects and their
behaviour. There are two broad categories of EO models, namely STP and MER.mAnalysis
assumption 9 allows for the disregard of any changes in patterns of relative demand during the year. This
allowed the construction of the EO model to be as an STP model. Only one time period was therefore
defined for the model, which repreged a single year. All historical demand was aggregated as annual
demand and inputted to the model as such.

_1 Cimerwa_VW_Network_1.0[1 Enterprise - 0.1 Time Period Definitions] - Table =N o |@

Period Length
Factor

1 |1 'I 1.0000 0 0 1

Figure58: EO time period table of the CIMERWA VW network optimization model

Time Period Tag 1 Tag 2 Counter 1 Counter 2 Period Index

Another early decision taken was the currency used to define revenue and costs. EO supports advanced
financial modelling and caters for currency conversion factors that are necessary when modelling global
supply chains. The exclusion of cross border liggstom the scope of the model (see analysis assumption

15) meant that only one currency would be required for the EO model. Furthermore, many of the financial
parameters for the CIMERWA VW EO model were arbitrarily chosen to drive the behaviour ofdbe mo

which rendered most of the actual financial inputs and outputs of the model meaningless. Nonetheless, the
use of an actual transport cost per kilometer measured in Rwandan francs (RWHM&itega to model

the cost for feasible VWb-customer trasport legs, informed the decision to select RWF as the base

currency for the model.

11.4.1 Purchase Object
The actual procurement of the materials required
logistics office and its ability to premptively dspatch cement to VWSs. However, the execution of this

function is assumed to be such that the management decisions that govern it would make no significant
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impact on the VW operation nor its expandion The wuse of purchase objec

procuement of material was therefore unnecessary.

Nonetheless, an APS model requires an entry point for materials, be they raw materials or finished goods,
to the supply chain. Materials are introduced to an EO model using purchase nodes. As all activities
upstream of factory outbound transport were deemed out of scope for the network optimization model, the
Cl MERWAGs pr odu ctas thenstarfing point obthe modelled flow of goods. The factory
was therefore modelled as the single record oE@esales object that would generate the materials that
would move through the modelled network.

EO required an exact definition of these materials. It was decided to model only one type of unit that would
move through the constructed supply chain, naragfyckload of delivered cement. This somewhat broad
definition of the selling and handling unit simplified the optimization model and allowed the historical order
volumes for delivered cement to be aggregated before being uploaded to the model as TiEmaas.
supported by assumptions that are discusségpendix 1
0 Analysis assumption 18 states that by ignoring the package type of the ordered cement, historical
sales volumes provide a better view of relative demand for bagged cement in eachlmiyglAlt
the simulation model was constructed such that only orders for bagged cement could be fulfilled
by VW vehicles (see analysis assumption 2), the network optimization model was focused more on
answering a specific question rather than modelling retalisyhigh degree of accuracy. The sales
volume per delivery city derived from the consolidated TMS ad hoc report were therefore collapsed

into a single, nomescriptive package type for the network optimization.

(@]

Analysis assumption 19 similarly justifitide nondifferentiation of sales volumes based on cement
strength grade. The benefit of combining sales volumes for each grade of cement in each demand

node was deemed to outweigh the optimizati on

370ne of the key objectives of procurement as a business faiigtimensure smooth functioning of business activities
through adequate and uninterrupted flow of goods and services to the firm [33]. This was assumed to be fulfilled
continuously and no disruptions would be experienced by the logistics office dfzéltmeaof the procurement office
to secure materials and supplies. Other key sourcing KPIs, such as the raw material quality and price secured for the
business, are more sensitive to the optimization of management decisions. The effect of changemanperiio
these areas on the expansion of the VW operation, however, were deemed too immaterial to justify modelling the
decisions that influence these changes.
38 CIMERWA tilizes a bago-order production strategy. Cement of various strength gradesoahecpd and stored
in silos. Cement for orders for bagged cement is packaged immediately before the bags are loaded onto the vehicle.
Cement for orders for bulk cement is loaded directly from the silo into the bulk tanker vehicle.
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and 425N sales placed at each node. Furthermore, the logic described by analysis assumption 1
(i.e. the willingness of customers to accept consignments of cement of a higher grade of cement
than that ordered) would be particularly difficult to model using afyica method such as EO
modelling. Analysis assumption 19 therefore provides an apt example of a simplifying assumption
that is required for an analytical method, but which can be modelled easily using simulation
methods [15].

0 Analysis assumption 11 remes the requirement to model the unit of measure for demand and
transport at a level lower than a truckload. Although the standard weight and number of bags sold
per sales order and loaded on a single vehicle are 35 tons and 700 bags respectivelygraodellin
single CIMERWA sale as one truckload as opposed to 35 tons or 700 bags simplified the input data
preparation and analysis of the results. A unit conversion of the results to tons or number of bags
was done after the model was run when necessary. @ahguland inputting other model
parameters, such as costs, were also simplified by using this material definition. For example, the
cost per unit of transporting a truckload of cement from the factory to the candidate VWs could be
entered as a flat ratesiead of a cost p&ilometreor cost per bag. Verifying the model and
troubleshooting issues were especially simplified by using truckloads as the unit of measure, as
errant orders and trucks observed in the results were represented by numbers of tmaks, o
not the quantity of cement. For example, if three orders for cement in Kigali were unfilled using a
nearby VW by the model, the shortfall would be represented in the results by a figure of three, not
105 000 or 2100 (i.e. the weight and numbebarfs of cement the three orders represented). This
representation was more intuitive, which made debugging exercises to determine the root cause of

the shortfall easier to perform.

Other required purchase object parameters were chosen such that theattjeciously supplied the
model with sufficient truckloads of cement to develop alternative soldtiofibese parameters were
configured as follows:
0 A cost per unit of one (i.e. one RWF per truckload). This low purchase price ensured vehicles were
not held back by the model based on the profitability of the order when demand could be met by

dispatching the truck to an activated VW (this follows management assumption 13).

3% The availability of cemet was not a constraint for the model. The divergence of the number of VW trucks
dispatched to infinity was prevented by the transportation costs associated with the transport of stock from the
production plant and the finiteness of demand that couldtaffaecost.
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6 An arbitrary high number (i.e. $0for the maximum number of units peeriod. This high upper
limit ensured vehicles were not held back by the model due to an annual production limit being
reached (this follows analysis assumption 14).
0 An integer variable type. This ensured that no fractions of truckloads were dispatches by
logistics office (this follows analysis assumption 11).

1 Cimerwa_VW_Network_1.0 [Factory - 1. Purchase Activity] - Table =N R

= . Item S Other Cost/ Min Units/ . 5 ~
Facility Location Description Cost/ Unit Unit Period Max Units/ Period

1 CIMERWA Factory - Muganza | CIMERWA Factery - Muganza_Loc1 Truckload I 1.0000 0.0000 0.0000 100000000.0000

Figure59: EO purchase activity table of the CIMERWA VW network optimization model

11.4.2 Inventory Object

The storage of finished goods at the CIMERWA production plant siamadelled, as analysis assumption

14 states the dispatching of trucks to fulfil sales orders and VW stock transfer orders is never impeded by
the silo cement levels. The values to be assigned to the model decision variables were therefore not affected
by factory inventory levels or decisions. Introduction of an inventory holding element to the model to
account for cement storage before the vehicles were dispatched would therefore not enhance the

effectiveness of the model to answer the question asked of i

Similarly, analysis assumption 7, which states that customers do not refuse orders, implies that the inventory
position of the customer would not affect the decisions made by the logistics office in any way. The EO
model therefore excluded anyconcepg | at ed t o t he hol ding of cement

leg.

There was, however, a requirement to introduce one inventory element to the network optimization model.
While the premise of the CIMERWA VW concept is that inventory is not phijgiheld in a conventional
storage facility, a standing vehicle located at a VW city may be considered a temporary inventory holding
facility. Each VW candidate city was therefore modelled as an inventory holding facility using a single EO
inventory objet. This tiered the supply chain model such that primary (i.e. from the factory to the VW) and
secondary (i.e. from the VW to the customer) transport legs could be modelled as two distinct activities,
each with their own parameters. If the model resulbsveld any stock entering or exiting a record on the
inventory object representing a candidate VW city, this indicated that the city was selected for VW
establishment. The solution inventory activity for each record on the inventory object thereby cdnstitute

the primary output of the network optimization component of the hybrid mathematical model.
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Modelling a city as an inventory holding facility required careful consideration of the possible differences
between physical warehouses and VWs duringthesetect of t he obj ect ds par ame
is that a physical warehouse has an associated inventory holding restriction, usually imposed by physical
space restrictions or stock wvalwuation i nanbe ance
safely considered as infinite, as the demand levels and the planning method would certainly limit the amount
of stock held in a city before the physical space in which the trucks can park becomes inhibitive.

If the operation was modelled as an MEP model, the inventory limit of each VW represented on the
inventory object would therefore have been assigned an arbitrarily large value to ensure that the standing
room available in each VW city would not restrict the dispatch of stock transfer ooddrase cities.
However, closer consideration of the STP nature of the EO model revealed that the absence of a time period
concept shorter than one year rendered this capacity issue moot. Stock levels on each modelled facility must
rise and fall within themodelled time range as material is moved in and out to make the concept of an
inventory holding limit relevant. The VW operation was modelled for a single time period, which meant
that fluctuations of inventory levels within the year of operation werainatlated. The capacity of each

VW was therefore irrelevant. However, as EO reqt
Unitso variable) regardless of the MTP or STP cl

engine, an ’itrarily large value was used to populate this field (i.€).10

Another similarity between physical and VWSs that was made irrelevant by the STP nature of the EO model
was that of holding costs. The cost of carrying inventory in actual facilities enthedvorking capital, tax,
insurance and obsolesce and storage cost associated with keeping stock in actual facilities. These can be
difficult to quantify in such a way that they can be considered by the EO optimization algorithm [3], as
many components these costs are fixed, while the modelled costs must be defined as a per unit value that

is activated if a unit of material is kept at the facility for a unit of time.

The cost of keeping stock at a VW, however, is easier to quantity as the vehistaliss the storage
facility. Use of a vehicle for storage is invoiced to CIMERWA by the carrier as a demurrage charge without

a fixed component. While this demurrage charge would have been an appropriate value to insert as the
inventory holding cost valuer each record on the inventory object, the absence of modelled multiple time
periods meant that standing vehicles at candidate VW cities would never be simulated and this cost would

therefore never be activated and thereby affect the objective funetios
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_] Cimerwa_VW_Network_1.0 [Virtual Warehouse - 1. Inventory Activity] - Table [-= f@

Facility Location Material | Attribute 1 Max Carryforward Units H°'d'ﬂgf°su .
1 BUGESERA VW : BUGESERA VWH_Loc1 Truckload | 1000000000.0000 :
2 Truckioad ' 1000000000.000
3 1000000000.000
4
5 1000000000.000
6 1000000000.000
7 Truckioad
8 Truckioad 1000000000.000
g \ ¥ 1000000000.000
10 \ 1000000000000
11 : 1000060000000
12
13 _
14 | GIKONDO VWH ' GIKONDO VWH_Loc Truckioad GKONDOV | 1000000000.0 :

Figure60: EO inventory activity table of the CIMERWA VW network optimization model

The STP nature of the EO model also simplified modelling decisions related to the starting conditions of
the model. The absence of tiag a concept within the model removed the requirement to model logistical
performance cycles associated with each activity performed on the material as it moved through the supply
chain. It follows that the model could be constructed such that the sugatyweould be empty of cement

before any material was introduced to the model via the purchase object without any failures to meet
demand due to leads times associated with moving the material from the purchase object to the sales object.
The minimum and mximum beginning number of units parameters were therefore set as zero for each
record on the inventory object.

11.4.3 Sales Object

EO sales objects represent the exit points for materials that have entered a model via purchase objects and
moved throughsupply chain as it was constructed. These objects are also responsible for materials
registering a revenue to the enterprise or, in more general terms, increasing the value of the optimization
model 6s objective function.

The boundaries of the CIMERWA VWetwork EO model meant that any supply chain activity downstream

of Cl MERWAGs i mmediate customersdd point of receé
represented the end point of a mat er i argéaddressesie f ul

by the EO model. Arrival of the material at these locations represents the event at which the order is deemed

complete by the business and revenue is accrued to CIMERWA. It follows that the material should exit the
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model at this point. A sadeobject was therefore used to model gbi@ddressés for truckloads of
delivered cement.

Only one sales object was required, as the various points of consumption of the material were modelled on
the same object as different records. The way thessungstion points were modelled involved some
aggregation. Analysis assumption 13 states that the logistics office does not consider the customer when
pl anning the transport of the customerodés order
transportatn rates are defined according to the origin and destination cities of the shipment leg. Both these
assumptions supported the modelling of demand as the total number of truckload orderstpexdsirgss

city. This represented a further aggregation ghaled, having already been aggregated by package type
and cement grade, which further enhanced the confidence levels associated with the data inputted EO

model.

Each delivery was modell ed as a sales amwarevi ty
chosen to drive the behaviour of the optimization algorithm to answer to the correct question. These
included:
6 An arbitrability high number (i.e. f) for the price per unit. This high value ensured vehicles were
not held back by the model duettcth e t ransportation costdnsarkei s s ocC.i

(this follows management assumption 13).

(@]

A minimum number of sold units per period of zero. This ensured that the model could elect to not
fuflany cityds demand -zersvaluegvoulM Wavd rendeced the. optikization n
problem infeasible. Since the model was constrained in terms of the number of VWSs it could
activate and the restriction imposed in term
areas (see managementuasption 3), it follows that each some demand would have to be unfilled

for each scenario solved by the EO algorithm.

0 A maxi mum number of sol d uni ts per period
corresponding number of annual orders for trucldoafldelivered cement fulfilled in the city
described according to the cleansed, prepared transactional data on the consolidated TMS ad hoc

report. Due to the high sales price and the low purchase and transport costs modelled, this value

40 A customer may have more than one sbipddress to which cement is delivered. However, few operators within

the CIMERWA logistics operation distinguish between customers aneétship addr esses, -#S most
addresses specify tteame city astd haeddobrdegsesd (bii.ld. where the ¢
ACustomero is a more widely used term within the CI M

specifically reference the location to which the cetne delivered. The sales object on the EO model was therefore
|l abell ed ficustomer 0.
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was expected to éhcorrespond to the actual number of sales registered by the model if the city was
within the catchment area of any of the candidate VW activated by the algorithm.

0 Aninteger variable type. This ensured that no fractions of truckloads were deliveredidoystines
office to a particular city of demand (this follows analysis assumption 11).

1 Cimerwa_VW_Network_1.0 [Customer - 1. Sales Activity] - Table =N EcR==|
. ) tem _ _ Disc, Ret & Min Units/ Max Units/
Facility Location Description Price/Unit  commRate Period = Period

BUGESERA Customer BUGESERA Customer_Loc1  Truckioad 10000000000.0000 0000 0.00000  421.0000:

CO(=~||en| & W h =

b | | | | | 2D
=N =

10000000000.0000

Figure61: EO sales activity table of the CIMERWA VW network optimization model

11.4.4 Purchaseto-Inventory Link

An EO link was created to allow the movement of material (i.e. truckloads of delivered cement) from the
purchase object, used to model the CIMERWA production plant cement silos, to the inventory object, used
to model VWs in each candidate city. Recordseaaeated on this link to establish a pathway for the
material from the factory to each candidate VW. The absence of such a record would cut off the flow of
material from the factory to the VW inventory record, which would be considered as a constilatnERY

optimization engine when determining which candidate VWs to activate.

The cost associated with the transport leg from the production plant to each candidate VW was modelled
as the cost per unit for each record. The calculation method for thésealoes is discussed Appendix

3. A different cost was incurred for truckloads directed by the model from the plant to the different candidate

VWs defined on the inventory object. This translated to a decrease of the objective function value equal to
the number of truckloads moved multiplied by the cost per unit defined on the record. This parameter

thereby incentivized the algorithm to activate a candidate VW that is cheaper to reach by truck from the
plant than an alternate VW that would generatestitae or similar amount of revenue by providing a less

costly pathway to the same or similar set of delivery cities.
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Other parameters of interest set on the purct@seventory link included:
0 A minimum number of units per period of zero. This ensuratittie model could elect to not direct
any material to an inventory object record from the purchase object. Zemorvalue for this
variable for these records would have forced the flow of trucks to candidate VWSs regardless of
whetherthe VWs wereactvae d by t he model . This would inva
of the effect of the costs associated with the initial leg to candidate VWs.

6 An arbitrary high number (i.e. ¥0for the minimum number of units per period. This high value
ensured veltles were not held back by the model due to an annual transport limit being reached
for the lane (this follows analysis assumption 20).

] Cimerwa_VW_Network_1.0 [Sort (Purch To Inv)1 - 1. Sort Yield] - Table =N Ech |
From Facility To Facility From Location To Location Material Cost/ Unit

1 CIMERWA Factory - Muganza BUGESERA VW : CIMERWA Factory - Muganza_Loc1 BUGESERA VWH_Lo Truckload 93527.0000
2 CIMERWA Factory - Muganza BURERA VWH CIMERWA Factory - Muganza_Loc1 'BURERA VWH_Loc1 Truckload 114117.0000 .
3 CIMERWA Factory - Muganza BUTAMWA VW :CIMERWA Factory - Muganza_Loc1 ‘BUTAMWA VWH_Lo Truckload 94384.0000
- CIMERWA Factory - Muganza BUTARO VWH CIMERWA Factory - Muganza_Loc1 'BUTARO VWH_Loc1 Truckload 119592.0000 .
5 CIMERWA Factory - Muganza BWEYEYE VWH  CIMERWA Factory - Muganza_Loc1 'BWEYEYE VWH_Loc Truckload 17454.0000
6 CIMERWA Factory - Muganza GABIRO VWH [ CIMERWA Factory - Muganza_Loc1 'GABIRO VWH_Loc1 ‘Truckload 146413.0000
7 CIMERWA Factory - Muganza GAHANGA VW CIMERWA Factory - Muganza_Loc1 ‘GAHANGA VWH_Lo Truckload 99969.0000 -
8 CIMERWA Factory - Muganza GAKENKE VWH | CIMERWA Factory - Muganza_Loc1 'GAKENKE VWH_Loc Truckload 101494.0000
9 CIMERWA Factory - Muganza GASABO VWH :CIMERWA Factory - Muganza_Loc1 ‘GASABO VWH_Loc1 :Truckload 106666.0000 -
10 CIMERWA Factory - Muganza GASTIBO VWH CIMERWA Factory - Muganza_Loc1 'GASTIBO VWH_Loc1 Truckload 136354.0000 .
1 CIMERWA Factory - Muganza GATARE VWH :CIMERWA Factory - Muganza_Loc1 {GATARE VWH_Loc1 Truckload 34601.0000
12 CIMERWA Factory - Muganza GATSIBO VWH CIMERWA Factory - Muganza_Loc1 'GATSIBO VWH_Loc1 Truckload 136790.0000 .
13 CIMERWA Factory - Muganza GICUMBIVWH :CIMERWA Factory - Muganza_Loc1 'GICUMBI VWH_Loc1 Truckload 117777.0000
14 CIMERWA Factory - Muganza GIKONDO VWH | CIMERWA Factory - Muganza_Loc1 'GIKONDO VWH_Loc ‘Truckioad 101078.0000 :

Figure62: EO purchas¢o-inventory link table of the CIMERWA VW networdptimization model

11.4.5 Inventory-to-Sales Link

The model required a means by while material could move from the purchase object to the sales object to
activate sales activity and generate revenue. Without such revenue, the model would only be incurring cost
by purchasing material and directing it elsewhere and the algorithm would therefore be incentivized to not
purchase truckloads at all. While the purch@smventory link facilitated the delivery of truckloads of
cement to the candidate VW cities, anotliek was required to allow the model to subsequently direct

these trucks to points of demand where revenue was generated.

An inventoryto-sales link was therefore created on the EO model, through which material would flow to
the customer sales object.récord was created on this link for every combination of candidate VW city,
defined as the Afrom | ocationd (i.e. origin) for

(i.e. destination).
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The configuration of sinildritosthatlof thekpGrehadgimventom énk.eThes wa s
minimum and maximum number of units per period were similarly set as zero fms$déctively for the
same reasons as the purchtsaventory link. The key difference, however, between the setupese

two links is observable in how the cost per unit values were defined.

Many of the recordsé cost per unit values were ¢
parameter on the purchageinventory link. For these records, the tnang cost associated with a leg from
recorddés origin on the inventory object (i.e. th
object (i.e. the demand node) was used as the cost per unit value. As the transport cost values were
calculaed using the straight line distance between ciiesquationl), it follows that some of these link

records were modelled to incur a zero cost whentne r i a | was moved from the
destinations, as records existed for which the from location and to locations were identical. In such cases,
the distance is zero, which translated to a calculated transport cost of zero. This capeetignted a

scenario in which the model fulfilled demand in the same city as an activatéd VW

For example, row one shown &igure63 shows arnnventoryto-sales link record from the Bugesera VW

to the Bugesera demand node. The algorithmés de:q
this link should not incur a cost to the enterprise, as this flow of material does not reprepéysita
movement of cement between cities and therefore not incur any significant transport costs to CIMERWA

or the carrier.

However, this method of defining the costs per unit was only used for records that represented the feasible
| egs wi t hcarchmen area.\F@Y&lkrecords that represented movements that would be to cities
outside of the VWbds catchment, the cost pé)x unit
This high value had to be higher than the sales price defindteaales object (i.e. $do ensure that any

material directed by the algorithm in a way that violated management assumption 3 would incur a loss to
the enterprise. The negative impact such a decision made by the optimization engine would have on the
objective function resulted in the model never activating the invertesales link records that represented

such movements.

41 The zerecost associated with the second leg from a VW city to satisfy demand in the same city ensured that this

activity had the same effect on the objective functiem airect delivery from the factory to the customer. While a

purchaseo-sales link directly joining the factory and customer objects would have been a more intuitive method of

inserting this logic to the model, the material would hav@éssed the EO VWih these cases, which would have

introduced unnecessary complexity to how the utility of each activated VW would be determined by the algorithm.
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For example, altows shown orFigure63 except rows one, three and seven show cost per unit values of

10 000 000 000. These costs effectively prevented the algorithm from directing material through these

channels and thereby introduced the constraint that VW trucks can only bedlicemeet demand that

resi des

wi t hin

t he

trucks©®o

VW

s 0

cat

chment

areas.

represent the only link records shownregure63 thatcan be utilized by the model for moving truckloads

from the inventory object to the sales object without incurring a loss. The modelled cost values shown can

therefore be used to infer that Bugesera, Butamwa and Gaaentjge only cities of the shown set of 14

cities

t

hat ar e

visualisation (se€igure64).

ocated

wi t hi

n

Bugeser aods

_ Cimerwa_VW_Network_1.0 [Sort (Inv to Sales)1 - 1. Sort Distribution] - Table == =
From Location To Location Material Cost/ Unit -

»l =1 »l

1 BUGESERA VWH_Loc1 BUGESERA Customer_Loc1 Truckioad 0.0000

2 BUGESERA VWH_Loc1 BURERA Customer_Loc1 Truckioad 100000000000.0000

3 BUGESERA VWH_Loc1 BUTAMWA Customer_Loc1 Truckioad 17201.0000

4 BUGESERA VWH_Loc1 BUTARO Customer_Loc1 Truckload 100000000000.0000

s BUGESERA VWH_Loc1 BWEYEYE Customer_Loc1 Truckioad 100000000000.0000

6 BUGESERA VWH_Loc1 GABIRO Customer_Loc1 Truckload 100000000000.0000

T BUGESERA VWH_Loc1 GAHANGA Customer_Loc1 Truckload 15759.0000

8 | GAKENKE Customer_Loc1 : Truckload 100000000000.0000

9

10

11

12 GATSIBO Customer_Loc1 {Truckioad

13 BUGESERA VWH_Loc1 4G|CUMB\ Customer_Loc1 :Trucklnaa 100000000000.0000

14 BUGESERA VWH_Loc1 4GIKONDD Customer_Loc1 ETruCleﬂd 100000000000.0000

cat ch

Figure63: EO inventory to sales link table of the CIMERWA VW network optimization model

Lutiba

KISORO

KABALE

BUTARO
i

AMAJYEPFO

Butare

Kirundo

IBURASIRAZUBA

MUYINGA
Muyina:

Kager

Kibungo

aNP

Nyab

Figure 64. Delivery cities positioned both within (blue) and outside (grey)cdredidate Bugesera VW

catchment area
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11.4.6 Constraint Set

The configuration of EO objects and links described above would not constrain the optimization engine
such that any meaningful results would be generated. While the use of transport costs modelled on the
inventoryto-sales link would ensure the algorithm would not fulfil demand from any VW that would
require the vehicle to be diverted outside the V
fulfil all demand without incurring the excessigests associated with such secondary legs. The market
reach of the VW network would thereby maximize the value of objective function.

Although this, in itself, is not undesirable, the mechanism by which the optimization engine would achieve
the completedlfiiment of demand using VWs would produce results that are not useful in terms of the
purpose of the network optimization model and the larger hybrid mathematical model of which it is a
component. The candidate VW cities modelled on the inventory @rjddhe demand node cities modelled

on the sales object are derived from the same list of Rwandan cities. A value of zero was assigned to the
cost per unit on each inventety-sales link record for which the candidate VW city and delivery city
overlap. Tls meant that all orders in all demand nodes could be fulfilled by VWs by directing the truckloads
to each demand nodeb6és corresponding VW without
diversions. The optimization results would therefore stimt/management should establish a VW in each

of the 57 candidate cities. This does not answer the question intended to be asked to the model, namely
where should management establish VWs if the number of VWSs used by the CIMERWA logistics office

were inceased.

Equation 3 illustrates how the optimization model might be constrained in terms of how many VWs might
be activated. This constraint was incorporated to the EO network optimization model using the attribute

and constraint set concepts.

A fAflwow: aburi bute was <created for each candi dat e
corresponding record on the inventory objesgefigure 65). These attributes thereby acted as separate
counters for each unit of material (i.e. each truckload) that exited the inventory object per record (i.e.
candidate VW city).
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_1 Cimerwa_VW_Network_1.0 [2 Attributes - 1. Attribute Definitions] - Table =N =R

00 =) @ th ds L P =

|t | | |
W N =0

-
s

Facility Attribute On/ Off? | Tag1 Tag2 @ Attribute Type Totaller Type 0:‘::;:;?;3 U::r %sbjiifg:t ijr:g:'m ~
Al 'BUGESERA VW on Flow: Out Units Inventory off Hard
Al {BURERA VWH on Flow: Out ‘Units Inventory ‘off Hard
Al BUTAMWA VW on Flow: Out ‘Units Inventory ‘off Hard
Al ‘BUTARO VWH on Flow: Out ‘Units Inventory ‘off Hard
All BWEYEYE VWH on Flow: Out ‘Units Inventory ‘off Hard
All {GABIRO VWH  on Flow: Out ‘Units Inventory ‘off Hard
All GAHANGA VW on Flow: Out ‘Units Inventory ‘off Hard
All {GAKENKE VWH on Flow: Out ‘Units Inventory ‘off Hard
All GASABO VWH on Flow: Out ‘Units Inventory ‘off Hard
All GASTIBO VWH on Flow: Out ‘Units Inventory ‘off Hard
All GATARE VWH on Flow: Out ‘Units Inventory ‘off Hard
All ‘GATSIBO VWH on Flow: Out ‘Units Inventory ‘off Hard
All ‘GICUMBIVWH on Flow: Out ‘Units Inventory ‘off Hard
All ‘GIKONDO VWH on Flow: Out ‘Units Inventory ‘off Hard

Figure65: EO attribute definitions table of the CIME® VW network optimization model

The abovementioned attributes were assigned to a single constraint set. Two critical parameters were

configured on this constraint set:

0

(@]

A minimum activity per element value of one. This ensured that any record on th®igaject

would be considered as an active element by the constraint set at any stage of the optimization
process if its associated attribute reflected a value of one or more. A candidate VW through which
any truckloads of cement flowed during the moetdltime period was therefore considered an
activated VW and was counted by the constraint set that utilized the number of active elements.

A minimum number of active elements per period value of zero. This ensured that the model could
elect to not activatany VWs within the CIMERWA distribution network. Although this was not
expected to occur, this increased the solution space in which the optimization algorithm could
navigate.

A minimum number of active elements per period value corresponding to the moimB&'s of

the scenario being optimized. This was the only parameter value that was changed between separate
runs of the EO optimization engine. As this value defined the upper limit of active elements on the
constraint set, it controlled the number &iiite vales that could assume a value of one or more.
This in turn controlled the number or records on the inventory object that could register activity,

which translated to the number VWs activated by the model.
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Min Active Set Max Active Set
Facilty |ConstraintSet On/Offz |COonstraintSet o rtType | Bias/Element| MINACHVtY | o ments/ | Elements: | °
Period Period I

{1 Al VWH on All Periods -0.0001 1.0000 0.0000 $.0000

Figure 66. EO cmstraint set definitions table of the CIMERWA VW network optimization model for
optimization of a network with one VW (top) and five VWSs (bottom)
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11.5 Appendix 5: Operation Simulation Model Input Quantities

The input quantities of a Monte Carlo simulationdelkinclude external parameters that must defined using

data that is sourced, cleansed and prepared. It follows that some of these quantities are discussed in sectior
3.3 The management of this data is therefore not discussed in this section, although some reference is made
to the described assumptions and techniques that influenced the condition of these input quantities and how
this condition influenced the operati simulation model.

11.5.1 Daily Delivery Volumes

One such external data set was the transactibMi@ consolidated ad hoc report, which provided the
historical patterns that governed the generation of random variates that drove the probabilistic nature of the
model. The way this data was aggregated to describe the demand patterns directly influendexd how t
random variates could be generated by the model.

It follows that this influenced the level to which th&V operation could be modelled, and eight key
modelling decisions were made when historical demand was defined using the TMS transactional data.
Historical demand was defined in terms of the number of fulfilled (1) orders (2) planned (3) daily (4) for
bagged (5) cement of each strength grade (6) for delivery (7) to each city of demand (8) during the analysis
timeframe.

1. Some orders that were placedt tlelivered cement might not have been fulfilled by CIMERWA
transportation. This could have been due the customer cancelling the order for delivery before
vehicle arrived at the shijp address. If the vehicle had already been dispatched, it would have
been diverted to another unallocated order visible on the TMS. Another cause could have been a
temporary shortage of the ordered product (see analysis assumption 14) or the customer deciding
to collect the cement with his/her own vehicle after the ordempleasd, both scenarios of which
could have led to the original order being cancelled and replaced at a later time. The original order
in all scenarios described above would have represented demand that was ultimately not fulfilled
by trucks planned by tHeIMERWA logistics office and was therefore excluded from the historical
demand used to describe the demand patterns.

2. The number of orders, rather that the number of tons or bags ordered, is the simplest unit of
measur ement for Cl ME R VWAréasonsdae thia madellingTdeotsiondaest a i |
identical to those that led to the unit of material on the network optimization being modelled as a
truckload of cement and are not therefore discussed in this section. As analysis assumption 11
extends across bottomponents of the hybrid mathematical model, the selection of this unit of
measurement is acceptable for both models contained within the hybrid model. Furthermore, the

same modelling considerations regarding unit conversions discussed in the desofiptien
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purchase object iAppendix 4apply to the operation simulation model and, as such, the same unit

of measurement was chosen for describing demand patterns derived from the historical data for the
simulation model.

The TMS transactional data included multiple date fields that desdhibdifecycle of each order

for delivered cement from a logistics perspective (e.g. order origination date, load created date,
planned, actual and original planned pigk and dropoff dates, etc.). The logistics office first
obtains visibility of the regirement to delivery cement using the TMS between one and 10 minutes
after the order i ERPCSAR duk teDl beiweenGhe W& dp3teAs. At this

time, only the order origination date (i.e. the date and time at which the order was entSrefe)

is captured on the TMS order. The order is actioned daily shortly after the order etffyticoe,

at which time the load created date (i.e. the date and time at which the delivery of the order was
planned) is generated. The remaining date wadwe populated during the planning and execution
process. It follows that the date on which demand is registered was best described by the order
origination date. However, as the operation simulation model logic was centered on planning
decisions, that #ndate on which the demand was first actioned represented the most relevant date
to these decisions. For example, if several orders were entered on SAP for a new customer on 2
January, their order origination dates would reflect as such on the TMS tramsiaciata.
However, if the deliveries were placed on hold by the accounts receivable department due to a
credit issue, this value would not be an accurate reflection of the date on which the planning
decisions regarding the orders were made. If the cigsiies were resolved on 9 January, the
deliveries would have only then have been planned then and thereby stamp the loads with a load
created date of 9 January. The input data should associate this demand with the later date.

The chosen duration of theagdard time bins used for defining demand had to be small enough to
model the VW planning rhythm simulated by the logistics office, as well as the implications of
decisions made by this team and the random variates generated by the model. The logistics off
operates on a dAplan today for tomorrowd basi
assessing the demand for delivered cement, transportation capacity and carrier rates and allocating
orders to carriers who, in turn, allocate their ordersehicles and drivers. This supported the daily
modelling of the operation, as opposed to defining the stages of the model in terms of weeks or
months. Furthermore, transit times of trucks to VW cities are defined in terms of days of travel and
no standat service level (SLA) lead time for any city in which demand resided during the analysis
periods exceeds three days. This would prevent the model from distinguishing between near and
far VWs if the bins were of a week or longer and the incorporation daghleetween the dispatch

of trucks to VWs and the arrival of trucks at customers within the VWs catchment areas into the

logic would not have been possible. The practice of daily planning of the collective demand after a
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cut-off time also prevented the melling of demand patterns on any level lower than that of a day
(e.g. hourly or per minute) from adding any value to the simulation. Analysis assumption 5 also
renders intraday modelling meaningless. The historical demand was therefore aggregated into
dally time buckets.

5. Although the distinction between cement package type was ignored for the network optimization
model, the simulation model component of the hybrid model was required to model the operation
to a greater level of accuracy. Analysis assump8acstates thaulfiiment of demand for bulk
cement via an expanded VW operation is infeasible. Historical demand for bulk cement was
therefore deemed irrelevant to the operation simulation and was therefore excluded from the
historical demand used to deibe demand patterns. It could therefore be said that the benefit of
aggregating data by disregarding the package type on an order was not deemed to outweigh the loss
of detail in the case of the simulation model as it was for the network optimizaticel. mod

6. Similar to the package type consideration mentioned above as point (5), the distinction between
order cement strength grades was also required for the operation simulation model, even though
this was disregarded for the network optimization model. él@n the strength grade classification
order was not used to exclude any data from the demand patterns. It was instead used to support
the development of two sets of demand patterns, one for 32.5N strength cement and one for 42.5N
strength. This supportddgic that addressed analysis assumption 1, which related to the diversion
of trucks carrying 42.5N cement to customers that had ordered 32.5N cement.

7. Analysis assumption 6 states that the VW operation cannot be used to fulfil demand for collected
cementHistorical demand for collected cement was therefore deemed irrelevant to the operation
simulation and only the demand patterns for bagged cement were described.

8 The <city in which demand resi ded, -toadidtessgatr e i n
chosen as the demand node for the network optimization model. As management assumption 11
and analysis assumption 13 apply to both components of the hybrid mathematical model, the same
modelling considerations regarding demand aggregation discussednis of the sales object
configuration in section 3.4.1.2 applied to the operation simulation model. The same definition of
the node of demand was therefore used for describing demand patterns derived from the historical
data for the simulation model. Faristorical VW load, the destination city of the VW sales order
fulfilled by the diversion was taken as the demand node, although the load created date in this case

may refer to a date prior to the placement of the order.

A Microsoft Excel spreadshepivot table was used to extract these quantities from the TMS transactional
data. These quantities were consideredvatilated, as they stemmed from a cleansed, prepared and

validated dataset (see section 3.3). The individual aggregated values wetegalidwever, by comparing
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the sum of the values on the pivot table to the sum of the orders on the master spreadsheet. These sums
were found to be equdl Some visual representation of these valuesHgpee67) was also used to detect
outliers and thereby validate the aggregated values.
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Figure67: Deliveries planned by the logistics office for a random sample of five days

The demand ptdrns were prepared for the operation simulation model in the form described above and
used as Excel formulae parameters such that the random variates generated by the model followed the
distribution of the daily number of orders of each strength gradelivered cement per demand node. A
Monte Carlo model is often instructed how to convert pseudo random numbers to random variates using
the Excel inverse formulae with parameters that define the probability distribution the random variates are
supposed toeplicate. The distribution type (e.g. normal, exponential, etc.) and its summary statistics are
chosen such that the historical demand pattern is described as accurately as possible. For example, if the
historical number of sales per day of 32.5N baggedent for delivery at a demand node followed a normal
distribution shape with a mean of five and a standard deviation of two, the Excel formulae
=NORM.INV(RAND(),5,2) could have been used to generate random variates that emulate historical data.
A large emugh sample of data generated by this formula would exhibit a mean of five and a standard

deviation of two.

42 Orders for bulk cement were filtered from both the pivot table and the master transactional data spfeatteheet
comparison.
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The use of such a method to inform the CIMERWA VW operation Monte Carlo model was anticipated to
be problematic for two reasons, which are describelow.

The first reason was that the statistical di stri
orders per strength grade would have to be determined individually, as not all these datasets follow the
same distribution. The gifor which with the highest number of orders for delivered cement were planned,
Kigali*, provides a pertinent example of a difference in distribution types that would have to be detected
and modelled differentlyf-igure 68 andFigure 69 show the statistical distributions of the frequency with

which each daily number of orders was placed during the greglysedfor 32.5N and 42.5N strength

cement respectively. The distribution of the 32.N daily sales numbers could be described asgf@lowi

right-skewed normal distribution, while the 42.5N dataset appears to follow an exponential distribution.
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Figure68: Daily deliveries of 32.N strength cement to Kigali

432032 of the 7928 (36.98%) bagged cement delivered reflected on the cleansed and prepared transactional were for
delivery to Kigali.
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Figure69: Daily deliveries of 42.N strength cement to Kigali

The presence of 57 discrete delivery cities in the transactional dataset and two different cement strength
grades gave rise to 114 unique datasets for which the best distrifittvould have had to be determined.

Doing so visually would have been a restrictively onerous process for the modeller. While existing
statistical software tools such as Minitab that can perform this function computationally, the 114 sets of
results wold require some manual validation and interpretation. These tools usually calculate three
measures, namely the AnderdDarling statistic (AD), the ywalue and the LRT P, which indicate the
goodness of fit of multiple distributions to a dataset. The Itdstidfsually determined by the simultaneous
human consideration of the set of the three mea
probability plots generated by the tool [35]. Performing this analysis for 114 datasets would have been

infeasibly timeconsuming.

The second anticipated problem associated with using statistical distributions to model the historical
demand patterns was the small sales volumes of each cement grade recorded for many of the delivery cities.
Meaningful visual idatifications of the underlying distributions represented-igure 68 and Figure 69

were possible due to the | arge daily sales volum
Analysis of the historical annual sales volumes per delivery cities, however, showed that two or fewer
orders areeagistered in the first quartile cities (deigure70). Probability distributions could not be derived

from such small datasets.
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Figure70: Deliveries planned by the CIMERWA logistics office gielivery city

While the sample size for each of the 57 delivery cities was 363, one observation per working day of the
year (see business assumption 15), for the abovementioned first quartile nodes, 361 or 362 of the values
would be zero, with the remaining values either beimg or two. This limited number of outcomes made

the nature of the daily sales distribution less continuous and more discrete in nature. This favoured

modelling of the probability distribution on a vatbg-value basis.

A limitation of Excel in terms oits suite of available inverse distribution formulae further complicated the
modelling low sales volumes using statistical distributions. For example, the Bweyeye only received two
truckloads of cement during the analysis period, each planned on a diffiten The most likely
distribution to best fit this demand pattern would be a geometric distribution. However, there is no inverse
geometric formula available on Excel [36]. As such, the probability distribution would be best defined using
a value of a®.9945 for the probability of zero sales being registered on a given date (i.e. using 361 as the
number of the total 363 days on which the condition of making zero sales was met) and the probability of

one sale being registered as 0.0055 (i.e. using twleeasumber of days this condition was met).

This would have represented the introduction of a second broad method of defining the probability

di stributions that would govern the Monte Carl o
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forthe whi ch would have required the modell erds di
to by applied to each of the 114 datasets.

To ensure the simplicity and repeatability of the research, only one method was used to define the random
Excel formulae for generating the daily planned deliveries random variates for each delivery city. The
method described above for determining the probability of each number of sales orders being planned for
delivery in Bweyeye was selected and extended for éachred each cement strength grade.

The probability ok orders being planned for delivery to demand node a randomly selected day of the

Cl MERWAGs |l ogistics officeds operation was def
observations ok orders planned for delivery toand the total number of operational days analysed. The
latter was 363 due to two days on which the sales and logistics offices do not work (see business assumption
15). The value fok was drawn from a set of integers ieasing from one up to and including 25 by
increments of one. The upper boundary of this set was chosen to reflect the maximum number of deliveries
planned on one day during the year of analysis, which was recorded on 29 March 2019 for delivery of

32.5N cerent to Kigali.

Equation4: Probability distribution of the number of daily deliveries planned per demand node
0o T L 4)

for k number of deli veri esstrgngttagnadeepd dai |y (k= 1, 2

where
0 & "Q is the probability thak orders for cement strengfhwill be planned for delivery to
delivery cityx
1 o is the historical number of observationskafeliveries of cement strength graaéo delivery

city x planned on a day

The Monte Carlo simulation Excel spreadsheet used the pivot table values of daily numbers of deliveries
planned to specify the 114 required probability distributions. A cumulgtigbability value was also
calculated as this value would be used by the model during a subsequent step. ActugivdaitenFable
6fortwoexampt s d& probability distri but the plasning activitylfor ust r

32.5N strength cement deliveries to Burera and 42.5N strength cement deliveries to Ngoma.
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Table6: Probability distributions for numbers daily deliveries of different cement strengths planned to

different cities

Probability of Cumulative
Delivery Strength Number of Number of K Deliveries Probability
City Grade (N/mn?) | Deliveries Historical Planned B
() (p) (k) Observations bL <
|
Burera 32.5 0 343 0.9397 0.9397
Burera 325 1 15 0.0411 0.9808
Burera 32.5 2 5 0.0137 0.9945
Burera 32.5 3 2 0.0055 1
Ngoma 42.5 0 347 0.9560 0.9560
Ngoma 42.5 1 10 0.0274 0.9835
Ngoma 42.5 2 5 0.0137 0.9972
Ngoma 425 3 0 0 0.9972
Ngoma 42.5 4 1 0.0027 1

The cumulative probability values were used in conjunction with the pseudo random number Excel formula
to produce numbers of daily deliveries that followed statistical distributions that matchaebhblability
distributions observed in the historical transactional data. A pseudo random decimal number between zero
and one was first generated using the =RAND() Excel expression for every cement grade and delivery city
for every day of the year simulatedfl 610 pseudo random numbéssere therefore generated for each

simulated year of operation.

Each pseudo random number was used as an input to a nestagnient that translated the random
number into an integer value according to the correspongliolability distribution derived from the
historical data (i.e. a random variate). Thetdtements sequentially compared the pseudo random number

to the cumulative probability associated with each number of daily deliveries. Equation 5 and Equation 6
bdow give the Excel expression used for converting pseudo random numbers between zero and one to the

random variates that replicate daily numbers of 32.5N strength cement deliveries to Burera and 42.5N

44 Two cement strength grades multiplied by 57 demand nodes multiplied by 365 days.
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deliveries to Ngoma respectively. Note that the valigesd for the nested inequalities in these formulae
correspond to the cumulative probability values calculated for these scenarios showrf"Table 2

Equation5: If-statement for generating random variates for ddelyveries according to the Burera 32.5N
probability distribution
=IF(x<0.9397, 0, IFX<0.9808, 1, IF< 0.9945, 2, 3))) (5)

where

1 wis a pseudo random decimal numhey, TP

Equation6: If-statement fogenerating random variates of daily deliveries according to the Ngoma 42.5N
probability distribution
=IF(x<0.9560, 0, IF¢<0.9835, 1, IF£<0.9972, 2, IF£<0.9972, 3, 4))) (6)

where

1 wis a pseudo random decimal numlze¥, Tip

This method of convéing pseudo random numbers into random variates resulted in a pair of numbers for
each combination of strength grade, demand node and day of operation, consisting of a pseudo random
number and a number of orders planned for delivery. The latter was tleeinsérted to the model logic

and, due to it being a function of the former, was the primary source of variation for the Monte Carlo

simulation model.

Table7 includes the pairs of pseudo random numbers and random variates for demand for 32.N strength
cement in three different delivery cities, namely Kicukiro, Kigali and Kimihurura, for a period of one week.
Although the pseudo random numbers for eathappear to be evenly distributed between zero and one,

the number of deliveries calculated for delivery to Kigali is significantly higher during this week than to
the other two cities. This is due dihdtéreinsetedte s i r
the if-statement that translates the random numbers into random variates. Demand for delivered cement in

cities according to their historical demand is thereby simulated.

45 Values are preséad rounded to four decimal places. Thetdtements on the Excel spreadsheet directly referenced
the cells on which these values were initially calculate, therefore rounded numbers were not used for these
comparisons by the model itself.
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Table7: Pseudo random number and ramdvariate pairs for a sample week of simulated planned deliveries

32.N Strength Cement Planned Deliveries
Date No. No. No.
=rand() Deliveries =rand() Deliveries =rand() Deliveries
2018/04/01| 0.1109825 0 0.9085519 14 0.4697414 0
2018/04/02| 0.9865831 2 0.7693076 10 0.7372476 0
2018/04/03| 0.5908778 0 0.9870146 21 0.2869915 0
2018/04/04| 0.1837686 0 0.7815450 11 0.2891551 0
2018/04/05| 0.3864678 3 0.5291404 8 0.1369582 0
2018/04/06| 0.4707415 0 0.2769032 4 0.9001858 0
2018/04/07| 0.3216932 0 0.7644030 10 0.0278406 0

11.5.2 Virtual Warehouse Catchment Areas

While the model logic required the simulation of diéyel demand for delivered cement to determine the
implications of simulated planning decisions made by the logistics office, the simulation of the decisions
themselves did not require this level of gukarity in the demand. A key benefit of the VW concept as used

by CIMERWA is that it aggregates predicted and actual demand according to geographic areas within
which distances, from a planning and costing perspective, are immaterial. This aggregegaEsemthe
predictability of demand and therefore reduces the risk of the logistics offiaammiively dispatching

trucks towards their epicentres (i.e. the VW city) and having the trucks stand in these cities awaiting

demand.

These areas are referredas VW catchment areas throughout this document and represent the set of cities
of demand to which trucks en route to or stationed at a VW can be diverted without incurring additional
transport charges. From a cost performance perspective, the logfifitiesan view a catchment area as a
single demand node to and within which vehicles can move to fulfil demand. It was therefore necessary to
incorporate these catchment areas into the Monte Carlo simulation model as input quantities, as these would
instruct the model logic in terms of how to aggregate the random variate values for the numbers of deliveries

planned per city and cement strength grade.

These catchment areas were optimally determined for different numbers of VWs used by the network
optimizaion model. The used of these results to aggregate simulated demand on the Monte Carlo model
represented the completion of the link between the two components of the hybrid mathematical model (see

Figure6).
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The optimal networks for one to five VWs were determined and a total of six different VW cities were
activated by the optimization algorithm for the five scenarios. These would be the only catafeasrio

which the logistics office would direct VW vehicles and therefore only these sets of cities were prepared
and inputted to the Monte Carlo model (Seble8). Similarly, only the SLA transit times for the legs from

the CIMERWA production plant in Muganza to each of these VW cities were determined using the TMS
transit time profile and prepared as a set input data for the model logic to useltdestine delay between

the dispatch of vehicles from the factory and their arrival at VWSs.

Table8: VW cities inputted to the operation simulation model per scenario

VW City Activated for Scenario Province Transit

1vw 2 VWs 3 VWs 4 VWs 5 VWs Time (d)
Butamwa Yes No No No No Kigali 2
Huye Yes Yes No No No Southern 1
Kamonyi No Yes Yes Yes Yes Southern 2
Kicukiro No No Yes Yes Yes Kigali 2
Burera No No No Yes Yes Northern 3
Rubavu No No No No Yes Northern 3

Table 4 shows one deviation from the TMS transit time profile that was made to recognize the substantial
difference between distances from the CIMERWA production plant to two VW cities situated the Southern
Province of Rwanda. Huye is 77.1 kilometfeBom the production plant, while Kamonyi is 123.9
kilometres (seé&igure71). Kicukiro resides in the Kigali Province and is situated 147.2 kilometres from
Muganza. A leg travelled from Muganza to a VW in Kamonyi is therefore more comparable to a leg to
Kicukiro (i.e. 84% of the distance Kicukiro) to that Huye (160% of the distance to Huye), even though
these cities lie in difference provinces. It was decittatithe standard time to Kigali Province was a better
benchmark than the Southern Province, as it is represented a more dense area ofTdhemiearsit time

to Kamonyi was therefore kept at two days and the Huye transit time reduced to one day.

46 Comparative ditances are given as the strailjné distance used as an input to the network optimization model
162



Figure 71. Positions of the VWSs in Huye, Kamonyi and Kicukiro relative to the production plant in

Muganza

The modelled transit times were validated using two methods. The transit times for Butamwa, Huye and

Rubavu were validatedyltomparison to historical transit time averagae{able9).

Table9: Comparison of modelled transit timeshigtorical transit times

VW City Modelled Transit Time | Average Historical Transit Time Validation Method
(d) (d)
Butamwa 2 1.20 Historical data compariso
Huye 1 0.63 Historical data compariso
Kamonyi 2 0.78 Visual analysis
Kicukiro 2 0.89 Visual analysis
Burera 3 1.43 Visual analysis
Rubavu 3 2.05 Historical data compariso

Visual analysis of the historical transit time distributions was used to validate the remaining modelled transit

times. For example, the average historicahsit time to Burera was 1.43 days, which suggested that a

transit time of two days should have been modelled. However, analysis of the histogram for this data (see

Figure72) showed that 48% of the trips were recorded as having taken less than one day to complete. When
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